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Abstract

Transient absorption spectroscopy is commonly used to probe the yield and kinetics of excited states
of materials. We present a transient absorption spectroscopic assay of oxygen diffusion in a series of
solution-processed polymer films. The films were partially encapsulated with an epoxy/glass top
barrier as a simple model system for organic photovoltaic and light emitting devices with metal top
contacts. The results presented herein show that this spectroscopic approach can be a versatile and
quantitative in situ assay of local oxygen concentrations in such organic semiconductor films. With
our current apparatus, the approach has a time resolution of 5 seconds, thereby enabling direct
measurement of oxygen diffusion kinetics into a semiconductor film. The versatility of this approach
suggests it could be widely applicable to measurement of oxygen diffusion into organic
optoelectronic devices, including for example oxygen diffusion through encapsulation and barrier
layers. Employing this approach, we demonstrate significant differences in oxygen diffusion kinetics
between different semiconducting polymers. We furthermore demonstrate the impact of an
additional getter (ZnO) and light exposure upon the local oxygen concentration, providing new
insights into role of oxygen diffusion kinetics in determining the environmental stability of organic

semiconductors.

Organic electronic devices, including light emitting diodes, transistors and photovoltaic cells, are
receiving extensive academic and commercial interest. With advances in device performance, and
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expansion of the organic electronics market, strategies to enhance and measure the stability of the
organic semiconductors employed in such devices are receiving increasing attention. Most organic
semiconductors exhibit only limited ambient stability, particularly in the presence of light, due to the
tendency of organic materials to undergo (photo)induced reactions with the ambient oxygen and
moisture.”® As such, devices based upon organic semiconductors typically require careful
encapsulation against oxygen and water ingress, as well as often the inclusion of getters to absorb
infiltrated water or oxygen, adding significantly to device costs. In this regard, the measurement of
the local oxygen and water content within organic semiconductor film is key assay of the
effectiveness of any encapsulation or getters employed. In addition, most organic semiconductors
are employed in devices as thin films sandwiched between flat barrier layers; as such the lateral
diffusion kinetics of oxygen or water within the organic layer from the device edges or point of
barrier failure is also an important consideration for technological application.

Our study herein reports a simple, in situ approach to measure the local oxygen content, and the
lateral oxygen diffusion kinetics, within a series of organic semiconductor thin films sandwiched
between glass barrier layers. The approach is based upon the use of transient absorption
spectroscopy to measure the kinetics of oxygen quenching of triplet states photogenerated in these
semiconductor films. Measurements of oxygen concentration and diffusion in polymer films have
typically employed phosphorimetry — monitoring the phosphorescence quenching of added
molecular phosphors.*” This approach is however difficult to employ with semiconducting polymers
due to potential electronic interactions between the phosphor and the semiconductor polymer.
Studies of oxygen diffusion in semiconductor polymers have primarily employed fluorescence
quenching studies at elevated pressures.’ Comparative studies of oxygen diffusion kinetics between
organic semiconductor thin films have been very limited to date, with studies primarily focused on
P3HT. The approach we employ herein exploits the previously reported sensitivity of the triplet
exciton states of many organic semiconductors to quenching by molecular oxygen. Oxygen induced
qguenching of molecular triplets states has previously been used to assay oxygen concentrations in
solution,® but has not, to the best of our knowledge, been applied as an in-situ assay of oxygen
diffusion in organic films.

Transient absorption studies of the decay dynamics of triplet excitons in organic semiconductor thin
films, and the acceleration of these decay dynamics in presence of oxygen has been widely
reported.”™ We have recently correlated such oxygen quenching with measurements of singlet
oxygen generation and the kinetics of film photobleaching.’® In the study reported herein, we
demonstrate that this experimental approach can also be used as an in-situ assay of the local oxygen
concentration in the film as a function of time after oxygen exposure. This approach thus allows us
to measure directly the oxygen diffusion constant for different organic semiconductor films, as well
to assay the effect of an incorporated getter layer and light exposure in reducing the local oxygen
concentration. Our study is focused upon a series of polymer semiconductors of interest for organic
photovoltaic (OPV) applications, however the approach should be generally applicable to any organic
semiconductor exhibiting long-lived triplet excitons upon photoexcitation.

