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Understanding the sources of energy loss in organic photovoltaic cells can ultimately lead to increasing
their power-conversion efficiency. Here we explore energy losses at the interface between an archetype
structure comprising a vacuum-deposited tetraphenyldibenzoperiflanthene/C-y bulk-heterojunction active
layer and several anode buffer layers (ABLs) using a combination of experimental and computational tools.
The composition of the active organic region adjacent to the ABL interface is controlled independently
from that in the bulk to determine energy losses that are attributed to charge transfer between the organic
active region and the ABL. The open-circuit voltage (Voc) can be varied over a range of 120 meV without
affecting the short-circuit current and fill factor by growing an interface layer whose composition ranges
from 100% C7 to 0% C7 in tetraphenyldibenzoperiflanthene at the active-region—ABL interface. Kinetic
Monte Carlo simulations are used to quantitatively evaluate the magnitude of the interfacial energy loss
and change in V¢ with various interface-layer compositions. When the interface layer consists of neat
C7o that permits nondissipative hole tunneling into the ABL, the interfacial energy loss is reduced and Voc
increases by 2040 mV compared with conventional devices with a homogenous mixed active region.
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I. INTRODUCTION

Thin-film organic photovoltaics (OPVs) have drawn
considerable attention due to their potential advantages
such as flexibility, light weight, semitransparency, and
low cost compared with inorganic solar cells [1,2]. With
the use of recently developed organic materials and
device architectures, the power-conversion efficiency of
OPVs now exceeds 16% [3]. However, a comprehen-
sive understanding of photogeneration is still lacking
even in the simplest device structures—a process that
is complicated by morphological and energetic disor-
der that leads to charge localization [4,5]. The energy
loss, usually defined as the energy difference between
the optical gap and the open-circuit voltage, Voc, is a
defining feature of OPV performance [6]. Recent stud-
ies of energy losses incurred during photogeneration have
focused primarily on the role of charge-transfer (CT)
states in bulk-heterojunction (BHJ) OPVs [5,7—10]. How-
ever, CT states are not the only source of energy loss.
In this work, we reveal that energy losses at the inter-
face between the organic BHJ and the anode buffer layer
(ABL) can be as large as 0.4 eV. We study an archetype
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BHJ comprising tetraphenyldibenzoperiflanthene (DBP)
as the donor and Cy as the acceptor, along with several
commonly used ABLs, including MoO;, poly(3,4-ethy-
lenedioxythiophene)-polystyrene sulfonate (PEDOT-PSS),
and 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile
(HATCN) [11-13]. The energy landscape near the active-
region—ABL interface is studied by ultraviolet photo-
electron spectroscopy (UPS). We find that for MoO,
and PEDOT-PSS, there is frontier-energy-level bending
near the active-region—ABL interface that leads to energy
losses [14]. By independently controlling the donor:
acceptor ratio of the BHJ near the active-region—ABL
interface, we can vary Voc over a range of 120 + 10 mV
independently of the short-circuit current (Jsc) and fill
factor (FF). Kinetic Monte Carlo simulations are used
to quantitatively evaluate the interfacial energy loss by
revealing the charge dynamics near the active-region—ABL
interface. Insertion of a thin layer of acceptor between the
BHIJ and certain anode buffer layers is found to reduce the
energy loss and increase Voc compared with conventional
device architectures.

II. THEORY

We start the investigation by focusing on archetype
DBP/Cyp-based OPVs with a MoO, ABL and a

© 2020 American Physical Society
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bathophenanthroline cathode buffer layer. To study the
interface and the bulk properties separately, we insert a
thin anode interface layer (AIL) between the BHJ (here-
after referred to as the “bulk layer”) and the ABL with
various C7y concentrations (x) different from that in the
bulk layer (y), as shown in Fig. 1(a). MoO, is a commonly
used anode buffer material with a work function of 6.8 eV
[13]. Photogenerated holes are extracted through the MoO,
by recombining with electrons injected from the anode
[11,15]. It has been reported that because of the high work
function of MoO,, electrons in the highest occupied molec-
ular orbital (HOMO) of the donor transfer into the MoO,
conduction band (CB), pinning its Fermi level to near the
organic HOMO [11,15-17]. The electric field from the
resulting static interface dipole causes the orbital energies
near the interface to bend toward the lower-binding-energy
direction, while also broadening the density of states on the
organic side of the interface [14,18,19].

