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We develop an empirically based optoelectronic model to accurately simulate the photocurrent in

organic photovoltaic (OPV) devices with novel materials including bulk heterojunction OPV

devices based on a new low band gap dithienothiophene-DPP donor polymer, P(TBT-DPP),

blended with PC70BM at various donor-acceptor weight ratios and solvent compositions. Our

devices exhibit power conversion efficiencies ranging from 1.8% to 4.7% at AM 1.5G. Electron

and hole mobilities are determined using space-charge limited current measurements. Bimolecular

recombination coefficients are both analytically calculated using slowest-carrier limited Langevin

recombination and measured using an electro-optical pump-probe technique. Exciton quenching

efficiencies in the donor and acceptor domains are determined from photoluminescence

spectroscopy. In addition, dielectric and optical constants are experimentally determined. The

photocurrent and its bias-dependence that we simulate using the optoelectronic model we develop,

which takes into account these physically measured parameters, shows less than 7% error with

respect to the experimental photocurrent (when both experimentally and semi-analytically

determined recombination coefficient is used). Free carrier generation and recombination rates of

the photocurrent are modeled as a function of the position in the active layer at various applied

biases. These results show that while free carrier generation is maximized in the center of the

device, free carrier recombination is most dominant near the electrodes even in high performance

devices. Such knowledge of carrier activity is essential for the optimization of the active layer by

enhancing light trapping and minimizing recombination. Our simulation program is intended to be

freely distributed for use in laboratories fabricating OPV devices. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4801662]

INTRODUCTION

Materials development in the field of bulk heterojunc-

tion (BHJ) organic photovoltaics (OPV) has driven device

power conversion efficiencies (PCEs) of tandem solar cells

to 10.7% (Ref. 1) and of solution processed single junction

solar cells to >9.1%.2 Fundamental understanding of the

physical processes inside BHJ OPVs has also significantly

progressed.3–6 Semiconductor device modeling can enable

insightful interpretation of experimental results to enable

rapid PCE optimization, provided that the model encom-

passes the correct fundamental processes. Most semiconduc-

tor modeling programs available today are designed to

simulate conventional inorganic devices, with only a few

having amendments to simulate organic semiconductors.7

However, there is a clear understanding that more thorough

physical models are necessary for useful simulation of BHJ

OPV behavior.8–14 A simple, broadly applicable BHJ OPV

model is clearly desirable considering the large number of

laboratories fabricating these devices with new organic semi-

conductor, interlayer, and electrode materials.

In this work, we develop upon previous BHJ OPV mod-

els in order to develop an empirically based model taking

into account recent advances in the understanding of charge

generation and recombination mechanisms. A novel polymer

donor–small molecule acceptor BHJ blend, poly[f2,6-(4,8-

didodecylbenzo[1,2-b:4,5-b0]dithiophene)g-alt-f5,5-(2,5-bis

(2-butyloctyl)-3,6-dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]

pyrrole-1,4-dione)g] (P(TBT-DPP)): [6,6]-phenylC71 butyric

acid methyl ester (PC70BM), is characterized, and the results

are used to validate the model presented here. P(TBT-DPP)

is a p-conjugated donor polymer exhibiting high molecular

weight (Mn¼ 27 kDa, PDI¼ 6.5 vs. PS standard), low opti-

cal band gap (1.5 eV), excellent operational air stability, and

high PCE of 4.7% when mixed with PC70BM acceptors

without thermal treatment. Mobility, bimolecular recombi-

nation coefficient, exciton quenching, permittivity, and opti-

cal constants for many different devices are experimentally

determined using several techniques. The trends observed

across various BHJ films serve to gain insights into the

underlying factors governing the device behavior. These pa-

rameters are input into the model. Using the optical con-

stants of all the device layers and exciton quenching in the

active layer, the model determines the spatial distribution of

charge generation rate under steady illumination. Subsequently,
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the generation rates, mobility, bimolecular recombination

coefficients, and permittivity are input into the current conti-

nuity equations to compute photocurrent and carrier concen-

tration. The agreement of the simulated and measured carrier

concentrations and photocurrent–voltage characteristics for a

variety of devices without the use of fitted parameters is a

strong indicator of the physical completeness and accuracy

of our model. This accuracy allows significant conclusions

regarding the efficiency limitations caused by carrier genera-

tion and non-geminate recombination (bimolecular free car-

rier recombination) rates inside the device as a function of

bias. Such detailed understanding is not only useful for post

hoc device analysis but also enables predictive theoretical

device optimization. These results from the model can serve

to optimize the compositional grading of future devices in

order to maximize light trapping and free carrier generation

while minimizing non-geminate recombination.

