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Timothy J. Magnanelli, Simon Luo, Joseph M. Cardon, Shane Ardo, and Thomas Unold

Dedicated to the memory of Charles A. Schmuttenmaer

Mobilities and lifetimes of photogenerated charge carriers are core properties
of photovoltaic materials and can both be characterized by contactless terahertz
or microwave measurements. Here, the expertise from fifteen laboratories is
combined to quantitatively model the current-voltage characteristics of a solar
cell from such measurements. To this end, the impact of measurement condi-
tions, alternate interpretations, and experimental inter-laboratory variations

are discussed using a (Cs,FA,MA)Pb(l,Br); halide perovskite thin-film as a case
study. At 1 sun equivalent excitation, neither transport nor recombination is sig-
nificantly affected by exciton formation or trapping. Terahertz, microwave, and
photoluminescence transients for the neat material yield consistent effective
lifetimes implying a resistance-free JV-curve with a potential power conversion
efficiency of 24.6 %. For grainsizes above =20 nm, intra-grain charge transport
is characterized by terahertz sum mobilities of =32 cm? V' s7\. Drift-diffusion
simulations indicate that these intra-grain mobilities can slightly reduce the

fill factor of perovskite solar cells to 0.82, in accordance with the best-realized
devices in the literature. Beyond perovskites, this work can guide a highly pre-
dictive characterization of any emerging semiconductor for photovoltaic or pho-
toelectrochemical energy conversion. A best practice for the interpretation of

terahertz and microwave measurements on photovoltaic materials is presented.

1. Introduction

For applications of semiconductor mate-
rials in, for example, photovoltaics, solar
fuel cells, and light-emitting diodes, large
charge carrier mobilities are desirable
to enable efficient charge injection and
extraction, while in microelectronics, the
achievable data processing speed is ulti-
mately limited by charge carrier mobili-
ties. Long non-radiative lifetimes are
required for large open-circuit voltages
or high luminescence quantum yields in
devices. Therefore, charge carrier mobili-
ties and lifetimes are metrics for the
quality of a semiconducting material and
are widely used to guide the development
of more efficient devices. Both properties
can be probed in a contactless manner by
Time-Resolved Microwave Conductivity
(TRMC) experiments and Optical-Pump
Terahertz-Probe  (OPTP)  spectroscopy,
which makes them excellent tools for the
characterization of photovoltaic materials.
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Table 1. Comparison of OPTP, TRMC and device techniques.

www.advenergymat.de

OPTP TRMC Hall solar cell
electrical contacts possible not allowed required required
results sum mobility ¥ decay time Mobility (doping)
carrier kind photo-excited carriers (electrons, holes, excitons, polaritons) Dark majority carriers all carriers
photoexcitation Pulsed pulsed no continuous
transport frequency 0.5-3 THz 8-12 GHz DC DC
transport direction Lateral lateral lateral vertical
transport distance =20 nmb) =200 nm®) =lcm =500 nm
transient-window 100 fs — 2 ns 10 ns —1ms9
sensitivity n>01cm?v's™ u>10*cm?v's™

frequency-resolved version (Time-resolved terahertz spectroscopy) additionally yields the reduced effective mass, the scattering time, and an indication of carrier localiza-
tion; PProbed transport distance is proportional to the root of the charge carrier mobility, here for 30 cm? V' s7'; 9time resolution of 0.5 ns can be realized by open-cell

configuration at 30 GHz.

Halide perovskites represent a semiconductor class that has
undergone enormous progress in their application as light-
harvesting and emitting material. The corresponding solar cells
have certified power conversion efficiencies of 25.5 %, outper-
forming Cu,(In,Ga)(S,Se), (CIGS) and CdTe thin-film technolo-
gies.ll The remaining losses in the fill factor and open circuit
voltage have been attributed to limited charge transport and
non-radiative recombination, respectively.l?) In principle, OPTP
and TRMC are ideal for probing these losses and numerous
OPTP and TRMC studies have been conducted on lead-halide
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perovskites so far.3 However, since for these measurements
an electrical potential corresponding to solar cell operating
conditions cannot be applied (due to the lack of contacts), the
OPTP and TRMC measurement conditions must be translated
to the thin film device. Such differences are summarized in
Table 1 and require several steps of interpretation and mode-
ling, which have been handled differently by different research
groups so far. Therefore, this publication seeks a consensus on
the interpretation of TRMC and OPTP measurements and dis-
cusses the confidence of the results.

The first step is to characterize carrier trapping and exciton
formation, as the corresponding quantum yields are crucial for
assigning relevant lifetimes and electron and hole mobilities.
Therefore, theoretical signatures of trap filling, exciton forma-
tion, and the excitonic Mott transition are discussed for the
injection-dependent mobility and photoconductivity transients.

Second, a solar cell is operated under continuous 1 sun illu-
mination while OPTP and TRMC are measured after pulsed
excitation. Therefore, the injection dependence of the effective
lifetime is measured and the value that corresponds to solar
cell operation is determined. Modeling the occupation of the
band states allows deriving the implied open-circuit voltage
and the implied current-voltage characteristics without trans-
port losses.

Third, OPTP (or TRMC) measures the mobilities of charge
carriers in electric fields that alternate at THz (or GHz) frequen-
cies, which must be translated to the DC-transport through
the thin-film solar cells. However, previous publications do
not agree on whether the transport is reduced by charge car-
rier localization or not. Here, we discuss the impact of trans-
port barriers at grain boundaries on the frequency-dependence
and underline differences between long-range and short-range
DC-transport. Simulations of the JV-characteristics with the
drift-diffusion modeling software SCAPS-1D reveal whether the
OPTP-derived intra-grain mobilities account for the fill factor
losses in the complete solar cell.

Fourth, the precision of our results is determined by an
inter-laboratory comparison. The reviews of Savenije and
Herz showed that the reported charge carrier mobilities for
standard halide perovskites such as methylammonium lead
iodide vary considerably from 1 to 600 cm? V! 57134 Although
similar mobility variations have been reported for conventional

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. OPTP and TRMC in a nutshell: lllustration of a) optical-pump terahertz-probe measurements (OPTP) and b) time-resolved microwave con-
ductivity measurements (TRMC). c) Photoconductivity transients measured on an InP-wafer and on a Csggs5(FA0.83MAg.17)0.95Pb(l0.83Bro.17)3 thin film.
The time windows of OPTP and TRMC are bridged by open-cell TRMC (oc-TRMC). The mobility is estimated from the initial amplitude and the lifetime
from the transient behavior. d) Time-resolved terahertz spectroscopy (TRTS) on InP—a frequency-resolved version of OPTP—yields the mobility spectra
of the real and imaginary parts of the mobility. Fitting the carrier mobility in InP with the Drude-model yields an effective scattering time of 120 fs and

a reduced relative effective mass of 0.085.

techniques, such as Hall measurements, concerns have arisen
in the semiconductor community about “non-standard”
mobility measurements like OPTP and TRMC.P! To charac-
terize the measurement variations, we studied the charge car-
rier mobility in fifteen TRMC and OPTP laboratories and were
thus able to statistically decouple the inter-laboratory variations
from the intrinsic material properties. To this end, the partici-
pating laboratories received perovskite thin films with a nom-
inal stoichiometry of Csgos5(FAOg3MAg17)0.95Pb(Ip83B1017)3 on
fused silica and for comparison wafers of single-crystalline InP.
All halide perovskite samples were fabricated at the University
of Potsdam under identical preparation conditions in one go, as
described in the Note S1, Supporting Information. The prepa-
ration conditions used, have previously resulted in solar cells
with more than 20% efficiency.!®!

