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This paper presents the evidence of growth of dendrites during the annealing of poly

(3-hexylthiophene) and [6,6]-phenyl C61-butyric acid methyl ester (P3HT:PCBM) blends that are

being explored for potential applications in bulk heterojunction polymer solar cells. These

dendrites were observed in high resolution scanning electron microscopy to have morphologies

that depend on the annealing temperature. Consistent with a recent eutectic phase diagram, the

dendrites were not observed at 200 �C. The observations were explained by considering the effects

of temperature on the kinetics of phase nucleation and growth in P3HT: PCBM blends. The

implications of the results are also discussed for the stability of electrical properties in bulk

heterojunction solar cells. VC 2011 American Institute of Physics. [doi:10.1063/1.3652858]

I. INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells are some

of the most promising emergency systems for potential

applications as green energy sources.1 Their power conver-

sion efficiencies have been found to increase from �1% to

�8.1% by blending and annealing C60-based nanostructures

with polymeric matrices to enable charge hopping.22 The

most promising bulk heterojunctions investigated so far have

been fabricated using poly(3-hexylthiophene) (P3HT) as a

donor and [6,6]-phenyl C61-butyric acid methyl ester

(PCBM) as an acceptor.2 Blends of both materials have been

shown to have attractive combinations of electrical and opti-

cal properties.2 They have also been shown to exhibit a rela-

tively high hole mobility of �10�3 cm2 V�1 s�1 (Ref. 7) and

high electric field mobility of �0.1-0.2 cm2 V�1 s�1.8–10

In recent work,26 blends of P3HT: PCBM have been

shown to be well characterized by a eutectic phase diagram.

The power conversion efficiencies have also been shown to

be associated with changes in blend proportions, with the op-

timum power conversion efficiencies occurring at a slightly

hypo-eutectic condition.26 The hypo-eutectic, eutectic, and

hyper-eutectic structures have also been shown to occur at

temperatures between 120 �C and 220 �C, which include the

temperature regime that is typically used for annealing of

P3HT: PCBM blends that are being explored for future

applications in bulk heterojunction organic solar cells.

However, while prior studies have examined the influ-

ence of annealing treatments on the morphologies of the lay-

ered structure6 or electrical properties of P3HT/PCBM blends,

there is still only a limited understanding on how microstruc-

tural evolution occurs in P3HT: PCBM structures within bulk

heterojunction organic solar cells. Recent studies32 suggest

the fractal organization of C60-based structures can occur dur-

ing isothermal exposure, while others show that the electrical

properties of the resulting organic solar cells depend strongly

on the blend proportions.24–26

Prior studies of the effects of thermal annealing have

shown that considerable improvements can be achieved in

the power conversion efficiencies of P3HT-based solar

cells11 and light emitting diodes12 by controlling the blend

proportions and annealing temperatures and durations.6 The

improvements have been correlated to the thermochromatic

properties of P3HT and the molecular diffusion of PCBM.23

Some researchers have also attributed these improvements to

changes in the morphology of the active organic layer, as

well as to reductions in the free volume and density of

defects at the interface, during evaporation of the solvent.12

Others have attributed the effects of annealing to interchain

interactions,13 while some researchers have shown a strong

correlation between the increase in the crystallinity of the

active layer morphology and electrical performance.3,4

Studies of charge transport within the P3HT: PCBM

structures suggest that the acceptor fullerene molecule may

enter the exciton diffusion radius of the polymer, resulting in

a highly efficient charge separation that leads to unexpected

increase in hole mobility.27,28 Also, the effects of processing

or solvent-induced variations on microstructure, which affect

the interfacial area that is needed for charge separation of

any blend composition, have been reported to strongly influ-

ence the photocurrents that are measured in bulk heterojunc-

tion devices.29–31 Prior work26 has also shown that variations

in active layer thickness (between 90 and 250 nm) do not

strongly affect the short circuit performance at a fixed com-

position in P3HT: PCBM composite blends.

Thermal annealing of polymer-polymer donor-acceptor

blends, with subsequent exposure to solvent vapor, has been
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reported to yield significant increase of the charge carrier

photo-generation efficiency.14 Lee et al.15 have also reported

the positive influence of subjecting the polymer film to heat

treatment to enhance the quantum efficiency of charge gener-

ation due to the change in morphology at the interface

between the polymeric and electrode layers.