Figure 1(b) shows the energy-level diagram of the OPV
at open circuit. We assume the hole quasi-Fermi-level Egy,
is at §; above the DBP HOMO level on the anode side,
Eppp, and the electron quasi-Fermi-level E, is at 6, below
the level of the C;y lowest unoccupied molecular orbital
(LUMO) on the cathode side, Ec79. §; and §, can be
either positive or negative depending on the energy align-
ment at the interfaces. Then Epgp and Ec7¢ have following
relationship:

Eppp = Ec,y — AEuL — qVa + q@Vine, (1)

where AFEy is the energy offset between the C;9 LUMO
and the DBP HOMO, ¥, is the voltage drop across the bulk
(active) layer, Vi, is the voltage drop across the AIL due
to the presence of a static interface dipole, and ¢ is the ele-
mentary charge. The direction of Vi is defined as opposite
to V, and the external device voltage, V, by convention.

(a) (b)
Vacuum
level

DBP/Cyq,
(54 nm)

V

Bulk layer

DBP/Cyo, X _,
(2 nm)

Therefore, V' is given by

qV = Ere — Epp = (Ec,, — 82) — (Eppp + 1)
= AEyL — 8 — 81 +qVa — qVine. ()

Figure 2(a) shows the energy-level diagram near the
active-region—ABL interface, with the electron and hole
currents represented by blue and yellow arrows, respec-
tively. When forward biased, electrons transfer from the
organic HOMO into MoO,, leaving holes in the organic
that flow into the BHJ and recombine with electrons
injected from cathode. This is the dark current Jp. Under
illumination, a photocurrent, J,;, generated in the active
region flows through the ABL interface, where photogen-
erated holes recombine with electrons in the MoO,. While
Jp depends on both the interface and bulk properties,
Jph depends primarily on recombination in the bulk, pro-
vided that interface recombination is insignificant. Under
open-circuit conditions, Jp = —J 1, and the total current is
Zero.

Because the BHJ blend morphology is isotropic, photo-
generated charges require the guidance of the electric field
in the BHJ to reach the electrodes. The direction of Jp,
is decided by the sign of V,. Thus, it follows that when
V. =0, then J,,= 0. Assuming the current dependences of
81, 82, and Vi, are small, Eq. (2) becomes

gV(Jph = 0) = AEpr — 62 — 61 — qVint. 3)
Then, using Egs. (2) and (3), we have
V= Vg = 0) + V.. @)

This scenario suggests that reducing Vi, may be an effec-
tive way to reduce energy losses at the active-region—ABL
interface. To achieve this objective, we can eliminate the
DBP in the AIL, as shown in Fig. 2(b). The deeper HOMO

FIG. 1. (a) OPV cell structure
with the active region divided into
the interface and the bulk regions
with Cy concentrations of x and
y, respectively. (b) Energy-level
diagram of a DBP/C;y OPV at
open circuit. The blurred red and
blue lines represent the DBP and
C70 HOMOs with a finite width
of the density of states. BPhen,
bathophenanthroline.
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of Cy9 pins the Fermi level of MoO,, resulting in reduced
Vint. Hole transport between the DBP HOMO in the bulk
and the C;9 HOMO in the AIL is required to extract pho-
togenerated holes [20]. As long as the AIL is thin, this
transport can be via tunneling and hence is nondissipative.
Therefore, Voc will undergo a rigid shift without a change
in V, and J .

III. EXPERIMENT

To test the dependence of energy loss on the prop-
erties of the AIL, we fabricate the following devices:
indium tin oxide (ITO)/ABL/DBP/C (x, 2 nm)/DBP/C+
(y; 54 nm)/bathophenanthroline (8 nm)/Ag (100 nm),
where x = 0% to 100% and y =20% to 90% are the Cq
concentrations in the interface and bulk layers, respec-
tively [see Fig. 1(a)]. The ITO-coated glass substrates are
cleaned by a sequential treatment in 1% Tergitol solu-
tion, dionized water, acetone and isopropyl alcohol, and
exposed to ultraviolet ozone for 10 min before use. The
ABLSs studied are MoO,,, PEDOT-PSS, and HATCN. The
PEDOT-PSS solution (Clevios P VP Al 4083 from Her-
aeus) is filtered with a 0.45-um nylon syringe filter, and
the substrate is then spin coated at 6000 revolutions/min
for 60 s. The sample is then annealed at 150 °C for 30 min.
The thickness of the PEDOT-PSS layer is measured with
an ellipsometer to be 4050 nm. The 10-nm-thick MoO,
and HATCN ABLs are deposited along with the other
layers by vacuum thermal evaporation at rates between
0.2 and 1.6 A/s in a chamber with a base pressure of
107 Torr. The mixed active layers are codeposited at
a rate of 0.2 A/s for DBP, while the deposition rate
for Cy9 is adjusted to achieve the desired volume ratio.
The devices are tested in a glovebox filled with ultra-
pure N, (less than 1 ppm O, and H,0) in the dark
and under simulated AM1.5G illumination from a cal-
ibrated solar simulator at an intensity of 100 mW/cm?
(1 sun equivalent).

