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1. Introduction

Metal halide perovskites (henceforth referred to as just
“perovskites” for brevity), since their first appearance as an
absorber layer in solar cells in 2009,[1] have led to an explosion
of academic[2] and industrial[3] interest. The power conversion
efficiency (PCE) of lab-scale perovskite solar cells has surpassed
that of polycrystalline silicon and is now comparable with mono-
crystalline silicon.[4,5] For these reasons, perovskite solar cells are
hoped to play a decisive role in improving the commercial attrac-
tiveness of utility-scale solar energy production and, ultimately,
in mitigating the worst effects of climate change.

Perovskite is the designated name for
materials isostructural to ABX3 where A
and B are cations, and X is an anion, which
is commonly a halide in the perovskite solar
cell community. Research into perovskites
started with compounds based on a single
cation such as MAPbI3 or FAPbI3,

[1,6,7]

where MA is methylammonium and FA
is formamidinium. Nowadays, compounds
formed from mixed X-site halides and
mixed A-site cations are known to generally
yield greater PCE[8,9] and stability[10,11] than
single-cation, single-halide systems. While
extensive efforts are devoted to find the
optimal composition by tuning A-site and
X-site constituents,[2,12] lead (Pb) is now
believed to be essential for the defect-
tolerant nature of perovskites with a
bandgap close to 1.5 eV.[13] For this reason,
studies into B-site composition are less

common for single-junction solar cells.
Modifying the composition provides a means to tune the prop-

erties of perovskite-based devices. Changing the composition of the
X-site is known to strongly effect optoelectronic properties[2] and in
particular the bandgap.[14] The A-site cation contributes more to
structure stability, with a mixed A-site believed to frustrate the
known decomposition routes for MAPbI3 and FAPbI3.

[15] Cs dop-
ing in an FA structure showed the reduced formation of nonper-
ovskite phases,[16,17] and triple-cation systems have shown better
PCE in solar cell devices also.[8] However, most systematic studies
into perovskite composition are carried out on finished solar cell
devices, with themajority of conclusions drawn on perovskite prop-
erties being based on electrical parameters, such as PCE.[18]

In this work, we investigate how the electronic properties of
perovskites themselves, rather than of finished devices, depend
on composition. Proxies for carrier mobility and lifetime are eval-
uated for perovskite thin films using time-resolved microwave
conductivity (TRMC). We study single-, double-, and triple-cation
lead iodide perovskites and how composition effects optoelec-
tronic properties. In order to keep this a targeted study, we here
restrict our attention to the A-site cation rather than the X-site
halide. Analogous studies into the role played by X-site compo-
sition have previously been carried out.[19]

2. Evaluation of Electronic Properties Via
Time-Resolved Microwave Conductivity

TRMC enables one to measure changes in the conductance of
thin films of semiconductors (typically deposited on quartz or
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As the power conversion efficiency and stability of solar cells based on metal halide
perovskites continue to improve, the community increasingly relies on compounds
formed of mixed cations and mixed halides for the highest performing devices. The
result is that device engineers now have a potentially infinite number of compo-
sitions to choose from.While this has provided a large scope for optimization, it has
increased complexity of the field, and the rationale for choosing one composition
over another remains somewhat empirical. Herein, the distribution of electronic
properties for a range of lead iodide perovskite thin films is mapped. The relative
percentages of methylammonium, formamidinium, and cesium are varied, and the
electronic properties are measured with time-resolved microwave conductivity,
a contactless technique enabling extraction of electronic properties of isolated films
of semiconductors. It is found a small amount of Cs leads to larger carrier mobilities
and longer carrier lifetimes and that compositions with a tolerance factor close to
0.9 generally show lower performance that those closer to 0.8 or 1.0.

