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A B S T R A C T

Molecular aggregates and crystallites that emerge during the casting of semiconducting organic films from so-
lution are highly sensitive to deposition conditions. Their structure determines the electronic properties, and
ultimately the utility, of these materials as semiconductors. We report the development of a single-shot transient
absorption (SSTA) spectrometer to measure the evolving excited state dynamics of organic molecules and
polymers in situ during their casting into films from solution. The formation of molecular aggregates and
crystallites changes the electronic structure, excited state dynamics, and concomitantly, the photoluminescence
(PL) yield and structural heterogeneity. When these latter contributions are dynamic, they hinder accurate SSTA
measurements of excited state dynamics. In this work, an additional optical chopper in the probe beam path is
shown to correct for dynamic scatter and PL from the pump pulse. The importance of the correction provided by
this optical chopping scheme to the measurement of photoluminescent and/or scattering samples is demon-
strated using SSTA measurements of a sulforhodamine solution with high PL, a drop-cast sulforhodamine film
with less PL, and a film of a prototypical organic semiconductor, poly(3-hexylthiophene-2,5-diyl).

1. Introduction

Many organic materials exhibit semiconducting behavior when
electronically excited, and the utility of these materials as semi-
conductors depends on the dynamics of the excited state. For example,
the efficiency of an organic photovoltaic depends on the rate of exciton
migration and charge transfer [1], while the efficiency of an organic
light emitting diode depends on the rate of electroluminescence relative
to the rates of other competing processes [2]. The rates of these physical
processes are commonly measured using time-resolved transient ab-
sorption (TA) spectroscopy [3–5]. In this spectroscopy, a pump pulse
photogenerates excited species in the sample and a probe pulse is in-
cident at the same location on the sample at a controlled time relative
to the arrival time of the pump pulse. The time delay between the pump
and probe pulses is typically controlled using a retroreflecting mirror on
a motorized translation stage to vary the relative path lengths travelled
by the two pulses. The probe pulse is directed to a detector to measure
the transmission of the sample. An optical chopper is typically used to
block alternate pump pulses, and successive transmission measure-
ments by the probe are subtracted to obtain the differential transmis-
sion. This value can be normalized by total transmission and converted

into differential absorption if desired.
While TA is a mature spectroscopy that has been successfully used to

study a wide variety of biological and materials systems, this spectro-
scopy is generally restricted to the study of systems that are at structural
equilibrium. The use of a retroreflector on a motorized delay stage re-
quires that a separate measurement be performed at each pump-probe
time delay in a transient, and the entire transient must usually be
measured multiple times to attain a reasonable signal-to-noise ratio
(SNR). This results in data acquisition times that range from a few
minutes to multiple hours, depending on the optical density and re-
sponse of the sample as well as the acceptable pulse energies of the
pump and probe that avoid photodegradation. Owing to the data col-
lection period needed when using TA in its conventional implementa-
tions, accurate measurement of the excited state dynamics is impossible
for materials systems that are evolving on a timescale shorter than a few
minutes, such as the formation of organic semiconducting films from
solution. The measurement of these dynamic systems is of importance
since solution processing is a scalable and economical manufacturing
route for films [6], but can result in unpredictable device functionality
[7] owing to the weak intermolecular interactions between organic
molecules. Multiple kinetically trapped intermolecular geometries are
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possible, each with different electronic state structure, different excited
state dynamics, and thus exhibit different physical properties [8,9]. The
ability to measure excited state dynamics during the complex process of
film formation will yield insight into how the functionality of a semi-
conducting organic film emerges from the photophysical properties of
the solutions from which they are cast.

Multiple groups have attempted to bypass the limitations presented
by TA in its typical implementations by spatially encoding the pump-
probe time delays such that an entire transient can be collected in a
single shot. There have been two general strategies for single-shot
transient absorption (SSTA): the use of echelons and the use of tilted
pulses. Echelon strategies involve enlarging the beam profile and
transmitting [10,11] or reflecting [12,13] one of the pulses using an
optic with a stair-like structure to impose different time delays on dif-
ferent spatial regions in the beam. For tilted pulse strategies, one beam
is tilted with respect to the other beam to produce a gradient of pump-
probe time delays at the sample [14–16], Fig. 1. The time delay range
generated using this strategy is determined by the angle of the pump
pulse relative to the sample plane (θ), the speed of light (c), and length
(d) of the overlap region between the pump and probe on the sample.

trange = d sin(θ) / c (1)