2. OPTP and TRMC in a Nutshell

The contactless nature of the measurement is a major advan-
tage of OPTP and TRMC over more conventional techniques
such as DC-conductivity and Hall-effect measurements, as it
overcomes interface issues such as contact resistance, uninten-
tional doping, and bandwidth limitations and allows to study
bare films and even powders.”) OPTP in reflection mode is
even more flexible as it allows probing interfaces between semi-
conducting materials and highly conductive substrates.(®!

Both techniques have in common that they probe the for-
mation and kinetics of photoexcited electrons, holes, and
excitons by measuring photoconductivity transients, as well
as mobilities. OPTP and TRMC are based on the same princi-
ples as illustrated in Figure 1la/b. Typical experimental setups
are described in Notes S2 and S3, Supporting Information.[*1%!
Optical pump pulses photogenerate charge carriers in the
(perovskite) sample. Depending on their mobilities, these car-
riers are accelerated laterally in an electric field of a terahertz
probe pulse or by a standing microwave in a cavity, which alter-
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nate at terahertz or gigahertz frequencies, respectively. The
photogenerated carriers acquire an oscillating drift velocity,
and thereby a part of the terahertz or microwave radiation is
absorbed. The corresponding pump-induced change in trans-
mitted terahertz electric field AE/E or in the reflected micro-
wave power AP/P is measured and analyzed in a first step for
the sheet photoconductivity Ao, or photoconductance AG. For
our samples, the so-called Thin-Film Approximation (1) can
be used for the OPTP analysis and Equation (2) for the TRMC
analysis, which contain the vacuum permittivity &, the speed
of light ¢, and the refractive index of the substrate ngy, or the
sensitivity factor K.l

AE
, AE
Ao.= [ Acdx = —eoc(1+nsub)% (1)
x=0 1+7
E
AG=Ac, &=_LAP (2)
b K P

The obtained sheet photoconductivity Ao, = JaG dx s
given by the depth integral of the pump-induced conductivity
Ao. The depth distribution of the photoconductivity (or of the
carrier concentration) is irrelevant for the OPTP and TRMC
measurements on thin films. Alternatively, the OPTP-commu-
nity often uses the mean photoconductivity Ac = Ag,/d, which
assumes a homogeneous distribution of the carriers over the
sample thickness d. The TRMC community uses the quan-
tity (lateral) photoconductance AG, which has the same units
as sheet conductivity but is scaled by the ratio of the sample
length in the direction of the microwave field b and the sample
length perpendicular to the microwave field a. To underline
that OPTP and TRMC measure in principle the same quantity
and to be independent of the sample dimensions we convert
TRMC-derived photoconductance into sheet photoconductivity
in this work.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

The sheet photoconductivity is measured either by varying
the delay between the optical pump pulse and the terahertz
probe pulse or from the transient microwave power reflected
from the sample in TRMC, resulting in complementary tran-
sients as shown for a perovskite thin film and an InP wafer in
Figure 1c. A major difference between the two techniques is
the accessible time window, which is typically 100 fs — 2 ns for
OPTP and 10 ns — 1 ms for TRMC. Hence, OPTP can probe
materials with relatively short charge carrier lifetimes such as
early-stage emerging materials, CdTe and kesterites; whereas
TRMC is suited for materials with longer lifetimes such as pas-
sivated Si or GaAs-wafers, Cd(Se,Te), and halide perovskites.
However, the time window of OPTP has been previously
increased to similar values as for TRMC by using a separate
laser for terahertz generation and photoexcitation.’¥ The lower
time resolution of the TRMC is due to the finite quality factor of
the resonator: Using an open cell (oc) can improve the time res-
olution of the TRMC to below 1 ns, but at the expense of sensi-
tivity. For example, cavity resonance lowers the time resolution
but is also largely responsible for TRMC's better sensitivity for
mobilities of >0.0001 cm? V! s7! compared to >0.1 cm? V! 57
for OPTP at injection levels of =10 photons per pulse and cm?.

The sheet photoconductivity transients Ao, shown in
Figure 1c can be caused either by a decay in the electron-hole
pair concentration An, via recombination, or by a decay in the
average mobility via transfer into a contact layer with lower
mobility, or trapping, or exciton formation. For deriving a life-
time related to recombination, it is crucial to distinguish these
processes, which will be discussed in the next section.

Ao, =eAn s with us = ®(u, + ) and 4, :(1—<I>mp)ubmd (3)

The sum mobility ys can be gained from Equation (3), if
the initially induced sheet carrier concentration An, is meas-
ured as elaborated in detail in the Note S4, Supporting Infor-
mation. Therefore, the sheet photoconductivity transients are
often divided by the elementary charge e and the initial induced
sheet carrier concentration Ang as shown in Figure 1lc, which
allows reading the sum mobility from the initial amplitude of
the transient. However, the mobility is not necessarily changing
over time, which may be unintentionally suggested by this
representation.

The sum mobility uy is twice the average mobility of all
photo-generated species that are weighted by their concentra-
tions. In most cases, it can be described in Equation (3) by the
sum of the average electron mobility x, and of the average hole
mobility 1, and by the fraction @ of electron and hole pairs that
are not bound as excitons, which is usually called free-carrier
quantum yield. However, dissociated electron-holes pairs can
also be trapped in defect states where they are usually immo-
bile and not “free”. In such cases, the average electron mobility
U, is reduced compared to the mobility in the conduction (or
valence) band fi,q by the fraction @y, of electrons that are
trapped. The overall fraction of free photoexcited electrons is
given by @, = ®(1 — dy,,). Holes can be treated analogously
with individual trapping fractions.

In terahertz spectroscopy, the mobility is usually obtained
from measuring the full shape of the electric field of the
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terahertz pulse at a fixed time after charge carrier photogen-
eration, which is detailed in Note S2, Supporting Informa-
tion. Such measurements are called Time-Resolved Terahertz
Spectroscopy (TRTS). This technique has the advantage, that
a Fourier-transform reveals the real and imaginary part of the
mobility as a function of the terahertz frequencies that consti-
tute the terahertz pulse. Typical windows are =0.5-2.5 THz for
TRTS versus a single frequency of typically =9 GHz for TRMC.
For many single-crystalline materials, such as InP shown in
Figure 1d, the frequency dependence follows the Drude-model,
which allows to determine the reduced effective mass, the
effective scattering time, and to extrapolate the DC-mobility
of the charge carriers. The frequency dependence for halide-
perovskites is more challenging to analyze and demands more
advanced models as will be discussed in Section 5.

3. Exciton Formation and Trapping

The possible impact of trapping and exciton formation must
be clarified to determine the mobility and the effective lifetime
that are relevant for (photovoltaic) applications. Employing the
above band-gap excitation light, charge carriers are generated
with excess kinetic energy, which is more than 1 eV per elec-
tron-hole pair in the case of 3.1 eV pump photons and a 1.65 eV
bandgap of the studied perovskite. Subsequent carrier cooling,
trapping, exciton formation, and recombination are schemati-
cally depicted in Figure 2a.