FIG. 2. (a) Energy-level dia-
gram near the interface between a
DBP/C7y mixed layer and MoO,
at open circuit. The blue and yel-
low arrows represent the flow of
electrons and holes, respectively.
(b) Energy-level diagram near
the interface between a DBP/Cy
mixed layer and MoO, at open cir-
cuit when a 2-nm-thick neat Cy
AIL is inserted between the bulk
layer and MoO,.

Co |
AlL

BHJ

Photoluminescence spectra of the active layers are mea-
sured by growing 200-nm-thick thin films on sapphire
substrates and exciting them in vacuum by a continuous-
wave He-Cd laser with a wavelength of 442 nm. The
photoluminescence spectra are collected normal to the
substrate with a fiber-coupled monochromator (Prince-
ton Instruments SP-2300i) combined with a Si charge-
coupled-device array (PIXIS:400) and an (In,Ga)As
photoreceiver (Newport model 2153). The HOMO ener-
gies of organic active layers near the active-region—ABL
interface are measured by growing organic films of various
thicknesses onto the ABL on ITO on glass. Samples are
deposited in the same vacuum-thermal-evaporation cham-
ber as the OPVs and the samples for photoluminescence
measurements, and are transferred into a vacuum chamber
with a base pressure of 10~7 Torr. The HOMO energy is
measured by UPS with a 21.2-eV ultraviolet photon source
at —8.0-V bias.

To determine the electric field and potential drop across
the active-region—ABL interface, studies must consider
the nanoscale connectivity between donor and acceptor
molecules within the BHJ. For this purpose, Monte Carlo
simulations provide a suitable method for modeling the
discrete paths taken by charges, and electron-transfer pro-
cesses involving across the AIL, as well as the hole
dynamics in the active region [4,21-23]. From this, we
obtain the static charge-density distribution near the active-
region—ABL interface needed to quantitatively determine
the magnitude of the interface dipole and voltage drop, Viy
(see the Appendix).

IV. RESULTS

Figure 3(a) shows the current-density—voltage (J-V)
characteristics of OPVs for MoO, as the ABL, a bulk-layer
Cy¢ concentration of y =90%, and various Cy; concen-
trations, x, in the AIL. As x increases, the measured J-V
characteristics rigidly shift to higher voltage, as shown
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in Fig. 3(b) (squares), whereas Jsc is nearly unchanged.
The Voc difference, AV, between devices with a neat
C70 and a neat DBP AIL is 0.124+0.01 V. The cal-
culated Vi, at various values of x are also plotted in
Fig. 3(b) (diamonds), showing quantitative agreement with
measurements.

Figure 3(c) shows the J-V characteristics of devices with
constant AIL Csy concentration (x =100%) and various
values of y, with Vpc shown in Fig. 3(d) (squares) along
with CT-state energies acquired from their PL spectra (dia-
monds) [7]. Voc and the CT exciton energy have similar
dependences on y, both showing a minimum near y = 50%,

which was previously shown to be due to the minimization
of C;o or DBP aggregate formation [5,7-9].

To separate the dependences of Jp, J,n, and J on volt-
age, we calculate J,, by subtracting Jp from the total
current, J, and plot the contributions in Fig. 4(a) for devices
with either a Cyy AIL or a DBP AIL. Using Eq. (4), we
replot the J-V characteristics in Fig. 4(a) with reference to
V, for each device in Fig. 4(b). Figure 5 shows the J-V
characteristics of OPVs with y=280% and AlLs of var-
ious thicknesses. As the AIL thickness increases from 0
to 5 nm, Voc increases, while Jgc remains nearly con-
stant. When the AIL is 8 nm thick, however, Jgc and

