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The gradual loss of efficiency during field operation poses a fundamental challenge for economic

viability of any solar cell technology. Well known examples include light-induced degradation in

Si-based cell (Staebler-Wronski effect), Cu diffusion in thin film (copper indium gallium selenide)

cell, hot-spot degradation in series connected modules, etc. Here we develop a compact model for

an intrinsic degradation concern for bulk heterojunction type organic photovoltaic (BH-OPV) cells

that involve continued (thermal) phase segregation of the donor-acceptor molecules leading to

characteristic loss of efficiency and performance. Our approach interprets a number of BH-OPV

device degradation measurements within a common framework and suggests/rationalizes intuitive

routes for lifetime improvement for such technologies. VC 2011 American Institute of Physics.

[doi:10.1063/1.3610460]

Bulk heterojunction type organic photovoltaic cell

(BH-OPV) has an important advantage of economical proc-

essing, which is unfortunately counterbalanced by relatively

low power conversion efficiency and poor device stability.

There have been significant improvements in the cell effi-

ciency over the last decade (currently >8%, Ref. 1). How-

ever, the real bottleneck in the path of successful

commercialization of this technology is not the efficiency

but its poor operational lifetime,2 the theory of which has

received relatively little attention so far. As a result, despite

significant progress in the power conversion efficiency, the

lifetime of BH-OPV lags far behind the inorganic counter-

parts (typically more than 20 years).

A careful survey of the BH-OPV literature shows that the

degradation mechanisms of BH solar cell are complex,

diverse, and poorly understood. In a recent review,3 Krebs

describes many “extrinsic” degradation mechanisms of

BH-OPV, including chemical degradation of electrode

metals4 and polymer molecules in the presence of oxygen and

water,5 photo-oxidation of polymers,6 thermal degradation

due to morphological change,7–9 etc. Like any other commer-

cial technology, the extrinsic degradation issues must be

addressed by a combination of improved manufacturing tech-

niques and better encapsulation, and there has been sustained

progress in this regard over the last few years.10 On the other

hand, “intrinsic degradation” of a solar cell implies that even

if the cells were perfectly encapsulated and manufactured for

highest yield, the cell performance can still degrade due the

intrinsic morphological change induced by operating (ther-

mal) environment.7 Thus, thermal degradation is a fundamen-

tal stability concern for BH-OPV, and yet there is no compact

theoretical framework to explore the problem quantitatively.

The key contribution in this Letter is the development of

a physical degradation model that can relate the intrinsic life-

time of the cell to the constituent material parameters and

process conditions. The model is based on the general princi-

ple of coarsening kinetics in any phase segregating system,

and hence it is applicable to wide variety of BH-OPV mate-

rial system (polymer:fullerene, polymer:polymer, etc). We

verify our model by analyzing a number of recently pub-

lished temperature-accelerated lifetime experiments

(ALT).7–9 These experiments are generally conducted within

a controlled environment of a nitrogen-filled dark chamber

in an effort to eliminate oxygen/moisture contamination and

photo-degradation. Lifetime projection from these ALT

experiments is carried out in the literature by empirical

extrapolation,7,11 but our degradation model interprets these

experiments within a common physical framework and

relates the projected lifetime with the intrinsic material prop-

erties and kinetics of phase segregation.

Before discussing the thermal degradation of BH-OPV

in detail, let us briefly review its structure and working prin-

ciple. Unlike conventional solar cells (e.g., a-Si, CdTe), the

active layer of BH-OPV cell [Figs. 1(a) and 1(b)] contains

two organic semiconductors (electron donor (D) and electron

acceptor (A)), and the interface between them is randomly

dispersed throughout the bulk of cell. The distributed cell

morphology ensures that regardless of the origin of an exci-

ton, it finds an interface within the diffusion length (Lex � 5–

10 nm) and dissociates into charge carriers. For further

details, see excellent review articles in Refs. 12–14.

Phase segregation of two organic materials is the key

process in the fabrication of BH solar cell. The general char-

acteristics of phase segregation and its relevance for high-

performance OPV design are well known to the commu-

nity.15 Here we describe the physics of phase segregation

during fabrication as well as during operating/stress condi-

tions by the Flory-Huggins’s mean field theory coupled with

Cahn-Hilliard (C-H) equation.16 Detailed discussion on the

formulation of free energy and the numerical scheme to

solve the C-H equation is explained in Refs. 17 and 18. In

Fig. 1 we show the numerical simulation results of such mor-

phology evolution during fabrication [Fig. 1(a)] and ALT

stress conditions [Fig. 1(b)]. The figures illustrate that even

though the geometry of the meso-structure lacks any specific

order/shape, it is still characterized by an average domain

width, hWCi, that increases systematically with anneal/stress
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time ta. This domain growth/coarsening is known as Ostwald

ripening16,19 and is given by

hWCðta; TaÞi / ½Deff ðTaÞta�n: (1)

Here Deff is the effective diffusivity of organic/polymer ma-

terial and n is the “Lifshitz-Slyozov” power exponent16,19

associated with spinodal decomposition.

