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ABSTRACT: Perovskite photovoltaic cells have seen a remarkable
rise in power conversion efficiencies over a period of only a few years.
Much of this performance is underpinned by the favorable charge-
carrier mobilities in metal halide perovskites (MHPs), which are
remarkably high for materials with such facile and versatile processing
This Perspective outlines the mechanisms that set a
fundamental upper limit to charge-carrier mobility values in MHPs
and reveals how they may be tuned through changes in stoichiometry.
In addition, extrinsic effects such as grain size, energetic disorder, and
self-doping are discussed for specific MHPs in the context of remedies
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etal halide perovskites (MHPs) have ushered in an
I\ /I exciting new period of “perovskite photovoltaics”
with certified power conversion efficiencies now
exceeding 20% following only a few years of active development."
The fundamental semiconducting properties that make MHPs
such outstanding light harvesters and charge conductors have
been summarized in several recent reviews.” Strong interband
transitions offer large absorption coefficients®® and bimolecular
recombination significantly below the Langevin limit,” while a
benign defect chemistry®” yields low trap-related recombination
rates”'® for the charge-carrier density regimes typically
encountered under solar illumination conditions."" Together
with typical charge-carrier mobility values in the tens of cm?/
(V's) for thin films of lead iodide perovskites, these properties
have led to long charge-carrier diffusion lengths in the
micrometer range under solar illumination densities,'’”">
which has paved the way for the thin-film photovoltaic device
architectures now typically employed.'*™"®
Despite such progress in fundamental understanding and
device performance, one issue still puzzling the community is the
mechanisms limiting charge-carrier mobilities in MHPs. The
ratio of charge-carrier mobility and recombination rate critically
influences the charge-carrier diffusion length, and while trap-
related recombination rates are readily assessed, an under-
standing of charge-carrier mobilities 1s only just emerging. As
pointed out in a recent contribution,'® charge-carrier mobilities
in MHPs should really be compared with those of typical
inorganic ionic semiconductors, such as GaAs, which displays
only slightly lower effective masses for conduction band
electrons and valence band holes but substantially higher
mobilities.
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Charge-carrier mobilities in MHPs
should really be compared with those
of typical inorganic ionic semiconduc-
tors, such as GaAs.

Mechanisms that limit the charge-carrier mobility in MHPs
can conveniently be divided into extrinsic and intrinsic effects.
Intrinsic effects result from charge-carrier interactions with the
underlying lattice that cannot be avoided. An understanding of
such effects will allow for improved modeling from first principles
that may permit the design of high-charge-mobility MHPs based
on the ABX; stoichiometry. Extrinsic effects, on the other hand,
are limited by material imperfections, such as grain boundaries,
energetic disorder, or impurities that may be avoided through
suitable material processing. A clear knowledge of the
mechanisms governing intrinsic charge-carrier conduction will
therefore also allow the setting of realistic goals as to what can be
achieved through improved processing strategies.

This Perspective aims to clarify the current state of the debate
surrounding charge-carrier mobilities in MHPs. A survey of the
current literature is first provided to allow comparison of charge-
carrier mobilities extracted from a host of different measurement
techniques, whose inherent uncertainties can result in a
substantial variation of values obtained, even for the same
sample.'”'® The intrinsic factors limiting charge-carrier mobi-
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Table 1. Charge-Carrier Mobility Values at Room Temperature, Determined Experimentally for MHPs”

