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ABSTRACT: Complex transient photoconductivity (Δσ) contains rich fingerprints of charge
recombination dynamics in photoactive films. However, a direct measure of both real (Δσ′)
and imaginary (Δσ″) components has proven difficult using conventional cavity-based time-
resolved microwave conductivity approaches. Here, we present a novel approach to resolve
Δσ′ and Δσ″ parts of Δσ by using a nonresonant coplanar transmission line and a microwave
interferometric detection scheme. The use of a phase-sensitive microwave interferometer
greatly increases the measurement sensitivity and eliminates the requirement of a resonant
cavity. This broadband detection scheme allows for direct measurement of Δσ. The
relationship between the experimental phase shift and Δσ′ and Δσ″ components is decoded
through an in situ electron spin resonance (ESR) measurement. ESR line shape analysis is used
to confirm the assignment of the transients to the Δσ′ and Δσ″ components. We demonstrate
the utility of this technique on thin films of poly(3-hexylthiophene): [6,6]-phenylC61-butyric
acid methyl ester (P3HT:PCBM) and perovskite MA0.85FA0.15PbI3 films on glass.

■ INTRODUCTION
Time-resolved microwave conductivity (TRMC) is an
experimental technique used to record the transient light-
induced changes in the conductance of photoactive thin films
with nanosecond time resolution.1−4 The change in con-
ductance due to the photo-generated charge carrier dynamics
introduces a time-dependent impedance change that can be
probed using typical microwave impedance detection
schemes.1−4 This knowledge of charge-carrier dynamics in
semiconductors is important for understanding the electronic
and material properties of a system. It is also valuable in device
design and optimization. This is particularly crucial for organic
semiconductor-based solar cells, light-emitting diodes, and
transistors, where charge generation, extraction, and amplifi-
cation, respectively, are highly dependent upon the dynamics
of the photogenerated carriers.5−7 In contrast to the alternative
techniques like time of flight measurements,8−11 field effect
transistors measurements,12 or photo-induced charge extrac-
tion by a linearly increasing voltage,13−17 TRMC is a
contactless technique that avoids the necessity to apply
ohmic contacts and therefore eliminates effects due to active
layer−contact interfaces.1−4

A conventional cavity-based TRMC setup relates the total
impedance change to a measure of the total complex
photoconductivity (Δσ) and cannot directly distinguish
between the real (Δσ′) and imaginary (Δσ″) components.1−4

Some attempts have been made by several groups to resolve
Δσ with varying degrees of success.18−21 The work presented

here circumvents many of the experimental hurdles in
observing the complex transient impedance changes using
cavity-based detection schemes by utilizing a microwave
interferometric detection scheme.22 To sense small impedance
changes, the microwave interferometric detection circuit is
coupled to semiconducting thin films through a coplanar
transmission line probe. A nanosecond pulsed laser is used to
photogenerate charge carriers in these films. A microwave
phase shifter in the homodyne demodulation scheme is used to
directly select Δσ′ and Δσ″ components of Δσ. Line shape
analysis of a simultaneous electron spin resonance (ESR)
measurement provides a methodology to decode the relation-
ship between the experimentally variable microwave phase and
the Δσ′ and Δσ″ components. The use of the phase-sensitive
microwave interferometric detection scheme has the following
advantages over the conventional (cavity-based) TRMC setup
approaches: (1) There is a capability to experimentally resolve
Δσ without complicated frequency dispersion analysis.18 (2)
The measurement sensitivity is independent of the cavity
loading and is instead determined by the interferometric
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tuning. (3) Use of a sensitive microwave interferometer with a
typical averaging (10 to 1000) allows measurement of the
TRMC signal with a signal-to-noise ratio > 150.22 The time
resolution of this measurement (∼0.1 ns) is limited by the rise
time (∼2 ns) of the laser pulse which are both far faster than
the time scale of the transient photoconductivity in most
organic semiconductors. This enables us to investigate device-
sized (∼nL) volumes of semiconducting films. The decrease in
the probed area allows for more direct comparisons with
working devices as contrasted with the stacked films used to
obtain sufficient signal in the standard microwave cavity
technique, where film-to-film variation may influence results.
(4) There is the ability to conduct simultaneous impedance
and ESR measurements, which would not be possible in a
resonant cavity that can only concentrate either electric or
magnetic fields. (5) Concurrent measurement of a known ESR
line shape, for example, using 2,2-diphenyl-1-picrylhydrazyl
(DPPH), can confirm the assignment of the obtained
transients to the pure Δσ′ and Δσ″ components.