EXPERIMENTS AND METHODS

Synthetic details

Figure 1 illustrates the synthesis of P(TBT-DPP). 2,6-Di

(trimethylstannyl)-4,8-didodecylbenzo[1,2-b:4,5-b0]dithiophene

(29.8 mg, 35 lmol), 3,6-bis-(5-bromothiophen-2-yl)-2,5-Bis-

(2-butyloctyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (27.8 mg,

35 lmol), Pd2(dba)3 (1.3 mg, 4 mol. %), and tri(o-tolyl)phos-

phine (1.7 mg, 16 mol. %) were mixed in anhydrous chloro-

benzene (5 ml) under argon and stirred at 133 �C for 72 h in a

100 ml storage vessel. After cooling down, it was poured

into MeOH (50 ml), filtered, and dried under vacuum oven to

give a black solid (38.6 mg, yield 95%). The crude was soxh-

let extracted with ethyl acetate, 1,4-dioxane, and chloroform,

successively. The chloroform extract was poured into MeOH

(100 ml), and the solid was collected. Finally, a maroon solid

(32.1 mg, yield 79%, Mn¼ 27 kDa, PDI¼ 6.5) was obtained.

The elemental analysis is as follows: Calcd. C 74.56, H 9.21,

N 2.42; Found: C 74.68, H, 8.97, N 2.49.

BHJ OPV device fabrication and characterization

Devices are fabricated on 15 X=square indium tin oxide

(ITO) on glass substrates that are cleaned by 10 min of ultra-

sonication in acetone and then in isopropanol. The cleaned

substrates are treated under UV ozone for 30 min, immedi-

ately followed by spin coating 35 nm of CleviosTM P VP

AI 4083 poly(3,4-ethylenedioxythiophene)-poly(styrenesul-

fonate) (PEDOT:PSS) as the hole injection layer. The

PEDOT:PSS is subsequently annealed at 130 �C in air for

10 min to remove moisture from the deposited film. P(TBT-

DPP), the donor, and PC70BM, the acceptor, are weighed in

air, but solutions of these materials are prepared inside a

nitrogen glovebox using anhydrous solvents. P(TBT-DPP)

and PC70BM are separately mixed in 19:1 and 9:1 chloroform

(CHCl3):1,2 Dichlorobenzene (DCB) to a concentration of

15 mg/ml to yield high and low performing devices, respec-

tively. The solutions are heated overnight at 40 �C to ensure

full dissolution, especially considering the high molecular

weight of P(TBT-DPP). The desired P(TBT-DPP):PC70BM

compositions are mixed before spin casting after the

initial solutions have been cooled down. 1:1, 3:7, and 1:5

P(TBT-DPP):PC70BM by weight compositions are prepared in

19:1 CHCl3:DCB while 1:1, 1:2, and 1:5 P(TBT-DPP):PC70BM

compositions are prepared in 9:1 CHCl3:DCB. The active layers

are spun at 2000 rpm in a nitrogen glovebox to yield film thick-

nesses of 135 nm 6 5 nm measured using a Dektak profilometer.

The cathode is formed by thermally evaporating 7 Å of LiF, fol-

lowed by 100 nm of Al at 3� 10�6 Torr inside the same glove-

box to yield an active area of 3.9 mm2. Devices are tested in air

using a calibrated Thermal-Oriel 300W solar simulator under

AM 1.5G at 100 mW/cm2 solar illumination. Experimental pho-

tocurrents are determined by subtracting the dark current from

the illuminated current.

Electrical and optical measurements

Electron and hole mobilities are extracted from space-

charge limited current (SCLC) measurements using electron

and hole only devices, respectively. The layer stack of hole

only devices is glass/ITO/PEDOT:PSS/P(TBT-DPP):PC70BM

BHJ/Au while that of electron only devices is glass/ITO/TiO2/

P(TBT-DPP):PC70BM BHJ/LiF/Al. Current density–voltage

(J–V) characteristics are measured using a Keithley 236

source-measurement unit. Bimolecular recombination coeffi-

cients and carrier concentrations are experimentally deter-

mined using a double-pulsed laser method4 while the device is

forward biased in the power generation region, from 0 to

0.6 V. Two lasers of 532 nm wavelength are used to excite the

sample at the same intensity as AM 1.5 light (100 mW/cm2)

since the recombination coefficients are intensity-dependent.3

The optical constants of P(TBT-DPP) and PC70BM are deter-

mined by a combination of ellipsometry and photospectrome-

try, while those of PEDOT:PSS and Al are taken from an

optical matrix program written by Burkhard et al.11 (see sup-

plementary material for optical constants34). The dielectric

constant of P(TBT-DPP) and PC70BM are determined to be

1.9 and 3.02, respectively, by measuring the low frequency

(1 kHz) response fabricating glass/ITO/P(TBT-DPP):PC70BM

BHJ/Al devices using an Agilent B1500A semiconductor de-

vice analyzer.