RESEARCH ARTICLE
www.advenergysustres.com

Adv. Energy Sustainability Res. 2022, 2200120 2200120 (1 of 7) © 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

mailto:j.labram@ucl.ac.uk
https://doi.org/10.1002/aesr.202200120
http://creativecommons.org/licenses/by/4.0/
http://www.advenergysustres.com


glass) as a function of time, in response to irradiation by a pulsed
optical source.[20,21] Examples of TRMC transient photoconduc-
tance (ΔG) measured in this study are shown in Figure 1 for vari-
ous incident laser fluence values. Figure 1a shows example data
for pure MAPbI3, Figure 1b for MA0.5FA0.5PbI3, and Figure 1c
for (MA0.17FA0.83)0.95Cs0.05PbI3. While the exact fluence values

are different for each compound, the same behavior is observed:
a rapid increase in ΔG when the laser pulse is incident, followed
by a slower decay as free charges recombine.

The TRMC figure of merit is ϕΣμ, where ϕ is carrier genera-
tion yield and Σμ ¼ ðμe þ μhÞ is the sum of the average mobilities
of photogenerated carriers, where μe is the average electron
mobility and μh is the average hole mobility, over the illuminated
sample area. With knowledge of the sample absorbance, the inci-
dent number of photons, ϕΣμ can be extracted from transient
ΔG TRMC data.[22] ϕΣμ has the same units as carrier mobility
but is often lower than Σμ because the conversion of absorbed
photons to electron–hole pairs is rarely 100% efficient. For exam-
ple, some photons will be absorbed, but form bound excitons and
recombine before being able to separate into electrons and
holes.[23,24] However, the exciton binding energy for most perov-
skites is often below the thermal energy at room temperature,
and ϕ is therefore close to unity.[25] Hence the TRMC figure
of merit can often be interpreted in a similar way to the sum
of carrier mobilities in perovskites.

Figure 2a shows the mean value of ϕΣμ for three identically
processed samples, measured as a function of incident laser flu-
ence. ϕΣμ decreases as a function of incident laser fluence at

0 50 100 150 200
0

2

4

6

8

10

12

 Fluence = 3.2×1015 cm-2 

 Fluence = 3.2×1014 cm-2

 Fluence = 3.2×1013 cm-2

 Fluence = 3.2×1012 cm-2

 Fluence = 3.2×1011 cm-2

P
ho

to
co

nd
uc

ta
nc

e 
(μ

S
)

Time (ns)

0 50 100 150 200
0

2

4

6

8

10

12

 Fluence = 4.0×1015 cm-2 

 Fluence = 4.0×1014 cm-2

 Fluence = 4.0×1013 cm-2

 Fluence = 4.0×1012 cm-2

 Fluence = 4.0×1011 cm-2

P
ho

to
co

nd
uc

ta
nc

e 
(μ

S
)

Time (ns)

0 50 100 150 200
0

2

4

6

8

10

12

 Fluence = 1.1×1015 cm-2 

 Fluence = 1.1×1014 cm-2

 Fluence = 1.1×1013 cm-2

 Fluence = 1.1×1012 cm-2

 Fluence = 1.1×1011 cm-2

P
ho

to
co

nd
uc

ta
nc

e 
(μ

S
)

Time (ns)

 

 

 

(a)

(b)

(c)

Figure 1. Photoconductance of thin films of a) MAPbI3, b) MA0.5FA0.5PbI3,
and c) (MA0.17FA0.83)0.95Cs0.05PbI3, as a function of time in response to
irradiation with a pulsed optical laser, with various values of incident laser
fluence.
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Figure 2. a) TRMC figure of merit ϕΣμ, as a function of fluence for thin
film of (MA0.17FA0.83)0.95Cs0.05PbI3. Points are average values of three dif-
ferent samples prepared under identical conditions and the line is a
numerical model fit to the data that accounts for bimolecular and
Auger recombination during the laser pulse. b) Estimated average carrier
half life for the same samples of (MA0.17FA0.83)0.95Cs0.05PbI3, measured as
a function of fluence.
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high fluence values but is less sensitive at lower values of fluence.
This is because bimolecular and Auger recombination during the
laser pulse reduce the peak observable carrier concentration
when carrier density is high. Models have been developed to
account for this and enable representative (fluence-independent)
values of ϕΣμ to be extracted from such data.[26] The red line in
Figure 2a shows an example of such a fit. Reproducibility is
another issue that not only inhibits commercialization of perov-
skites,[27] but also makes it challenging to make consistent and
reproducible statements on perovskite properties.[28,29] In this
study we prepared three samples for each composition and draw
conclusions based on averages of the figure of merit, rather than
individual samples.

