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Abstract

Understanding semiconductor surface properties and manipulating them chemically are
critical for improving their performance in optoelectronic devices. Hybrid halide perovskites have
emerged as an exciting class of highly efficient solar materials; however, their device performance
could be limited by undesirable surface properties that impede carrier transport and induce
recombination. Here we show that surface functionalization of methylammonium lead iodide
(MAPDI3) perovskite with phenethylammonium iodide (PEAI), a commonly employed spacer
cation in two-dimensional perovskites, can enhance carrier diffusion in the near-surface regions
and reduce defect density by more than one order of magnitude. Using transient transmission and
reflection microscopy, we selectively imaged the transport of the carriers near the (001) surface
and the bulk carriers in single-crystal MAPbIs microplates. The surface functionalization increases
the diffusion coefficient of the carriers in a 40-nm subsurface region from ~ 0.6 cm?s™ to ~ 1 cm?s”
!, similar to the value for bulk carriers. These results suggest the PEA ligands are effective in
suppressing surface defect and phonon scattering and shed light on the mechanisms for enhancing

photophysical properties and improving solar cell efficiency.
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Organic-inorganic hybrid lead halide perovskites have emerged as an exciting class of
optoelectronic materials that have been successfully demonstrated in highly efficient solar cells,
light-emitting devices, lasers and photodetectors.!® Managing surface-related carrier scattering
and recombination processes are critical for achieving high performance optoelectronic devices.
For conventional semiconductors (e.g. elemental and III-V), surface functionalization can be
achieved by forming covalent bonds with the surface atoms, which renders the surfaces more
electronically benign to reduce recombination and scattering.”!! However, the chemical bonding
in hybrid perovskites is ionic and the surface defect levels are generally much lower than those
found in conventional covalent semiconductors. Therefore these structures require different
surface functionalization approaches from those designed for the dangling bonds on the surfaces
of covalent semiconductors,®!? Recently, several surface functionalization strategies have been
successfully applied to hybrid perovskites and led to improved light emitting diode efficiency,
solar cell efficiency and stability.!*"!® Binding of small molecules on the surfaces, such as Lewis
bases and acids and molecules with N-H and carbonyl groups, has been found to be effective in

passivating the organic cation or halide vacancies.'>!”

However, thus far, the photophysical investigation on the effects of surface
functionalization has been largely focused on carrier recombination over the nanosecond or longer

19-23 much less is known about the effects on carrier transport near the surfaces. At the

timescale,
microscopic level, the transport of charge carriers is limited by scattering of phonons, defects and
impurities, and these scattering processes can be modified significantly at or near the surfaces.
These scattering processes alter the momentum of the carriers on femtosecond timescale and the

higher frequency of these events leads to slower carrier diffusion near the surfaces,”* which has

been observed in conventional semiconductors such as Si and GaAs.>>?” The impeded transport of



near-surface carriers could deteriorate the performance of solar cells and photodetectors. A viable
approach to reduce scattering and enhance near-surface carrier transport in 3D perovskites is to
draw inspiration from two-dimensional (2D) Ruddlesden—Popper (RP) phase perovskites. By
inserting large long-chain ammonium (LA) cations, the 3D metal-halide frameworks can be sliced
to form 2D layered perovskites.?33° Notably, the LA spacer cations of 2D perovskites have been
demonstrated to passivate defects, increase structural rigidity, and modify electron-phonon

coupling,3!-3

which suggests their potentials in reducing phonon and defect scattering at the
surface of 3D hybrid perovskites. Specifically, it has been reported recently that treating thin films
of polycrystalline perovskites with phenethylammonium iodide (PEAI) can improve the efficiency
and stability of solar cells.>>* However, the focus thus far has been on the ligands’ impact on

carrier recombination and their effect on carrier diffusion has not been explored in 3D hybrid

perovskites.