FIG. 1. Synthesis of Poly[{2,6-(4,8-didodecylbenzo[1,2-b:4,5-b0]dithiophene)}-alt-{5,5-(2,5-bis(2-butyloctyl)-3,6-dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]

pyrrole-1,4-dione)}] (P(TBT-DPP)).

154506-2 Pierre et al. J. Appl. Phys. 113, 154506 (2013)
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Exciton quenching efficiency for P(TBT-DPP):PC70BM

BHJs is determined through photoluminescence (PL)

spectroscopy using a Horiba NanoLog Spectrofluorometer

equipped with a liquid nitrogen cooled InGaAs photodetec-

tor. Two excitation wavelengths are selected that absorb

mutually exclusively in P(TBT-DPP) (650 nm) and PC70BM

(475 nm). The expected normalized PL spectrum for a BHJ

if no exciton quenching was to occur, PL0;norm, is first com-

puted according to Eqs. (1) and (2) for 475 nm and 650 nm

excitation, respectively. fA is the acceptor composition frac-

tion of the BHJ film under investigation, PLðkÞ and OD are

the PL emission spectrum and optical density for either pris-

tine P(TBT-DPP) (subscript D) or PC70BM (subscript A)

baselines excited at 475 nm or 650 nm. Normalizing the PL

spectrum with respect to optical density removes dependence

on film thickness

PL0;norm;475nmðkÞ ¼ fA �
PLA;475nmðkÞ

1� 10�ODAð475nmÞ

þ ½1� fA� �
PLD;475nmðkÞ

1� 10�ODDð475nmÞ ; (1)

PL0;norm;650nmðkÞ ¼ fA �
PLA;650nmðkÞ

1� 10�ODAð650nmÞ

þ ½1� fA� �
PLD;650nmðkÞ

1� 10�ODDð650nmÞ : (2)

The PL emission spectrum for the BHJ is also normalized to

its own optical density at both excitation wavelengths as

shown in Eqs. (3) and (4)

PLBHJ;norm;475nmðkÞ ¼
PLBHJð475nmÞ

1� 10�ODBHJð475nmÞ ; (3)

PLBHJ;norm;650nmðkÞ ¼
PLBHJð650nmÞ

1� 10�ODBHJð650nmÞ : (4)

The normalized difference between the expected PL spec-

trum without quenching (Eqs. (1) and (2)) and PL spectrum

of the BHJ (Eqs. (3) and (4)) is integrated over the whole

spectrum to yield exciton quenching efficiency as shown in

Eqs. (5) and (6) for PC70BM and P(TBT-DPP), respectively.

gA ¼
ð �PL0;norm;475nmðkÞ � PLBHJ;norm;475nmðkÞ

�
PL0;norm;475nmðkÞ

dk; (5)

gD ¼
ð �PL0;norm;650nmðkÞ � PLBHJ;norm;650nmðkÞ

�
PL0;norm;650nmðkÞ

dk: (6)

The experimentally determined input parameters to the de-

vice model are the mobility, bimolecular recombination

coefficient, exciton quenching, permittivity, optical con-

stants, device layer stack, and active layer morphology as a

function of position between anode and cathode (known as

depth). P(TBT-DPP):PC70BM BHJs are morphologically ho-

mogenous from anode to cathode as confirmed by TEM to-

mography (see supplementary material for TEM tomography

images34) and are modeled as such.

Device simulations

The first step in the simulation is determining the depth-

dependent generation profile (anode to cathode) in the device

using an optical transfer matrix model developed by

Burkhard et al.11 that also takes into account parasitic absorp-

tion at the electrodes. Two modifications are made to the opti-

cal generation calculator: (1) separating the active layer into

thin slices (1 nm) to allow modeling of depth-varying mor-

phology and (2) using Eq. (7) to calculate free-carrier genera-

tion as a function of depth, GðxÞ, from the wavelength-

dependent exciton quenching efficiency, gexðx; kÞ, and com-

puted exciton generation rate, Gexðx; kÞ. The exciton quench-

ing efficiency, gexðx; kÞ, depends on the fraction of light

absorbed by the donor or acceptor phase and the associated

exciton dissociation efficiency for each phase.

GðxÞ ¼
ð

all k
Gexðx; kÞgexðx; kÞdk: (7)

The second phase of the simulation computes the photocur-

rent and recombination depth profile. Equations (8) and (9)

are the drift and diffusion photocurrent equations for elec-

trons and holes, respectively.