■ EXPERIMENTAL SECTION
P3HT:PCBM. P3HT:PCBM thin films of poly(3-hexylth-

iophene) (P3HT, >98% head-to-tail regioregularity) and [6,6]-
phenylC61-butyric acid methyl ester (PCBM) were used.
Solutions of 20 mg/mL total solid content, with 1:1 weight
ratio P3HT:PCBM, were prepared in chlorobenzene. Films
were prepared by spin-coating at 17 rev/s onto glass substrates,
followed by an annealing step, 300 s at 150 °C, inside a
nitrogen-filled glovebox (<0.1 ppm O2, <0.1 ppm H2O).

MA0.85FA0.15PbI3. MA0.85FA0.15PbI3 (MAFA) thin films
were fabricated as described elsewhere.23 Briefly, glass
substrates were cleaned by sonication in 2% alkaline
concentrate, water, and ethanol separately, followed by UV−
ozone treatment. Precursor solutions were prepared in
anhydrous dimethyl formamide/dimethyl sulfoxide (9:1, v/
v): PbI2 (1.2 mol/L), methyl ammonium iodide (1.2 mol/L),
and formamidinium iodide (1.2 mol/L). Following dilution to
0.6 mol/L, ∼100 nm metal-halide perovskite (MHP) thin films
were created in a two-step spin-coating process: 17 rev/s for 10
s and 85 rev/s for 30 s with anhydrous chlorobenzene as the
antisolvent. The resulting films were annealed at 110 °C for
900 s.

DPPH Infused Paper. 2,2-diphenyl-1-picrylhydrazyl
(DPPH) sample is prepared by dipping a piece of copy
paper in a high concentration 10 wt % acetone/DPPH
solution. Upon drying, DPPH-infused paper of size ∼1 mm ×
1 mm was secured on the transmission line with adhesive tape.

■ RESULTS AND DISCUSSION
Microwave Conductivity Setup. A schematic of the

TRMC system used in this study is shown in Figure 1. Thin
films of photosensitive materials on glass substrates are affixed
to a coplanar transmission (no ground plane) line which
efficiently couples microwave electric and magnetic fields into
the samples (Figure 2A). The transmission line has a
characteristic impedance of 50 Ω. Figure 2B shows the cross-
section of the transmission line with the spatial distribution of
the electric fields. The TRMC measurements rely on electric
field coupling to the photoactive sample to sense the change in
photoconductivity, while the ESR measurements rely on the
magnetic field coupling to sense the spin transitions in DPPH.
Detection occurs in transmission mode (rather than the

reflection mode) with the transmission line structure inserted
into the “sample arm” of the microwave interferometer22

circuit which operates at X-band frequencies (8−12 GHz).
The microwave interferometer is assembled in a Mach-

Zehnder configuration22 which is tuned to null the output in
the absence of a transient photoconductivity impedance
change. The output of the microwave interferometer is
amplified and then demodulated (homodyne) to reveal the
transient impedance change. A trombone line microwave phase
shifter is inserted in the local oscillator (LO) arm of the
demodulation scheme. This phase shifter provides the
experimental phase control required to select the in-phase

Figure 1. Experimental TRMC and ESR setup with phase-sensitive
detection scheme showing microwave excitation and detection
circuitry. Inset shows the sample assembly with transmission line
and sample film (1), light source (2), and electromagnet with coils
(3).

Figure 2. (A) Transmission line connected to the microwave
excitation and detection circuit with photo-active material film on
glass and an ESR probe (DPPH-infused paper) secured on it. (B)
Cross-section of the transmission line with spatial distribution of the
electric field. Time-varying magnetic field is perpendicular to the
electric field.