(a) 15 . , (b)15 , . . . FIG. 4. (a) J-V characteristics
------ J, with C,, AIL sssaes o with C,y AlL for the dark-current density Jp
10| = J, with DBP AIL i 10k J, with DBP AlL i (dotted lines), photocurrent den-
- ==J, with C, AL == =J, with C,; AlL 2% sity Jpn (dashed lines), and total
| =J, with DBP AIL o ElL== - J, with DBP AlL ’o' i current density J (solid lines) of
& —J with C,, AlL g 4 & —J with C,, AlL o devices with a C7y AIL (red lines)
E o[ ——swnoepAL c o2t DBP AL |o* and a DBP AIL (black lines).
} } (b) The same J-V characteristics
£ = as in (a) replotted with reference
= i - -5 ] i to voltage across the active layer,
: V.. The vertical dashed line corre-
1 -10 1 i sponds to Voc.
I
-15 - - - A5l .l
0.0 0.3 06 09 1.2 -1.2-0.9-06-0.3 0.0 0.3 06
Vv (V) Vi (V)
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FIG. 5. J-V characteristics of OPVs with a neat C7, AIL of
various thicknesses. The bulk layer of all devices consists of DBP
as a donor and C7 as an acceptor with y = 80%.

the FF decrease and the curve exhibits a weak inflection
near Voc.

Figure 6(a) shows the illuminated /- characteristics of
OPVs with a Cy AIL (solid lines) and a DBP AIL (dashed
lines) and y =90% (red lines), y = 50% (blue lines), and
y=30% (black lines). For y =90% and 50%, different
AlLs exhibit rigid horizontal shifts of their J-V charac-
teristics. The voltage shift AV'=0.02£0.01 V for devices
with y = 50% is smaller than that for devices with y =90%
(AV=0.1210.01 V). For y =30%, the J-V characteris-
tics show only a weak photoresponse with a high resistance
in the forward-biased direction. The simulated results of
the hole density p; (histogram) and potential shift from
the bulk A¢ (lines) near the active-region—ABL interface

for devices with a C7y AIL or a DBP AIL and y =90% and
50% are plotted in Figs. 6(b) and 6(c). Viy is equal to Ag
atz=0nm.

The J-V characteristics of OPVs under illumination with
a PEDOT-PSS ABL are shown in Fig. 7(a) with y =90%
and a C;9 AIL (black line) or a DBP AIL (red line). The
device with a Cyy AIL shows a larger V¢ but a simi-
lar Jgc and FF as the device with a DBP AIL, which is
comparable to the case with a MoO, ABL. The OPV J-V
characteristics with a HATCN ABL are shown in Fig. 7(b)
with y=90% and a Cyy AIL (black line) or a DBP AIL
(red line). The device with a C;9 AIL shows a reduced Voc
and FF.

The HOMO energies proximal to the ABL interface
measured by UPS are shown in Fig. 8. For MoO, and
PEDOT-PSS, there is bending of the organic HOMO
energy near the ABL. The energy bending was previously
shown to result from a static interface dipole formed by
electron transfer from the active region to the MoO, and
PEDOT-PSS [11,15,24-28]. The total bending in the Cy
HOMO energy is 0.4 + 0.2 eV for MoO, and 0.2 £0.1 eV
for PEDOT-PSS. The energy bending extends over a dis-
tance of A =30+ 10 A from the ABL interface. For the
C;70/HATCN interface, no energy bending is observed.

V. DISCUSSION

The dependence of Voc on the C;9 concentration in
the AIL, x [Fig. 3(b)], and in the bulk, y [Fig 3(d)],
reveals the different origins of the energy losses in the two

(a) 15 . . . . - FIG. 6. (a) J-V characteris-
10| =y =30% withC_, AIL |- - =y=30% with DBP AIL tics Of_ OPVs with x=100%
[ —— ) =50% with C, AIL |~ = =y = 50% with DBP AL} (solid lines) and x = 0% (dashed
& 5 ——y=90%withC,, AIL |- = =y = 90% with DBP AlL! lines) when y=90% (red lines),
£ g ] y=50% (blue lines), and y = 30%
< e (black lines). (b) Simulated hole
£E -5 M density p; (histogram) and
= _10l electric potential shift from the
et bulk A¢ (lines) near the active-
-15 1 ! | ! region—ABL interface for devices
-09 -06 -03 00 03 06 09 12 with a Cyo AIL or a DBP AIL
Voltage (V) with y =90%. (c) Simulated py
(histogram) and Ag (lines) near
(b)o 5 20 (c)0.5 20 the active-region-ABL interface
for devices with a C7y AIL or a
0, 0,
0.4} AL 90% Cy . 0.4f AlL  50% Cy 15 DBP AIL with y = 50%.
: T 0.3} T
—_ 0.3 [ —— A0 with C AlL 'g = — Ao wih Cpy AL |40 £
> - - --AQ with DBP AIL 110 o <. 0.2 -~ -~ A with DBP AIL | Y
s 0.2 I 0, with C, AL > s B o, with C,o AL =
Py with DBPAIL |- = opwih DBPAIL |z
s 0.1 &
0.0 0

