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Photoinduced degradation from trace
1,8-diiodooctane in organic photovoltaics†

Ian E. Jacobs, a Faustine Wang,b Zaira I. Bedolla Valdez,b

Alejandra N. Ayala Oviedo,b David J. Bilskya and Adam J. Moulé *b

1,8-Diiodooctane (DIO) is a high boiling point solvent additive commonly used to control the active layer

morphology of bulk-heterojunction organic photovoltaic (OPV) films. OPV devices fabricated using DIO often

show improved efficiency, but recent studies have suggested that light exposure may cause residual DIO to

react with OPV materials. We use NMR to quantify the amount of residual DIO in bulk heterojunction (BHJ)

layers, finding that after a typical thermal evaporator high vacuum cycle DIO is still easily observed. This

suggests that most completed devices contain trapped DIO. While OPV devices processed without DIO remain

stable, devices processed with DIO rapidly degrade under illumination, even if they had undergone sequential

heating and vacuum steps to remove the DIO impurity. These results suggest that impurities that can act as

radical initiators, such as DIO, can be detrimental even at concentrations as low as 20 ppm by mass.

Introduction

Bulk-heterojunction (BHJ) organic photovoltaics (OPV) have been

heavily researched due to their potential for inexpensive solution-

based manufacture.1 Controlling the nanoscale morphology of

the donor and acceptor phases in BHJs is crucial to obtaining

high device efficiency, and has been a major topic of research.2,3

In the past decade, the use of mixed solvents has become a

popular method to control of the active layer morphology and

obtain higher efficiencies.4,5 In particular, 1,8-diiodooctane (DIO)

has seen wide use as a dilute solvent additive, particularly in

mixtures of low-band gap polymers and fullerenes.6–12 In general,

the higher boiling point solvent (e.g. DIO) is enriched as the lower

boiling point solvent evaporates.4,13,14 This change in solvent ratio

is used to either emulsify (prevent phase separation) or selectively

solubilize (cause phase separation) the donor acceptor mixture.15

There is no question that the use of DIO improves the initial

morphology of many high efficiency mixtures. However, it is known

that a substantial fraction of high boiling point solvent additives

such as DIO can remain in the OPV layer and induce fullerene

mobility and crystallization.13,15 Evenmore troublingly, residual DIO

has been shown to react with OPV materials upon heating or light

exposure.13,16 These reactions bleach the material’s p–p* absorption

and are therefore expected to degrade its electronic properties.16

In this context, a relevant question is whether trace DIO affects

the performance of completed devices and—most critically—at

what concentrations it becomes problematic. Lifetime studies of

OPV devices17,18 have covered degradation due to oxidation of the

metal electrodes,19–21 the presence of O2
22–25 or H2O,

21,26–28 the

effect of different hole and electron conducting layers,29–31 and the

presence of trace metals32 or organic impurities.31,33,34However, to

our knowledge no device studies have explored the role of photo-

chemical reactions of trace solvent impurities. It has previously

been claimed that exposure to high vacuum removes DIO, and that

as a result DIO photoreactivity is only of concern in devices

processed without high-vacuum steps.16 In this article, we will

refute this claim, showing that a significant volume of DIO

remains in films even several hours after spin coating, and that

this DIO is not fully removed by high vacuum. We observe

signatures of doping in P3HT:DIO films exposed to light, indicat-

ing the presence of free iodine and suggesting additional device

degradation mechanisms. Finally, we perform a device lifetime

study, revealing that DIO-processed devices subjected to sequential

heating and high-vacuum exposure still show rapid degradation

under illumination, while remaining stable in the dark. We

conclude that the presence of even sub-ppt concentrations of

radical initiators such as DIO are strongly detrimental to OPV

devices upon illumination, and should be phased out of use.