Scheme 1. Phase Detection Using an X-Band Mixer
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and out-of-phase components of Δσ. The demodulated
transient signals are then amplified and recorded by a high-
resolution oscilloscope. Samples were illuminated using the
second harmonic (532 nm) of a pulsed Nd:YAG laser with an
excitation intensity of 10 μJ/cm2/pulse, a pulse width of 5 ns
(FWHM), and a 10 Hz repetition rate. Data acquisition was
synchronized using an external photodiode trigger. Though the
samples are prepared and stored in an Ar or N2 environment,
all TRMC measurements were performed in ambient air.

Phase-Sensitive Microwave Detector. All components
of the interferometric microwave detector employed in this
study are described elsewhere.22 A detailed discussion of the
phase-sensitive detection component is presented in this
section to elucidate its working principle and how it can be
used to resolve the complex conductivity.
The heart of phase-sensitive detection is an X-band mixer

(Scheme 1). The output of the mixer is the product of two
input signals (RF × LO). The signal exiting the interferometer
enters the mixer at the RF port. It is described by

= +S A tsin( )I I I I (1)

Here, AI is the amplitude of the interferometer output, φI is
the frequency of the input microwaves, and the phase delay ωI
is a result of microwave absorption through the semi-
conducting film. The absorption is related to the complex
conductance of the film.
The phase shifter on the LO path allows one to change the

phase of the LO microwave signal. Therefore, the signal to the
LO input of the mixer can be described by

= +S A tsin( )LO LO LO LO (2)

Here, ALO is the amplitude of the LO microwave signal, ωLO =
ωI, and φLO is the LO phase. The product output signal of the
X-band mixer then contains components at the sum and
difference frequencies. This can be described as

Figure 3. TRMC transients obtained at different microwave phases
for (A) drop-casted P3HT:PCBM (50:50) and (B) 100 nm spin-
coated MAFA films on glass. Insets: microwave phase dependence of
transient amplitudes (measurement error bars are smaller than the
data points).

Figure 4. (A) ESR microwave phase dependence for DPPH. (B) Blue box indicates line shapes which are nearly 90° out of phase and approximate
absorption and dispersion ESR signals. (C) Normalized absolute TRMC (red) amplitude and normalized A % obtained from ESR measurement at
different microwave phases (blue) (measurement error bars are smaller than the data points).
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The outputs given in eq 5 for φLO = 0 and φLO = π/2 are the
in-phase and out-of-phase components of eq 1 with respect to
the LO frequency. These components are related to the real

and imaginary parts of the complex conductance. Thus, the LO
phase can be used as an experimental variable to separate the
real and imaginary components of a complex signal using this
phase-sensitive detection. However, the phase, φI, of the
microwave entering the RF port of the mixer (coming from the
interferometer) is dependent on sample placement, interfer-
ometer tuning, and microwave amplification. Thus, there is a
requirement to decode the phase relationship between the
microwave signals entering the RF and LO ports of the mixer.

ESR Setup. To decode the phase relationship between
microwave signals to the mixer and the TRMC transient, the
TRMC setup can be readily converted to an operando
continuous wave ESR measurement setup to perform in situ
ESR measurements. This only requires the addition of an
electromagnet capable of supporting X-band ESR measure-
ments (∼300 mT), magnetic field modulation coils sufficient
to support conventional lock-in detection schemes (∼0.3 mT
@ 30 kHz) (Figure 1), and a standard ESR reference sample
consisting of DPPH-infused paper secured on the transmission
line adjacent to the photoactive TRMC sample. The whole
transmission line sample holder assembly is centered within
the poles of the electromagnet (Figure 1). In the ESR
measurement, the output of the microwave interferometer is
demodulated and processed through second-phase sensitive
detection (lock-in amplifier) to yield the magnetic field-
modulated ESR response. Analysis of the ESR line shape of the
DPPH standard spectrum provides a direct measure of the
phase relationship between microwaves exiting the interfer-
ometer (RF port of the mixer) and those on the LO port. This
allows one to select the absorptive or dispersive line shape
(delineating in and out of phase detection, respectively) of the
ESR response and correlate that with the Δσ′ and Δσ″
components of TRMC response.
The further advancement of high-efficiency organic photo-