Here we show using PEA surface functionalization can improve the near-surface carrier
transport in methylammonium lead iodide (MAPDI3) using single-crystal microplate samples.
These well-faceted microplates, which have lateral sizes of more than 10 microns and thickness
less than a micron, serve as ideal model systems for physical studies for solar cell devices.>7*
To differentiate the carrier transport in the near-surface regions from the bulk, we employed
femtosecond transient transmission and reflection microscopy capable of directly visualizing
carrier diffusion with nanoscale spatial resolution.** The measurements on single-crystals allow
for the elucidation of facet-specific surface effects without being confounding by those from the
grain boundaries, which distinguishes this study from the previous spectroscopic studies on

polycrystalline thin films.*!*** These results show that the PEA functionalization reduces surface

defect density by one order of magnitude and significantly suppresses carrier scattering. With the



PEA surface ligands, carrier transport behaviors in the near-surface (25-40 nm) region are similar
to those in the bulk. In contrast, diffusion constant for the carriers in the subsurface region is only
about half of the bulk carriers for the untreated reference samples. We attribute this increased

diffusion to the reduced carrier scattering and trap states at the PEA-terminated surface.

Results and Discussion

Sample preparation and surface characterizations. Reference MAPDbI3 microplates were
synthesized by following methods published previously.>*” Each individual microplate is a single
crystal with well-controlled facets and known chemical compositions, allowing for systematic
investigation of the impact of surface functionalization on carrier dynamics and transport.
Transmission electron microscopy (TEM) confirmed the exposing facets were (001) or (110)
planes of tetragonal MAPbI3 phase (which are equivalent to the (001) plane of the pseudo-cubic
lattice).> As these microplates were grown under an iodide-rich environment, the surfaces were
terminated by MAI (illustrated in Figure 1a), as supported by scanning tunneling microscopy
measurements and photoemission spectroscopy studies on single crystals.*>**® Under-coordinated
Pb atoms are unlikely to be present at the surface, because the excess iodide anion in the growth
solution should facilitate the formation of coordinative Pb—I bonds. When all Pbls octahedra are
complete, the MAPDI3 surface must be terminated by the MA™ cations in the cuboctahedral voids

to balance the charges.

We choose PEA as the surface ligands based on previous reports that show incorporating the
PEA spacer cation in the 2D perovskites reduces structural disorder and enhances exciton
diffusion.’!3234495% Qurface-functionalized single-crystal MAPbI3 microplates (illustrated in
Figure 1b) were synthesized by immersing a glass slide coated with a lead acetate thin film into an

isopropanol solution containing both PEAI and MAI (see more details in Materials and



Methods).>! When PEA and MA cations coexist in the growth solution, it is thermodynamically
more favorable for PEA to occupy the surface sites, due to the additional energy gained from van
der Waals interactions between adjacent PEA cations.’! It is noted that the surface bound cations
are in dynamic equilibrium with the free cations in the solution. The key to grow surface-
functionalized MAPbI3 microplates is to control the concentration ratio of PEAI to MAI (a) to
around 0.52 (Figures S1 and S2), so that it is high enough for PEA cations to functionalize the 3D
perovskite surface with high coverage, as supported by the previous report on stabilizing the
metastable formamidinium lead iodide perovskite phase using surface functionalization with
PEA;’! but still low to minimize the formation of various 2D RP phase perovskites of
(PEA)2(MA)-1Pbal3s+1 (1 is an integer).>? If the o value was increased slightly to ~ 0.64, we found
the growth of 3D MAPbIs microplates with surface PEA ligands is kinetically favored even though
the formation of 2D RP perovskites is thermodynamically favored (Figures S3-S5). Compared to
the reference MAPbIs microplates grown without PEAI, the presence of PEA cations in the growth
solution clearly promotes anisotropic growth of the resulting single crystals (see optical and
scanning electron microscope images in Figure S6). This phenomenon is similar to surfactant-
induced anisotropic growth in semiconductor nanocrystals,>® suggesting that the surface of the
perovskites is capped by PEA cations. The time dependent PXRD collected on the nanostructure
films at o= 0.52 show that the initial formed products were 3D perovskites (Figure S7). With these
results, a rough growth “phase diagram” as a function of a value and reaction time is illustrated in
Figure S8. Please also see additional discussion on the crystal growth process in the Supporting

Information.