3.1. Trapping Signature

Trapping signatures in the photoconductivity kinetics are mod-
eled and shown in Figure 2b—d for the presence of a shallow
electron trap and a deep recombination center. The modeled
photoconductivity exhibits a fast decay due to the initial capture
into the trap states. The recombination leads to the subsequent
decrease with the effective lifetime 7.4 = Tgpy /(1 — Pyrap), Where
the Shockley—Read—Hall lifetime 7ggyy is prolonged by the frac-
tion of trapped carriers ®,,.*% For low carrier concentration
this fraction increases during the initial capture to the value
given by Equation (4). For large concentrations, the traps get
filled, and the effective mobility increases towards the mobility
in the band states, which is demonstrated in Figure 2e.

NCV
=1

o trap Nt

exp(—kf—’T) forn <N, 4

In case of high defect concentrations, defect bands may
be formed, in which carriers have rather small mobility, or
the mobility may continuously fade out in band tails. However,
the signatures of a reduced mobility, trap-filling, and thermal
activation are maintained.

3.2. Exciton Signature
Since excitons carry no effective charge, their DC-mobility

is zero. They can be polarized by THz radiation or excited

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Probing exciton formation and charge carrier trapping. a) lllustration of competing charge carrier dynamics including cooling to the band-
edge, trapping, exciton formation, and recombination. b-d) Signatures of trapping in the modeled transients of trapping fraction ®,,,,, carrier concen-
tration An, and photoconductivity Ao for electron traps with a discrete energy level E, of 200 meV, a trap concentration N, of 10" cm~, a trapping time
of 10 ps, a Shockley—Read—Hall lifetime 7sgyy of 1 s, and effective density of band states N, of 2.2 x 108 cm™. e) Effect of trap filling increases the
quantum yield to unity. f) Effect of exciton formation, which typically reduces the quantum yield at intermediate carrier concentrations and excitons
dissociate above the Mott transition concentration ny.. g) The photoconductivity transient of a kesterite thin film exhibits a fast decay due to trapping
and a long decay due to recombination. The lead-halide perovskite sample exhibits no initial decay, which indicates the absence of trapping and exciton
formation. h) The sum mobility of a TiO, thin film increases with injection level, which indicates trap-filling. No significant injection dependence is
observed for the lead-halide perovskite sample, which indicates band transport without exciton formation.
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into a higher state if their binding energy is close to the THz
photon energy (4 meV at 1 THz). Such processes lead to Lor-
entz-oscillator-like features in the sum mobility spectra.l’-1l
However, excitonic features are usually negligible compared
to the mobility of free charge carriers. Hence, the conversion
of free electrons and holes into excitons reduces the photo-
conductivity and sum mobility, and can be described by the
free-carrier quantum yield @ in the Saha-Equation.?% Here, we
use a modified version, which takes into account that exciton
binding energies E., decrease, and excitons dissociate when the
free carrier concentration approaches the Mott threshold (Note
S5, Supporting Information).?!l The injection dependence of
the excitonic quantum yield is shown in Figure 2f, where the
assumed exciton binding energies of 13 and 54 meV reflect
the debated range for lead-halide perovskites.?”) The modeling
shows that even a rather unrealistically large E. of 54 meV
does not lead to significant exciton formation at carrier concen-
trations of 10" cm™, which corresponds to typical 1 sun illu-
mination conditions for a halide perovskite solar cell. Hence
excitons should not significantly affect the room temperature
sum mobility and photoconductivity transients in lead-halide
perovskites. Previous works on lead halide perovskites used the
original Saha Equation, which does not take into consideration
the Mott transition.?>2’1 While it yields similar results as the
modified Saha equation at 1 sun conditions, it can significantly
underestimate the free carrier quantum yield at high injection
levels that are common for OPTP measurements, as shown
in Figure S5, Supporting Information.?! Subsequentially this
would lead to an overestimation of the OPTP-derived sum of
electron mobility and hole mobility.

3.3. Experimental Evidence

The impact of excitons and traps can be probed experimen-
tally by TRMC and OPTP. To this end, the measured injection-
dependence, time-dependence (and temperature-dependence)
of the mobility are compared to the characteristic behavior of
excitons and trapping that were modeled in Figure 2b—f.

A typical fast photoconductivity decay by trapping and a
longer component by delayed recombination are observed for
example by OPTP for a kesterite (Cu,ZnSnSe,) thin film in
Figure 2g. In contrast, the photoconductivity of the perovskite
thin-film shows a modest increase in photoconductivity, which
can be explained by slow cooling of photogenerated charge car-
riers.[?%l Carriers relax from high energetic states with rather
low mobility to the band edges with higher mobility. No fur-
ther relaxation into traps or excitons seems to occur. Hence,
the decay observed in the perovskite sample by TRMC can be
attributed to recombination that is not affected by exciton for-
mation nor prolonged by de-trapping.

Due to its limited time-resolution, TRMC usually measures
the sum mobility after the initial capture into shallow trap
states. For defect-rich materials such as TiO,, the TRMC-derived
sum mobility is known to exhibit the signature of trap-filling
in the injection dependence, which is shown in Figure 2h.[?28l
However, the measured sum mobility of the perovskite sample
is constant over a large range of induced carrier concentrations
from 10" to 10 cm™3. Such behavior indicates that either traps

Adv. Energy Mater. 2022, 12, 2102776 2102776 (6 of 16)

www.advenergymat.de

are not occupied due to thermal activation into the bands or
that the density of trap states is below 101 cm™.

The observed small decrease of the OPTP-mobility for carrier
concentrations above 10'™® cm™ may be assigned to a degenerate
filling of the band states as the effective density of the band
states is reached. Electron-hole scattering may also contribute.
The decrease of the TRMC-derived mobility for induced carrier
concentrations above =10'® cm™ is related to the recombina-
tion of charge carriers within the time resolution.?) Therefore,
it can be treated as an artifact (see Figure 2h, grey symbols),
which is not apparent in the OPTP-derived measurements.

We conclude that at 1 sun equivalent illumination, mobilities
and lifetimes are not affected by exciton formation for exciton
binding energies below 2kpT (=50 meV at room temperature),
which is generally the case for lead-halide perovskites except for
very high Br or Cl contents.[??l Further, lead-halide perovskites
can have such high quality that shallow traps become irrelevant
for mobility and lifetime under 1 sun equivalent illumination.
Then, the sum mobility is the sum of conduction band and
valence band mobilities, that is, there is no defect nor band-tail
transport.

4. Charge Carrier Recombination

Carrier lifetimes characterize the strength of charge carrier
recombination and are directly related to the quasi-Fermi level
splitting and thus the maximum open-circuit voltage (Vo) that
a material can support in a device.3%3! This implied voltage
could be realized if the probed neat material is contacted with
ideal transport layers. Therefore, carrier lifetimes are widely
used as a metric by material scientists to guide the develop-
ment of photovoltaic materials. However, a review of the lit-
erature shows that derived lifetimes from OPTP and TRMC
measurements can vary by orders of magnitude, even on the
same sample. Here it will be shown that these variations are
mostly a consequence of the different injection levels and acces-
sible time windows. OPTP and TRMC are complementary and
together can probe photoconductivity transients in an extremely
large time window from femtoseconds to milliseconds and for
injection levels from 10" to 10 cm™ as shown in Figure 3a.
After identifying the relevant injection level and lifetime for
photovoltaic application, the implied Vo and current-voltage
curve can be determined.