MHP architecture fabric. route measurement electron, hole, sum mobility cm*(V's)™ ref.
MAPDI, film sol. THzC z 35 19
film sol. THzC z 20 20
film sol. MwWC z 30 21
film sol. MWC z 29 22
film sol. MwWC z 71 23
film sol. PLQ e 1.4 12
film sol. PLQ h 0.9 12
film sol. PLQ e 0.7 10
film sol. PLQ h 0.4 10
film sol. micros e/h 2-3 24
meso sol. THzC z 8 7
meso sol. MwWC z 9 21
singleC sol. SCLC h 164 18
singleC sol. SCLC h 67 25
singleC sol. SCLC h 2.5 17
singleC sol. THzC z 600 26
singleC sol. MWC z 115 27
singleC sol. TOF h 24 18
singleC sol. Hall h 105 18
polyC var. Hall e 66 28
MAPbI,_,Cl, film vap. THzC z 33 29
film sol. THzC z 27 30
film sol. MWC z 27 21
film sol. PLQ e 1.6 10
film sol. PLQ h 2.1 10
meso sol. THzC z 12 7
meso sol. MWC z 7.5 21
FAPbL, film sol. THzC z 27 31
film sol. PLQ e 0.2 32
film sol. PLQ h 35 32
singleC sol. SCLC h 35 33
singleC sol. SCLC 4.4 34
Csg17FA(g3PbLy film sol. THzC z 40 35
MAPDBr; film v/a PLQ e 8.6 36
film v/a PLQ h 9.0 36
singleC sol. SCLC h 24 25
singleC sol. SCLC h 38 17
singleC sol. Hall h 40 17
singleC sol. TOEF h 115 17
FAPbBr, film sol. THzC z 14 31
singleC sol. SCLC h 62 33
Csy,17FAyg;PbBr; film sol. THzC z 11 35
MAPDBCI,4 singleC sol. SCLC h 42 37
FAPb(Br,I,_,); film sol. THzC ) 1-27 31
CsyFAl,be(BrMIO_G) 3 film sol. THzC z 4-21 35, 38
Cs17FAgg3Pb(Br,1 )5 film sol. THzC z 11-40 35, 39
MASnI, meso sol. THzC z 1.6 40
polyC sol. Hall h 50 41
singleC sol. Hall h 200 42
polyC var. Hall h 322 28
polyC var. Hall e 2320 28
FASnl; film sol. THzC z 22 43
polyC var. Hall e 103 28
CsSnl, polyC var. Hall e 536 28
polyC ss Hall h 585 44
MASn, sPby 515 polyC var. Hall e 270 28
FASn Pb L5 film sol. THzC z 17 14
Cs025FAg 75510 sPby I3 film sol. THzC z 14 14
(C4HC,H,NH,),Snl, film(2D) sol. FET h 0.6 45
PEASKL, film(2D) sol. FET h 15 46
MA,_,PEA,Pb L., film(2D) sol. THzC b 6-11 47
1540 DOI: 10.1021/acsenergylett.7b00276
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Table 1. continued

“Column 1 states the chemical formulae, where MA is CH;NH; (methylammonium), FA is HC(NH,), (formamidinium), and PEA is 2-
phenylethylammonium. Column 2 lists the material architecture (thin film; meso, infusion into a mesoporous metal oxide matrix; singleC, single
crystal; polyC, poly-crystal; film(2D), thin film of layered (2D) MHP. Column 3 indicates the fabrication route, (sol,, e.g. spin-coating of thin films or
cyrstal growth from solution; vap., thin-film deposition from vapor phase; v/a, vapor-assisted route; ss, solid-state synthesis; var., various methods).
Column 4 lists the technique used to deterimine the mobility value (THzC, optical-pump-THz-probe photoconductivity; MWC, microwave
conductivity; PLQ, PL quenching method; micros, optical microscopy; SCLC, space-charge limited current; Hall, Hall coeflicient and resistivity
measurements; TOF, time-of-flight transients; FET, field-effect-transistor mobility). Column $ indicates whether mobility values are for conduction-
band electrons (e), valence-band hole (h), or the sum (Z) over both. Column 6 lists the charge-carrier mobility values reported in the literature

studies referenced in column 7.

lities of MHPs are then clarified, with an outlook given on how
MHP composition must consequently be tailored to allow for
high charge-carrier mobilities. Finally, extrinsic factors limiting
charge-carrier mobilities in specific MPHs are considered,
including the effect of grain size in lead halide perovskites, the
presence of energetic disorder in highly doped tin iodide
perovskites, structural disorder in alloyed mixed-halide lead
halide perovskites, and effects arising from confinement in quasi-
two-dimensional (quasi-2D) MHPs.

Experimentally Determined Values for Charge-Carrier Mobilities
in MHPs. Table 1 provides a literature overview of charge-carrier
mobilities measured for ABX; perovskites, for A= MA
(methylammonium), FA (formamidinium), Cs; B = Pb, Sn;
and X =1, Br, Cl, and alloys thereof. In addition, a few examples of
layered (quasi-2D) perovskites are provided. It is noticeable that

It is noticeable that for any given
stoichiometry, reported charge-carrier
mobility values encompass a consid-
erable range.