voltaics (OPVs) requires understanding of the complex
processes involved in the photogeneration of charges24,25 in
device analogous samples. One of the most studied binary
polymer, fullerene systems, for OPVs consists of a blend of
regioregular P3HT and the electron acceptor PCBM. While
the rate of exciton dissociation in P3HT:PCBM blends is
known to occur on an ultrafast time scale (∼tens to hundreds
of femtoseconds), the significantly longer (hundreds of
nanoseconds or longer) charge recombination process
ultimately determines the device performance.1 Therefore,
TRMC is an ideal tool to investigate carrier dynamics in the
nanosecond to sub-microsecond time regime. Further, the use
of a suitable model allows one to distinguish between carrier
trapping, primary geminate recombination, and second-order
carrier recombination.1,20

Another material of interest for photovoltaic applications is
the MHP, MAFA. This ionic semiconductor is known to
exhibit a large relative permittivity (εr ∼ 5−50).26 Giant
dielectric constant modulation has been reported in MHPs,
where εr increases by 3 orders of magnitude under illumination
from 1 sun conditions at kHz to MHz frequencies.27

Therefore, this material is expected to show distinct in-phase
and out-of-phase TRMC transients at these frequencies.28 In
this system, the optical dielectric response due to dielectric
permittivity is known to occur over tens to hundreds of
picoseconds.26 TRMC, with nanosecond time resolution, is an
ideal tool to probe the slower orientational components26 due
to the realignment of dipolar species and the space charge
contribution that results from free charges (both ionic and

Figure 5. TRMC transients obtained at nπ (blue) and π(n+1/2)
(red) microwave phases. (A) Drop-casted P3HT: PCBM (50: 50)
and (B) 100 nm spin-coated MAFA films on glass. Insets: Normalized
absolute TRMC amplitude and normalized A % or D % obtained
from ESR measurement at different microwave phases (measurement
error bars are smaller than the data points).
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electronic) redistributing over macroscopic distances in the
material. In this work, we use the TRMC to evaluate photo-
induced changes in the relative permittivity [Δεr(t) ∝ Δσ(t)]
as a function of time for a 100 nm thin film of MAFA.
During a TRMC experiment, the sample is optically excited

by a 532 nm laser with an excitation intensity of 10 μJ/cm2/
pulse and a pulse width of 5 ns. Microwave propagation
through the sample is monitored by the interferometer
detection circuit, and the transient decay of the output signal
is recorded as a function of time. The duration and nature of
the subsequent decay enable one to probe the dynamics of
carrier recombination. We report the signal difference [ΔV(t)]
between measurements taken in the presence and absence of
the laser pulse and define this as the TRMC response.

= +V t t( ) ( ) i (6)

The gigahertz complex photoconductivity (Δσ) contains the
Δσ′ and Δσ″ conductivity parts of the complex photo-
conductivity. Δσ′ corresponds to the change in the dielectric
loss ε″, while Δσ″ represents the change in the real part (ε′) of
the dielectric constant ε.29
The kinetic traces of the drop-casted P3HT:PCBM blend

film and 100 nm spin-coated MAFA film for different
microwave phases at 8.974 GHz (16 dBm input to the
transmission line for P3HT: PCBM and 4 dBm for MAFA
films) are shown in Figure 3A,B. The phase dependence of the
amplitudes (peak value of the transient) of the recorded
transients is shown in Figure 3 insets. The observed change in
the transient amplitude with microwave phase clearly indicates
the phase dependence of the recorded signal. The observed
change in polarity of the transients has been assigned to the
signal from the trapped electrons in P3HT:PCBM films.20 The
phase dependence of transient amplitude is recorded at
different microwave frequencies (8.5, 8.974, 9.5, 10, and 10.5
GHz). Normalized amplitude versus microwave phase plots for
different frequencies are shown in Figure S1. Since the same
trombone line phase shifter was used for all frequencies, the
phase axis was adjusted for each frequency to make it
convenient for direct comparison. Irrespective of the frequency
of microwaves, the transient trace with pure Δσ′ was recorded
at π(n+1/2), and pure Δσ″ component was recorded at nπ
microwave phase (Figure S1). An in situ ESR measurement is
used to confirm this assignment.
During an ESR measurement at resonance, the magnetic

susceptibility, χ = χ′ + jχ″, changes both χ′ and χ″ parts in
conformity with Kramers−Kronig relations.30 Therefore, any
change in the microwave phase should be reflected in the line
shape of the recorded ESR signal. A pure dispersion (χ′) or
pure absorption signal (χ″) can be obtained by tuning the
microwave phase. The ESR absorption line shape is recorded
as the first derivative of the Lorentzian for purely absorption,
and the second derivative indicates the dispersion signal.
A simple ESR dispersion and absorption line shape analysis