4.1. The Relevant Lifetime

For the same perovskite thin film, injection-dependent tran-
sients were measured by OPTP, TRMC, open-cell TRMC (oc-
TRMC), and time-resolved photoluminescence (TRPL) and are
shown in Figure 3a and Figure S6, Supporting Information. A
rather complex modeling of such transients can yield a detailed
understanding of the underlying kinetics, such as revealing
the dominant recombination process, defect densities, doping
concentration, and charge transfer rates to contact layers.?!
However, here a relatively simple approach is taken that allows
estimating the potential JV-curve of the finished solar cell inde-
pendently of the details of the recombination process. To this
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Figure 3. The relevant lifetime and the implied Vo a) Normalized photoconductivity measured on the perovskite thin film by a TRMC at 9 GHz and
an open-cell (oc-) TRMC at 30 GHz, as well as transient photoluminescence measured at initial photogenerated carrier concentration of =10'> cm™
assuming a homogeneous carrier distribution throughout the perovskite layer thickness. The initial TRPL decay is not related to recombination and
the fitting region for the effective lifetime is indicated. b) Effective lifetime as a function of the generated carrier concentration is modeled with a
constant Shockley—Read—Hall lifetime 7szy and a radiative recombination coefficient k4. The gray area indicates 1 sun condition. c) The generation
rate under continuous 1 sun illumination and the recombination rates at different carrier concentrations that are derived from the measured lifetimes.
The balance of recombination and generation defines the relevant carrier concentration under 1 sun illumination and the implied open-circuit voltage
(Voc)- d) Implied current-voltage (JV) curve with 24.6% efficiency that the bare perovskite thin-film could realize in an ideal finished solar cell without
transport or contact losses. The measured JV-curve exhibits much lower Voc, which corresponds to a reduced lifetime of 40 ns, likely due to additional

recombination at the Cg interface.

end, the initial decay of TRMC and OPTP transients are mod-
eled with a single exponential decay exp( — t/.g), which quanti-
fies the strength of the recombination at the initially induced
carrier concentration with an effective lifetime 7.4 The TRPL
transients exhibit an additional decay component in the first
=20 ns, which is not apparent in the TRMC or OPTP transients.
Therefore, this decay cannot be connected to recombina-
tion and potentially is caused by charge carrier redistribution.
Hence, the effective TRPL lifetime is fitted to the second decay
component, as indicated by the gray area in Figure 3a.

The determined effective lifetimes 7.g depends on the ini-
tially induced carrier concentrations An, as shown in Figure 3b.
Indeed, the values retrieved by TRPL, TRMC, and oc-TRMC at
a specific intensity agree relatively well with each other, which
further supports the attribution of the corresponding decays to
recombination.

Each technique has unique features: A limitation of TRMC
is that at high injection, the lifetime drops below the time-reso-
lution and cannot be resolved.?”) The main limitation of OPTP
is the time window of up to =2 ns for standard setups, which
allows to only detect lifetimes up to =10 ns, and a possible
divergence of the pump beam while scanning the delay line
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can lead to artificial transients.?2 A pitfall for TRPL analysis is
that the decay time at high injection is half of the charge carrier
lifetime since the photoluminescence emission in this case, is
proportional to = An?, which may explain partially the slightly
lower TRPL-derived decay times in Figure 3b. Further varia-
tions were observed between the transients measured by partic-
ipating TRMC laboratories on their individual samples. While
the material was fabricated in a single batch, shipping, storing,
and handling could result in a stronger sample-to-sample vari-
ation than anticipated. Recombination and lifetimes are much
more sensitive to defect concentrations in the individual sam-
ples compared to the charge carrier mobility.

A further uncertainty lies in the estimation of the photo-
generated carrier concentration An,. For excitation with a wave-
length of 400 nm, as common for OPTP measurements, the
carrier concentration at the surface is =10 times larger than the
homogeneous distribution throughout the entire film thick-
ness d of =500 nm, which is reached after the time 7, > d?/D
of =6 ns. Hence, the OPTP time window of =2 ns probes rather
the initial carrier distribution, whereas the TRMCs time resolu-
tion of =10 ns probes the homogeneous one. Additionally, sur-
face recombination can lead to faster initial recombination that
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becomes less dominant when carriers have diffused throughout
the layer thickness.’?l In such cases, fitting the initial decay
does not represent the charge carrier lifetime in the steady-
state, which is relevant for PV applications. Instead, to predict
PV performance, the longtime component—after the diffusion
time 7p—should be used. In our case, the initial decay time of
=1 ps is much longer than the diffusion time. Therefore, poten-
tial surface recombination cannot be distinguished from bulk
recombination and no fast initial component can be observed,
which leads to simple mono-exponential decays at low injection
levels.

An effective lifetime 7.5 can contain contributions from
Shockley—Read—Hall recombination via deep trap states, from
radiative recombination, and from Auger recombination. In
general, the effective lifetime depends on the carrier concen-
tration An. The Shockley—Read-Hall lifetime can to first-order
be approximated as injection-independent, but the radiative
recombination coefficient k.4 and the Auger recombination
coefficient kygr lead to a decreasing lifetime with increasing
carrier concentration.?!

dA 1 1 1
rR=2" An with —=®,,, (—+kmdAn+kAuge,Anz) 5)
dt Teff Teft Tsru

Such a decrease is measured for the perovskite sample
and is modeled in Figure 3b by a transition from an effective
Shockley—Read-Hall lifetime of 7gry =2 Us at low injection
to radiative recombination with an (external) radiative coef-
ficient of kg = 5 x 107° cm? s7.. This coefficient lies in the
relatively broad range of literature values for MAPbI; from
11x 107 to 8 x 1072 cm? s7L133-%]

4.2. The Implied JV-Curve

The implied open-circuit voltage and the relevant lifetime under
1 sun illumination can be determined directly from the meas-
ured effective lifetimes and the corresponding recombination
rates R= — An/ 7.4 The generation rate G by 1 sun illumination
is =3 x 10%! carriers x s~ cm™ for the terrestrial solar spectrum
Qoun (AML5G in this work), for an absorptance a, which can
be approximated with a steplike onset at the bandgap energy
Ec = 1.65 €V, and for a film thickness d of 500 nm. Further,
a reflectance r of 9 % is assumed. Such continuous illumina-
tion of a bare material or a solar cell in open circuit conditions
builds up a carrier concentration of 1.5 x 10" cm™ until the
charge carrier generation rate G is balanced by the recombina-
tion rate R = G, which is shown in Figure 3b. The lifetime of
=1 us at this carrier concentration is the relevant one for photo-
voltaic application.

G:(1—r)f‘"”5+d]5 (6)

The carrier concentration (at the 1 sun conditions) implies a
splitting of the quasi-Fermi levels of electrons and holes AEr.
The corresponding implied Vo is given by the bandgap Eg,
the effective density of states of the conduction N¢ and valence
band Ny, and the electron concentration in the conduction
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band n, and the hole concentration in the valence band p,.
The effective densities of states are determined by their effec-
tive masses m, and my,. The carrier concentrations in the bands
are determined by the doping ny (or p), the concentration of
photogenerated carriers An and Ap, and by the fraction of car-
riers that relax into trap states ®y,,. The measured effective life-
times imply a V¢ of =1.31V for an intrinsic perovskite material

(no=po = 0).