In the past, the maximum pump-probe time delay acquired in a
single-shot was limited to ∼10 ps for tilted pulse techniques [15], and
∼20 ps for echelon techniques [13]. In both transmissive and reflective
echelons, scatter from the large number of edges present in an optic
with this shape may limit the number of measurable time steps [17].
For transmissive echelon techniques, the accessible time range is lim-
ited by the thickness of the echelon optic. The regions of a pulse that
traverse a thick section of the echelon are temporally delayed, but also
experience a concomitant temporal elongation, reducing the time re-
solution of the measurement. When using the tilted pulse strategy the
time resolution is not impacted in samples that are sufficiently thin, but
the pump-probe time delay range can be limited by the Gaussian beam
profile of the pulses used to spatially encode the time delay [16]. The
excitation density will be higher in the center of the beam profile,
which maps onto the center of the pump-probe time delay range. If the
larger excitation density results in interactions between the excited
species in one spatial region of the sample, the dynamics will be dif-
ferent in this part of the spatially encoded transient. The resulting
transient will not accurately report the excited state dynamics of the
system when in the linear regime. This can be avoided by lowering the
power of the pump pulse, but this also lowers the SNR at the edges of
the spatial profile, which map onto the beginning and end of the spa-
tially encoded transient. In other words, the practically achievable time
delay range is not merely determined by Eq. (1), but also by the SNR
attained at each spatially encoded time delay when the entire measured
region is excited in the linear regime. In our previous work [16], we
overcame this obstacle by using a spatial light modulator (SLM) to
flatten the spatial profile of the pump, enabling a larger part of the
beam to be used. This resulted in a 45 ps spatially encoded pump-probe
time delay range.

Normalized differential transmission is typically calculated by

=

−ΔT
T

T T
T

11 01

01 (2)

where T11 is the measured intensity of the transmitted probe beam after
the sample when the pump is also incident on the sample, and T01 is the
intensity of the transmitted probe beam without the presence of the
pump. The measurements of T11 and T01 are usually conducted se-
quentially using an optical chopper to block alternate pump pulses.
Structural features in an organic film can cause some scatter from the
pump pulse to reach the detector and contribute to the T11 term.
Photoluminescence (PL) caused by the excitation of the pump pulse will
also contribute to the T11 term. This is usually not a significant problem
when measuring systems at structural equilibrium since the intensities
of scatter and PL do not change during the measurement. Further, when
using typical implementations of TA without spatial encoding, the
measurement at each pump-probe time delay is conducted on a single
spot on the sample that yields a certain amount of scatter and PL. Thus,
in measurements of samples at structural equilibrium using typical
implementations of TA, contributions to the signal from scatter of the
pump beam or pump-induced PL constitute a constant baseline in the
signal and can simply be subtracted. Pump scatter and pump-induced
PL is a more significant problem when measuring organic films that are
not at structural equilibrium since the amount of scatter and PL will
change as the structure of the film evolves. Further, if the pump beam is
incident on a larger region of the sample, as is the case in many im-
plementations of SSTA, any heterogeneity in the film would result in a
different amount of scatter at each location along the focal line. An
evolving and heterogeneous sample in the spatial domain is a sig-
nificant obstacle to the measurement of excited state dynamics during
the process of film formation from solution.

In this work we report the use of an optical chopping scheme that
enables the shot-to-shot correction of pump scatter and pump-induced
PL. This scheme is conceptually similar to schemes reported in some
two-dimensional electronic spectroscopy experiments [18,19] and
proposed for other pump-probe measurements of chemical systems that
are at structural equilibrium [20], but uses a 3:2 optical chopping ratio
for the probe. We compare this with a more typical 2:2 probe chopping
ratio. Our chopping scheme expands the ability of the SSTA technique
to the measurement of changing excited state dynamics in organic small
molecules and polymers as they form films from solution. This strategy
is robust regardless of whether the amount of scatter or PL changes
significantly during film formation. We demonstrate this capability by
measuring a highly fluorescent solution of the organic small molecule
dye sulforhodamine (SR), a film of SR, and a film of the prototypical
organic semiconductor, poly(3-hexylthiophene-2,5-diyl) (P3HT) with
and without shot-to-shot PL and scatter correction. The advance pre-
sented in this work will enable the measurement of excited state dy-
namics during the complex non-equilibrium processes that comprise
solution-based organic film formation.