0 2 4 6

Distance to MoO, (nm)
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Distance to MoO, (nm)
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(a) 10 (b) 10 FIG. 7. (a) J-V characteristics
of OPVs with PEDOT-PSS as the
ABL with a Cyy AIL (black line)
S| ABL: PEDOT-PSS 1 S| ABL: HATCN and a DBP AIL (red line) when
= = y=90%. (b) J-V characteristics
£ 0 £ 0 of OPVs with HATCN as the
L —with C,; AIL L —with C, AIL ABL with a C7y AIL (black line)
E _5 | — withDBP AL E _5 | —withDBP AIL and a DBP AIL (red line) when
= = y=90%.
10} -10
- -15

5 . . . .
00 0.2 04 06 08 1.0
Voltage (V)

active-region sections. For y =90%, Voc and the simu-
lated Vi, show similar monotonic dependences on x [see
Fig. 4(b)]. This indicates that the energy loss at the active-
region—ABL interface is governed by Vi, as described
in Sec. II. However, the energy loss in the bulk layer is
closely related to the CT-state energy in the bulk, as sug-
gested by the similar dependences on y of Vo and CT
energy when x is fixed [see Fig. 3(d)].

As shown in Fig. 4(a), both Jp and J, feature a rigid
shift relative to the device voltage, V, depending on the
composition of the AIL. As shown in in Fig. 4(b), the J -
V, relationships for the two devices are almost identical in
the region of J,, < 0, showing that photogeneration in the
BHIJs is indeed governed by V, and is unaffected by Viy,
in agreement with the simulations. Both devices show Voc
at V,=—0.10£0.01 V, as denoted by the vertical dashed
line. The device with a C;9 AIL has a slightly higher Jp at a
given V,, which is possibly due to a reduced hole injection
barrier [17].

Holes traverse the AIL across thicknesses comparable to
the sum of energy-bending-region thickness A (304 10 A
as shown in Fig. 8) plus the hole tunneling distance through
the organic, which can be as large as 4 nm [20]. As shown
in Fig. 5, Voc increases with AIL thicknesses less than
5 nm, while Jgc remains nearly unaffected. When the
AIL thickness is 8 nm, however, it exceeds the tunnel-
ing length and thus acts as a hole-blocking layer, leading
to distorted J-V characteristics with a reduced Jgc and
FF. At this point, charges must transfer across the barrier
by thermionic emission, which is inherently dissipative.
While this may appear as an increase in Vg, it is accompa-
nied by a decrease in J, and the fill factor, thus reducing
the power-conversion efficiency of the solar cell.

Besides the contribution from the AIL, the voltage shift
also depends on the Cyy concentration, y, in the bulk. As
y changes from 90% to 50%, AV between devices with
a C;9 AIL and a DBP AIL drops from 0.12£0.01 V to
0.02+0.01 V, as shown in Fig. 6(a). When y =90%, pj,
near the interface is lower with a C;9 AIL than with a DBP

00 02 04 06 0.8 1.0

Voltage (V)

AlL, leading to a 30% drop in Viy (from 0.37 to 0.25 V);
see Fig. 6(b). When y = 50%, the device with a C;9 AIL
still has lower p;, near the interface, as shown in Fig. 6(c).
But because of the higher DBP concentration in the bulk
compared with the C7y AIL, a portion of the holes diffuse
into the bulk, resulting in a larger average electron-hole
separation. As a result, Vi, for devices with a C;9 AIL or
DBP AIL are similar. When the bulk layer has only 30%
Cro, the device J-V characteristics no longer show a rigid
horizontal shift, and the shape changes from that of the
devices with thinner AILs (black lines in Fig. 6), suggest-
ing the formation of an energy barrier with impedance to
charge extraction [29].