Prior reports have shown that P3HT crystallizes as a

result of thermal annealing.24 The crystallization has also

been shown to have a positive effect on the transport of

holes.16 Studies of polythiophene copolymers have indicated

a strong increase in the external quantum efficiencies of pho-

togenerated charge carriers, when devices were thermally

annealed under chloroform vapor.17 In addition, the thermal

treatment of P3HT:fulleropyrrolidine-based solar cells for 30

min at 55 �C (Ref. 18) was reported to lead to an increase in

power conversion efficiency of 2.3% in the as-processed

condition to 3% after heat treatment.

In the case of P3HT: PCBM based solar cells, annealing

treatments for 8 min at 158 �C have been reported to yield

higher efficiencies of 6% for single layer devices under an

illumination intensity of 100 mW cm�2.21 Other studies car-

ried out at temperatures greater than 100 �C have shown that

the O2 content in P3HT was not detected as a result of a

dedoping process. They have also shown that the polymer

light absorber was protected against deterioration.19

The degradation effects of annealing have also been

observed in poly [2-methoxy-5-(30,70-dimethyloctyloxy)]-

1,4-phenylenevinylene (MDMO-PPV), P3HT, and high Tg

1,4-phenylenevinylene (PPV) BHJ solar cells,6 as well as

dye sensitized solar cells.5 The work on BHJ devices showed

a decay in the electrical properties, especially after very long

annealing durations on the order of hours to roughly a day.

Similarly, the work on dye sensitized cells showed morpho-

logical changes in the polymer electrolyte area that adversely

affected the power conversion efficiencies of such devices.5

This paper presents the results of an experimental study

of microstructural evolution in a P3HT: PCBM bulk hetero-

junction organic solar cells. The PCBM clusters that form

during the annealing process are shown to evolve by the for-

mation of dendritic structures that depend strongly on the

annealing temperatures. The evolution of the observed

microstructures is explained using classical nucleation and

growth concepts. The implications of the results are then dis-

cussed for future development of stable bulk heterojunction

organic solar cells.

II. EXPERIMENTAL PROCEDURES

A. Device fabrication and characterization

In this present work, single layer bulk heterojunction so-

lar cells, with blended P3HT: PCBM active layers, were fabri-

cated on patterned ITO/glass (Delta Technologies, Stillwater,

MN, Rs of 10 X sq�1) substrates. The average thickness of

the ITO was measured using a KLA-Tencor P15 Surface Pro-

filer (KLA-Tencor, Milpitas, CA) to be 150 6 3 nm. Prior to

spin coating, the active layer and thermally evaporating the

cathode layer, the ITO patterned/glass substrates were cleaned

by sonication in acetone, trichloroethylene, and iso-propanol

for 10 min each. The substrates were further cleaned in a Ultra

Violet Ozone Cleaning Systems (UVOCS) ultraviolet/ozone

cleaner for 10 min before use (UVOCS, Lansdale, PA).

Poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)

(PEDOT:PSS) was deposited by spin coating at 1500 rpm for

1 min and dried at 80 �C for 3 min. Subsequently, a blend of

regioregular poly (3-hexylthiophene-2,5-diyl) (Sigma Aldrich,

St. Louis, MO) with average molecular weight, Mn of

30 000–60 000 g mol�1and PCBM in a typical mixing ratio of

1:1 was dissolved in 1 ml chlorobenzene. This solution was

spin-coated in vacuum onto the ITO patterned/glass substrate

at 500 rpm to give an average film thickness of 160 6 2 nm,

as measured by the KLA-Tencor surface profiler. This was

followed by annealing in vacuum at an average temperature

of 140 �C for few minutes, where the annealing temperature

was monitored with a thermoresistor.

Aluminum films with thicknesses between 60 and 80 nm

were thermally evaporated onto the spin-coated substrates

using an Edwards E306A thermal evaporator operated at a

vacuum pressure of 10�7 Torr. The device area was defined

using conventional shadow masks. This resulted in devices

(schematic shown in Figure 1(a)) with surface areas of

�0.05 cm2. All the devices were tested immediately after

fabrication. Devices that were not tested were placed in a

vacuum of 10�3 Torr for less than 6 h before use in studies

of microstructural evolution in an environmental scanning

electron microscope (ESEM) (Oxford Instruments, Oxford.

UK). The effect of humidity induced crystallization,35

observed in other organic systems, was also tested using

ESEM, in which the relative humidity (RH) of the vacuum

chamber was increased at constant temperature by 10% ev-

ery 10 min. In addition, devices fabricated with and without

the Al cathode layer were annealed in the ESEM to check

the effect of cathode cap on the morphological change.35

The current-voltage relationships of devices were character-

ized using a Keithley 2400 Source meter (Keithley, Cleve-

land, OH) under ambient conditions (room temperature of

25 �C and a relative humidity of 30%).