2. Experimental

Glass substrates (75mm×25mm × 1mm) were cleaned by soni-
cation in methanol for 10min. A film of sulforhodamine (SR) with an
optical density of ∼0.3 was produced by drop-casting a methanol so-
lution onto a cleaned substrate at ambient conditions. A film of re-
gioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) was formed by spin-
coating a chloroform solution onto a cleaned substrate in ambient

Fig. 1. Illustration of spatially encoded time delay. The pump
pulse (blue) is tilted relative to the probe pulse (red), resulting in a
linearly varying gradient of time delays between when the two
pulses arrive at a sample (purple) on a glass substrate (grey). The
relative angle between the pump and probe pulses determines the
time delay at each spatial location, shown by the arrows in (a) and
(c). The pump and probe both interact with the dashed rectan-
gular region of the sample. Time zero occurs where the pump and

probe pulses are spatially and temporally overlapped within the sample, shown in (b). In this example, time zero occurs at t2, while t1 and t3 are before and after time
zero, respectively (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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conditions. A solution of SR in ethanol was measured in a cuvette with a
100 μm pathlength. Absorbance spectra are reported for each sample in
Fig. 2, and images of the optical density of the films in their measured
regions are included in Figure S1.

Transients were collected using a homebuilt SSTA instrument si-
milar to previous descriptions [16,21] and described briefly here with
changes emphasized. A 1 kHz Ti:sapphire laser (Coherent Astrella) and
optical parametric amplifier produced pulses at 585 nm, Fig. 2. Optical
Kerr effect measurements determined that the pulse duration at the
sample was ∼50 fs. As shown in Fig. 3a, a beam splitter divided each
pulse into pump and probe pulses. The energies of the pump pulses
were set using a waveplate and polarizer to 3.8 μJ for measurements of
SR in solution and film and 1.0 μJ for measurements of P3HT film, with
a pump:probe energy ratio of 11:1. Alternate pump pulses were blocked
by an optical chopper. A second optical chopper was placed in the
probe line, discussed below. The probe pulse was directed into a ret-
roreflector mounted on a motorized translation stage. An iterative al-
gorithm was used on half of the area of a phase-only spatial light
modulator (SLM, Meadowlark) to produce a flat pump spatial profile by
geometric beam shaping [16]. The other half of the SLM similarly
flattened the spatial profile of the probe beam. After expanding both
beams, they were focused to a 22.2 mm × 85 μm line on the sample
plane using cylindrical lenses. The probe beam was incident normal to
the sample, while the pump beam was tilted by θ=54.2° relative to the
sample plane. The probe beam at the sample plane was imaged by a
CMOS camera (Andor Zyla 5.5) with an exposure time of 0.9ms. The
probe illuminated 20×2560 pixels on the detector, and each of the 20
rows of pixels were summed together to provide a 1× 2560 probe
image. The film samples were repeatedly translated over a 15mm re-
gion at a speed of 0.3mm/s by a motorized linear actuator during the
measurement, as shown in Fig. 3a. This averages over spatial hetero-
geneity in the films and makes the measurement robust to small fluc-
tuations in optical density or film defects.

Two optical chopping schemes were compared. In optical chopping
scheme A, Fig. 3b, the camera acquired images of the probe beam with
the pump beam blocked (T01) and unblocked (T11) by using the optical
chopper in the pump beam path. Further synchronization with the
optical chopper in the probe beam path resulted in optical chopping
scheme B which enabled the acquisition of images of pump scatter and
pump-induced PL (T10) and dark images with both pump and probe
pulses blocked by the optical choppers (T00). The optical chopper in the
probe beam path had a duty cycle of 50%, with the phase set such that
three pulses were transmitted followed by two pulses blocked, Fig. 3b.
The process for calculating ΔT/T from each optical chopping scheme is
detailed in Table 1 using the shot indices shown in Fig. 3b.

The spatially encoded time delay was calibrated by collecting the
transients as a function of the position of the retroreflector in the probe
line. “Time zero” occurred at the retroreflector location that resulted in
spatial and temporal overlap of the pump and probe pulses within the
sample. A sharp increase in the ΔT/T signal was observed at time zero
owing to the creation of excited species. Time zero was unique for each
pixel because of the tilt of the pump pulse, Fig. 4a. The line formed by
the pixel location and retroreflector position at each time zero was used
to determine that the time delay encoded by each pixel is 23.0 fs/pixel.
The use of the SLM to flatten both the pump and the probe profiles

Fig. 2. Absorbance spectra. SR in solution (black), SR film (green), P3HT film
(orange), and spectrum of laser pulse (blue dashed) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 3. Schematic of SSTA instrument and optical chopping schemes. (a) BS,
beam splitter; CHP, optical chopper; CMOS camera; CYL, cylindrical lens; HWP,
half-wave plate; LA, linear actuator; OPA, optical parametric amplifier; PC,
prism compressor; POL, polarizer; RR, retroreflector; SLM, spatial light mod-
ulator; S, sample. (b) Optical chopping scheme used for the pump (blue) and
schemes used for the probe (red) without (A) and with (B) the additional optical
chopper in the probe beam path (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).