for any given stoichiometry, reported charge-carrier mobility
values encompass a considerable range. As a first approach, one
might consider this variation to arise from differences in
fabrication techniques and the ensuing material morphologies.
However, the range of reported values is particularly wide for
single-crystal samples, which suggests that systematic or
statistical errors associated with different measurement techni-
ques are largely to blame. For thick single crystals, in particular,
measurements can be challenging to conduct and analyze, relying
for example on electrical-current extraction or terahertz (THz)
conductivity probes in reflection geometry. In addition, different
techniques reflect subtly different spatial ranges, with relatively
local charge-carrier motion being probed in high-frequency
conductivity measurements that are therefore less affected by
grain boundaries than long-range current-extraction or charge-
carrier diffusion experiments. Variations in experimentally
determined parameters are a fundamental fact of nature.
Through repeated reporting the field will eventually converge
on a better understanding of what can typically be expected for a
given stoichiometry and morphology. However, at the present
stage, the wide ranges reported demonstrate that a value returned
from any single measurement must be treated with some care.
Both electrical and noncontact probes have been used to
investigate charge-carrier mobilities in MHPs. Space-charge-
limited-current (SCLC) techniques have frequently been
employed,'”'**>**37 which monitor current extraction as a
function of bias voltage for crystals sandwiched between two
metal electrodes. If a clear trap-independent space-charge-
limited regime is reached at high voltages, the charge-carrier
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mobility may be extracted from the Mott—Gurney law. Hall effect
measurements' ' *¥*** rely on deflection of charge carriers
in a magnetic field that leads to a charge build-up, or Hall voltage,
from which the charge-carrier density can be extracted. Because
the direction of deflection is also monitored, a differentiation
between conducting electrons and holes can readily be made.
Combination with electrical resistivity measurements allows for a
charge-carrier mobility to be determined, whose accuracy may be
affected if both measurements are not conducted on identical
samples.”® In addition, the time-of-flight technique (TOF) may be
used to assess charge-carrier mobilities. Here the transient
current through the device is monitored following a voltage
pulse. If a clear transit time can be identified, the mobility can be
extracted under knowledge of the thickness traveled. All such
device measurement also tend to be influenced by the quality and
type of electrical contact made. In addition, the prolonged
application of low-frequency or DC electrical fields to MHPs has
been shown to cause slow ionic migration, in particular of the
halide ions,"** which could potentially influence results.

Noncontact probes of AC conductivity can potentially
circumvent some of these problems, but they are more complex
to implement and analyze. Optical-pump-THz-probe measure-
ments of electrical conductivity at THz frequency (THzC)
following photoexcitation with a short optical pulse have been
used repeatedly to monitor the charge-carrier mobility of
MHPs, ! #192026:29,313538740 Byiraction of THz charge-carrier
mobilities for thin MHP films is readily achieved using, for
example, a thin-film optical model™ to convert the initial change
in photoinduced transmission of THz radiation. However, THzC
measurements and analysis for thick single crystals is significantly
complicated by the need for reflection geometries and careful
accounting for competing lattice absorption features.”® A similar
method is the transient microwave conductivity (MWC) technique
which monitors the change in Q-value of a microwave cavity
containing a samzple after it has been photoexcited by a
nanosecond pulse.”’~**

In an alternative approach, values of the charge-carrier
mobility 4 may be derived from measurements of the diffusion
coefficient D, using the relation y = eD/(kgT) which yields p =
389 V™' D at room temperature. Diffusion coefficients have
frequently been extracted from photoluminescence quenching
(PLQ) methods'”'**** where PL transients are monitored
following the photoexcitation of a thin MHP film that forms an
interface with an electron or hole extraction layer. Such
measurements are easy to conduct, allow differentiation between
electron and hole mobilities, and probe charge motion through
the whole film depth profile, which bears resemblance to charge
extraction in a typical solar cell. However, modeling of the results
relies on accurate knowledge of the charge-transfer efficiency at
the interface,” which is often assumed to be unity for simplicity.
Another possibility is the direct monitoring of charge-carrier
diffusion through microscopy, by following over time the lateral
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spread of a charge-carrier density distribution, generated by a
Gaussian laser profile.”* Such techniques do not require the
presence of an extractor layer and allow for high spatial
resolution; however, they probe charge-carrier motion in the
plane of the film.

Because the charge-carrier mobility values shown in Table 1
vary between studies, it is more representative to assess averages
and the associated standard deviation for MHPs with sufficient
available data. MAPbI; and its near-equivalent MAPbI;_,Cl,
have been particularly well investigated, which allows for a
comparison of different morphologies. Thin-film experiments
here yield average sum carrier mobilities of (2.4 + 1.1) cm*/(V's)
for long-range PLQ measurements and average values of (37 +
18) cm?/(V's) for short-range THz and microwave conductivity
probes, suggesting a lingering effect of grain boundaries on
transport.