The mobility of charge carriers in solar cells is a critical factor
in performance, as faster moving charges are more likely to be
extracted before recombining than slower charges.[30] Another
crucial parameter which impacts extraction is the average
lifetime of charges in the film, τ.[31] Lifetime often depends
on carrier type and comprises contributions from monomolecu-
lar, bimolecular, and Auger processes.[32] For this reason, τ typi-
cally depends on carrier density, and defining a single value of τ
for all conditions is challenging. Because TRMC transient data
encapsulate electronic properties over several orders of magni-
tude of charge density,[26] TRMC transient data rarely follow a
single exponential decay[33] and hence attribution of a single
value of τ from TRMC data is not obvious. Instead, the photo-
conductance half life, τ1=2, is often used as a proxy for τ.[34]

Half life is defined as the time it takes for photoconductance
to fall from its maximum value, ΔGmax, to half of the maximum
ΔGmax=2.

Figure 2b shows τ1=2 as a function of incident laser fluence.
As with ϕΣμ, τ1=2 decreases with increasing fluence, as bimolec-
ular and Auger recombination processes increase the rate of
recombination as carrier density increases. For the purposes
of this study, we have simply used the unweighted average of
τ1=2 over all measured values of fluence. We acknowledge that
this value will be skewed by the higher number of measurements
made at higher fluence, but since all samples were measured with
comparable fluence values, and all exhibit a similar dependence
of τ1=2 on fluence, we view this as a reasonable, albeit crude, way
to compare relative recombination rates between samples.

3. Role of A-Site Composition on Electronic
Properties

Analogous measurements to those depicted in Figure 2 were
carried out on a range of perovskite thin films, with various com-
positions. The extracted mean figure of merit as a function of
A-site % is shown in Figure 3a. This is a ternary plot, meaning
the vertices represent compositions with 100% MA, FA, Cs,
respectively, on the A-site. The lines moving away from these
vertices represent lower values (e.g., a horizontal line through
the triangle represents 50% Cs). The points show compositions
which were studied, and the colors are linear interpolation
between these points. For each composition studied, the average
from three identically processed samples was used to evaluate the
value plotted.

A wide range of factors affect mobility in perovskites, includ-
ing microstructure,[35] trap states,[36] carrier density,[26] tempera-
ture, and[37] interface properties,[38] However, we do make some
interesting observations when considering just the A-site compo-
sition in this way. Pure MAPbI3, FAPbI3, and CsPbI3 exhibit
relatively high mobilities. It is possible that this is due to lower
in-grain energetic disorder in these systems. As mixed cation
compounds will have a random cation at each A-site, not all unit
cells will be the same, and we would hence expect coherence of
wavefunctions to be affected over the grain. More experiments
(or calculations) would of course be useful to better understand
this. All measurements were carried out immediately after film
fabrication and were generally concluded within 1 h. For the qua-
sistable[8] compound CsPbI3, the sample was also measured one
day after measurement to determine if it had degraded. After one
day, a TRMC signal was not observable for the degraded film,
suggesting it was no longer optoelectronically active. We can
therefore conclude that the signal measured straight after depo-
sition (and plotted in Figure 3) is at least partially CsPbI3 in a
perovskite form. We however cannot say with any certainty that
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Figure 3. a) Mean TRMC figure of merit ϕΣμh i of perovskite thin films
evaluated using TRMC, as a function composition of the A-site.
b) Mean carrier half life hτ1=2i, of same films. Points are compositions
studied and colors are interpolated between these points. For each point,
the average value from three identically processed samples was used.
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this is pure CsPbI3, but we can say there is some CsPbI3 present;
otherwise, we would see no signal. For this reason, we interpret
this particular vertex as being the minimum ϕΣμ, rather than a
representative value.