B. Microstructural evolution

The in-situ observations of microstructure were carried

out in two sets of experiments. In the first set of experiments,

the bulk heterojunctions were heated from room temperature

(�25 to 200 �C) in the ESEM vacuum chamber. The tempera-

tures were increased by ramping at a rate of 1 �C per min. At

intervals, the ramp temperatures were held for 5 min to observe

the structural changes that occurred at 50, 70, 100, and 150 �C.

In the second set of experiments, the bulk heterojunction

devices were heated to temperatures of 50, 70, 100, or

150 �C and held for 10 min, before subsequent quenching to

room temperature.

The microstructural morphologies associated with the

two types of experiments (at the different temperatures) were

observed in the ESEM, which was operated at a voltage of

10–15 kV and a pressure of 4� 10�6 Torr. Exposure of elec-

trons was limited to 30 s to minimize the structural changes

due to electron/material interactions. Semi-quantitative meas-

urements of phase compositions were also obtained using

energy dispersive x-ray spectroscopy (EDS) during ESEM.
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Finally, in this section, cross-sections of the morpholog-

ical structures formed in the annealed devices during isother-

mal exposure (in scenarios 1 and 2 above) were examined

using focused ion beam (FIB) techniques. A layer of Pt was

deposited before using Ga ion beams to obtain cross-sections

in a dual beam FIB system (DB 235 FIB, Zyvex Instruments,

Richardson, TX).

III. RESULTS AND DISCUSSION

A. Phase blends and electrical properties

In a P3HT: PCBM binary blend (AFM topographical

image shown in Figure 1(b)), phase separation initiates from

the blend solution, although it can be said to be momentarily

interrupted during film formation by the spin coating pro-

cess. The spin coated film may also be viewed as a snapshot

representation of the progress of phase separation within the

blend. In other words, at each point in time, the blend can be

said to have an evolving microstructure.

During thermal annealing treatment, further evolution of

the P3HT: PCBM microstructure can occur, depending on

the temperatures that drive the kinetic processes associated

with phase nucleation and growth. Hence, according to Chir-

vase et al.,24 annealing of the device to critical temperatures

above the glass transition point, Tg, of the P3HT polymer

(�12 �C) drives the diffusion of the fullerene phase into the

polymer matrix. This is aided by the increasing free volume

of the polymer.24 Subsequent cooling to ambient conditions,

after thermal annealing, leads to a decrease in free volume,

which can freeze the evolving microstructure.

We have observed that critical annealing temperatures

of the P3HT: PCBM blends lead to the formation of dendritic

structures (Figures 3–5) that have poor electrical characteris-

tics (Figure 2(b)) compared to devices without such features

FIG. 1. (Color online) Schematic of P3HT: PCBM device showing (a) layered structure with widths corresponding to layer thickness. (b) AFM Topographical

image of P3HT: PCBM blend on a substrate of PEDOT: PSS on ITO-coated glass.

FIG. 2. (Color online) Current voltage curve of P3HT: PCBM devices (a) without dendrite growth and (b) with growth of dendrites.
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(Figure 2(a)). These devices tend to have lower power con-

version efficiencies 0.5% compared to devices without such

dendritic structures (�2.5%).

Generally, efficient exciton dissociation and charge sep-

aration require that the contact interface between the donor

and the acceptor should be maximized.33,34 This can be

achieved within a microstructure with finely dispersed fuller-

ene structures with separations that are comparable to the

charge-hopping length. However, with the clustering of the

fullerene C60-based structures that occurs during dendrite

formation, this leaves regions of fullerene-depleted zones

(Figures 5(a)–5(d)) that compromise the overall photovoltaic

performance of the thermally annealed sampled (Figures

2(a) and 2(b)).

B. Effects of annealing temperature and humidity
variation

We have also observed that the annealing temperatures

have a strong effect on the dendrite morphologies and sizes

at temperatures between 25 and 200 �C (Figures 3(a)–3(f)).

In the case of the as-processed structures, no dendrites were

observed (Figure 3(a)). However, for structures annealed in

vacuum at 50 �C, the initial stages of dendrite formation

were observed after isothermal exposure for �5 min. Further

evolution of the structure was observed at 70 �C
(Figure 3(c)), 100 �C (Figure 3(d)), and 150 �C (Figure 3(e)).