For single-crystal MHPs, reported charge-carrier mobilites
tend to be higher than those for thin films, although not
spectacularly so. Accurate assessment here is complicated by the
strong variations in values provided by different studies for the
same MHP. For example, Table 1 shows that for single-
crystalline MAPDI; alone, reports range between a value of 2.5
cm?/(V's) for the hole mobility and 600 cm?/(V's) for the
electron—hole sum mobility, which constitutes about 2 orders of
magnitude in discrepancy. Given that identical single crystals of
the same stoichiometry and structure should return the same
charge-carrier mobility, this vast range must be almost entirely
caused by experimental uncertainty. To partly alleviate these
effects, average values may be calculated over multiple results for
the hole mobilities in MAPbI; (73 + 58 cm?/(V's)), MAPbBr,
(54 + 36 cm*/(Vs)), and MASnI; (191 + 111 cm?/(Vs)).
While these average values need to be taken with care,
considering the large standard deviations from the mean, they
suggest that the hole mobility declines from iodide to bromide
and increases from lead to tin-based perovskites. For single
crystals, such changes should reflect modifications in the
fundamental mechanism limiting charge-carrier mobilities in
MHDPs, the origin of which will be discussed below.

Intrinsic Factors Limiting Charge-Carrier Mobilities in MHPs.
Discussion of the fundamental limits posed to the charge-carrier
mobility in MHPs have mostly focused on MAPbI; because its
defect chemistry is particularly benign,*’ allowing facile
fabrication of thin films with high crystallinity and lon§ charge-
carrier diffusion lengths in excess of micrometers.'”'® Early
investigations showed that the low-frequency charge-carrier
mobility in MAPbI; increases strongly with decreasing temper-
ature'”"** in accordance with a suppression of interactions
between electrons and lattice vibrations (phonons) as their mode
occupancy is reduced. In addition, photoconductivity spectra
were Drude-like, implyinbg the absence of strong scattering from
crystalline boundaries.”””*” Such observations suggest that the
charge-carrier mobility in MAPbI; is already approaching the
intrinsic limit. Room-temperature values of (37 + 18) cm?/(V's)
for the short-range electron—hole sum mobility in high-quality
thin films and (73 + 58) cm?/(V's) for holes in single crystals
therefore serve as a benchmark to any investigation of the
underlying charge-carrier scattering mechanisms.

Within the simple Drude picture,>” the charge-carrier mobility
4 in a conductor is determined by only two factors, the effective
mass of the electron (m*) or hole (m{) and the momentum
relaxation time 7, with y = er/m™*. Here, random scattering events
occurring at average time intervals 7 lead to intermittent
randomization of a charge-carrier’s velocity with respect to the
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direction of the electric field, and therefore Ohmic conduction.
The effective masses of charge-carriers are relatively easily
assessed, either from first-principles calculations of the band
curvature®* ™" or through experimental techniques such as
magneto-absorption measurements.’’~%® Such evaluations agree
that effective electron and hole masses in MAPDI; are relatively
similar and ~0.1—0.2m,, where m, is the free-electron mass.
Variation of perovskite stoichiometry will lead to subtle changes
in band curvature, which will be reflected in altered effective
charge-carrier masses and therefore mobilities.””** Based on the
above-mentioned values of the effective masses, charge-carrier
mobility values of <100 cm?/(V's) for MAPbI; would require
momentum relaxation times below 10 fs, much shorter than
those for GaAs, for which scattering times of several hundred
femtoseconds can be derived from the room-temperature hole-
and electron-mobility (450 and 9000 cm?/(V s), respectively).®®
These simple considerations suggest that the lower charge-
carrier mobility in MAPDI; is mostly attributable to higher
electron—phonon coupling.

The interaction of charge-carriers with crystal vibrations is
generally described within two main categories. Deformation
potential scattering”*>®” involves a temporary distortion of the
lattice which changes the band structure and therefore couples
the electronic and vibrational states. For polar interactions, on
the other hand, electrons are affected by the electric fields caused
by a polarization of the ionic lattice. Such polarization may be
mediated by a piezoelectric effect resulting from the strain caused
by a lattice vibration (piezoelectric acoustic phonon scattering)
or by Frohlich interactions®>**® involving the macroscopic
electric field generated by a longitudinal optical (LO) phonon. It
has been argued’””" that both the optical-phonon deformation
potential and the piezoelectric acoustic-phonon scattering terms
vanish for the Pm3m reference structure of MAPbI,. Therefore, a
primary assessment of electron—phonon coupling in MAPbI;
requires the correct evaluation of both acoustic-phonon
deformation potential (ADP) scattering and of Frohlich
interactions with LO phonons.