AEr  Eg ksT ng pv) .
Vimplied = =294 2 In| =L |withn, =(1- Dy, ) (An+ 7
= BB it = (1- ) (0 ) )
2nm, ks T "
Nc,v=2(4h/; 2 ] )

A pitfall in this context is the presence of trapping: Ideal
shallow traps (trapped carriers are reemitted into the band states
before they recombine) do not affect the Vpc. The trapping
quantum yield increases the lifetime and subsequently the total
carrier concentration, but only the carriers in the band states
contribute to the Vpc. In consequence, the trapping quantum
yield in Equation (5) for the lifetime and in Equation (7) for the
Voc cancel out. However, for the interpretation of a measured
lifetime, it is important to know if it is artificially increased by
trapping and how it relates to the V.

J=e[ Gaun = R (Vinica) ] 9)

Beyond the implied Vg, the full implied JV-curve can be
calculated by the detailed balance of recombination and gen-
eration using Equation (9), which is inspired by the analysis
of suns-Voc or suns-PL measurements.®® The difference
of charge carrier generation and recombination is sup-
plied or extracted by an external current density J. The JV-
curve implied by the measured effective lifetimes is shown
in Figure 3d. Assuming an intrinsic perovskite layer, the
lifetimes of the bare absorber imply a possible efficiency of
24.6 % for the finished solar cell. For frequently reported
doping of =10 ¢cm= 33 the implied efficiency increases to
25.6 %, which is mostly a result of an increasing fill-factor
from 0.850 to 0.883.

The complete solar cell exhibits a JV-curve with a much lower
Voc. Such differences between the implied V¢ of the bare
material and the device, were previously assigned to additional
recombination at the interface to the LiF/Cq electron transport
layer, which reduced the TRPL decay time to =20 ns.[’] Addi-
tionally, hole transport layers (HTLs) such as PTAA and spiro-
OMeTAD can induce recombination.?% In our case, the effec-
tive lifetime must be reduced from 2 ps to 40 ns to reproduce
the measured Voc of 1.13 V, which translates for an intrinsic
perovskite into a TRPL decay time of 20 ns.

However, the implied JV-curve with the lower assumed
lifetime still overestimates the fill factor of the finished solar
cell (grey lines in Figure 3d). Such fill factor losses are usually
assigned to transport losses as the implied JV-curves assume
infinite charge carrier mobilities. The impact of the finite
mobilities measured by TRMC and OPTP will be discussed at
the end of the next section.
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5. Modeling Device Transport from Gigahertz and
Terahertz Mobilities

TRMC and OPTP measurements yield mobilities for charge
carriers oscillating at GHz and THz frequencies. To charac-
terize DC-device performance, the effective mobility relevant for
direct transport through the thin film device must be estimated.
To this end, the frequency-dependence retrieved from TRTS can
be modeled, which additionally can reveal the nature of charge
carrier transport and its limitations.”!l Here, we will focus
on transport in band states, as the previous section ruled out
trapping into defect states or band tails for halide perovskites.
However, charge carrier localization may still occur due to grain
boundaries in polycrystalline thin films, which is debated for
perovskites. Hence, using the modified Drude-Smith model we
estimate for which domain sizes TRMC and TRTS yield inter-
domain or intra-domain mobilities.?¥ The TRTS derived intra-
grain mobilities are used to model the maximal JV-curve of the
solar cell and the respective fill factor losses of the measured JV-
curve are reproduced by a possible combination of insufficient
transport in the contact layer and at grain boundaries.

5.1. Free Carrier Transport

A relatively simple interpretation of frequency-dependent
mobilities can be given in the case of the InP wafer that was
shown in Figure 1d. Exciton formation and trapping can be
excluded due to the low exciton binding energy and the low
defect density in such single-crystalline wafers. The real part of
the measured mobility decreases with frequency, and the imag-
inary part is always positive, which are signatures of free charge
carrier transport in band states. Such free transport of electrons
and holes at the edges of conduction and valence band can be
described by the Drude-model in Equation (10) with an effective
mass m* and an average scattering time 7.

eTsca 1
o (@) == ———— (10)
m  1—i0T

In principle, electron and hole transport should be modeled
separately. However, it is common to assume equal scattering
times for electrons and holes, as otherwise the modeling of the
TRTS derived sum mobility is overparameterized. Under this
assumption, a common scattering time of 120 fs and a reduced
effective mass 1/ m; =1/m; +1/m;, of 0.085 are retrieved from
fitting the measured sum mobility spectrum, which is close
to the literature values of =0.071*1 Additionally, a DC value
of 2900 cm? V! 57! for the sum of electron mobility and hole
mobility is gained. Taking advantage of a previous density
functional theory (DFT) calculation of the ratio of the effective
masses of holes and electrons of 7.5 allows separating an indi-
vidual electron DC-mobility of 2470 cm? V! s7! and a hole DC-
mobility of 330 cm? V! 7Ll These DC-values characterize the
DC-transport through a wafer-based potential solar cell and are
close to previously reported Hall-derived electron mobilities of
=2500 cm? V' s7! and hole mobilities of =200 cm? V-1 571142

However, we note that an error in the free carrier quantum
yield will result in equivalent errors in the retrieved effective
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mass and the DC-mobilities of electrons and holes. In prin-
ciple, the presence of excitons can be investigated by fitting
the TRTS-derived photoconductivity spectra with Ac; (@) =
eAn®ue(w) + t(w)], which yields the free-carrier quantum
yield as a free parameter.'®] However, this approach relies
heavily on assuming the correct transport model for the elec-
tron mobility t.(w) and hole mobility u,(w), and requires a
known reduced effective mass (or a plasma frequency). In prac-
tice, the transport model (free or partially localized) is debated
for perovskites as will be discussed later and this approach can
result in rather unrealistic small quantum yields and overesti-
mated electron and hole mobilities.*3] Additionally, the TRTS-
derived frequency dependence can be obscured by an insuffi-
cient overlap of terahertz and pump beams. This may lead to
an artificial decrease of the measured mobility at lower frequen-
cies, which is shown in Figure S12, Supporting Information,
and may be misinterpreted as a sign of localized transport.

5.2. Phonon Features

The frequency-dependent mobility of the halide perovskite
thin-film shown in Figure 4a does not convey such a clear trend
as observed for InP. It is rather flat and exhibits artifacts from
phonon modes, which complicates the analysis.

The phonon features occur at =1 and =1.8 THz and are not
connected to the transport of photogenerated charge carriers.
Instead, they originate from a photo-induced change in the
phonon modes and their absorption of terahertz radiation.[?3]
The terahertz absorption by phonon modes can also be seen in
the permittivity shown in Figure 4b, which was adopted from.*/
Several explanations were proposed for such phonon features
in the sum mobility spectrum. In our case, this effect does not
originate from a breakdown of the thin-film approximation in
the OPTP analysis as reported by La-o-Vorakiat et al.,*! but
could be explained by either coupling of the phonons to the
induced carriers (polaron formation), or by phonon (lattice)
heating or by screening the phonons with the induced free
charge carriers.?34l Despite the unclear mechanism, recent
phenomenological fitting of the phonon features indicates that
more than 90 % of the measured mobility amplitude can be
attributed to electronic charge carrier transport and less than
10 % to the phonon artifacts.¥) Still, the relatively weak fre-
quency-dependence at terahertz frequencies is obscured, which
complicates its modeling. For TRMC it was shown that the rota-
tional modes in halide perovskites at 9 GHz cause no modu-
lations of the TRMC-derived mobility.***) However, for mate-
rials with lower electronic mobility, such as perovskite quantum
dots, such phonon features may dominate over the electronic
sum mobility, and reporting the frequency spectrum is essen-
tial. Additionally, transitions between excitonic states or between
quantum confined states can result in similar oscillator-like fea-
tures, that should not be attributed to electronic transport.l"’}