The optical image of the as-grown PEA-terminated MAPbI3 sample (Figure 1c, SEM images

shown in Figure S6b) reveals rectangular microplates with a length of more than 10 micron in one



dimension as well as nanowires. Figure 1d shows a low-resolution TEM image of a representative
PEA-terminated MAPDbI3 microplate. The corresponding selected-area electron diffraction (SAED)
pattern (Figure le) shows a set of sharp diffraction spots that can be indexed to a pseudo-cubic
MAPDI; structure with a zone axis of [001], which unambiguously confirmed the 3D perovskite

phase and revealed the top surface facet of (001).
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Figure 1. Surface chemistry and structural characterizations of reference MAPbI; and PEA-
terminated MAPbI; microplates. (a-b) Schematic illustrations of the (001) surface of MAPbI; terminated
by MA (a) and PEA (b) cations, respectively. (c) Optical image of a PEA-terminated MAPDI; sample that
contains both microplates and nanowires. (d) Low-resolution TEM images of a PEA-terminated MAPDI;
microplate and (e) the corresponding SAED pattern along the [001] zone axis (ZA) of the tetragonal phase.
(f) Fitted high-resolution XPS of C Is region for PEA-terminated MAPbDI;, in comparison with the XPS
spectra for MAPDI; and (PEA),Pbls. (g) FTIR spectra of PEA-terminated MAPbI; (red), reference MAPbDI;
(black) and (PEA),Pbly (blue) 2D perovskites.

To confirm the presence of PEA cations on the surfaces of treated microplates, we performed
surface-sensitive X-ray photoelectron spectroscopy (XPS) on the functionalized sample and two
control samples, i.e. MAPbI3 and (PEA):Pbls (Figure 1f). The C 1s XPS spectrum of MAPbI3

shows a major peak at 286.6 eV, which is assigned to the C atoms in the MA cations. Note the



small shoulder located at 285.1 eV may be from adventitious carbon or other contamination. The
spectrum of (PEA)2Pbls shows a major peak at 284.6 eV from the aromatic C (sp?®) atoms in the
benzene ring, a shoulder peak (on the left side) from the C (sp’) atoms in the ethylammonium
group, and a m-m* satellite at several eV higher binding energy of the main peak. The PEA-
terminated MAPDI3 shows mostly similar spectral profile to the (PEA)2Pbls. The major peak can
be assigned to the aromatic C atoms in the PEA cations, whereas the shoulder peak with a slightly
higher peak height can be assigned to the combination of sp®> C atoms in the PEA cations and C
atoms in the MA cations. Moreover, the n-n* satellite was clearly observed for both (PEA)2Pbl4
and PEA-terminated MAPbI3 samples but not present in MAPbI3 sample. These results confirm
the surface termination by PEA cations in the functionalized crystals. Fourier transform infrared
(FTIR) spectroscopy measurements on these three samples were also conducted (Figure 1g). Peaks
corresponding to aromatic C—H and aromatic C=C vibrational modes at 748 cm™ and 1568 cm’!,
respectively, were clearly observed for the PEA-terminated MAPbIs. These peaks were also

observed in the (PEA)2Pbls, but were absent from the reference MAPDI;.

Surface carrier recombination. We first employed steady-state and time-resolved optical
spectroscopy to investigate how the surface functionalization influences carrier recombination. As
shown by the photoluminescence (PL, Figure 2a) and absorption (Figure S9) spectra, the optical
bandgap is not affected significantly by the surface PEA cations. The representative PL spectrum
of a PEA-terminated MAPbI3 microplate exhibits a single band-edge emission peak of 782 nm
with a full-width at half-maximum (FWHM) of 50 nm, which is almost identical to the reference
MAPDI3 microplate (Figure 2a). Statistical analysis of the emission spectra from more than 10
functionalized and control MAPbI3 microplates reveals no systematic difference in the PL peak

energy and peak width (inset of Figure 2a). These results confirm the absence of low n-value 2D



RP perovskites (i.e. 7 is less than 7), whose PL emission peaks are distinct from the 3D MAPbI3.%

It has been predicted that 2D RP perovskites with n value greater than 20 would behave like 3D
perovskite.>* It may be possible that some large n-value 2D RP perovskites (i.e. n is larger than 7)
form along with the 3D structure in the functionalized microplates. Nevertheless, if the n values
are large enough, the 2D RP perovskites can be thought as surface-functionalized 3D perovskite

nanostructures.
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Figure 2. Carrier recombination in functionalized MAPbI3 microplates in comparison with reference
MAPDI; microplates. (a) Confocal PL spectra of an individual functionalized MAPDbI; microplate in
comparison with the reference MAPbI; microplate. Inset: statistical analysis of the PL peak energy and
FWHM of the confocal PL spectra collected on PEA-terminated and reference MAPbI; microplates. (b)
Broadband TA spectra at zero delay time for a surface-functionalized and a reference MAPbI; microplate
with a pump energy of 1.77 eV. Carrier—density dependent time-resolved PL dynamics of the reference (c)
and PEA-terminated MAPbI; microplates (d). The solid lines are bi-exponential fits (reference MAPDI3)
and single-exponential fits (PEA-terminated MAPbI3) convoluted with the instrument response function,
and the fitting parameters are given in Table S1. The PL lifetime measurements were carried out in
reflection mode with a 2.80 eV excitation, exciting carriers within 50-nm of depth from the surface.