Ab initio calculations have suggested that acoustic-phonon
deformation-potential scattering is relatively weak for MAPDI,
and should result in charge-carrier mobilities of several thousand
cm?/(V s) at room temperature if it were the sole mechanisms in
operation.”””* Inclusion of Rashba effects in such calculations
reduces the expected charge-carrier mobility somewhat,”* but
not to the values <100 cm*/(V s) experimentally encountered at
room temperature. From a theoretical perspective, ADP
scattering is therefore unable to account for the observed
mobility values. In spite of this, one experimental study’’
postulated a dominance of ADP scattering because the T~"°
temperature dependence of the charge-carrier mobility in
MAPbI; measured by several groups'”*>>"** happens to follow
the simplified result derived for noninteract@ng phonon modes
associated with a harmonic lattice potential.”*°*>%” However, as
pointed out subsequently in several other studies,”*”"® this
classical result is highly unlikely to apply to MAPDI,, given the
presence of multiple atoms per unit cell, large number of phonon
modes, phonon anharmonicity,”®”” and dynamic disorder. An
experimental study by Wright et al. evaluated the contribution of
ADP scattering to the line shape broadening of luminescence in
the related FAPbI; and found it to make only a minor
contribution to the overall electron—phonon coupling at room
temperature.75 Hence, the theoretical and experimental studies
broadly agree that acoustic phonon deformation potential
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Figure 1. (a) Color plot of normalized steady-state photoluminescence spectra for a FAPbI, thin film at temperatures between 10 and 370 K. The
inset shows the full width at half-maximum (FWHM) of the PL peak versus temperature, with the arrow indicating the characteristic temperature
coresponding to the main LO phonon mode involved in the Fréhlich interactions (adopted from ref 75). (b) Room-temperature charge-carrier
mobility as a function of bromide fraction x for FAPb(Br,I,_,); (data taken from ref 31) and Cs,;,FA, s;Pb(Br,I,_,); (data taken from ref 35).
The “mobility gap” resulting from an instability in the crystal structure is remedied when a small fraction of cesium is substituted for FA.

scattering cannot be the dominant factor limiting the room-
temperature charge-carrier mobility in MAPDI,,.

Experimental evidence for the presence of polar scattering
mechanisms was provided by a study” of the temperature-
dependent emission broadening in FAPbl;, which (unlike
MAPDL,)*" exhibits “clean” phase transitions that are not
complicated by inclusions of different crystal structure (see
Figure la). Electron—phonon coupling was found to be
markedly reduced below the characteristic temperature corre-
sponding to the energy of the relevant LO phonon (11 meV),*!
in agreement with Frohlich interactions being the dominant
mechanisms at room temperature.”” Recent ab initio calculations
including Frohlich coupling confirm this to have a dominant
effect at room temperature, yielding charge-carrier mobility
values near 100 cm?/(V s) and correctly reproducing the
experimentally observed temperature dependence.”*”“** There-
fore, the T ~1% temperature dependence of the charge-carrier
mobility in the high-temperature regime appears to result directly
from the given range of LO phonons and Fréhlich coupling
strengths present in this specific system (lead iodide perovskite).
Substantial stoichiometric changes, for example, through
substitution with a lighter atom, may well result in different
temperature dependences.

It is not surprising that Frohlich interactions are the dominant
mechanism limiting charge-carrier mobility in MAPbI; at room

It is not surprising that Frohlich inter-
actions are the dominant mechanism
limiting charge-carrier mobility in
MAPbI; at room temperature, given
that this has mostly been the case for
polar semiconductors, including GaAs.

temperature, given that this has mostly been the case for polar
semiconductors, including GaAs.”* The relatively polar nature
of the lead-halide bond®" is reflected by sizable Born effective
charges” and wide Reststrahlen bands’’ that lead to a large
Frohlich coupling constant. In addition, the relatively low energy
of relevant LO phonon modes in MAPbI; (~11 meV)®'
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compared with GaAs (~31 meV)® causes the Frohlich
mechanism to onset at lower temperature and therefore to
contribute more strongly at room temperature (see Figure 1a).
Hence, the lower room-temperature mobility of charge-carriers
in MAPbI; in comparison to GaAs can be largely understood in
terms of enhanced Frohlich effects.