Table 1
Laser pulses used for successive measurements of ΔT/T. Numbers correspond to
the shot indices shown in Fig. 3b.

Data point Scheme A Scheme B

1 −2 1
1

− − −

−

(2 4) (1 3)
(1 3)

2 −4 3
3

− − −

−

(6 4) (5 3)
(5 3)

3 −6 5
5

− − −

−

(6 8) (7 9)
(7 9)

4 −8 7
7

− − −

−

(10 8) (11 9)
(11 9)

K.S. Wilson, et al. Synthetic Metals 250 (2019) 115–120

117



enabled a 60 ps time delay range, an increase from 45 ps in our previous
work where only the pump profile was flattened [16]. SSTA measure-
ments were collected while holding the retroreflector at a static loca-
tion. Horizontal cross sections of the plot in Fig. 4a represent transients
measured by SSTA, while vertical slices of the plot are the equivalent of
a typical TA measurement using a single pixel as a detector. The excited
state dynamics measured using the spatially encoded SSTA time delay is
shown to be identical to that measured by traditional TA in Fig. 4b. The
incident pump power was lowered until the transients collected using
pixels throughout the beam profile are found to be identical, confirming
that the excitation density across the entire pump beam profile is either
identical or below the threshold at which interactions between excited
species play a role. This calibration and procedure is performed to
confirm signal linearity for each measured sample.

3. Results and discussion

Normalized differential transmission is calculated by Eq. (2) in a
typical TA measurement using optical chopping scheme A. Optical
chopping scheme B of Fig. 3b enables the collection of two additional
pulse combinations, T10 and T00, when only the pump pulse is incident
on the sample and when neither pulse is incident on the sample, re-
spectively. The normalized differential transmission can then be cal-
culated by Eq. (3).

=

− − −

−

ΔT
T

T T T T
T T

( ) ( )11 10 01 00

01 00 (3)

When measured and calculated in this way, ΔT/T represents the
change in transmission owing to the presence of the pump pulse, ex-
cluding any contributions from pump scatter or pump-induced PL. Note
that the intensity measured when neither beam is incident on the
camera, T00, is the result of stray light and dark current from the
camera. The signal from T00 is present in each of the other pulse
combinations, including T10. Since T10 is being subtracted from the T11
term, T00 must also be subtracted from the T01 term. The T00 term is
included in optical chopping scheme B to enable the dynamic sub-
traction of this contribution. However, if T00 is shown to not change
with time, this measurement could potentially be acquired only once,
either before or after the SSTA measurement. This would further reduce
the time required to acquire enough signal to achieve an adequate SNR.

The use of a 3:2 optical chopping ratio for the probe pulses enables
the acquisition of corrected transients using overlapping sets of four
laser shots, as shown in Table 1. Two ΔT/T transients are calculated
using laser shots 1 through 6, and another two ΔT/T transients are
calculated using laser shots 6 through 11, where each transient is cal-
culated using consecutive measurements of T11 or T01. This 3:2

chopping ratio is advantageous over a 2:2 ratio because it increases the
number of consecutive measurements of T11 and T01. Using consecutive
measurements optimizes the fidelity of the differential calculation since
adjacent laser shots are more likely to have correlated energies [22].
The correlation in pulse energy and pointing may not be significantly
stronger for consecutive shots than for temporally distant shots if laser
noise sources are carefully controlled, but a measurement design that
always collects T11 and T01 consecutively is preferred in the case of
increased correlation between consecutive shots. The consecutive
measurement of T11 and T01 is also important when the sample is
spatially translated during the measurement to average over any spatial
heterogeneity. In this work, the films are translated by 0.3 μm between
successive shots, which is negligible in comparison to the 85 μm width
of the focal line. In addition to optimizing the differential measurement
by using sequential pulses, the 3:2 probe chopping ratio also increases
the rate of SNR growth by using overlapping sets of four laser shots for
each transient. Fig. 5 compares the growth of SNR during a measure-
ment of SR solution when using the 3:2 ratio of chopping scheme B and
a 2:2 chopping ratio, which does not use overlapping sets of laser shots
to calculate ΔT/T. Further details of this comparison are provided in
Table S1.