5.3. Ultra-Frequent Scattering in Perovskites
Apart from the phonon features, the overall frequency-

dependence is rather flat, with an imaginary mobility close to
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Figure 4. Modeling mobilities at THz and GHz frequencies. a) Spectrum of GHz and THz mobilities measured by TRMC and TRTS on the perovskite
thin-film are described by several models for which the reduced effective mass is set to a literature value of 0.1 electron masses. The fitting results in
a scattering time of 1.8 fs and intra-grain mobility of 32 cm? V' s\, The slightly lower TRMC mobility can be described by the modified Drude-Smith
model or by the Siebbeles model with (partial) localization in grains with a size of L = 200 nm that is determined from the scanning electron micro-
scope (SEM) image. Still, the uncertainty of the measured mobilities allows the localization parameter c to be varied from 0 for free transport through
the grain boundaries to —1 for total localization of the carrier within the grains. b) The phonon modes seen in the permittivity € (data adopted froml*4))

cause artifacts in the OPTP-derived sum mobility at =1 and =1.8 THz.

zero, which implies extraordinarily short scattering times but
opposes an independent determination of scattering time and
reduced effective mass. When the transport frequency is larger
than the overall scattering rate 1/7, then ballistic transport
occurs for which the mobility decreases and is exclusively deter-
mined by the effective mass. Such a decrease starts (90% of the
initial value) approximately at a frequency of fo, =0.05/7" and
is therefore well-resolved in the typical TRTS range between
0.5 and 3 THz for InP with a scattering time of 120 fs. How-
ever, for the perovskite thin-film, no such decrease is observed.
Therefore, here the reduced effective mass is fixed to a value
of =0.14, which corresponds to equal density of states effec-
tive masses of =0.2 that are reported for electrons and holes
in lead-halide perovskites,[?*>% and an increase by polaronic
drag with a reported Fréhlich coupling constant of 1.72 to
m, = m(l + ¢/6)L¥? With this mass, the modeling yields
a scattering time of 1.8 fs, which is close to a previous study
with wide-range OPTP that observed the mobility decay above
10 THz and retrieved 4 fs.°3 Such extraordinary frequent scat-
tering in perovskites has been attributed to longitudinal optical
phonon scattering and a combination of lower phonon energies
and large polarizability (dielectric constant).l>

Below the scattering rate 1/7" (and above the localization fre-
quency 1/27”), the (sum) mobility approaches the intra-grain
DC-value yy = q7/m,, which is =32 cm? V! s7! for the perov-
skite film. This lower mobility of the perovskite in comparison
to InP is mostly caused by shorter scattering time and to a
minor degree by a larger reduced mass. The similar effective
masses of electrons and holes in halide perovskites suggest also
similar electron and hole mobilities of =16 cm? V! s7L. How-
ever, there is no direct evidence from TRMC or TRTS meas-
urements themselves, and trapping, localization, and scattering
may affect electrons and holes differently, which can lead to dif-
ferent effective electron and hole mobilities.
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5.4. Microscopic Carrier Localization

The charge carrier mobility at lower frequencies can be further
reduced by localization of carriers between transport barriers
that are separated by a distance L, as modeled in Figure 4a by
the modified Drude-Smith (Equations (11) and (12)) and by the
Siebbeles model for total localization (Equation S7, Supporting
Information).?>>% The characteristic negative imaginary part is
shown in Figure S7, Supporting Information. In addition to the
Siebbeles model, the modified Drude—Smith model can phe-
nomenologically describe long-range transport through the bar-
riers if a c-parameter is introduced similarly as in the original
Drude-Smith model.”® This parameter may vary from c = 0
(Drude model) to ¢ = -1 for full localization of carriers, leading
to a Lorentz oscillator-like frequency-dependence. The interac-
tion with the barriers shortens the effective scattering time T
in the Drude factor up compared to the usual bulk scattering
time T, The time 77 can be understood as the time to dif-
fuse from one barrier to the other. The modified Drude-Smith
model includes the Drude model for ¢ = 0, the original Drude—
Smith model for ¢/ =7, and reproduces closely the Sieb-
beles model for ¢ = —1 as can be seen in Figure 4a.

’ [
o = o (1) (15 )
1 1 kT 1 . I
=2 [ 2 and = (12)
Tscat Tscat Mefr L 12kBTT

Whether the measured TRMC and OPTP mobilities at GHz
and THz frequencies are reduced compared to the intra-grain
value depends on the domain size L. The probed polycrystalline
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Figure 5. Modeling thin film devices from TRMC and OPTP mobilities. a) For a given domain size, inter-domain transport is only relevant below a cer-
tain transport frequency which is given by Equation (13). Here for an intra-grain mobility of 15 cm? V™' s7\. If domains are larger than the film thicknesses,
the vertical transport corresponds to intra-grain transport. b) Typical domain sizes in halide perovskites. c) Illustration of the translation of OPTP and
TRMC measurements to transport in a thin-film solar cell. d) Current-voltage curves of a solar cell modeled by SCAPS. The measured JV-curve is mod-
eled by a possible grain-boundary limited effective mobility of 5 cm? V' s7\. The OPTP-derived intra-grain mobility of 15 cm? V' s allows larger fill factors.

perovskite thin film was imaged using SEM (inset of Figure 4a),
from which a mean grain size of L = 200 nm was determined.
For this size and an intra-grain mobility of 15 cm? V™! 571, the
mobilities at frequencies above =12 GHz and in particular the
OPTP-derived mobilities at = 1 THz correspond to intra-grain
transport. In contrast, TRMC-derived mobility at =9 GHz can
be reduced by such grain sizes. Despite the inter-laboratory
variations, the median of the TRMC-derived mobilities in
Figure 4a is indeed smaller, which may indicate the presence of
transport barriers at grain boundaries in the probed perovskite
thin film. Such interpretation is in line with previous TRMC-
measurements at 9, 15, and 22 GHz on other perovskite thin
films that showed an increasing mobility with frequency and
a slightly negative imaginary component.’ Still, for our sam-
ples, unambiguous modeling is not possible as the full range
of localization parameters from ¢; = —1 for total backscattering
at these boundaries to ¢; = 0 for permeable grain boundaries
is within the experimental confidence interval. Due to these
uncertainties, we recommend regarding the measured mobili-
ties at THz or GHz frequencies instead of modeled (long-range)
DC-values when comparing mobilities published in different
studies. This ambiguity in modeling is also reflected in litera-
ture, where OPTP-derived mobilities of lead halide perovskites
were described by the Drude model for free carriers,?>>3%%] and
by the Drude-Smith model for partial localization.*¥] TRMC-
derived mobilities have been described by the Siebbeles model
for total localization.>”

However, the original Drude-Smith model implicitly
assumes 7'y, =7”, which implies that interacting with the
domain walls is more frequent than bulk scattering and restricts
its application to materials with extremely small domain sizes.
Also, the measured mobilities could only be reproduced in
Figure S7, Supporting Information, by the Drude—Smith model
with a reduced relative effective mass of 1.7 (or low free-carrier
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quantum yields), which conflicts with most of the literature
values and therefore we excluded this model here.