Such analysis allows broader predictions of how fundamental
limits to the charge-carrier mobility can be tuned through MHP
composition. Because the Frohlich interaction strength depends
critically on the high- and low-frequency limits of the dielectric
function and on the LO phonon frequency,’>*** such
experimentally accessible parameters can be used to predict
mobility trends. For example, Frohlich interactions were found
to be enhanced in APbBr; with respect to APbl, (for A = MA,
FA), which was attributed to the higher ionicity of the Pb—Br
bond with respect to the Pb—I bond.”* These observations may
explain the higher charge-carrier mobilities often observed for
APDI; with respect to APbBr; films fabricated under similar
procedures.”** Sendner et al. used such arguments to derive
charge-carrier mobility values for single crystals of MAPbX, (X =
Cl, Br, I) from infrared reflectivity spectra alone, which allow for
extraction of TO and LO phonon mode energies and low- and
high-frequency values of the dielectric function.”” This approach
yielded upper limits to the room-temperature mobility (ie.,
under the assumption of sole Frohlich contributions) that
declined across the halide series from 197 cm?®/(V s) for MAPbI,
to 58 cm®/(V s) for MAPbCl,, again as a result of the increased
ionicity of the lead-halide bond. Similarly, the Frohlich coupling
mechanism can explain the significant differences in charge-
carrier mobility between tin- and lead-based MHPs, reflected in
Table 1 (beyond those arising from simple changes in effective
charge-carrier masses”’). Within the Frhlich approach,***” the
charge-carrier mobility falls with increasing temperature T as a
function of the dimensionless parameter f# = fiw; o/kpT. Use of
the lighter element tin will lead to an upshift in LO phonon
frequencies @y, which scales such mobility curves to higher
temperatures; thus, the room-temperature mobility is enhanced.
Therefore, careful evaluation of Frohlich electron—phonon
coupling for MHPs, through factors such as the ionicity of
metal-halide bonds and the frequency of the contributing LO
phonon branches, can provide realistic upper limits to charge-
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carrier mobilities that can be reached once all extrinsic factors are
eliminated.

Finally, the dominance of Frohlich effects must also be
rationalized in terms of its polaronic description. As pointed out
by both Fréhlich® and Feynman,” the placement of a mobile
electron in the ionic lattice polarizes its neighborhood, giving rise
to the polarization field that creates the Frohlich interaction.
Because it carries the polarization field with it through the crystal,
the electron is slowed, which lowers its mobility and effective
mass. Such effects are still fully compatible with a band structure
picture, provided that the radii of such polarons are much larger
than the lattice constant. Recent calculations have suggested that
such radii are indeed of the order of 40—50 A in MAPbI,, which
satisfies this criterion.”*”” In addition, effective masses of such
large polarons were calculated to be higher by only 20—36% with
respect to the free-charge masses, making this picture still fully
compatible with experimentally determined values.”*~®> The
existence of large polarons is also in line with the observed
increase in charge-carrier mobility with decreasing temperature,
as calculated by Feynman®”® and observed for various ionic
materials such as Bi},Si0,,°° GaAs,”® and MAPbIL,.'”?%%"%2
However, the presence of highly localized “small” polarons in
MAPbL, as recently postulated,”" would be hard to reconcile
with the above-mentioned observations, as it ought to lead to
temperature-activated hopping transport and heavy effective
masses that are not experimentally observed for MAPbI;.

Extrinsic Factors Influencing the Charge-Carrier Mobilities in
MHPs. While intrinsic electron—phonon coupling may set a limit
to the maximum attainable charge-carrier mobilities for any given
MHP, these limits are not usually fully achieved for thin films.

Charge-carrier mobilities are frequently
lowered through extrinsic mechanisms,
including charge-carrier scattering by
grain boundaries, dopants, and a
disordered energy landscape.

Charge-carrier mobilities are frequently lowered through
extrinsic mechanisms, including charge-carrier scattering by
grain boundaries, dopants, and a disordered energy landscape.
An understanding of such effects has been at the core of MHP
research, with protocols being developed that allow for
optimized charge-carrier mobilities and therefore diffusion
lengths. Below, a summary is given of some recent findings
and remedies regarding extrinsic factors lowering the charge-
carrier mobility in MHPs.