Results and discussion
DIO photoreactivity

Residual DIO has been shown to react with conjugated polymers

via a UV-initiated radical reaction.16 However, since radicals can

attack a wide variety of functional groups, the photoreactivity of

DIO appears to be a general effect in both polymers and
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fullerenes. Fig. 1 shows photographs of polymer and small

molecule films coated from 2% (v/v) DIO:chlorobenzene (CB)

and exposured to a xenon arc lamp (B150 mW cm�2, t E 8 h)

through a shadow mask. After exposure, the illuminated areas

become insoluble and do not regain solubility upon heating;

therefore the solubility reduction is due to cross-linking and not

iodine doping.35 Films exposed to light without DIO remain

soluble. From the images in Fig. 1, it can be clearly seen that

materials as diverse as [6,6]-phenyl C61 butyric acid methyl ester

(a. PCBM), poly(3-hexylthiophene) (b. P3HT), poly(9,9-dioctylfluorene-

alt-benzothiadiazole) (c. F8BT), and polystyrene (d. PS) are all

easily cross-linked by spin coating from 2% v/v DIO:CB and

subsequent exposure to white light. We therefore expect photo-

reactivity to be of concern in any organic electronic films

processed with DIO.

Quantifying the DIO content of a coated film

In order to characterize the role of residual DIO on device

lifetimes, we first must tackle the difficult task of quantifying

the impurity concentration. In situ reflectometry and X-ray

studies have been used to quantify solvent content vs. film

thickness and observe crystal domain formation in BHJ mixtures,

however these methods detect bulk thickness changes and are

therefore relatively insensitive to trace impurities.14,36–38 X-ray

fluorescence (XRF) has also been used to measure residual DIO

in OPV films.16 It has been claimed that XRF can be used to detect

DIO concentrations down to 1 ppm, however examination of

noise in the XRF data suggests the true detection limit is orders

of magnitude higher, as will be discussed below. In addition, XRF

does not give a quantitative measurement of DIO concentration

relative to polymer or fullerene, but instead only how the concen-

tration of iodine changes for different processing conditions.

Nuclear magnetic resonance (NMR) spectroscopy is a simple

method to determine the absolute concentration of residual

DIO.13 Chang et al. previously used NMR to quantify residual

solvent additives in P3HT:PCBM layers before and after heat

treatment.13 We do not measure the layer in the solid state.

Instead, after spin-coating and any processing steps (e.g. heating),

the film is redissolved in CDCl3 and the ratio of DIO vs. polymer or

fullerene is quantified by comparing peak integration areas

(which are proportional to molar concentration) using high-

resolution solution-state NMR.

We use NMR to quantify the ratio of DIO to PCBM in

samples spin-coated from 3% (v/v) DIO:CB after thermal or

high vacuum treatments. Fig. 2a shows the molecular struc-

tures of P3HT, PCBM, and DIO, along with positions of the

protons used to determine each species’ molar ratio. These

positions were chosen because their chemical shifts are well

separated from other protons, however the results do not

depend on which sites are used. 1H NMR signals from these

sites are shown in Fig. 2b for a film stored for 3 hours after

spin-coating in a continuously purged N2 glovebox at room

temperature. Integration of these peaks indicate this film con-

tained 1.9 DIO molecules for every PCBMmolecule (27 wt% DIO).

This is consistent with previous results,13 and demonstrates that

‘‘dry’’ films processed from DIO still contain extremely high

concentrations of DIO hours after spin coating.

It was previously reported that although significant quantities

of DIO are present in spin coated films, exposure to high vacuum

(required for thermal evaporation of metal back electrodes)

removes this residual solvent.16 This is not necessarily true.

Fig. 2c shows the molar ratio of DIO to PCBM in films cast from

3% DIO:CB exposed to either a thermal evaporator high vacuum

cycle (min. pressure 5 � 10�6 mbar, t E 3 hours) or stored in a

purged nitrogen glovebox for the same period. The CB:DIO

evaporator film still shows a clear DIO signal (Fig. 2d) and a

DIO concentration of 2 mol% relative to PCBM (0.4 wt% of the

total film). This residue would be trapped in the film by the back

electrode in completed devices.