To estimate if a known domain size can affect the mobility
of a specific frequency, a localization frequency f’ can be
defined in Equation (13), at which the mobility is reduced by
total DC-localization (c = —1) to 90 % of the intra-grain value.
This demarcation frequency is shown as the red line in
Figure 5a for different domain sizes and an intra-grain mobility
of 15 cm? V157l

(13)

If the terahertz mobility shows signs of localization (negative
imaginary part, real part increasing with frequency), which is
not the case for our sample but was reported for other perov-
skite thin films,®] then the localization must occur within a
domain smaller than 20 nm. Such small domains, for which
OPTP probes inter-domain transport, might be twin domains
within grains,®! potential fluctuations due to dynamic dis-
order,® or films of quantum dots. Previously, localization on
length scales below the grain sizes was observed in kester-
ites and was attributed to band edge fluctuations due to local
composition variations.[® The TRMC-derived mobility can be
already reduced by grain sizes of <200 nm and therefore can
be very sensitive to the typical grain sizes of perovskite thin
films.l°? This finding contrasts with a recent study explaining
a reduced THz mobility in a polycrystalline perovskite thin film
by 100 nm sized grains.[®*l A possible explanation for this dis-
crepancy is that the Mayadas and Shatzkes model used by Xia
et al. describes DC-mobilities.[*]

The so far discussed models, and the distinction between
intra-domain and inter-domain transport, assume an infinitely
extended material with sub-domains. However, in a thin film
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device, the currents usually flow vertically through a film thick-
ness of typically =500 nm for perovskite materials. Domain
sizes larger than the film thickness can limit lateral transport
but will not affect vertical transport. In such a case, the intra-
grain mobility and possible barriers at interfaces with contact
materials govern charge transport through the thin film, as
illustrated in Figure 5a. Hence, long-range DC-mobilities as
derived by the Drude, Drude—Smith, and Siebbeles models are
not always relevant for the transport in the thin film device.
Such inter-grain mobilities can be accessed by Hall measure-
ments, which are performed over several mm, and are an esti-
mate for the worst-case scenario for the transport in a solar
cell. In contrast, the OPTP-derived intra-grain mobilities are an
estimate for the best-case scenario for the transport in a solar
cell, when grains extend from front to back or when the grain
boundaries do not oppose transport. Such difference between
Hall-derived inter-grain transport and TRTS-derived intra-grain
transport has been reported for other thin-film materials.[°!

5.5. Transport Losses in JV-Curves

In the following, we would like to clarify if the OPTP-derived
intra-grain mobility causes transport losses in the finished
device and is responsible for fill factor losses. To this end, JV-
curves are modeled by the drift-diffusion simulation software
SCAPS-1D 3.308 with parameters given in Note S8, Supporting
Information.%! The JV-curve retrieved without transport losses
(mobilities in all layers set to 1000 cm? V! s7)) is shown in
Figure 5c and agrees relatively well with the detailed balance
analysis of the previous Section III (Figure S8, Supporting
Information): The J. of 21.9 mAcm™ is given by the absorbed
sunlight and the V¢ of 1.126 V is reproduced for an effective
bulk lifetime of 30 ns, which is the sum of electron capture
time and hole capture time. Interestingly, the fill factor that was
simulated by SCAPS of 0.841 is larger than the one retrieved
by the detailed balance analysis of 0.820. Such larger fill factors
are possibly a consequence of band bending in the perovskite
layer at the maximum power point as detailed in Figure S8,
Supporting Information, which is not included in the detailed
balance analysis. Band bending separates the electron and hole
distributions, which opposes their recombination and increases
their collection as electric current. Forcing flat bands in the
perovskite layer by assuming larger dielectric constants (repre-
senting for example screening by mobile ions) or thicker trans-
port layers leads to fill factors of 0.829 and 0.821, which are
close to the detailed balance result of 0.820.

Decreasing the mobility of the perovskite absorber to the
OPTP-derived intra-grain value of 16 cm? V! s7! results in a
small reduction of the fill factor from 0.84 to 0.82. However,
the measured JV-curve with a fill factor of 0.77 can be repro-
duced with an effective perovskite mobility of 5 cm? V™' s and
a mobility of the HTL of 1073 cm? V™! s71. The lower perovskite
mobility reproduces the shunt-like loss (Rg, =1 kQcm?) at
lower voltages and the reduced mobility of the transport layer
reproduces the series resistance-like loss (R=2 Qcm?) at larger
voltages. This modeling suggests that transport losses occur
partially in the perovskite layer possibly due to transport bar-
riers at grain boundaries that reduce the effective mobility

Adv. Energy Mater. 2022, 12, 2102776 2102776 (12 of 16)

www.advenergymat.de

to 5 cm? V! 571, and partially in the HTL with insufficient
mobility. This finding is in line with recent reports on improved
fill-factors in very similar triple cation solar cells. Substituting
the HTL by a self-assembled monolayer (SAM) increased the
fill factor from 0.80 to 0.84 and led to world-record perovskite-
silicon tandem solar cells with 29.15 % power conversion effi-
ciency.[® Substituting the perovskite material with a large-grain
double cation perovskite led to a similar increase from 0.79 to
0.83.167]

However, due to the large number of material properties that
determine the JV-curve, the measured curve can also be repro-
duced with other combinations of parameters. For instance,
band offset, ion diffusion, or shunts can affect the fill factor.
Therefore, accurate and reproducible measurements of the
material properties are mandatory for definitive conclusions. To
this end, we will focus in the last section on minimizing the
inter-laboratory variations in TRMC and OPTP-derived sum
mobilities to provide material scientists with a reliable value
and confidence interval.

6. Inter-Laboratory Variations

Large inter-laboratory variations for the mobilities in lead-halide
perovskites have been highlighted in the TRMC and OPTP
reviews of Savenije and Herz.3 However, it is unclear whether
inter-laboratory variations or real differences between the indi-
vidual samples are dominating. As the first step, here the influ-
ence of compositional variations is excluded by considering
published mobilities of MAPbI; only. Still, variations over orders
of magnitude can be observed in these mobilities in Figure 6a,
which are also listed in the Note S9, Supporting Information.

To probe exclusively inter-laboratory variations, the mobility
of identical samples was measured in 15 different TRMC and
OPTP laboratories. For this endeavor Csg5(FAgs3MAg17)0.05
Pb(Ipg3Brg17)3 thin films were chosen, as they are more stable
than pure MAPDI;, in addition to pieces of an InP wafer. The
results of these inter-laboratory comparisons can be seen in
Figure 6a. The retrieved terahertz mobility spectra and the indi-
vidual values are given in the Note S10, Supporting Informa-
tion. The injection levels for these inter-laboratory comparisons
were between 5 x 10" and 5 x 10'2 photons per cm? and pulse,
close to 1 sun condition.

The standard deviation of the OPTP- and TRMC-derived
mobilities increase from 5 % for measurements with the same
setup at the Helmholtz Zentrum Berlin before sending them to
the participating laboratories, to 70 % for the initial measure-
ments in the participating laboratories, to 150 % for the litera-
ture data.