It has been widely reported that most unencapsulated organic semiconductor thin films exhibit rapid
photobleaching, typically on timescales of minutes to a few hours, when exposed to the combination

of light and oxygen. This photodegradation has been attributed to the generation of either singlet

2,10,13

oxygen or superoxide radical anions. Our study reported herein was particularly motivated by
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the observation that, following the deposition of a metal top contact (as present in organic
photovoltaic or light emitting devices), such organic semiconductor film can become much more
stable with respect to photodegradation by light and oxygen,***.***>*¢ Figure 1 shows typical data in
this regard of direct relevance to organic photovoltaic devices, comparing the rapid photobleaching
of a representative donor polymer: fullerene blend film with the strikingly more stable photovoltaic
performance of an unencapsulated solar cell fabricated with the same blend film composition by
deposition of a metal top electrode. This difference in stability is most obviously due to the metal
top electrode functioning as a barrier layer to oxygen diffusion into the film top surface. In such
partially encapsulated structures, lateral oxygen diffusion from the device edges into semiconductor
layer (or indeed from pinholes in the metal electrode) is likely to be a key consideration for device
stability. It is this lateral oxygen diffusion, and the impact of polymer molecular structure, gettering

and light exposure on the resultant local oxygen concentration, which is the subject of this study.
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Figure 1 Photodegradartion of a polymer:fullerene blend film under light and oxygen exposure compared to the
performance of an unencapsulated organic photovoltaic device with analogous photoactive layer. Samples were kept
under oxygen atmosphere and white light irradiation (A > 410 nm, 80 chm'z) over the same timescale. Data is adapted
from Ref ¥, and employs the donor polymer SilDT-BT in a 1:4 blend with PC;,BM. Film and device fabrication as reported
previously, employing a silver metal electrode.

In the study reported herein, we address the oxygen diffusion kinetics for thin films of three
semiconducting polymers - regiorandom P3HT (RRa-P3HT), PCDTBT and PTB-7 (see Scheme 1 for
polymer molecular structures). These donor polymers were selected as they exhibit long lived triplet
excitons which are quenched by molecular oxygen,'® and are polymers widely used in OPV studies.
We also include analysis of the gettering effect of incorporating an additional ZnO thin film into the
structure. Samples were studied as a function of time after oxygen (1 atmosphere) and / or light
exposure. Experiments employed partially encapsulated 1 cm? thin films - sandwiched between glass
slides but exposed around their edges to ambient oxygen (with an epoxy glue ensuring adhesion of
the top glass — see Sl for details). Control experiments employed un-encapsulated thin films on glass
substrates without any top cover. Transient absorption measurements interrogated the central 0.25
cm” of the sample, such that in these partially encapsulated films, oxygen had to diffuse ~0.5 cm
through the semiconductor film to reach the measured sample area.
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Scheme 1 presents the chemical structures of the semiconducting polymers employed in this study.

Transient absorption spectroscopy on the microsecond timescale was employed to assay triplet
exciton lifetime at room temperature. These studies employed low excitation densities so as to
avoid bimolecular triplet quenching processes'>?® (as confirmed by our observation of exponential,
intensity independent decay profiles). Data were collected at the T; = T, absorption maxima in the
near infrared, determined previously to be ~ 980 nm for RRa-P3HT and PCDTBT and 1100 nm for
PTB-7.2%*® Each decay kinetic required ~ 5 seconds of signal averaging (at an excitation repetition
rate of 20 Hz); our assay of local oxygen concentration therefore is limited to this 5 s time resolution.

Figure 2a illustrates typical transient absorption decays for an un-encapsulated RRa-P3HT film, under
nitrogen and oxygen atmospheres. It is clear that whilst the decay lifetime of the film is immediately
quenched (i.e.: within 5 s) following exposure to an O, atmosphere, the decay dynamics recover
back to the original signal once the film is purged with N, (even after long periods of O, exposure),
consistent with low light exposures employed in our studies causing negligible photodegradation.
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Figure 2 a) Transient absorption decay dynamics of a RRa-P3HT film under N, and O, atmospheres. b) Transient absorption
decay dynamics of a partially encapsulated RRa-P3HT film under O, atmosphere as a function of time, until fully saturated.
Films were excited at 460 nm at a laser intensity of 4pucm'2, and probed at 980 nm.