(DISPA)30,31 is used to determine the phase relationship
between the RF and LO signals and experimentally validate the
relation between Δσ′ and Δσ″ components of complex
photoconductivity. Figure 4A illustrates the ESR line shapes
for the DPPH-infused paper as a function of the microwave
phase difference between the RF and LO signals (ESR
microwave phase dependence for the MAFA thin film is shown
in Figure S2). The change of line shapes from absorption
[Figure 4B (left)] to dispersion [Figure 4B (right)] and all
intermediate mixed line shapes are observed. In the empirical

DISPA analysis, the first derivative ESR signal is separated to
components above and below the baseline and can be
characterized by “A” and “D” amplitude parameters (defined
in Figure 4B). In this framework, pure absorption occurs when
the total amplitude is equally split between “A” and “D”
components (A = D). Dispersion line shapes have the
minimum “A” component of the total amplitude. Similarly,
mixed line shapes can be deduced by monitoring the
percentage of “A” component in the total line shape amplitude.
The phase dependence of the normalized A % obtained from
DISPA analysis follows the microwave phase dependence of
the normalized absolute TRMC amplitude as shown in Figure
4C. This allows us to assign TRMC transients to the Δσ′ and
Δσ″ components of complex photoconductivity based on the
recorded ESR line shape.
Figure 5 shows the kinetic traces corresponding to Δσ′ and

Δσ″ of P3HT:PCBM (Figure 5A) and 100 nm MAFA films
(Figure 5B). The phase dependence of absolute transient
amplitudes obtained from TRMC measurements and corre-
sponding DISPA analysis from operando ESR measurements
are shown in the respective insets. It should be noted that the
microwave phase dependence of the normalized absolute
TRMC amplitude follows phase dependence of the normalized
A % obtained from DISPA analysis for P3HT:PCBM films, but
for MAFA, it follows D %. The P3HT:PCBM films display
identical transients for Δσ′ and Δσ″ obtained at nπ and π(n +
1/2) microwave phases. However, the transients obtained for
nπ and π(n + 1/2) microwave phases for the MAFA film
(Figure 5B) are comparatively mismatched. The mismatch of
the transients obtained for nπ and π(n + 1/2) microwave
phases for the MAFA film over the microsecond time range
suggests kinetic differences in Δσ′ and Δσ″. Similar differences
between the real and imaginary photoconductive decays were
also observed in previous studies of polycrystalline MAFA
films.27 The frequency regime we probe in these experiments
(∼10 GHz) is associated with molecular motions of A-site
cations.28 This motion of the A-site cations and polaronic
charges contribute to the imaginary component of conductivity
and the relative magnitude of Δσ′ and Δσ″ in perovskites.

■ CONCLUSIONS
In conclusion, using the microwave interferometer-based
phase-sensitive detection scheme with a coplanar transmission
line, we have carried out TRMC and ESR measurements for
photo-active thin films at different microwave phases for small
volume samples. By studying the P3HT:PCBM and MAFA
thin films as examples, we have demonstrated that this TRMC
approach can be used not only to extract complex conductivity
but also to experimentally resolve the complex photo-
conductivity. Use of operando ESR further allows one to
confirm the assignment of TRMC transients to the real or
imaginary components. P3HT:PCBM films show changes in
conductivity consistent with previous results of photocurrent
generation. In MAFA, we can observe changes in complex
conductivity related to photo-induced ionic motion related to
previously observed A-site cation motions. Hence, this
approach has the potential to extend the utility of TRMC
measurements in organic/ionic semiconducting materials.
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