To control for the possibility of film recontamination with

DIO vapor in the glovebox after the evaporator cycle,15 we also

included a film processed from pure CB in the same evaporator

cycle experiment. Fig. 2d shows the DIO 1H NMR signal for

these two samples. As expected, no DIO is visible in the BHJ

film. Analysis of the signal to noise ratio (SNR) in our NMR data

indicates a lower detection limit of 1 ppt DIO:PCBM. Since no

DIO is detectable in the control sample, we conclude that the

DIO observed in the CB:DIO evaporator sample is not due to

contamination.

The high SNR of our NMR measurements compared to XRF

explains why the previous XRF study did not detect DIO in films

exposed to high vacuum.16 The published XRF data shows a

SNR of roughly 10 for films processed from 3% v/v DIO:CB. XRF

is unable to determine absolute DIO concentration. However, if

we assume a DIO concentration on the order of 1 : 1 DIO : PCBM

(as observed by NMR for a 3% DIO film), we can infer a

Fig. 1 Photos of films of (a) PCBM, (b) P3HT, (c) F8BT and (d) polystyrene
cast from chlorobenzene (CB) and DIO (2% v/v) and cross-linked by
exposure to a xenon arc lamp (B150 mW cm�2, t E 8 h, nitrogen
atmosphere) through various shadow masks. Films were immersed in CB
after exposure to remove unexposed (soluble) areas.
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detection limit of around 10 mol% DIO (relative to PCBM)

using XRF. This is not quite sensitive enough to detect the

residual DIO in films exposed to high vacuum, and clearly

nowhere near the 1 ppm sensitivity previously claimed.16

Heating the films before electrode deposition can remove

most of the residual DIO. Fig. 2e shows the molar ratio between

DIO and PCBM for films P3HT:PCBM cast from 3% DIO:CB

after heating for 5 minutes on a hotplate at various tempera-

tures. With no heat treatment, 5 minutes after spin coating the

molar ratio of DIO to PCBM is 9.5 : 1, corresponding to a film

which is 65% DIO by weight. 70 1C heat treatment still leaves

the film with more DIO by mass than P3HT or PCBM indivi-

dually, however, at 80 1C relatively little DIO remains (2 mol%)

and at 120 1C the concentration is near the detection limit

(0.016 mol%). No DIO is visible at 150 1C, although trace

quantities (0.01 mass%) were previously observed after

150 1C heat treatment.13 To prevent DIO recontamination,15

we continuously purged the glovebox during these heating

experiments. We conclude that heating is an effective method

of removing most residual DIO from films, but that relatively

high temperatures (4120 1C) are required and that sub-ppt

concentrations may still be present.

The combined results depicted in Fig. 2 demonstrate that

for typical device fabrication conditions, DIO is still present in

films after evaporation of the back electrode. Together with the

observed photoreactivity of DIO, there is a very real concern

that DIO impurities could cause long term degradation of OPV

devices.

Degradation mechanisms

The ability of DIO to cross-link conjugated polymers and full-

erenes (shown in Fig. 1) is due to a radical reaction initiated

by carbon–iodine bond cleavage.16 This reaction reduces the

absorptivity of conjugated polymers, presumably by disrupting

Fig. 2 Determination of residual DIO using 1H NMR. (a) The molecular structure of P3HT, PCBM, and DIO, and markers showing which protons are used
for the 1H NMR molar concentration measurements. (b) 1H NMR signals from sites marked in (a) from a P3HT/PCBM film cast from 3% (v/v) DIO:CB and
stored in a purged N2 glovebox for 3 hours. The y-axis is identical for all signals. (c) DIO : PCBMmolar ratio for films exposed to the high vacuum cycle of a
thermal evaporator for (t = 3 hours, min. pressure 5 � 10�6 mbar maintained for B30 min) or stored in the glovebox for 3 hours. A film processed from
pure CB was simultaneously tested to control for the possibility of DIO recontamination from the glovebox atmosphere. (d) Detail showing the DIO
1H NMR signal from the films in (c) exposed to the evaporator vacuum cycle. (e) DIO : PCBM molar ratio in P3HT : PCBM films cast from 3% DIO:CB after
heating for 5 min at various temperatures. Inset shows the DIO signal from the site marked in (a) for the three highest temperatures.