Figure 2b contrasts data obtained for an un-encapsulated RRa-P3HT film (red trace, under O, for 5 s)
with those obtained for a partially encapsulated film, where oxygen can only diffuse into the film
laterally from the film edges (a distance of ~ 0.5 cm, see Sl for details). The transient decay dynamics
of this partially encapsulated film were studied as a function of time after exposure to an O,
atmosphere in the dark (Figure 2b). It is apparent that even after 2 days oxygen exposure, the triplet
decay dynamics are significantly slower than those observed for the un-encapsulated film after 5 s of
oxygen exposure. The partially encapsulated film required over 4 days of oxygen exposure to achieve
similar decay dynamics to the un-encapsulated film. This clearly indicates that the partially
encapsulated film takes several days for the local oxygen concentration to reach equilibrium with
the ambient oxygen environment, indicative of strikingly slow oxygen diffusion kinetics on the days
timescale.

The triplet decay dynamics such as those plotted in Figure 2b were measured as a function of time
(t) after exposure to oxygen. From these data, the time dependence of the local oxygen
concentration, [O,](t) was determined:

O 01eam = ‘1’
Tegqm 7o

[

where 02](t)/[02]eqm is the ratio of concentration of oxygen at time t to the concentration of
oxygen at equilibrium (measured for an oxygen saturated film), t(t) is the lifetime of triplets under
oxygen as a function of time, 7, is the lifetime of the triplet excitons under nitrogen environment
and T4, is triplet lifetime at equilibrium (see Supporting information of derivation of this equation).
Using equation 1, the relative local oxygen concentration was determined as a function of oxygen
exposure time for a partially encapsulated RaR-P3HT, as plotted in Figure 3 (black squares). It is
apparent that the oxygen saturation half-time (the time taken for the local O, in the centre of the
film to reach 50% of dark equilibrium) for RaR-P3HT is ~ 10 hours.

Analogous experiments were carried out for two further polymer films; namely, PTB-7 and PCDTBT,
as well as for a RRa-P3HT film in a bilayer structure with a ZnO thin film. In all cases, qualitatively the
same behaviour was observed, with the triplet decay dynamics of partially encapsulated devices
slowly accelerating with time, reaching the same kinetics as un-encapsulated films after several days
of dark oxygen exposure (see Sl). Following equation 1 above, these data were employed to
determine the local oxygen concentration as a function oxygen exposure time, as also plotted in
Figure 3. It is apparent the oxygen diffusion kinetics varied significantly between the samples
studied, being the fastest for PTB-7 (t;/, ~ 4.5 hours) and slowest for RRa P3HT / ZnO (t, ~ 17 hours).
The faster half-time for PTB-7 is indicative of faster oxygen diffusion kinetics, whilst the slower half-
time observed with ZnO is attributed to the oxygen getter properties of ZnO, as we discuss further
below.
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Mathematically, the diffusion of molecular oxygen through the organic film can be characterized by
the diffusion equation:

ac(#)

o =V2(DC(FD)) -G (2)

where C is the concentration of the diffusing oxygen, D is the diffusion coefficient and G is
absorption of the oxygen by the getter (if present). This can be simplified for one-dimensional
diffusion from the film edge, neglecting gettering to:

cft) = o1 - sz) (3)

where x is the distance from the film edge. The smooth lines in figure 3 correspond to fits of the
experimental data to equation 3. In all cases, reasonable fits were obtained, supporting the validity
of this simple physical model. Values of oxygen diffusion constants obtained from these analyses for
the three polymers studied are detailed in Table 1, with PTB-7 showing the largest diffusion
constant, and RRa-P3HT the smallest. These values are of similar order of magnitude to those
reported previously for organic polymers,* with for example previous studies reporting an oxygen

diffusion constant for regioregular P3HT of 3x10® cm?s™.%’

The values of the estimated diffusion
coefficients of oxygen in the three polymers studied increase in the polymer order PTB7 < PCDTBT <
RRa-P3HT. We note the polymers have different polarity which may influence the diffusion of
oxygen, although a detailed analysis of origin of these differences between polymers is beyond the
scope of this study. However we do note this trend shows a weak correlation with the polymer
crystallinity (with PCDTBT being the most crystalline and RRa-P3HT the least)™ and with polymer
density: 1.12 gem™,” 1.13 gem™ 2% and 1.15 gcm™.% The longest saturation time is observed for the
ZnO/RRa-P3HT sample, which we attribute to the ZnO acting as a temporary oxygen getter,
absorbing some of the oxygen as it diffuses into the sample. This is consistent with previous

literature indicating ZnO can function as an oxygen getter.”
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Figure 3 Local oxygen concentration of partially encapsulated polymer films as a function of time, as measured by transient
absorption. The partially encapsulated films were kept in dark and exposed to oxygen atmosphere until saturated. Red
lines shows fits to equation 3.