The contributions to these mobility variations are disen-
tangled in Figure 6b. The twofold increase of the standard
deviation from our inter-laboratory study and to the literature
survey can be attributed to different assumptions on the exci-
tonic quantum yield and real differences between the probed
samples, such as the grain size. The literature survey contains
single crystals, polycrystalline thin films, and mesoporous sam-
ples with various grain sizes. Additionally, the cation compo-
sition has been reported to affect the TRMC or OPTP-derived
mobility in the lead halide perovskites, but can be excluded here
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Figure 6. Variations in terahertz and microwave-derived mobilities. a) Variations of the sum mobility ui5 increase from control measurements with the
same OPTP setup on Csggs(FA0.83MAg17)0.95Pb(l0.83Bro.17)3, over the initial measurements in the participating laboratories on Csg gs(FAg 3MAg17)0.95Pb
(lo.83Bro17)3 to literature values of MAPbI;. b) Mobility variations depending on their origin. Variations marked by a star were reported in literature and
were mostly excluded for this inter-laboratory comparison as the quantum yield was set to one and as the samples had the same grain size and cation
composition. Our inter-laboratory variations are marked by a squared and are gained from the supporting information S11 for “human errors”, from S14
for “power meter”, from Figure 2h for “injection level”, and from Figure 4a for “probe frequency”. “analysis method” compares thin-film approximation
and the transfer matrix method. “DC modelling” compares the DC-mobilities obtained by modelling TRTS mobility spectra with Drude model and with
Drude-Smith model. The “noise” is the signal-to-noise ratio achieved in Figure 10a with a relatively sensitive OPTP setup.

as only MAPDI; was considered for the literature survey.[¥:¢2
All these known effects were excluded for our inter-laboratory
comparison. The quantum yield was set to one because no
sign of exciton formation or trapping was observed. Further,
the samples came from the same deposition run, which should
result in similar grain sizes and compositions.

Surprisingly, our inter-laboratory variations are rather
large with a standard deviation of =70 %. The measurements
on the InP wafer exhibit similar inter-laboratory variations
in Figure S11, Supporting Information. Hence, these varia-
tions seem to be material independent. The degradation of
the perovskite samples was tested by 2 days of air exposure,
2 years of storage in a glove box, and 5 days of OPTP meas-
urements, which resulted in a mobility decrease of 26 % as
shown in Figure S13, Supporting Information, and is signifi-
cantly harsher than the conditions during the inter-laboratory
comparison. Some participating laboratories, which could
store the perovskite samples appropriately, repeated their
measurements. Interestingly, no common cause of the ini-
tial variations could be identified, but the worst outlier was a
random human error (a forgotten filter). Also determining the
induced sheet carrier concentration and variations between
different power meters contributed, which are detailed in
Notes S4 and S14, Supporting Information. Input parameters
such as the substrate refractive index/permittivity and the
reflection of the pump light (Figure S4, Supporting Informa-
tion), and measurement conditions such as the injection level
and the probe frequency had less influence. The occurrence of
human errors may seem disappointing in natural science, but
nevertheless reflects a reality not only in the field discussed
in the present manuscript. To alleviate such effects, we rec-
ommend including standard samples in measurement cam-
paigns, to provide a reliable benchmark. To raise awareness
and lift your spirit by realizing that other scientists are also
just human, frequent errors are listed in the Note S11, Sup-
porting Information, (not all of them occurred during this
study). If noticed, it is important to publish errata, which
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proves the credibility of the author and is necessary for the
fields that build on our results.

The medians of 33 and of 25 cm? V! 57! of our OPTP and
TRMC measurements on Csgos(FAgs3MAg17)0.95Pb(1o.83B10.17)3
are very similar to the medians of the literature values on
MAPDI; of 31.7 and 28 cm? V' s7%. This similarity of mobilities
in lead-halide perovskites of different compositions is in line
with a previous OPTP study.] Hence, sum mobilities around
30 cm? V! s7! can be taken as representative for a large range
of compositions of lead-halide perovskites.

Despite the relatively large standard deviation of =70% of
the initial measurements, the large number of participating
laboratories narrows the 95 % confidence interval of the
combined TRMC and OPTP data to 20-37 cm? V~! s7. This
realistic confidence interval of =t30 % is used as the error
bar in Figure 4 and is clearly larger than the signal-to-noise
ratios of =2 % in the best OPTP measurements and the
sample-to-sample variations of 5 % measured in the same
OPTP setup. To increase the comparability between future
studies, we offer spare samples of this study for cross-cali-
bration to TRMC and OPTP laboratories that have not par-
ticipated in that study so far.

7. Conclusion

By combining the expertise of 15 TRTS and TRMC laboratories,
this work attempted to provide a best practice for the interpre-
tation of (oc)-TRMC, TRTS, and OPTP measurements on neat
photovoltaic materials to precisely predict their potential perfor-
mance in solar cells. It was demonstrated on lead halide perov-
skite, which is one of the most promising materials for future
solar applications, that these techniques are complementary in
their transient time windows, their probed transport lengths,
and their sensitivities. OPTP can monitor fast processes such
as trapping into defect states, exciton formation, or the rather
strong recombination in early-stage materials, kesterites, or
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CdTe. TRMC adds the slower processes such as long-living
trapped carriers or weak recombination in advanced materials
such as halide perovskites, Cd(Se, Te), and CIGS.

For lead-halide perovskites with modest Br or Cl content,
theoretical and experimental evidence suggest that excitons do
not significantly form under terrestrial solar conditions and
neither affects the lifetime of charge carriers nor their mobility.
The assumption of significant exciton formation was identi-
fied as the origin of the most pronounced outliers in reported
mobilities of lead halide perovskites. Also trapping was not
observed in our high-quality material. For such conditions, a
simple phenomenological approach was presented that yields
the relevant charge carrier lifetime at 1 sun conditions and the
implied resistance-free JV-curve from injection-dependent (pho-
toconductivity) transients. This analysis revealed a maximum
power conversion efficiency of 24.6 % that the probed neat
perovskite thin film can support in a device. To identify addi-
tional transport losses, the TRMC and TRTS derived mobility
spectra were combined and interpreted in the modified Drude-
Smith model. The modest sum mobilities at THz frequencies
of 32 + 8 cm? V7! 57! compared to InP with 2800 cm? V! 57!
were explained by extraordinarily frequent bulk scattering,
larger effective masses, and potentially microscopic localization
in domain sizes below 20 nm. Such domains may be caused by
crystallographic twinning or dynamic disorder, but not by the
grain sizes of 200 nm that were observed by SEM. Hence, the
THz-mobility was identified as intra-grain mobility. In contrast,
TRMC mobilities at GHz frequencies can be reduced by typical
grain sizes in halide perovskites. Similar intra-grain mobilities
for electrons and holes of 16 + 4 cm? V! s7! were deduced, in
good agreement with the median of previously reported values
and seem to be representative for a wide range of composi-
tions in lead halide perovskites. Such intra-grain mobilities
allow modeling the JV-curve for the best case of large grains
extending from front to back interface or grain boundaries that
pose no transport barriers. The measured finite intra-grain
mobility in perovskite limits the solar cell by slightly reducing
the fill factor by 2 %. The JV-curve of the actual completed solar
cell exhibited further transport losses, which were reproduced
by a combination of lower effective mobility of 5 cm? V' s7! in
the perovskite film—possibly due to grain boundaries—and an
insufficient transport in the contact layers. The excellent agree-
ment between predicted and actual performance emphasizes
that the presented analysis is crucial for future accurate predic-
tions, and we invite further laboratories to cross-calibrate their
TRMC and OPTP setups with us.

While the data here were limited to InP and a lead halide
perovskite, the presented techniques can guide the develop-
ment of any emerging semiconductor for photovoltaic or photo-
electrochemical energy conversion with high predictive power.
Additional to the potential of bare photovoltaic materials,
the limitations of depositing contact layers can be accessed
separately.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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