Jph;nðxÞ ¼ qlnðxÞnðxÞEðxÞ þ qDnðxÞ
dnðxÞ

dx
; (8)

Jph;pðxÞ ¼ qlpðxÞpðxÞEðxÞ � qDpðxÞ
dpðxÞ

dx
; (9)

q, kB, T, x, and E are the elementary charge, Boltzmann con-

stant, temperature, distance from the cathode, and electric

field, respectively. The internal electric field, EðxÞ, varies

spatially according to changes in electric permittivity.

Space-charge effects in BHJs were not taken into account

since they are not significant according to literature.8 This

assertion is in the end further supported by the accuracy of

our model. n; p; ln; lp; Dn; and Dp are the electron and

hole concentrations, mobilities, and diffusion coefficients,

respectively. Both trap and charge density affect the Einstein

relationship in disordered semiconductors.5,15 However, for

a low trap density organic semiconductor in conjunction

with the non-degenerate carrier concentrations during opera-

tion (��1022 m�3), one can approximate that the classical

Einstein relation, D
l ¼

kBT
q , holds as in Eqs. (8) and (9).15

Equations (10) and (11) are the steady-state photocurrent

continuity equations for electrons and holes, respectively,

where G and R are the charge generation and recombination

rates, respectively.

dJph;nðxÞ
dx

¼ �qðGðxÞ � RðxÞÞ; (10)

dJph;pðxÞ
dx

¼ qðGðxÞ � RðxÞÞ: (11)

The general form of non-geminate recombination is shown in

Eq. (12) with bimolecular recombination coefficient BðxÞ and

intrinsic carrier concentration ni. ni is negligible compared to

154506-3 Pierre et al. J. Appl. Phys. 113, 154506 (2013)
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the photogenerated carrier concentration as a result of the rel-

atively high bandgaps of conjugated polymers.16

RðxÞ ¼ BðxÞðnðxÞpðxÞ � n2
i Þ: (12)

A 5th order Runge-Kutta algorithm (BVP5c in MATLAB) is

implemented to solve the two coupled differential equations

resulting from merging Eqs. (8) and (9) with Eqs. (10) and

(11), respectively. The boundary conditions to this set of dif-

ferential equations are the electron and hole concentrations at

the electrodes. These boundary conditions are the only param-

eters of our model that we do not experimentally determine.

Assuming ohmic contacts, the large energetic separation

between the anode and LUMO and cathode and HOMO allow

electron and hole concentrations to be approximated to zero at

the anode and cathode interfaces, respectively. The absence of

minority carriers at both electrodes is a boundary condition of

infinite surface recombination velocity, which is typically

used when modeling BHJ OPVs.8,14,17 The boundary condi-

tion for 9:1 CHCl3:DCB devices is taken to be the same as in

previous models for low performance polymer-fullerene

BHJs,8,12 �1025 carriers/m3. The boundary conditions for the

19:1 solvent devices are then determined by comparing the ra-

tio of the 9:1 and 19:1 CHCl3:DCB device dark currents under

low reverse bias in order to neglect forward bias diffusion cur-

rent, thus J / nol, where no is the carrier density near the sur-

face. 19:1 CHCl3:DCB devices have a boundary condition of

6:5� 1023 carriers/m3. The built-in potential in our devices is

set to 1.1 eV, the work function difference between PEDOT:

PSS, 5.2 eV, and Aluminum, 4.1 eV.

RESULTS

Figure 2 and Table I correspondingly show the J–V

curves and solar cell characteristics for devices cast from 9:1

and 19:1 CHCl3:DCB solvent ratios. Note that 19:1

CHCl3:DCB devices yield superior performance compared

to 9:1 CHCl3:DCB devices. Optimal PCE is achieved at 3:7

and 1:2 P(TBT-DPP):PC70BM for 19:1 and 9:1 CHCl3:DCB

devices, respectively. The performance variation of these

devices forms a wide basis to assess the breadth of the

applicability of our model.

The charge mobility, charge generation, bimolecular

recombination coefficient, permittivity, and optical constant

parameters are related to the photoactive film morphology,

which is highly dependent on the spin casting solvent and

donor-acceptor composition.18 All these parameters are charac-

terized for cells fabricated from both 19:1 and 9:1 CHCl3:DCB

solvent ratios and for various P(TBT-DPP):PC70BM compo-

sitions. The retrieved information in itself imparts much in-

formation about the device characteristics but furthermore

allows us to accurately simulate this broad range of perform-

ance with the previously introduced fit parameter-free model.