Tablel Oxygen diffusion half-times (t;/,) and diffusion coefficients (D) determined from the data in Figure 3,
using equations 1 and 3, for the four samples studied herein.
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Material system t1» (hours) D/cm’s™
PTB7 4.52 1.2 x10°®
PCDTBT 7.60 7.3x10°
RRa-P3HT 10.01 5.5 x 10
RRa- P3HT/ZnO 16.96 -

The data reported above indicate that for partially encapsulated films, analogous in geometry to
unencapsulated OPV devices with a metal top contact, the oxygen concentration in the polymer
layer reaches the saturated equilibrium value in the dark after a few days. Whilst this observation
clearly demonstrates that lateral oxygen diffusion into the active layer is relatively slow, this
observation alone does not explain how some OPV devices without further encapsulation can be

relatively stable in air for periods of weeks or months.?’*®

In order to address this issue, we now turn
to the impact of irradiation upon the local oxygen concentration of the partially encapsulated films
employed in this study. A partially encapsulated RRa-P3HT was exposed to an oxygen atmosphere in
the dark for several days, such that the local oxygen concentration reached saturation. The film was
then exposed to white light irradiation (~70 mWcm™), still in an oxygen atmosphere, and the triplet
decay dynamics were measured as a function of light exposure time to determine the impact of light
exposure upon the local oxygen concentration. Typical data are plotted in Figure 4, with the
transient absorption kinetics shown in insert. It is apparent that even a few minutes of light
exposure results in a significant reduction of local oxygen concentration, with a half-time for oxygen
depletion under these irradiation conditions of ~ 2 minutes. It can be concluded that light exposure
results in a rapid consumption of molecular oxygen in the film, resulting in a reduction in the local
oxygen concentration. Indeed after prolonged light exposure, the triplet decay dynamics actually
became slightly longer than those observed for a nitrogen control, indicative of this light activated
oxygen consumption being particularly efficient in consuming even residual oxygen remaining in the
film.

The light activated oxygen consumption demonstrated in figure 4 can be most simply assigned to the
photoactivated oxidation of the polymer by singlet oxygen, with this singlet oxygen deriving from
oxygen quenching of the polymer triplet state.™ It is striking however that this light exposure of the
partially encapsulated, oxygen-saturated film did not cause measurable photodegradation of the
film, with the film optical absorption spectrum being almost unchanged by 30 minutes light
exposure. This contrasts to the impact of analogous oxygen / light exposure of unencapsulated RRa-
P3HT films, where 30 minutes of light exposure resulted in a ~ 20% bleaching of film optical
absorption. This difference in stability can be understood as resulting from the relatively small
amount of oxygen present in an oxygen-saturated film, and, for the partially encapsulated film, the
slow diffusion kinetics of oxygen into the film to replenish the oxygen consumed by light exposure.
Literature estimates of oxygen solubility in PVOH films, which has a density similar to that of our
conjugated polymers, give an oxygen solubility of ~ 10™ per polymer unit cell”’, consistent with the
steady state amount of oxygen present in such polymer films being insufficient to cause substantial
photobleaching. As such, light exposure initially results in a rapid, but marginal, photodegradation.
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This light exposure also results in a rapid reduction in the local oxygen concentration, greatly
reducing the rate of further photoinduced degradation. As such, further degradation requires
oxygen diffusion into the organic film, which due to the very slow lateral oxygen diffusion kinetics,
can result in a greatly extended film lifetime. It follows that the stability of partial encapsulated
organic films, such as OPV devices with metal top contact without further encapsulation, is likely to
be strongly dependent upon the kinetics of lateral oxygen diffusion within the organic photoactive
layer of the device.
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Figure 4 Plot of the relative local oxygen concentration of partially encapsulated polymer films as a function of light
exposure time, as measured by transient absorption. The partially encapsulated films were initially equilibrated in an
oxygen atmosphere for 4 days. They were subsequently exposed to light (70 mW em™ white light) for up to 60 minutes in
this atmosphere. Inset: transient absorption decay kinetic of partially encapsulated RRa-P3HT film, fully saturated in
oxygen in dark and after exposure to light for 30 minutes.