In most double-cation mixtures, the highest ϕΣμ is obtained
when each compound is mixed in the same ratio (e.g.,
MA0.5FA0.5PbI3). The exception is for FACs, where the highest
value was obtained when 75% of FA and 25% of Cs were mixed.
While exact attribution of a certain value of ϕΣμ with a certain
composition is not the objective of this study, it is important to
note that incorporation of small amount of cesium has been
shown to yield a significant improvement in solar cell device
performance.[16,39,40] In the case of triple-cation systems, as the
proportion of cesium increases, mobility was observed to decrease
generally. It is also important to note that the highest and the low-
est average mobilities are both found in the triple-cation system.

Figure 3b shows the average half life as a function of A-site
composition in the same perovskite thin films. In contrast with
the mobility, lower values are found at the three vertices. Because
the representative τ1=2 values plotted in Figure 3b are an
unweighted average of τ1=2 extracted at all fluences, and more
measurements are taken at higher fluence than low fluence
(e.g., see Figure 2b), the data in Figure 3b is more representative
of bimolecular processes than monomolecular process.[26]

Unlike time-resolved photoluminescence (TRPL), TRMC is not
sensitive to the decay of bound excitons; it is only sensitive to
free charges, which often results in decay transients being
observed over dissimilar timescales in the same compounds.[41]

Similarly, constant bias-based techniques like transient photo-
voltage (TPV)[42] are also likely to probe dynamics not observed
in zero-bias techniques such as TRMC or TRPL. Therefore
different transient techniques can yield decay curves over very
different timescales: from picoseconds[37] to milliseconds.[43]

For this reason, a comparison of lifetime between techniques
must be carried out with care.[32]

It is important to reiterate that the data presented in Figure 3 is
the mean of three identically processed samples for every
condition and that TRMC measures electronic properties over
a macroscopic area (defined by laser spot size). We know that
microstructure[29,35] and phase[44] have a significant impact on
charge transport in this class of materials, so we would expect
differences in parameters depending on processing, but we inter-
pret the presented values as the representative average for each
composition.

4. Relationship Between Properties in Lead Iodide
Perovskite Thin Films

While the composition clearly does play a role in both mobility
and lifetime of carriers in perovskites, it is not immediately clear
why this is the case. Since microstructure is known to be affected
by composition, this is a possible explanation. However, the
relationship between microstructure and carrier dynamics is
complex. Grain boundaries have been argued to be beneficial,
neutral, and detrimental to certain aspects of perovskite solar cell
performance.[45–47] For example, there is evidence from Kelvin
probe force microscopy that grain boundaries help the separation
of photogenerated carriers.[48] Similarly, atomic force microscopy

experiments have demonstrated that charge generation and
transport are not significantly different in grains and at grain
boundaries.[49] This can be rationalized by the fact that defects
in perovskites can be shallow and/or inactive.[50] If grain bound-
aries in this class of materials were relatively benign[49] it would
also be consistent with the general observation in the literature
of diffusion lengths exceeding average grain sizes.[51,52] In con-
trast to this, there exists abundant experimental[53,54] and
computational[55] evidence that charge recombination is acceler-
ated at grain boundaries, and broadly the consensus is in com-
munity is that grain boundaries are not desirable in perovskite
solar cells.[56–59]

In our case, it is unlikely that microstructure alone is respon-
sible for the variations in Figure 3. We have shown that, for our
processing andmeasurement protocols at least, surface morphol-
ogy is not strongly correlated with ϕΣμ.[29] Another possibility is
that the average structure of the perovskite is modified, and the
electronic structure also changes. A simple way to quantify the
structure of perovskites is using the Goldschmidt tolerance
factor,[60] defined by Equation (1).