Electron and hole mobility is determined by fitting

SCLC curves to the Mott-Gurney expression for trap-free

SCLC according to Eq. (13)

J ¼ 9

8
el

V2
a

L3
: (13)

e, l, Va, and L are the electric permittivity, charge carrier mo-

bility (electron or hole), applied voltage, and active layer

thickness, respectively. Figures 3(a) and 3(b) accordingly

show the electron and hole SCLC curves and their fits with

respect to Eq. (13) for the 19:1 CHCl3:DCB devices with 1:1,

3:7, and 1:5 P(TBT-DPP):PC70BM composition ratios. 9:1

CHCl3:DCB devices also generated close fits with respect to

Eq. (13), which is indicative of a trap-free active layer for a

variety of BHJ film formulations. Figure 4(a) shows the

extracted mobility values for 9:1 and 19:1 CHCl3:DCB devi-

ces for various P(TBT-DPP):PC70BM compositions. The hole

mobility remains relatively invariant for 19:1 CHCl3:DCB

devices while that of the electron increases when the

PC70BM weight ratio is increased. However the mobility for

9:1 CHCl3:DCB devices is lower when compared to 19:1

CHCl3:DCB devices, which is responsible for the low FF

shown in Table I. The marked increase in hole mobility for

the 9:1 CHCl3:DCB devices with larger PC70BM composi-

tions is believed to be the result of either the formation of

PC70BM cations which serve as a hole transporters19 or

improved crystallinity of the polymer donor phase.20

Recombination is another important property of BHJs.

An electron and hole in a BHJ recombine in their charge

transfer (CT) state either geminately, if both carriers have

never been dissociated, or non-geminately if both carriers

had been dissociated into free carriers.21 Geminate recombi-

nation is implicit in the exciton quenching efficiency, gexðxÞ.
Non-geminate recombination in homogenous low-mobility

FIG. 2. Current density-voltage characteristics for 19:1 CHCl3:DCB, 3:7P

(TBT-DPP):PC70BM (solid line), 19:1 CHCl3:DCB, 1:5P(TBT-DPP):PC70BM

(dashed line), and 9:1 CHCl3:DCB, 1:2P(TBT-DPP):PC70BM (dotted line)

under AM 1.5G.

TABLE I. Short circuit current (JSC), open circuit voltage (VOC), fill factor

(FF), and PCE for the devices of Figure 1 where D:A denotes the P(TBT-

DPP):PC70BM weight ratio.

Sample JSC (mA/cm2) VOC (V) FF PCE (%)

19:1 CHCl3:DCB, 3:7 D:A 10.05 0.7 0.687 4.75

19:1 CHCl3:DCB, 1:5 D:A 6.41 0.72 0.686 3.13

9:1 CHCl3:DCB, 1:2 D:A 5.07 0.69 0.522 1.82

154506-4 Pierre et al. J. Appl. Phys. 113, 154506 (2013)
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semiconductors occurs in the diffusive-limited regime and is

often modeled by Langevin recombination.22

BðxÞ ¼ q

eðxÞ ðlnðxÞ þ lpðxÞÞ: (14)

However, slowest carrier-limited Langevin recombination is

believed to be relevant in BHJs as a consequence of the seg-

regation of electrons and holes into acceptor and donor

domains, respectively.23

BðxÞ ¼ q

eðxÞ
lnðxÞlpðxÞ

lnðxÞ þ lpðxÞ

" #
: (15)

Figure 4(b) shows the bimolecular recombination coeffi-

cients for both 9:1 and 19:1 CHCl3:DCB devices for various

P(TBT-DPP):PC70BM compositions. These coefficients

are experimentally measured and calculated from Eq. (15)

using measured mobility and permittivity. Both 0.5 and 0.7

PC70BM weight compositions for the 19:1 CHCl3:DCB devi-

ces exhibit close matches between slowest carrier Langevin

and experimentally determined recombination coefficients.

However both 9:1 and 19:1 CHCl3:DCB devices of 0.83

PC70BM composition have a significantly lower recombina-

tion coefficient compared to that determined by Eq. (15).

This overestimation of the recombination coefficient from

Eq. (15) originates from the fact that recombination in the

FIG. 3. Electron (a) and hole (b) SCLC and fits (solid lines) generated

according to Eq. (13) for devices cast from 19:1 CHCl3:DCB with 1:1, 3:7,

and 1:5 P(TBT-DPP):PC70BM compositions.