Figure 2b compares the broadband transient absorption (TA) spectra of a functionalized

MAPDbI3 microplate vs. a reference MAPDbI3 microplate at zero time-delay. Upon photoexcitation,
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a ground state bleach band (positive signal in A7/T, and AT is pump-induced change in probe
transmission 7) centered around the bandgap at 1.64 eV (756 nm) is observed due to band-filling
effect. Photo-induced bleach below the bandgap was observed for the untreated microplate, which
is likely due to the sub-bandgap defect states.*> The TA spectra also confirm the phase purity of
the samples. If the structures were 2D/3D heterostructures, one would expect higher-energy

exciton bleach bands due to the 2D perovskites.>>

Comparative PL lifetime measurements show the PEA surface functionalization
significantly reduced the carrier recombination rate. The PL lifetime measurements were carried
out in reflection mode with a 2.80 eV excitation with a penetration depth of 50 nm as calculated
by 1/a (a is absorption coefficient).?> As shown in Figure 2c, carrier dynamics in an untreated
reference MAPbI3 microplate exhibits a bi-exponential decay, with a fast component of 10-15 ns
and a slow component of 500-800 ns (fitting parameters are listed in Table S1). The dynamics also
exhibits a non-monotonous dependence on carrier density, which can be explained by the
combined effects of defect trapping and bi-molecular recombination as schematically illustrated
in Figure S10 and described in the SI.°° Briefly, as the carrier density increases from 3.0 x 10'
cm™ to 1.0 x 10! cm?, the recombination dynamics becomes slower with reduced contribution
from the fast component, which can be attributed to the filling of the trap states by the photoexcited
carriers. When the carrier density is further increased to 6.0 x 10'® cm™, the dynamics becomes

faster due to higher bimolecular recombination rate.

Significantly, the fast nanosecond decay component in the PL decay is mostly eliminated
by the PEA functionalization (Figure 2d) and the carrier recombination exhibits largely single-
exponential decay behavior, with a lifetime of ~ 350 ns. As previously suggested, carrier

recombination at the top and bottom surfaces limits the carrier lifetimes in thin films of
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MAPbDI3.2!2? The suppression of the fast recombination pathway (~ 10 ns) suggests that surface
defect density is reduced by PEA functionalization. Moreover, the recombination dynamics for the
PEA-terminated microplate shows negligible dependence on the carrier density ranging from 3.0
x 1015 em™ to 1.0 x 10'® cm™, suggesting a defect density below 3.0 x 10" cm™. The carrier
density-dependent PL decay dynamics in Figures 2¢ and 2d were modeled to extract the defect
density by iteratively fitting to the trap-mediated recombination model®® (Figures S11 and S12,
Table S2). The defect density in the reference MAPbI: is estimated to be ~ 7 x 10" cm™ and it is

reduced by one order of magnitude to ~ 5 x 10'* cm™ by PEA surface functionalization.

We rule out that the fast decay in the reference crystals is due to carrier diffusion out of the
excitation area. First, the collection of emission is in wide-field mode where all the emission is
collected and diffusion in lateral or vertical dimension should contribute negligibly to the PL
dynamics. Further, the fast decay component was only observed in the reference crystals, not the
PEA-terminated crystals that have larger surface lateral diffusion constants as discussed below,
which again suggests that the fast decay component is not due to diffusion, but the carrier trapping

process.