Journal of Materials Chemistry C Paper

P
u
b
li

s
h
e
d
 o

n
 0

3
 N

o
v
e
m

b
e
r 

2
0
1
7
. 
D

o
w

n
lo

a
d
e
d
 o

n
 0

6
/0

1
/2

0
1
8
 0

1
:0

7
:1

8
. 

View Article Online

http://dx.doi.org/10.1039/c7tc04358a


222 | J. Mater. Chem. C, 2018, 6, 219--225 This journal is©The Royal Society of Chemistry 2018

backbone conjugation,16 and therefore is expected to degrade OPV

device performance. However, the iodine released by this reaction

may also interact with OPV devices by other mechanisms.

Fig. 3 shows FT-IR spectra of pristine P3HT, and P3HT cast

from 2% DIO and exposed to a xenon arc lamp. The spectral

region from 1350–900 cm�1 is devoid of peaks in the pure P3HT

sample, but shows several new features in the cross-linked

sample. For comparison, we also show a spectrum of P3HT

that has been p-type doped by exposure to I2 vapor. This I2 doped

sample shows the same new peaks as the DIO cross-linked sample,

which have been previously assigned as IR-active vibrations (IRAV)

resulting from charging of the polymer.39,40 The broad absorption

band above 1500 cm�1 in both the iodine doped and the DIO arc

lamp sample is the P1 polaron band of P3HT.40,41 These two

features clearly indicate that iodine is produced by the photo-

chemical reaction of DIO, and that this iodine in turn p-type dopes

the P3HT film.

The presence of free iodine in OPV devices could be proble-

matic for two reasons. Although the effect of doping on OPV

devices at low concentrations is complex, films p-type doped at

concentrations greater than 1 ppt generally perform poorly in

OPV devices.42,43 This is because doping-induced polarons are

efficient exciton quenchers, and can increase non-radiative

recombination. Iodine easily diffuses in and out of P3HT films,

and therefore must exist in equilibrium between ionized states

(e.g. I3
� or I�) and neutral I2 within the film.35,44 This presents a

further issue, because I2 is a fairly strong oxidizer and would be

expected to react with the low workfunction electron-selective

electrode. Depending on the product formed, this could alter

the workfunction of the electrode, reducing the carrier selectivity

of the interface,45 form an interlayer which impedes electron

transport,46 or increase the device’s series resistance. Therefore,

several mechanisms exist by which the photoinduced reaction of

DIO could reduce OPV performance.

Lifetime studies of OPV devices

In order to determine the effect of DIO reactivity on OPV devices,

we fabricate a series of devices and monitor their current

voltage ( J–V) characteristics over several days under illumination

(75 mW cm�2, AM 1.5G spectrum). The device preparation

Fig. 3 FTIR spectra of P3HT films cast from CB (blue), 2% v/v DIO:CB
exposed to a xenon arc lamp for 24 hours (green) and CB followed by
exposure to I2 vapor for approx. 1 minute (purple).

Fig. 4 (a–d) Current density/voltage measurements of P3HT/PCBM (1 : 1 mass ratio) OPV devices stored under 0.75 Sun AM 1.5G illumination for 0 to
72 h. Device preparation conditions for each sample are shown above; heat treatment was performed in a N2 glovebox. Full data through 120 h for both
illuminated and dark samples are shown in Fig. S1 (ESI†). (e–h) Long term PCE/time data for samples stored under illumination or in the dark for the
devices above. Measurements are averaged over at least 5 working devices; error bars indicate standard deviation.
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conditions are shown above each sample’s J–V curves in Fig. 4a–d.

A set of identical control samples was stored nearby in the same

glovebox in the dark. During the experiment, the solar simulator

bulb failed at around t = 90 h and was replaced within an hour,

however the new bulb gave a higher light intensity (120mW cm�2).

This slightly changed the shape of the J–V curves but did not

significantly change the measured PCEs.47–49 For clarity, only the

J–V measurements before the bulb replacement are plotted; full

data for both illuminated and dark samples are shown in the ESI.†

Power conversion efficiencies for the illuminated and dark sam-

ples above are plotted as a function of time in Fig. 4e–h.