FIG. 4. Mobility determined through space-charge limited current (a), bimo-

lecular recombination coefficients determined experimentally from electro-

optical pump probing and analytically from slowest-carrier limited Langevin

(SC Langevin) recombination using Eq. (15) (b) and exciton quenching effi-

ciency determined through photoluminescence spectroscopy (c) for devices

cast from 9:1 and 19:1 CHCl3:DCB with various P(TBT-DPP):PC70BM

weight compositions.
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higher mobility BHJs is no longer diffusion limited as in the

Langevin regime but rather becomes kinetic limited as

observed in regioregular poly(3-hexylthiophene-2,5-diyl)

(P3HT): [6,6]-phenyl C61 butyric acid methyl ester (PCBM)24

and higher mobility inorganic semiconductors. The recombina-

tion coefficients derived according to Eq. (14) yield results

which are more than an order of magnitude greater than those

experimentally determined. The large discrepancies between

Eq. (14) and measured recombination coefficients are also

observed with P3HT:PCBM.4

Figure 4(c) shows the exciton quenching efficiency, gex,

as determined for 9:1 and 19:1 CHCl3:DCB devices for vari-

ous P(TBT-DPP):PC70BM compositions

gex ¼ gdif f gdiss: (16)

gdif f and gdiss are exciton diffusion and dissociation effi-

ciency, respectively. Quenching efficiencies are higher in the

acceptor domains than the donor domains for both 9:1 and

19:1 CHCl3:DCB devices as a result of the larger electric

permittivity of PC70BM, increasing gdif f by increasing diffu-

sion length.13 The superior quenching efficiency of 19:1

CHCl3:DCB devices over 9:1 CHCl3:DCB devices is respon-

sible for the difference in short-circuit current (JSC) and

higher PCE as seen in Table I. Furthermore, the optimal

exciton quenching efficiency occurs at 0.66 and 0.7 PC70BM

compositions for 9:1 and 19:1 CHCl3:DCB devices, respec-

tively. The poorer morphology of the 9:1 CHCl3:DCB BHJs

not only decreases gdif f by virtue of large domain sizes

but can also decrease gdiss by exacerbating geminate

recombination.25

The characterized parameters are input in our model to

run the device simulations, and the outputs are then com-

pared to the experimental results. To verify the accuracy of

the calculated carrier profiles, the measured average total

photogenerated carrier concentration extracted from the

recombination measurement of a 1:5 P(TBT-DPP):PC70BM

9:1 CHCl3:DCB device is compared to its simulated carrier

concentration. Figure 5 compares the measured average pho-

togenerated carrier density, 3� 1022 m�3, with the modeled

electron, hole, and total carrier densities as a function of

position in the blend under the same 100 mW/cm2, 532 nm

input used in the pump probe technique. The modeled active

layer thickness is the same as in the experimental devices

with light entering from the anode (right side of Figure 5).

The total photogenerated carrier concentration in the center

of the active layer (20 nm–110 nm from the cathode) has an

average of 2.33� 1022 m�3 and weighted average of

3.02� 1022 m�3, which is commensurable with the measured

photogenerated carrier density. This similarity confirms the

accuracy of the model and characterized parameters of the

BHJ.

The accuracy established in the photogenerated carrier

profile permits a comparison between the experimental and

simulated photogenerated current (Jph)–voltage plots. Figure

6(a) shows the experimental and simulated photocurrents

using bimolecular recombination coefficients computed from

both Eq. (14) and Eq. (15). The poor fit between the experi-

mental and modeled photocurrents using the coefficient

obtained by Eq. (14) shows that P(TBT-DPP):PC70BM does

not follow homogenous Langevin recombination. Instead

Eq. (15), slowest-carrier limited Langevin recombination,

yields matching simulated and experimental results. Figure

6(b) shows the comparison between experimental and simu-

lated photocurrents for 3:7 and 1:5 P(TBT-DPP):PC70BM

19:1 CHCl3:DCB devices. Bimolecular recombination coef-

ficients determined both experimentally and from Eq. (15)

are input into the model and yield matching results. Not only

is the applicability of Eq. (15) valid for all modeled devices

but also the fitting between the computed and experimentally

determined coefficients for a given device in Figure 6(b) is

excellent.

Figure 6(c) shows the spatially varying free-carrier gen-

eration rate and non-geminate recombination rate for various

applied voltages in the 1:2 P(TBT-DPP):PC70BM 9:1

CHCl3:DCB device modeled using the slowest carrier

Langevin recombination coefficient in Figure 6(a). Non-

geminate recombination is strongest near the electrodes as a

consequence of high carrier densities as mentioned in other

modeling accounts.9 Figure 6(d) also plots generation and

recombination but for the 3:7 P(TBT-DPP):PC70BM 19:1

CHCl3:DCB device modeled with the experimentally meas-

ured recombination coefficient in Figure 6(b). Generation is

maximized in the center of the active region due to optical

constructive interference while recombination is dominant

near the electrodes as shown in Figures 6(c) and 6(d). As the

applied bias increases, the recombination rate intensifies and

broadens into the center of the active layer. Recombination

rates even exceed generation rates near the electrodes at high

voltages for the 9:1 CHCl3:DCB device in Figure 6(c).