However, the dendrites were not observed at 200 �C, as

expected from the eutectic phase diagram for the P3HT:

PCBM system, for which the eutectic temperature is

�200 �C.26

Hence, the microstructural observations associated with

the isothermal exposures of the devices with Al cathode layers

(Figures 3(a)–3(f)) and those without Al cathode layers

(Figures 4(a)–4(d)) are consistent with the phase equilibria

expected from the P3HT-PCBM phase diagram (Figure 6). In

the case of structures fabricated (without Al cathode layer)

and annealed at 70 �C, early stages of dendritic growth are

shown in Figure 3(a). The initial distributions of initial

FIG. 3. SEM images showing progressive growth of dendrites observed in

P3HT:PCBM blends over a range of temperatures: (a) 25 �C, (b)50 �C,

(c)70 �C, (d) 100 �C, (e) 150 �C, and (f) 190 �C.

FIG. 4. SEM images showing (a), (b) dendritic patterns leading to bifurca-

tions from matrix, (c) dendritic growth from active P3HT: PCBM blend, and

(d) increased density of dendrites that cover significant surface fraction.

FIG. 5. (Color online) SEM images of dendritic fractal growth observed in

P3HT: PCBM blends (a) growth with tar morphology, (b) high magnifica-

tion image of image in (a), (c) planar tree-branching patterns, and (d) faceted

needle-shaped crystal patterns.
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dendrites formed within 5 min of isothermal exposure are also

presented in Figure 3(b). The structures are still clearly evolv-

ing at this stage (Figures 3(b) and 3(c)). It is also clear from

the images of the device structures that were fabricated with

and without the Al cathode layer in which the Al capping

layer neither promoted nor hindered the morphological

changes, i.e., dendrite formation in this system.

In the case of the microstructures formed under isother-

mal exposure, prior to quenching to ambient conditions (sec-

ond set of isothermal exposures), a range of dendrite

morphologies was observed for the devices. This is shown in

Figures 5(a)–5(d) in which typical dendrite morphologies are

presented for structures annealed at 155 �C.

Figures 7(a)–7(c) show the effects of relative humidity

on dendrite formation. These show clearly that as the relative

humidity in the ESEM was varied from 30 to 90% at the

chamber temperature of 20 �C, the increased humidity did

not initiate any phase formation in the blend. This is in con-

trast to prior work on other organic films/devices in which

humidity-induced crystallization has been reported. The dif-

ferences are attributed to differences in the molecular struc-

tures of the materials used in the current work and prior

studies.35

C. Dendrite compositions and cross-sections

EDS analyses (Oxford Instruments, Oxford, UK) (Figure

8(b)) revealed that the dendrite arms consisted of mainly car-

bon with slight traces of indium, oxygen, chlorine, calcium,

and aluminum (no trace was observed for devices fabricated

without Al cathode).

The extremely high carbon contents suggest that the

dendritic structures crystallized from the PCBM component

in solution. The presence of indium and aluminum electrode

layers also suggests that these atoms diffused from the elec-

trodes into the polymer blends in the bulk heterojunction

structures, as reported in other studies.37,38 Hence, the

annealing of the bulk heterojunction structures gives rise to

the diffusion of constituent elements from the anode and

cathode layers, as well as the constituents of the organic

layers. Such diffusion phenomena may be partly responsible

for the poorer electrical properties compared to devices with-

out phase formation.

Furthermore, the diffusion and agglomeration of the

fullerene-based components are consistent with the high car-

bon contents in the dendrite structures. These clearly give rise

to local supersaturation and the bifurcations that result in the

fractal formation of dendritic structures. This diffusion phe-

nomenon we suggest led to the phase formation and the deple-

tion (Figures 5(a)–5(d)) that was observed in selected area

around the dendritic structures (Figures 3–5 and 9).36 Since

the adhesion across the interfaces in the bulk heterojunction

FIG. 6. (Color online) Phase diagram of P3HT/PC61BM blend showing

non-equilibrium temperature/composition of eutectic phase behavior (eutec-

tic temperature, Te¼ 205 �C, eutectic composition, Ce¼ 65 wt. %) (adapted

from Ref. 26).

FIG. 7. SEM images showing that RH does not induce any morphological

changes in P3HT-PCBM BHJ solar cell. (a) 30% RH, (b) 60% RH, and

(c)85% RH.

FIG. 8. (Color online) EDS spectral analysis of elemental distribution in

dendrites observed in P3HT: PCBM blends. (a) Spots selected for analysis.