The sample without DIO depicted in Fig. 4a shows negligible

change in the power conversion efficiency (PCE) over the

120 h of illumination (Fig. 4e). However, all other illuminated

samples show a significant drop in PCE during the first 24

hours. In contrast, the samples stored in the dark fared much

better, generally showing no significant signs of degradation

over the course of our experiment. The initial drop in PCE, seen

in only the illuminated samples containing DIO, must result

from photochemical reaction of residual DIO. We note that

this degradation behavior, consisting of rapid initial burn-in

followed by relative stability, is consistent with previously

observed radical reactions in OPV devices.31,50

The non-heat treated DIO sample (Fig. 4b), which should

contain the most residual DIO (1 mol% DIO:PCBM; see Fig. 2)

shows the most significant burn-in, losing nearly 50% of its

PCE within the first day of illumination (Fig. 4f). This reduction

is due to simultaneous reductions in short circuit density ( Jsc),

open circuit voltage (Voc), and filling factor (FF). A more gradual

reduction in PCE is also visible in the sample stored in the

dark. However this is entirely due to a reduction in FF (Fig. S1f,

ESI†) and therefore must result from a different mechanism;

likely aggregation of PCBM facilitated by residual DIO.13,15

A more meaningful question is whether heat treatment can

sufficiently reduce the DIO concentration and prevent degrada-

tion. Fig. 4c shows J–V characteristics from a device processed

with DIO but otherwise identical to the device shown in Fig. 4a.

Again, the illuminated sample shows a significant drop in PCE

during the first 24 hours, while the dark devices remain stable;

however, the reduction in PCE is much smaller than in the

unheated DIO sample. As we showed in Fig. 2, heating to 150 1C

is sufficient to reduce DIO concentration to below 1 ppt. However,

the presence of the back electrode still appears to trap enough

DIO in the film during heating to cause photodegradation.

We would expect heat treatment before electrode deposition

to be a better strategy for removing residual solvent. Our NMR

results in Fig. 2 indicate heat treatment at 80 1C for 5 minutes

leaves a residual DIO concentration on the order of 1 mol%

(relative to PCBM). Exposure to high vacuum results in a further

100-fold reduction in DIO concentration. Assuming the DIO

evaporation rate scales similarly at lower total DIO concentra-

tions, we expect completed devices annealed at 80 1C before

electrode deposition to contain on the order of 100 ppm

DIO:PCBM, or equivalently B20 ppm DIO by mass. Fig. 4d

shows J–V characteristics for this device. Surprisingly, we still

observe a clear reduction in both Jsc and Voc during the first

24 hours of light exposure, resulting in a 28% reduction in PCE

(Fig. 4h). The sample stored in the dark shows no degradation,

with PCEs identical to the ‘No DIO’ dark samples (Fig. 4e).

These results indicate that even extremely dilute DIO concentra-

tions cause significant and rapid degradation to OPV devices.

We can rationalize the extreme sensitivity to dilute DIO

impurities by considering that DIO acts as a radical initiator.

Under dilute conditions, each photogenerated radical could

potentially participate in many radical propagation reactions

before finding another radical to terminate with. Therefore,

extremely dilute concentrations of radical initiators can still

cause significant harm to devices. To reach device lifespans of

decades, any amount of residual DIO (or any other radical

initiator) will be likely be problematic. Therefore, our results

suggest that DIO and other solvents that could act as radical

initiators should not be used in OPV devices, even when using

thermal annealing or high vacuum steps.