Grain size is clearly still one factor limiting charge-carrier
mobilities in MHPs, as evident from the lowering of charge-
carrier mobility values determined when moving from single
crystals to thin films and from short-range to long-range
measurements (see Table 1). Similarly, early studies found that
long- and short-range charge-carrier mobilities and diffusion
lengths were significantly enhanced”'’ in MAPbCLI,_,
compared to MAPDI;. These differences were attributed to the
higher crystallinity and more benign grain boundaries of the
former material,®® which has an insignificant amount of chloride
actually included in the structure.”””' In addition, MHPs
infiltrated into mesoporous matrices such as Al,O; nanoparticles
form smaller grains and exhibit lower charge-carrier mobilities
than in equivalent planar thin-film architectures.”'”*" Measure-
ments of gigahertz charge-carrier mobility”” in MAPbI; and THz
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charge-carrier mobility®” in FAgg;Csg1,Pb(Bry,l5); revealed a
systematic increase with grain size that plateaued once grains
exceeded the size beyond which scattering off boundaries became
negligible. Grain size is thus still a factor limiting charge-carrier
conduction even in thin films of high-quality MHPs such as
MAPbI;. However, room-temperature mobility values obtained
for such materials are now often less than an order of magnitude
below the intrinsic limits discussed above (see Table 1), which is
an amazing feat for materials with such versatile and facile
processing routes.

In tin-based perovskites, doping and impurities are a major
factor currently limiting the charge-carrier mobility because these
materials suffer from a Sn** to Sn** oxidation route that induces
electrical hole doping™*~* at densities as high as 10'7—10" cm™.
Because overall charge neutrality requires the remnant hole
dopant site to be negatively charged, it will act as a scattering site
to charge-carriers, as evident, for example, in temperature-
dependent emission-line broadening measurements’” in
MASnI;. Such effects are well-known for classic inorganic
semiconductors such as GaAs, for which electrical doping is
therefore preferably implemented by moving the dopant
impurities away from the charge-conduction region (e.g.,
through modulation doping).”””* One proposed remedy for
such effects has been treatment with SnF, to reduce the
background carrier density in tin-iodide perovskites.”>"°
However, such treatments can induce a complex variety of
changes that still require further understanding. Such doping-
induced reduction of charge-carrier mobility can in principle
occur in any hybrid perovskite, including lead iodide materials.””
However, in tin-based perovskites, the B-metal oxidation route
has a particularly low hurdle, which typically results in charge-
carrier scattering with impurities dominating over intrinsic
factors.

Aside from charge-impurity scattering, a severely disordered
energy landscape appears to be a major factor limiting the charge
mobility in tin-based MHPs. Sizeable Stokes shifts near 200 meV
between the absorption onsets and emission peaks were found
for MASnL, films”” which display THz charge-carrier mobilities ™’
near 2 cm?/(V s), orders of magnitude below any values
determined for single crystals (see Table 1). A marked
improvement was reported for FAPbI, thin films," with Stokes
shifts reduced to 60 meV, and charge-carrier mobilities as high as
22 cm?/(V s), sufficient to allow fabrication of planar-
heterojunction photovoltaic devices.'* The energetically broad-
ened landscape in tin-based MHP films may also be related to
their propensity to self-dope, reminiscent of similar effects in
copper zinc tin sulfide (CZTS) kesterites, where charged defects
can lead to potential fluctuations resulting in tail states that
protrude into the band gap.”®*’

Energetic disorder also frequently limits charge-carrier
mobilities in MHP alloys that fall outside the stable crystallo-
graphic range. For the commonly explored (MA/FA/Cs)Pb(Br/
I); perovskite system, regions of structural instability exist that
have been attributed to effective ionic radii that are incompatible
with the Goldschmidt'* tolerance factor®®'*"'** or to structural
transitions that occur with progressing alloy fraction.”> For
example, significant energetic disorder for intermediate (x =
0.3—0.5) bromide fraction has been reported for thin films of
MAPb(Br,I,_,);'**'* and FAPb(Br,I,_,);”""* and attributed to
a crystal structure change occurring in this region. As shown in
Figure 1b, such low crystallinity leads to a severe “mobility gap™”’
for FAPb(Br,1,_,); in the range of bromide fractions x ~ 0.3—0.5
where values fall below 1 cm?/(V s). However, addition of a small
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quantity of cesium eliminates this gap,”” resulting in a
monotonous decline in charge-carrier mobility with bromide
content in Csg,FAggsPb(Br,l;_,); (Figure 1b) as expected from
enhanced electron—phonon coupling.75 Here, addition of
cesium serves to stabilize the perovskite phase of FAPbX;
against deterioration into yellow hexagonal or orthorohombic
nonperovskite phases, because the effective ionic radius of Cs is
smaller than that of FA, which brings the structure closer within
the Goldschmidt tolerance ranlc:»;e."’s’%’101’102 Interestingly, this
approach also appears to make the material more stable against
photoinduced halide segregation®>* that has been observed for
mixed iodide-bromide lead perovskites.”"'**'* It has therefore
been suggested that structural imperfections may act as sites that
nucleate such effects.”