Similar rigid shifts of the J-V characteristics are
observed for devices with a PEDOT-PSS ABL with a
voltage shift of 0.07+0.01 V, as shown in Fig. 7(a).

I J—
12
10
0.8}
0.6/

—'-—C7I0 on 'MoOlX I
—e—DBP on MoO,
—a—C,, 0n PEDOT-PSS |

—¥—C,,0n HATCN

HOMO Energy Shift
from Bulk (eV)

0'4.&““‘-&1_.4 ]
L LD ]
02 ! Tited Ao -
00' T T 7 v ]
Of ey ]

0 10 20 30 40 50 60 70 80
Distance to Anode Buffer Layer (A)

FIG. 8. HOMO energy bending (relative to the bulk) versus
distance from the ABL interface for the C;o/MoO, interface
(black), DBP/MoO; interface (red), C7o/PEDOT-PSS interface
(blue), and C;7o/HATCN interface (pink) measured by ultraviolet
photoelectron spectroscopy. The vertical error bars represent the
energy resolution of the measurement and the horizontal error
bars represent the uncertainty of the organic layer thickness.
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TABLE I. Device performance with various active layers with and without an acceptor AIL.
Device active layer Jsc (mA/cm?) Voc (V)P FF" PCE® (%)
DBP/Cy (1:4, 60 nm) 12.6+£0.2 0.86 0.54 5.8+0.1
DBP/Cy (1:4, 60 nm)* 126 +£0.2 0.88 0.54 6.0+0.1
DTDCPB/Cy (1:2, 80 nm) 13.9+£0.2 0.90 0.70 92+£0.2
DTDCPB/Cy (1:2, 80 nm)* 14.1+£0.2 0.94 0.71 9.8+0.2
DTDCTB/Cg (1:3, 80 nm) 104+£0.3 0.80 0.47 39402
DTDCTB/Cq (1:3, 80 nm)? 10.6+£0.3 0.84 0.46 4.1+0.2

aDevice has a 3-nm-thick acceptor AIL.
bErrors are 4 0.01.
°PCE, power-conversion efficiency.

This agrees with the energy bending observed at the
C70/PEDOT-PSS interface in Fig. 8. No energy bending
is observed at the C;o/HATCN interface. As a result, the
AIL causes a drop in V¢ and the FF, as shown in Fig. 7(b).
This suggests that the energy bending at the interface is
responsible for hole transport across the AIL.

Apart from DBP/C7y, we also test the effect of an
acceptor AIL on two other donor-acceptor systems: 2-[(7-
[4-[N,N-bis(4-methylphenyl )amino]phenyl]-2,1,3-benzo-
thiadiazol-4-yl)methylene] propanedinitrile (DTDCPB)/
Cy0 and 2-[[7-(5-N,N-ditolylaminothiophen-2-yl)-2,1,3-
benzothiadiazol-4-yl]methylene]malononitrile (DTDCTB)/
Ceo. Table I shows device characteristics of the three
donor-acceptor material systems with and without the
acceptor AIL. All three systems show increases in V¢ and
power-conversion efficiency with an acceptor AIL.

VI. CONCLUSIONS

In this study, we show that a static dipole at the active-
region—ABL interface introduces energy loss. By remov-
ing the donors near the active-region—ABL interface, we
can reduce the loss by up to 30%. A change in interfa-
cial energy loss results in a concomitant change in Voc,
while Jgc and the FF remain unaffected. Voc can be
controlled over a range of 120 4 10 meV by varying the
donor:acceptor ratio near the interface. We attribute the
change in V¢ to the change in the potential drop across the
interface dipole layer at various interfacial donor:acceptor
ratios, which is supported by Monte Carlo simulations. A
significant outcome of our work is the demonstration of a
counterintuitive but effective strategy to reduce the energy
loss by inserting a thin electron-accepting layer between
the active region and the anode buffer. A primary condition
for this layer is that it must be sufficiently thin to support
nondissipative charge tunneling, resulting in an increase in
Voc without a decrease in the current or fill factor.