(b) Spectral analysis of the selected spots.
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structures is necessary for efficient charge collection at the

electrodes,20 FIB images of the dendritic patterns were

obtained. These are presented in Figures 9(c)–9(d). These

show that the dendrite thickness is �300 nm. The FIB images

also show some evidence of well adhered interfaces between

the individual layers in the device.

However, underneath the metal electrode, there is an

evidence of the dendritic structures, as shown in Figures 9(c)

and 9(d). This suggests that the dendrites protrude into the

aluminum electrode, which can lead to a reduction in the

overall levels of adhesion and the delamination of the Al

cathode layer from the blended P3HT: PCBM layer.

The above scenario could contribute to the gradual degra-

dation of the bulk heterojunction solar cells by creating diffu-

sion pathways for radicals to attack the polymeric and

electrode layers. However, it could also be used to engineer an

interpenetrating network of fullerene-based nanostructures that

could promote charge diffusion between the electrodes. The

ratios of PCBM to P3HT could also be optimized for the forma-

tion of such interpenetrating networks from eutectic type struc-

tures. These are clearly some of the changes for future work.

D. Implications

The implications of the above results are quite signifi-

cant. First, they suggest that the kinetics of phase transforma-

tions can be driven at temperatures between �50 and 200 �C.

This is in the temperature regime that is typically used for

the annealing of P3HT: PCBM blends. Consequently, bulk

heterojunction organic solar cells should be thought of as

kinetically evolving microstructures that can change signifi-

cantly due to temperature excursions during annealing and

service conditions.

Although the kinetics of phase nucleation and growth

have not been studied in detail, the results of prior work on

similar blend compositions suggest that the dendritic growth

is fractal in nature.32 The fractal growth of such dendritic

structures is thought to be due to the local supersaturation of

the fullerene constituents that give rise to local bifurcations

in the dendritic structures. Further in-situ studies are clearly

needed to provide mechanistic insights into how these struc-

tures form kinetically. Analytical and computational models

may also be needed to explain the differences in microstruc-

tural morphology, and how they can influence the overall

electrical and optical properties.

Finally, it is important to note that the evolving dendritic

structures and the overall changes in the layer microstruc-

tures (Figures 3–5 and 9) can have a significant effect on the

local stresses in the bulk heterojunction device. These may

include thermally induced compressive stresses from isother-

mal annealing or residual tensile stresses from mismatches

between local coefficients of thermal expansion (CTE) of

polymer and electrodes during fabrication process. Depend-

ing on their magnitudes, the compressive stresses can give

rise to film buckling or buckling-induced cracks. Alterna-

tively, the tensile stresses can induce interfacial or layer

cracking, when the crack driving forces are sufficiently large.

Further work is clearly needed to establish the extent to

which such mechanisms can affect the performance of bulk

heterojunction organic solar cell devices produced from

blends of P3HT and PCBM. These are clearly some of the

challenges for future work.

IV. CONCLUSIONS

We have shown that the annealing of P3HT: PCBM

blends gives rise to the formation of dendritic structures in

bulk heterojunction solar cell devices. These structures have

planar or star-shaped three dimensional structures. They also

form in the aluminum electrode layers. The carbon-rich den-

drites appear to form by thermally driven nucleation and

growth processes, as the structures evolve towards equilib-

rium configurations suggested by the eutectic P3HT-PCBM

phase diagram. However, the formation of such dendritic

fractals could significantly deplete the P3HT-PCBM matrix

of PCBM that is needed for efficient nanoscale charge hop-

ping, which drives the electrical performance. Consequently,

the power conversion efficiencies may be reduced in bulk

heterojunction blends unless a special effort is made to de-

velop interpenetrating P3HT: PCBM structures between the

electrodes. The kinetic evolution of these structures is also

partly responsible for the instabilities in the electrical proper-

ties of bulk heterojunctions of P3HT and PCBM. However,

further work is needed to quantify the relative contributions

FIG. 9. (Color online) SEM images of

(a) dendritic fractal pattern between

active layer and aluminum electrode (b)

high resolution of left Image. FIB 2 mm

cross section (c) of dendrites in P3HT:

PCBM blends. (d) Cross sectional view

of distinct device layers: smooth glass

substrate, thin dark ITO layer, active

layer bearing pattern branches, and alu-

minum electrode layer as thin dark layer

on the top edge.
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of changes in P3HT microstructure and the interfaces

between P3HT and PCBM to device performance as a result

of elevated-temperature exposure. These are clearly some of

the challenges of future work.
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