In conclusion, we have presented a transient absorption spectroscopic assay of oxygen diffusion in a
series of solution-processed polymer films. The films were partially encapsulated with an
epoxy/glass top barrier as a simple model system for organic photovoltaic and light emitting devices
with metal top contacts. The results presented herein show that this spectroscopic approach can be
a versatile and quantitative in situ assay of local oxygen concentrations in such organic
semiconductor films. With our current apparatus, the approach has a time resolution of 5 seconds,
thereby enabling direct measurement of oxygen diffusion kinetics into a seminconductor film. The
versatility of this approach suggests it could be widely applicable to measurement of oxygen
diffusion into organic optoelectronic devices, including for example oxygen diffusion through
encapsulation and barrier layers.*** Employing this approach, we demonstrate significant
differences in oxygen diffusion kinetics between different semiconducting polymers. We
furthermore demonstrate the impact of an additional getter (ZnO) and light exposure upon the local
oxygen concentration, providing new insights into role of oxygen diffusion kinetics in determining
the environmental stability of organic semiconductors.

Experimental Section

Materials and Methods:

P3HT and PCDTBT were purchased from Merck whilst PTB-7 was purchased from Solamer. All

polymers were used as purchased.
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Solutions were prepared from chlorobenzene at a concentration of 15mg/ml, by dissolving the
solute at room temperature and left to stir in glovebox.

Glass substrates were washed sequentially in: deionised water (with 0.1 % detergent); acetone and
iso-propanol for 15 mins each with ultrasonication, followed by blow-drying with nitrogen.

Neat films were fabricated by spin coating the polymer solution onto glass substrate at 1100 rpm for
45 seconds.

Bilayer films: ZnO was first spun onto the clean glass substrate, which was then annealed at 150 °C
(for 1h in N2). The polymer solution was subsequently spin coated on top of the pre-coated
annealed substrates.

Partial glass encapsulation: a glass substrate with 2/3" of length dimensions as the sample substrate
was cleaned as described above. Using epoxy glue, the desired area of the sample was glued for
encapsulation. The glass substrate was placed on top and the entire sample was then placed under

UV light for 20 minutes, to ensure complete adhesion.

Transient absorption: decays were measured under nitrogen and oxygen atmosphere, by exciting
the sample film pumped with a Nd:YAG laser (Lambda Photometrics). The excitation wavelengths
used were: 460 nm (RRa-P3HT), 560 nm (PCDTBT) and 630 nm (PTB-7) with a pump intensity of 4
pLJcm'2 and a repetition frequency of 20 Hz. A 100 W quartz halogen lamp (Bentham, IL 1) with a
stabilised power supply (Bentham, 605) was used as the probe light source at 980nm (RRa-P3HT and
PCDTBT) and 1100 nm (PTB-7). The probe light passing through the sample film was detected with a
silicon photodiode (Hamamatsu Photonics, $1722-01). The signal from the photodiode was pre-
amplified and sent to the main amplification system with an electronic band-pass filter (Costronics
Electronics). The amplified signal was collected with a digital oscilloscope (Tektronics, TDS220),
which was synchronised with a trigger signal of the pump laser pulse from a photodiode (Thorlabs
Inc., DET210). To reduce stray light, scattered light and sample emission, monochromator and

appropriate optical cut-off filters were placed before and after the sample.
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From the measured transient absorption signal, each decay was fitted to a mono-exponential
kinetic, from which the lifetime of the triplets was extracted. These lifetimes were plotted as a
function of time.

Derivation of local oxygen concentration

1
1/r(t) = + Ko, [0,]

1 1
Ko,[0;] = W

at equilibrium

K, [0,] = 1 1
02 2 T(t)eqm To

1 1

[0,](t) _ T 1
’ /[oz]eqm— 1

Teqm To
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