DISCUSSION

Experimental and simulation results reveal insights

into P(TBT-DPP):PC70BM BHJ OPVs from both a materials

FIG. 5. Comparison between the modeled electron density (solid line), hole

density (dashed line), their total density (�), and the experimentally deter-

mined (dotted line) average photogenerated carrier concentration inside a

1:5 P(TBT-DPP):PC70BM composition device cast from 9:1 CHCl3:DCB.

The experimental and simulation input conditions are a 532 nm laser of

100 mW/cm2 intensity from the anode (PEDOT:PSS).

154506-6 Pierre et al. J. Appl. Phys. 113, 154506 (2013)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

169.229.32.36 On: Sun, 21 Dec 2014 08:41:03



and devices perspective. Minimization of non-geminate

recombination is essential for optimizing the PCE of any

photovoltaic device. Carrier mobility plays a crucial role in

non-geminate Langevin recombination in that it not only

affects the carrier concentration but also determines the

bimolecular recombination coefficient as seen from Eqs. (14)

and (15). The lack of trap behavior in P(TBT-DPP):PC70BM

gives rise to sufficiently high carrier mobilities despite the

poor crystalline nature of P(TBT-DPP) and of the corre-

sponding blends (see supplementary material for XRD

results34). Contrarily, high performance amorphous polymer

poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophe-

nediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]

(PCDTBT):PC70BM BHJs show a significant decrease in fill

factor for thicknesses greater than only 70 nm as a result of

non-geminate recombination due to hole trapping.26

Further insights are made into the nature of non-

geminate recombination in our BHJs by modeling the

photocurrent. Koster et al. observed that non-geminate recom-

bination in P3HT:PCBM is limited by the slowest carriers by

comparing the fill factor amongst various recombination

models.23 In addition to the similarity between experimental

and computed (Eq. (15)) bimolecular recombination coeffi-

cients, matching experimental and simulated photocurrents

modeled using both measured and computed bimolecular

recombination coefficients (Figure 6(b)) provides strong

evidence that the lowest carrier mobility in a BHJ indeed lim-

its non-geminate recombination. With these findings for

P3HT, as well as for poly[2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylenevinylene] (MEH-PPV)23 and P(TBT-DPP), it is

believed that Eq. (15) can be used to model bimolecular

recombination in a wide range of photoactive materials for

BHJ OPVs.

The close match between modeled and experimental

photocurrents for all the modeled devices validates our

model and BHJ characterization, allowing us to faithfully

examine the non-geminate recombination rates inside our

devices. Low mobility, high free-carrier generation rates,

and low electric fields exacerbate non-geminate recombina-

tion by virtue of high carrier densities. It is for these reasons

non-geminate recombination rates reach a local maximum in

the center of the device, where optical interference maxi-

mizes generation rate, and then even higher rates at the elec-

trodes where carrier concentrations build up to even higher

densities as seen in Figures 6(c) and 6(d). In comparison to

the 9:1 CHCl3:DCB device in Figure 6(c), the reduction in

non-geminate recombination rate relative to generation rate

at the electrodes of the 19:1 CHCl3:DCB device in Figure

6(d) is not only a consequence of higher BHJ mobility and

lower bimolecular recombination but also decreased electron

and hole carrier concentrations at the cathode and anode,

respectively. For this reason, decreasing this electrode carrier

concentration by decreasing the density of states can reduce

recombination in the vicinity of the electrodes. Another route

for reducing recombination may be to morphologically grade

the electrode regions to increase carrier mobility at the

expense of generation. Indeed, high performance BHJ OPVs

do show significant improvement when the donor–acceptor

composition near the electrodes yield higher mobilities.27,28

Our model is capable of taking into account varying donor–-

acceptor compositions as a function of depth which can be

used for future device optimization.

FIG. 6. Modeled photocurrent using

homogeneous (Eq. (14)) and slowest-

carrier limited Langevin recombination

(Eq. (15)) in comparison with the experi-

mental photocurrent for a 1:2 P(TBT-

DPP):PC70BM device cast from 9:1

CHCl3:DCB is shown in (a). The mod-

eled photocurrent using slowest-carrier

limited Langevin and experimetally

determined recombination coefficients for

3:7 and 1:5 P(TBT-DPP):PC70BM devi-

ces cast from 19:1 CHCl3:DCB is shown

in (b). Generation and non-geminate (free

carrier) recombination rates at multiple

applied voltages for the device modeled

using slowest carrier Langevin re-

combination from (a) are shown in (c).