TF ¼ rA þ rX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðrB þ rXÞ
p (1)

Note that here we parameterize the tolerance factor with the
symbol TF, rather than the more commonly used t, to avoid
ambiguity with time in our TRMC measurements. Here rA
and rB are the ionic radii of the A- and B-site cations, respectively,
and rX is the ionic radius of the anion. For perovskite structures, TF
is bound between 0.8 and 1. In perovskite structures, a TF between
0.9 and 1 is known to result a cubic structure, and a TF between 0.8
and 0.9 is the orthorhombic phase. The tolerance factor can be
indicative but is not a unique parameterization strategy, since
two completely different structures, with different cation mixtures,
may result in the same tolerance factor value. For instance,
MA0.4FA0.6PbI3 and FA0.8Cs0.2PbI3 have the same tolerance factor.
Moreover, MA and FA cations are organic compounds, rather than
atoms, making it more challenging to define ionic diameter.

Here we have calculated the Goldschmidt tolerance factor cal-
culated using the following radii rMA ¼ 217 pm, rFA ¼ 253 pm,
rCs ¼ 181 pm, rPb ¼ 133 pm, and rI ¼ 220 pm. Since TF¼ 0.9
represents the boundary between cubic and orthorhombic
phases, we could split our data into two groups: those with
0.8< TF and ≤0.9 and those with 0.9< TF≤ 1. Instead, to con-
sider all compounds in a single analysis, we have quantified our
structures using the parameter jTF� 0.9j, that is, how far away
from the cubic/orthorhombic boundary the structure is.

Figure 4a shows a scatterplot of ϕΣμ plotted against the
parameter jTF� 0.9j, and Figure 4b shows τ plotted against
jTF� 0.9j. While there is significant scatter, there is a slight
positive correlation between both ϕΣμ and jTF� 0.9j, and τ
and jTF� 0.9j, of 0.28 and 0.21, respectively. This suggests that
structures with better defined cubic or orthorhombic structures
could generally lead to better transport properties throughout the
film. Although of course it is important not to read too much into
relationships with this much variance, as there are clearly many
other factors which play a role in transport besides this parameter.
A more detailed analysis with a larger number of compositions
would help determine statistical significance (if any).
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5. Conclusion

In this work, TRMC was applied to evaluate electronic properties
of lead iodide perovskite thin films. Themobility-yield product and
a proxy for lifetime were extracted and plotted for a range of cat-
ionic compositions, illustrating a strategy which can be built upon
in the future. We found a general enhancement inmobility for the
compounds with a single cation at the A-site: MAPbI3, FAPbI3,
and CsPbI3, but triple-cation compounds containing a small
amount of cesium also exhibited high mobilities. By correlating
these electronic properties with Goldschmidt tolerance factor,
we found a small positive correlation withmobility when tolerance
factor is between 0.9 and 1 but a negatively correlated behavior was
observed for tolerance factor less than 0.9. This result suggests that
as the structure becomes more stable, as quantified by from toler-
ance factor, the electronic performance generally improved.

6. Experimental Section

Methylammonium Lead Iodide (MAPbI3) Thin Films: Lead iodide (PbI2),
methylammonium iodide (MAI), and dimethyl sulfoxide (DMSO) were
mixed in a 1:1:1 molar ratio and then dissolved in dimethylformamide
(DMF) at 3 mmolmL�1. Chlorobenzene was used as antisolvent and then

the films were annealed at 100 °C for 10min. MAI was purchased from
GreatCell Solar and PbI2 was purchased from Sigma Aldrich.

Formamidinium Lead Iodide (FAPbI3) Thin Films: Lead iodide (PbI2), for-
mamidinium iodide (FAI), and dimethyl sulfoxide (DMSO) were mixed in a
1:1:1 molar ratio and then dissolved in dimethylformamide (DMF) at
3 mmolmL�1. Chlorobenzene was used as antisolvent and then the films
were annealed at 100 °C for 10min. FAI and PbI2 were purchased from
Sigma Aldrich.

Cesium Lead Iodide (CsPbI3) Thin Films: 0.8 M of CsI was dissolved in a
mixture of DMF/DMSO at 4:1 volume ratio. CsI was purchased from
Sigma Aldrich. The precursor solution was left for stirring for overnight.
Films were spin cast onto clean quartz substrates. Two-step spin casting
was applied: 1000 rpm for 10 s and then ramped up to 6000 rpm with
acceleration of 4000 rpm for 1min. Toluene was dripped 30 s before
the spin-casting ends. The films stayed in air for 30 min before the anneal-
ing step. Films were annealed at 340 °C for 10min.