This work illuminates the different roles played by the
interface and bulk layers in the photogeneration process,
showing that their compositions should be independently
controlled to optimize OPV performance. It also demon-
strates that acceptors can transport holes and reduce the

energy loss for hole extraction in OPVs with the help of an
interface dipole layer.
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APPENDIX: MONTE CARLO SIMULATIONS

We use kinetic Monte Carlo simulations to determine
the charge distribution near the organic/MoQO, interface
as a means for estimating Viy. For y > 50%, Vi has
a weak dependence on J as shown in Fig. 6(a). Thus,
we need only to calculate Vi at open circuit (J =0) to
describe the rigid shift in the J-V characteristics. Three
charge-transfer processes are considered in the simula-
tion: electron transfer from the organic to the MoO; layer,
recombination of electrons in MoO, with holes in the
organic, and hole diffusion in the organic. The simula-
tion consists of a 100 x 100 x 10 nm? organic layer where
the molecules form a simple cubic lattice with a lattice
constant of 1 nm. The frontier orbital energies of the organ-
ics are assumed to be accurately described by a Gaussian
distribution with a standard deviation of 0.1 eV [4,30].
Initially, both the MoO, layer and organic layer are neu-
tral. As the simulation proceeds, electrons transfer from the
HOMOs of both the donor and the acceptor to the MoO,
CB due to its high work function (6.7 eV), leaving behind
holes in the organic layer [30—33]. The charge-transfer rate
from organic molecules to MoO, is assumed to follow
Miller-Abrahams hopping:

Ep — E;
kT

P = Pyexp (—

P=Py, Er<E,

E Ei’
)’ " (Al)
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where E is the MoO,, Fermi level, E; is the HOMO energy
of molecule i, Py is the maximum hopping rate, which
is proportional to the overlap between the electron wave
functions in the organic and MoO,, k is the Boltzmann
constant, and 7 is the temperature.

Electrons in the MoO, CB can also transfer back into the
organic by recombining with holes near the interface. The
recombination rate is also calculated with Eq. (A1), with
Er and E; swapped. Thermal equilibrium is reached when
electron transfer is balanced by electron-hole recombina-
tion across the interface. The holes in the organic layer can
also diffuse among neighboring molecules. For either the
recombination event or the diffusion event to happen, there
is a wait time:

(A2)

where X is a random number between 0 and 1. The trans-
fer event with the smallest wait time t happens first. After
each event, the energy of every organic site is updated on
the basis of the electric field from the charges with use of
the following equation:

E; = Eo — | F(2)dz, (A3)
20

where Ejy is the HOMO energy when F'=0, z; is the dis-
tance of molecule i perpendicular to the interface, z( is the z
coordinate for a molecule in the bulk (taken at 10 nm from
the interface), and F(z) is the electric field. The electric
field from the holes is given by

Fhole (ri) = Z +f‘ij, (A4)
J

where r; is the coordinate of site i, r; is the coordinate of a
hole at j, I'; is the unit vector between the hole and r;, & is
the vacuum permittivity, and ¢, is the dielectric constant of
the organic. To reduce the computational workload, we set
a cutoff radius of 4 nm for calculation of the electric field
from holes. Fie(2) is calculated by our taking the average
of Fpole(1;) over all sites in a certain plane.

Because of the high conductivity (o~1072S/m) [34]
and static dielectric constant (g,~18) [35] of MoO, com-
pared with the organic blend (e.g., c~107% S/m [36] and
&,~4 [37] for C7), we consider all the transferred electrons
to be uniformly distributed at the MoO, surface [38,39].
The electric field on the organic side is thus a constant

o

Felectron (Z) = (AS)

2808,

where o is the electron surface density. Because of ener-
getic disorder in the organic thin film, holes diffuse among

molecules and distribute themselves across a few inter-
facial molecular layers. The asymmetric distribution of
electrons and holes results in an interface dipole and hence
the energy-level shift observed in Fig. 8. The electric
potential ¢ in Figs. 6(b) and 6(c) is calculated by

o) = | F@)dz,

Zbulk

(A6)

where zpy = 10 nm by our assuming the electric field at
10 nm is zero.

Hole diffusion is also simulated with use of Eq. (A1),
where P, is now proportional to the overlap between
the HOMOs of two neighboring molecules. Although the
absolute values of Py have no effect on the simulation
results, the ratio of the Py values for the two processes mat-
ters. We introduce the parameter o = Pogi/Potrans, Where
Pogir 1S the maximum hopping rate for hole diffusion
among organic molecules and Py 1S the maximum hop-
ping rate for charge transfer between the MoO, layer and
the organic layer. Vi in Figs. 6(b) and 6(c) is calculated
with o« = 130. The large value of « is due to the smaller
overlap between the organic HOMOs and the electron
wave functions in the MoO, CB compared with the overlap
between organic HOMOs.
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