Charge-carrier mobilties may also be significantly affected in
quasi-two-dimensional perovskite structures that incorporate
layers of nonconducting organic cations whose size is too large to
be accommodated inside the perovskite structure.'’® Two initial
studies demonstrated that the incorporation of hydrophobic
organic cations such as butylammonium'®” and 2-phenylethyl-
ammonium (PEA)'% resulted in improved moisture resistance
of solar cells based on layered lead iodide perovskites. Initial
power-conversion efficiencies of such devices did not exceed 8%;
however, subsequent improvements in layer orientation yielded
increased values,'”''’ commensurate with charge-carrier
motion in the perovskite layer plane for which it is not impeded
by the insulating cation layers. Similarly, measurements of THz
charge-carrier mobilities in thin films of layered lead iodide
perovskites MA, | PEA,Pb,I;,., revealed respectable values
around 10 cm?/(V s) when carrier motion was probed within
the plane of the perovskite layers.”” Therefore, such layered
perovskites yield high intrinsic in-plane charge-carrier mobilities
that can translate into excellent charge extraction, provided that
extrinsic parameters such as long-range layer orientation are
controlled to result in percolation pathways for charge carriers.

Summary and Outlook. Experimental and theoretical evidence
suggests that room-temperature charge-carrier mobilities in
MHPs are fundamentally limited by Frohlich interactions
between charge carriers and the electric fields associated with
LO phonon modes of the ionic lattice. This outcome is not
surprising, given that such Frohlich mechanisms have long been
known to dominate the high-temperature regime for many ionic
inorganic semiconductors, such as GaAs. For lead-iodide
perovskites such as MAPbI; and FAPbI,;, which are currently
implemented in the highest-efficiency solar cells, electron and
hole mobility values thus appear to be fundamentally limited to at
most ~200 cm?/(V's). These values are lower than those for
GaAs, reflecting the relatively strong ionicity of the metal-halide
bond, the low energy of an LO phonon mode that involves the
oscillation of heavy lead atoms, and slightly larger effective
charge-carrier masses. Despite this, the suitability of these MHPs
for charge extraction remains excellent because the overall charge
diffusion length also depends on the charge-recombination
lifetimes, which are usually substantially higher than those
encountered for typical GaAs.

These considerations allow for predictive trends linking
charge-carrier mobilities in MHPs with their composition. For
example, an increase in metal-halide ionicity, such as when
moving to smaller halides in lead perovskites, will lower charge-
carrier mobilities, while substituting a much lighter metal such as
tin may increase LO phonon frequencies, allowing higher
mobility values. In addition, this outcome suggests that changes
in the A-cation are unlikely to yield substantial differences in
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intrinsic charge-carrier mobility limits, given that the LO phonon
is primarily associated with the oscillation of the ionic metal-
halide sublattice. While increases in performance have been
observed upon the addition of 10—30% of cesium to FA-based
lead halide perovskites, these changes primarily result from
extrinsic factors, i.e., improvements in crystallinity linked to
stabilization of the crystal structure.*

Perovskites incorporating lighter metals, such as tin, clearly
have excellent potential for high charge-carrier mobilities but are
currently mostly limited by extrinsic effects arising from
oxidation of Sn** to Sn*" that causes self-doping. Finding an
alternative light metal for the B site that emulates the benign
defect chemistry of the lead-based MHPs is the fundamental
challenge here. Another class of materials system still affected by
extrinsic effects are quasi-two-dimensional, or layered, MHPs.
These offer promising protection against degradation through
moisture, but reliable control over layer orientation and widths
will be essential to ensure that the long-range charge-carrier
mobilities are not impeded.

Overall, this Perspective highlights that the best solution-
processed or evaporated MHP thin films already reach charge-
carrier mobilties that can be within an order of magnitude of the
highest theoretically achievable values. This is an extraordinary
feat, given the relatively short time period over which MHP thin-
film photovoltaics have been pursued.
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