Conclusions

In conclusion, we have examined the residual concentration of

the solvent additive DIO in OPV films and studied the effects

of photochemical reactions between DIO and the polymer and

fullerene in OPV devices. We demonstrate that DIO will cross-

link a variety of different organic samples when exposed to

simulated solar irradiation. Quantitative measurements reveal

high DIO concentrations in P3HT/PCBM films, and show that

typical methods to remove DIO, like heat treatment or high

vacuum exposure, do not generally remove all the DIO from

films. We observe signatures of p-type doping in films after

light exposure, indicating that the photogenerated iodine

radicals subsequently dope the P3HT and should be capable

of oxidizing low-workfunction electrodes. Finally we performed

lifetime tests on OPV devices and show that samples containing

even trace quantities of DIO degrade rapidly under illumina-

tion, while remaining stable in the dark. These results

indicate that DIO is difficult to completely remove from polymer/

fullerene films, and will cause OPV device photodegradation

even at sub-ppt concentrations. We recommend the commu-

nity move away from using DIO or other solvents capable of

acting as radical initiators, even as low concentration solvent

additives.

Experimental
Materials

P3HT (Plexcore XC-1350, MW = 52k) was obtained from Plex-

tronics. PCBM was purchased from Nano-C. DIO (98+%, Cu

stabilized) were purchased from Alfa Aesar. F8BT, PS, and

solvents (chlorobenzene, chloroform) were purchased from

Sigma-Aldrich. PEDOT:PSS (Clevios P VP AI 4083) was pur-

chased from Heraeus. Deuterated chloroform was obtained

from Cambridge Isotope Laboratories.
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OPV device preparation

One square inch etched indium tin oxide (ITO)/glass substrates

were sequentially cleaned in an ultrasonic bath with acetone,

mucasal detergent (5%) and deionized water. Prior to use, the

substrates were dried with nitrogen and UV-ozone treated for

20 min. P3HT/CB (20 mg mL�1) and PCBM/CB (20 mg mL�1)

solutions were dissolved at 60 1C overnight. To prepare the OPV

devices, PEDOT was filtered (0.2 mm) and spin-coated onto

clean ITO substrates at 2500 rpm, followed by heating at 120 1C

for 5 min to remove excess water. The substrates were imme-

diately transferred to a glovebox (o1 ppm of H2O, O2) where

they remained for all further fabrication and characterization.

P3HT/PCBM films (1 : 1 mass ratio) were spin coated from 60 1C

CB or 2% v/v DIO:CB solutions. Spinning speed was calibrated

to yield 80 nm thick films as measured by profilometer (Veeco

Dektak 150). Subsequently, 5 nm Ca followed by 150 nm Ag

with an active area of 0.17 cm2 were deposited by thermal

evaporation at 5 � 10�6 Torr. Devices had heat treatment steps

at different points during fabrication as described in the main

text. Immediately after completion, all devices were encapsu-

lated using degassed epoxy and a glass coverslip.

Devices were stored at open circuit in a glovebox either in

the dark or under AM 1.5G illumination (Radiant Source

Technology) at 75 mW cm�2 (t = 0–90 h) and 120 mW cm�2

(t = 90–120 h). Device J–V characteristics were measured every

24 hours using a sourcemeter (Keithley 2420) and the same

solar simulator used for aging illumination. A reference silicon

photovoltaic cell (VLSI Standards Inc.) was used to measure the

light intensity before each set of measurements.

Spectroscopy

P3HT/PCBM films for NMR spectroscopy were spin coated from

solutions containing 3% (v/v) DIO:CB onto glass substrates

cleaned as described in the previous section. Films were

approximately 80 nm thick. After processing (i.e. heat treatment

or exposure to vacuum) the films were redissolved in CDCl3.
1H NMR spectra of these solutions were collected at 800 MHz

on a Bruker Avance III spectrometer equipped with a cryoprobe.

Acquisition times were o15 min (128 scans). Chemical shifts

are referenced to TMS. Thick films of P3HT for FT-IR spectro-

scopy were drop cast onto glass substrates and measured in

attenuated total reflectance (ATR) geometry (Bruker Tensor 27

with Pike MIRacle diamond/ZnSe ATR crystal).
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A. J. Moulé, J. Mater. Chem. C, 2016, 4, 3454–3466.

45 V. Mihailetchi, P. Blom, J. Hummelen and M. Rispens,

J. Appl. Phys., 2003, 94, 6849–6854.
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