Bulk and near-Surface carrier transport imaged by transient absorption microscopy. The
transport of carriers in the near-surface region can differ significantly from the bulk due to surface
and defect scattering.>>2’ To investigate how the surface functionalization with PEA cations
affects carrier transport, we further employed ultrafast microscopy®’ to directly image carrier
transport in single microplates. We have demonstrated transient absorption microscopy (TAM) as
a useful tool to visualize carrier migration with a high time resolution and spatial precision.**->’

Here we employed TAM in both transmission and reflection mode and we first discuss the results

from the transmission mode. By taking advantage of strongly wavelength-dependent absorption
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coefficient of halide perovskite materials,?? carrier transport in the near surface region and the bulk
can be selectively imaged (Figure 3a). The penetration depths of 3.10 and 1.77 eV pump photons
are estimated to be 40 and 500 nm as illustrated in Figure 3b based on the absorption of MAPbI3
(Figure S9).22 Most carriers are generated within the topmost 40 nm from the surface by using a
3.10 eV pump phonon energy (Figure 3b). In contrast, more or less the entire depth of the
microplate with a thickness of 400 nm can be excited with 1.77 eV pump photon energy (Figure

3b).

To image carrier transport, the pump beam was held at a fixed position while the probe
beam was scanned relative to the pump with a Galvanometer scanner (more details in Methods
and Figure S13). A probe energy of 1.64 eV (756 nm) resonant with the ground state bleach band
is employed to image the population of cooled carriers at the bandgap. The initial carrier profile

2 2
(x=x9)"  (¥=Yo)
20%, 2032,’0

visualized in Figure 3b is given by n(x,y,z,0) = Nyexp (- az)exp[— ], as created

by a Gaussian pump beam with variances of 67, and oy, at position (xo, yo) and a pulse duration
of ~ 300 fs. The initial population decays exponentially in the z direction. In the transmission mode,
AT is integrated over the z direction and the lateral carrier transport in the xy plane was visualized
by 2D TAM images at different delay times (Figures 3c-3f). At a later delay time ¢, the carrier

(x—xo)2 _ (y—YO)Z]
202, 20'32,_t

density also follows a Gaussian distribution as given by, n(x,y,t) = N.exp[—

The TAM images in Figures 3c-3f are thus fitted by 2D Gaussian functions with variances of a,f’t
and oﬁ_t. Because carrier transport is isotropic in the xy plane, one-dimensional scanning n(x, 0, t)
instead of two-dimensional imaging n(x,y,t) was performed for the following TAM

measurements to reduce the data redundancy and of = o7, = Uf,t- The one-dimensional
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population profiles for a reference and a PEA-terminated microplate are shown in Figures 4a, b

and 4c, d, respectively.
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Figure 3. Transient transmission microscopy imaging of near-surface and bulk carrier diffusion. (a)
Schematic illustration of selectively excitation of carriers in the near-surface regions. With 3.10 eV pump
energy, only carriers within 40-nm distance of the sample surface was excited. The whole microplate can
be excited with 1.77 eV pump energy. (b) Calculated depth-dependent carrier population generated by 3.10
eV and 1.77 eV pump at time zero. Scale bar: 400 nm. (c-f): The TAM images of the carrier transport at
various delay times with a pump photon energy of 1.77 eV for a reference MAPbI; microplate (¢) and a
PEA-terminated microplate (d). The TAM images of the carrier transport at various delay times with a
pump photon energy of 3.10 eV for a reference MAPbI; microplate (e) and a PEA-terminated microplate
(f). Probe energy = 1.64 eV. Color scale represents the intensity of pump-induced differential transmission
(AT) of the probe and every image has been normalized by the peak value. Scale bar: 1 pm.

The effective diffusion constant D can be extracted by the broadening of the Gaussian

2 _ 2
Ot2=0t1 40

variances, D =
’ 2(ta—t1)’

and the D measured in the transmission mode corresponds to an

averaged value over z. The carrier diffusion over the z direction will be discussed by comparing to
the results from the reflection mode in the next section. Both electrons and holes should contribute

more or less equally to the transport due to their similar effective masses.’® To avoid complications
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from hot phonon effects, the carrier density for all measurements was kept around 5 x 10'7 cm?,

below the threshold for phonon bottleneck.!*3**! We have also confirmed that higher-order
processes such as Auger recombination are negligible at a carrier density of ~ 5 x 107 cm™ (Figure
S14). All the measurements were performed in the linear regime so that the TA signal was

proportional to carrier density.