The crux of the intrinsic stability problem in BH-OPV is

that the phase separation continues even in the normal oper-
ating condition, resulting in time-dependent evolution

towards suboptimal morphology and performance degrada-

tion with time20,21 [see Fig. 1(b)]. As a result, there is a mon-

otonic reduction of JSC (and corresponding loss in

efficiency) with operating time (see Ref. 22 for rigorous deri-

vation), as follows:

JSCðtÞ /
2Lex

WCðtÞh i tanh
WCðtÞh i
2Lex

� �
(2a)

� 2Lex= WCðtÞh i; for WCh i � Lex; (2b)

Combining Eqs. 1 and 2(b), we find that

JSCðt0 þ tsÞ
JSCðt0Þ

¼ hWCðt0Þi
hWCðt0 þ tsÞi

¼ ½Deff ðT0Þt0�n

½Deff ðT0Þt0 þ Deff ðTsÞts�n
:

(3)

Here t0 and T0 represent the anneal time and temperature

during the fabrication while ts and Ts denote the anneal time

and temperature during the stress (or operation) phase,

respectively. Thus, JSC (t0) is the short-circuit current of a

BH-OPV cell immediately after fabrication, but before it has

been put to use or stressed in ALT test. Eq. 3 suggests that

JSC begins to decay as soon as the cell is subjected to the

stress conditions. The temperature dependence of the JSC

degradation is encapsulated in Eq. 3 via the Arrhenius acti-

vation of effective mutual diffusivity of the donor and

acceptor materials, i.e., Deff ¼ D0e�EA=kT ; where D0 is the

maximum diffusivity and EA is the activation energy of the

diffusion process. With temperature-activated diffusion,

from Eq. 3 we obtain

ĴSCðtsÞ ¼ 1þ e�EA=kTs
ts
teq

� �� ��n

: (4)

Here ĴSCðtsÞ ¼ JSCðt0þtsÞ
JSCðt0Þ is the normalized short-circuit current

and teqð� t0e�EA=kT0Þ is the “equivalent-anneal time” which

translates the actual anneal time t0 to specific stress condi-

tions and it reflects the fabrication conditions of the solar

cell. The other two parameters in our model: “Lifshitz-

Slyozov” power exponent n and activation energy EA of the

polymer blend are material dependent physical constants. It

is observed experimentally that the decay in JSC saturates to

a fixed value Ĵsat
SC , independent to the stress conditions7 (in

Fig. 2(a), Ĵsat
SC � 0:4). We account for this saturation current

by an empirical cut-off of ĴSCðtsÞ ¼ Ĵsat
SC for ts � t�s , where

t�s is the stress time corresponding: ĴSCðt�s Þ ¼ Ĵsat
SC . More work

is needed to model this saturation current, which relates the

limit of phase segregation with an attainment of stabilized

morphology. Note that while many researchers7,8,20 have

suggested that phase segregation might play an important role

in dictating intrinsic stability of OPV, the specific form of Eq.

4 would now allow accurate lifetime projection and quantita-

tive comparison among results from different groups.

We verify the growth law [Eq. 1] and the dependence of

JSC on hWCi [Eq. 2(b)] in Figs. 1(c) and 1(d), respectively,

by detailed numerical simulation. We calibrate the model pa-

rameters (EA, n, teq) by fitting Eq. 4 to a single set of meas-

ured polymer degradation data corresponding to a particular

stress temperature and use the extracted parameters to pre-
dict the JSC degradation at all other temperatures. Figure

2(a) shows a good fit between the model prediction from

Eq. 4 and the measured data (MDMO-PPV:PCBM system,

Ref. 7). We also observe excellent match between the same

model and the measured current for many other data reported

in the literature involving different polymer systems

(P3HT:PCBM, PPV:PCBM, in Fig. 2(b)). As shown in Fig.

2(c), the extracted values of the material dependent con-

stants: EA, n, fall in the physical range for the typical OPV

materials. We know of no other degradation model that

anticipates the intrinsic ALT kinetics of such a broad range

of material system. Finally, it is important to note that even

though there might be some additional nonthermal intrinsic

degradation (like charge accumulation caused by photo-deg-

radation23), the robustness of n and correlation between the

extracted EA and known bulk EA of the respective materials

assures that morphological effect is the primary source of

tharmal degradation in these sets of experiments.