MAxFA1�xPbI3 Thin Films: Two master solutions MAPbI3 and FAPbI3
were prepared. They were then mixed with an appropriate ratio after being
filtered individually.

MAxCs1�xPbI3 Thin Films: MAI and CsI salts were mixed in an appro-
priate ratio and then dissolved in a mixture of DMF/GBL at 97:3 volume
ratio at 120mgmL�1. Toluene was used as antisolvent.

FAxCs1�xPbI3 Thin Films: FAI and CsI salts were mixed in an appropriate
molar ratio and then dissolved in a mixture of DMF/DMSO at 3:1 volume
ratio. Ether was used as antisolvent.

(MA0.17FA0.83)1�xCsxPbI3 Thin Films: MA0.17FA0.83 solution was
prepared from MAPbI3 and FAPbI3 master solutions. CsI was dissolved in
DMSO at 390mgmL�1. CsI solution was then added to MA0.17FA0.83
mixture.

Time-Resolved Microwave Conductivity: The TRMC system used in this
study was described in a previous report, and a brief description is pro-
vided here for completeness.[22] Microwaves were generated using a Sivers
IMA VO4280X/00 voltage-controlled oscillator (VCO). The signal had an
approximate power of 16dBm and a tunable frequency between 8 and
15 GHz. The VCO was powered with an NNS1512 TDK-Lambda constant
12 V power supply, and the output frequency was controlled by a Stahl
Electronics BSA-Series voltage source. The sample was mounted inside
the cavity at a maximum of the electric field component of the standing
microwaves, using a 3D-printed PLA sample holder. Microwaves reflected
from the cavity were then incident on a zero-bias Schottky diode detector
(Fairview Microwave SMD0218). The detected voltage signal was ampli-
fied by a Femto HAS-X-1-40 high-speed amplifier (gain¼�100). The
amplified detector voltage was measured as a function of time by a
Textronix TDS 3032C digital oscilloscope. A Continuum Minilite II pulsed
neodymium-doped yttrium aluminium garnet (Nd-YAG) laser was used to
illuminate the sample. The laser pulse had a wavelength of 532 nm,
FWHM�5 ns, and a maximum fluence incident on the sample of
�1015 photons cm�2 pulse�1. An external trigger link was used to trigger
the oscilloscope before the laser fires. The photoconductance and TRMC
figure of merit ϕΣμ were evaluated from changes in the detector voltage
using standard analysis.[20]

UV–Vis Spectroscopy: UV–visible absorption spectra were obtained
using a Shimadzu UV-Visible Spectrometer UV-2600 ranging from 200
to 1000 nm for all samples.

Statistical Analysis: Preprocessing of Data: Noise was subtracted from
raw voltage versus time data by running a measurement with the beam
blocked. No other filtering or preprocessing of transient data took place.
No data points were removed.

Statistical Analysis: Data Presentation: Data points used in ϕΣμ versus
fluence and τ1=2 versus fluence plots (Figure 2) were means, and error bars
were standard deviations. Points in Figure 3 were mean values of ϕΣμ and
τ1=2, and color gradients were linear interpolations between points, carried
out with OriginLab Origin. Points shown in Figure 4 were individual data
points (not mean values).

Statistical Analysis: Sample Size: Three samples were used for each
mean and standard deviation of ϕΣμ and τ1=2 plotted in Figure 2. 3 sam-
ples were used for each mean ϕΣμ and τ1=2 values plotted in Figure 3.
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Figure 4. a) TRMC figure of merit ϕΣμ of perovskite thin films evaluated
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plotted against jTF� 0.9j. Points are experimental values, and the lines are
linear fits.
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Statistical Analysis: Statistical Methods: Means and standard deviations
were evaluated using standard techniques. The red lines in Figure 4 were
simple linear regressions. Correlation values quoted in the text were stan-
dard statistical correlations.

Statistical Analysis: Software Used for Statistical Analysis: Microsoft Excel.
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