Fig. 6a compares ΔT/T for a SR solution calculated using Eqs. (2)
and (3), the equivalent of using optical chopping schemes A and B. The
elevated baseline measured using optical chopping scheme A is com-
prised of pump scatter, pump-induced PL, stray ambient light, and dark
current from the detector. This will be a constant baseline that can be
simply subtracted if the sample is not changing and measured using a
typical TA apparatus where the pump and probe beams are both fo-
cused to small spots on the sample. The baseline is automatically sub-
tracted in optical chopping scheme B using Eq. (3). Fig. 6a shows the
undesirable contribution from pump scatter and pump-induced PL,
calculated by

−

−

T T
T T

.10 00

01 00 (4)

The contribution from stray ambient light and detector dark current
are subtracted to isolate the contributions unique to the T10 measure-
ment. The contribution of pump scatter and pump-induced PL to the
baseline is not necessarily equal at all pixels when using a spatially
encoded measurement technique, necessitating the measurement of the
baseline at each pixel.

While the cuvette holding the SR solution may have scratches that
cause spatially dependent scatter, the main source of the difference
between the ΔT/T signal calculated using optical chopping schemes A
and B is owing to the PL of the sample. The impact of the extra pump-
induced signals on the measured ΔT/T signal depends on the PL yield of
the sample, the number of scattering features at the sample, and the
intensity of the change in sample transmission caused by photoexcita-
tion by the pump, the latter of which is the desired signal. Fig. 6b shows
the percentage of the acquired signal using optical chopping scheme A
that is comprised of the undesired pump scatter and pump-induced PL,
where we use the signal at 40 ps as the nominal amplitude of the

Fig. 4. Calibration of spatially encoded time delay. (a) SSTA measurements of a
P3HT film at a range of retroreflector positions corresponding to steps of 1.5 ps.
(b) Transients collected by SSTA in 5 s (grey) and by translation of retroreflector
in 55min (black).

Fig. 5. Comparison of increasing SNR over time in the measured ΔT/T signal of
SR in solution when using a 3:2 (solid) and 2:2 (dashed) optical chopping ratio
for the probe.
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acquired signal. While the SR solution is photoluminescent and thus the
undesirable contributions calculated by Eq. (4) have greater intensity,
the differential transmission caused by the excited states is also fairly
strong (ΔT/T∼4×10−2). Once the SR molecules aggregate and form a
film they are not as photoluminescent, and while the film has more
scattering features than the cuvette holding solution, the intensity of
the undesirable contributions from scatter and PL is smaller in the film
than in solution. Finally, the film of P3HT is neither highly fluorescent
nor highly scattering, but the signal generated by P3HT at the pump
intensities that prevent photodamage and interactions between excited
species is also lower (∼4×10-3, Fig. 4c). The small amount of scatter
and PL from the P3HT film still constitutes ∼3% of the desired ΔT/T
signal, with spikes of contribution from pump scatter at time delays
corresponding to spatial locations on the film with structural features
that cause a particularly large contribution from scatter.

It is noteworthy that the amount of pump scatter and pump-induced
PL measured for SR is different for the solution and the film. It is
common for the PL yield and PL spectrum of organic small molecules
and polymers to change as they aggregate and crystallize owing to the
formation of H- or J-aggregates that may exhibit weaker or stronger PL,
respectively [23]. Without accounting for this changing PL, measure-
ments of the excited state dynamics during molecular aggregation using
SSTA would be incorrect owing to the evolving contribution of PL.

Films are, generally, also highly scattering in comparison to solutions.
Not accounting for this dynamic contribution could invalidate an SSTA
measurement during film formation.

In summary, we have performed SSTA measurements on proto-
typical organic semiconducting films comprised of small molecules (SR)
or conjugated polymers (P3HT) as well as small molecules in solution
(SR) exhibiting high PL. An optical chopping scheme is presented that
enables the shot-to-shot correction of pump scatter and pump-induced
PL. This is the first demonstration of the use of a spatially encoded time
delay to measure the excited state dynamics of organic films with shot-
to-shot corrections for pump scatter and pump-induced PL. Since these
two contributions are dynamic as molecules aggregate and structural
features evolve, this advance enables SSTA to measure the excited state
dynamics of organic molecules as they form solution-cast films.
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.synthmet.2019.03.
007.
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time delay of 40 ps using optical chopping scheme A as the nominal signal
intensity. (c) Comparison of SSTA signal from SR solution (black), SR film
(green), and P3HT (orange) using optical chopping scheme B after correction
for pump scatter and PL using Eq. (3) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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