Equation 4 can now be used to determine the intrinsic

lifetime (tlife) of BH-OPV due to thermal degradation, based

on the criterion that JSC (t0 þ tlife)¼ dtol JSC (t0); where dtol is

the technology specific tolerance limit for JSC degradation.

In other words,

tlifeðTopÞ ¼
teq

kdegðTopÞ
d
�1

n

tol � 1
� �

: (5)

FIG. 1. (Color online) Numerical simulation of the evolution of active layer

morphology. (a) During the fabrication step (b) during the thermal stress

experiment. (c) The growth of the average domain size (WC) with the stress

time is plotted (log-log plot) for different stress temperatures. We note WC

follows a power law with stress time. (d) Normalised short-circuit current

for different stress temperatures are ploted from both numerical simulation

(solid lines) and analytical relation [Eq. 2(a)] (symbols).
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Here, Top is the operating temperature for the solar cell. In

Fig. 2(d) we plot the dependence of the intrinsic lifetime of

BH-OPV on the operating temperature for three different tol-

erance limits dtol. The figure shows even under the optimistic

scenario of very low time exponent, n 	 0.27 and high activa-

tion energy EA¼ 1.2 eV; the cell is predicted to degrade more

than 10% within a few months. This provides a simple physi-

cal explanation of empirically observed poor stability of or-

ganic solar cells. It is important to note that these specific

numerical values of lifetime are defined by the polymer sys-

tems discussed in Fig. 2(a). As processing conditions improve

or as new polymers are developed, the lifetime will certainly

increase (see Ref. 2 for recent examples of >1 year lifetime);

we suggest however that the intrinsic degradation and lifetime

projection will still be defined by Eqs. 4 and 5.

The model discussed above also rationalizes various em-

pirical approaches to improve BH-OPV stability based on ki-

netic trapping24–26. For example, the BH-OPV cells based on

block copolymers24 (e.g., PvDMTPA-b-PPerAcr di-block

copolymers), where fixed block length prevents phase sepa-

ration improve intrinsic stability. Similarly, the use of photo-

crosslinkable copolymers25 or polymerizable fullerene deriv-

ative26, where morphology remains stabilized by cross-link-

ing, offers considerable improvement in lifetime. Both these

solutions confirm that phase segregation is a dominant stabil-

ity concern. These solutions are based on kinetically trapped

phases that can be understood by Eq. 4 as having higher acti-

vation energy EA following cross-linking. Indeed, the satura-

tion of the JSC degradation with stress time as shown in Fig.

2(a) might also imply a stress-related kinetic trapping of

phase segregation, correlated with the attainment of the equi-

librium morphology. If the equilibrium morphology of the

polymer based cell can be engineered very close to the opti-

mal morphology (Wsat
C � 2Lex), then the intrinsic stability

limit of BH-OPV cell can be extended considerably. Finally,

the stability model [Eq. 4] suggests an interesting perform-

ance-stability tradeoff inherent in classical BH-OPV struc-

tures. Since performance degrades rapidly for an (efficiency)

optimized cell, it is clear that slight under (suboptimal) proc-

essing of the polymer mixture can improve the lifetime of

the cell significantly. Such cells will have slightly lower effi-

ciency initially, but during operation the cell performance

will improve and thereby extend the intrinsic lifetime signifi-

cantly. Reference 8 shows a highly suggestive evidence of

the viability of such approach.

We have developed a compact physical degradation

model for BH-OPV based on theory of spinodal decomposi-

tion and morphological evolution. The model predicts intrin-

sic lifetime of the cell as a function of material parameters

and process conditions, and we have validated the model

[Eq. 4] against available experimental data. This model not

only anticipates projected lifetime of BH-OPV, but also sug-

gests/rationalizes various approaches for the improvement of

intrinsic lifetime and performance-stability optimization of

organic solar cell.
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FIG. 2. (Color online) Validation of degradation model (solid line) with

measured data (symbols) from literature. (a) Measured JSC degradation val-

ues (MDMO-PPV:PCBM cells7) matched with model [Eq. 4] for four differ-

ent stress temperatures. (b) Model validation for other various polymer

systems reported in literature.7–9 (c) Power exponent (n) and activation

energy (EA) values described in the model are extracted by fitting the model

with the different experimental data set. (d) Model predicted intrinsic life-

time of the cell is plotted for three different tolerance limits in the degrada-

tion of JSC.
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