Generation and non-geminate recombina-

tion rates at multiple applied voltages

for the 3:7 P(TBT-DPP):PC70BM device

modeled using the experimentally deter-

mined bimolecular recombination coeffi-

cient from (b) are shown in (d).
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The comparisons between the experimental data and

modeled data demonstrate that it is possible to accurately

describe the device physics of OPVs without fitting parame-

ters. Furthermore, physical quantities that are experimentally

inaccessible (or challenging to access) such as non-radiative

dissociation rates and electron-hole separation distances at

interfaces9,23 are avoided in our model. Exciton dissociation

efficiency, gdiss, was believed to be field-dependent accord-

ing to Braun-Onsager theory,8,29 but experiments by Mauer

and Etzold et al. have shown that the dissociation behavior

for polythiophene-methanofullerene and PCDTBT-PC70BM

composites is in fact field-independent.3,26 This behavior

stems from the high conjugation length of high performance

OPV BHJs.30 Consequently, the measured gdiss is taken to be

the same for any applied bias in the model.

Despite the accurate results demonstrated here for low

and high performance devices made from P(TBT-DPP):

PC70BM, not all material systems can be accurately modeled

using the approximations made in this work. For low-

mobility BHJ blends where carrier concentrations are

expected to be high, the Einstein relationship dependence on

carrier concentration should be evaluated.15 In extreme cases,

space-charge may need to be taken into account in device

with low-mobility BHJs and thick exciton blocking layers.31

The appropriate SCLC fitting curve should be chosen in order

to ascertain mobility, since high trap densities affect the

SCLC dependence on the applied voltage and the active layer

thickness.32 Experimentally determining the input parameters

associated with a particular morphology in a morphologically

graded as-cast device can be achieved by making sufficiently

thick films to decrease the influence of near surface regions

on the active layer. Finite surface recombination velocity

may also be taken into account and are derivable for

organic-metal interfaces using a detailed balance limit.33

Finally, the absorption spectra for P(TBT-DPP):PC70BM

BHJs show some differences compared to the superposition

of P(TBT-DPP) and PC70BM most likely as a result of some

expected P(TBT-DPP)-PC70BM phase formation, meaning

that there are limits to the accuracy with which absorption

can be modeled as a superposition of donor and acceptor

absorptions.

There are also limitations in the model itself. The Voc

for the tested devices is approximately 0.7 V as shown in

Table I, but the photocurrent is only modeled until 0.6 V

since the injection current induces significant recombination

with the photocurrent approaching Voc, making it impractical

to solely consider photogeneration current for device model-

ing in this region. The measured exciton quenching efficien-

cies exhibited the greatest error range of all the material

parameters measured as the result of sensitivity to sample

positioning. Finally, in the class of material systems with

poor conjugation length where exciton-quenching is field de-

pendent30 (which would have very poor fill factors) a

coupling between the charge generation rate and the

field would need to be introduced which we neglect in the

current treatment. However, despite these limitations, we

strongly believe that our model is a valuable and easily ap-

plicable tool that is widely useful for understanding of the

processes occurring in OPV devices. We hope it will find

use in aiding targeted device optimization within the OPV

community.

CONCLUSIONS

Developing upon previous device models, we present a

computationally non-intensive model based entirely on exper-

imentally available empirical parameters. The model parame-

ters are experimentally determined using common-place

techniques, and, without any fitting parameters, our model

accurately reproduces the experimental photocurrent curves

for a wide variety of device processing conditions. We com-

pare two experimental methods for determining the bimolecu-

lar recombination coefficient and find that both work well,

reproducing accurately the measured photocurrent curve.

From this we conclude that slowest-carrier limited Langevin

recombination accurately describes recombination in our

devices and therefore may be a good starting point for deter-

mination of the bimolecular recombination coefficient in gen-

eral. With the accuracy of the model established, it can be

used to provide insight into the generation, non-geminate

recombination, hole and electron concentrations as a function

of depth within the operating cell. These results (which are

not experimentally observable) can then be utilized to pin-

point the weaknesses and strengths of the devices. This can be

a general aid in targeted device engineering. Morphologically

graded BHJ OPVs can be engineered to improve upon the

power conversion efficiency by maximizing generation in the

center of the active layer while minimizing recombination

near the electrodes. We hope that the speed, simplicity, and

accuracy of the present model will make it generally useful to

the broad community investigating organic bulk heterojunc-

tion solar cells (see supplementary material for the simulation

program used in this publication).34
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