Carrier transport in an untreated reference MAPbIs microplate is shown in Figures 3¢ and
3e for pump photon energies of 1.77 eV and 3.10 eV, respectively. We note that the 3.10 eV pump
creates hot carriers with excess kinetic energy and enhanced transport at timescale < 100 ps,’’

which leads to a larger o), ps than the 1.77 ¢V pump. To eliminate the complications from hot

carriers, here we focus on the transport of cooled carriers in thermal equilibrium with the lattice
on timescale greater than 100 ps. The overall distance of carrier transport is shorter with a 3.10 eV
pump, indicating that carrier diffusion is impeded in the near-surface region compared to the bulk.
In comparison, the TAM images for a PEA functionalized microplate are shown in Figures 3d
(1.77 eV) and 3f (3.10 eV), exhibiting similar carrier transport behaviors for the near-surface

carriers as those of the bulk carriers.

Figures 4e and 4f show that ¢ grows linearly as a function of delay time for t > 100 ps,
which is expected for a diffusive transport of the thermally equilibrated cooled carriers. We
extracted D with a 1.77 eV pump to be 1.13 = 0.01 cm?s™! for the bulk carriers in the reference
microplate. In comparison, an effective D of 0.50 £ 0.01 cm?s™! was obtained for the near-surface
carriers of the same microplate excited by a 3.10 eV pump, which is only 45% of the bulk diffusion
coefficient (Figure 4e). With a pump photon energy of 2.25 eV and a penetration depth of about
180 nm, the diffusion coefficient was found to have a value of 0.97 + 0.02 cm?s™! (Figure S15),

closer to the bulk-like carrier diffusion coefficient. The reduced carrier diffusion constant in the
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near surface region is likely due to increased carrier trapping and scattering. For instance, the
effective diffusion constant near the surfaces is more than three orders of magnitude smaller than
in the bulk for GaAs.?” For the PEA-terminated MAPbI3 microplate shown in Figures 4c, 4d and
4f, the bulk carriers have a D of 1.03 + 0.01 cm?s™, similar to that of the reference sample, which
confirms that the carrier transport properties of the bulk do not change significantly upon surface
functionalization. However, with a pump photon energy of 3.10 eV, D is measured to be 1.05 *
0.01 cm?s™! for the near-surface carriers in the same microplate (Figure 4f), which indicates that
the carrier diffusion constant in the near-surface region is fully restored to the bulk value by the

surface functionalization with PEA cations.
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Figure 4. Near-surface and bulk carrier diffusion in reference and PEA-terminated MAPbI;
microplates. (a-d) 1D carrier population profiles fitted with Gaussian functions at different delay times,
with the maximum AT signal normalized. Bulk carriers (a) and near-surface carriers (b) in a reference
MAPbDI; microplate. Bulk carriers (¢) and near-surface carriers (d) in a PEA-terminated MAPbI; microplate.
(e) af plotted as a function of pump-probe delay time in the reference MAPbI; microplate extracted from
the data shown in (a) and (b). Solid lines are the linear fitting to calculate the diffusion constants. (f)
of plotted as a function of pump-probe delay time in the PEA-terminated MAPbI; microplate extracted
from the data shown in (c) and (d). Solid lines are the linear fitting to calculate the diffusion constants.
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Reflection-mode TAM measurements and diffusion in z. To investigate the effect of carrier

diffusion in the z direction, we also imaged the near-surface carrier transport using transient

reflection microscopy. In the reflection mode, the effective probing depth is ~A/4zn, where A is the

probe wavelength and # is the reflective index at the probe wavelength.?®%> We used a pump
wavelength of 700 nm (1.77 eV) to excite the entire depth of the microplates and a probe
wavelength at 780 nm corresponding to a probing depth of ~ 25 nm. The pump-induced change in
the probe reflection (AR) is imaged as a function of probe position. In such a way, the AR measured
comes from only the near-surface carriers, eliminating the possible complications from the

diffusion into the bulk in the transmission measurements.
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Figure 5. Near-surface carrier diffusion (~25 nm probing depth) measured by transient reflection
microscopy. (a) 1D carrier population profiles in a reference MAPbI; microplate with the maximum AR
signal normalized. (b) 6 plotted as a function of pump-probe delay time extracted from the data shown in
(a). The solid line is the linear fit to calculate the diffusion constants. (c) 1D carrier population profiles in
a PEA terminated MAPbI; microplate with the maximum AR signal normalized. (b) 6 plotted as a function
of pump-probe delay time extracted from the data shown in (c). The solid line is the linear fit to calculate
the diffusion constants. Pump photon energy = 1.77 eV, probe photon energy = 1.59 eV.
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Figure 6. Comparison of average bulk and near-surface carrier diffusion constants. Diffusion
constants measured in multiple reference microplates (4 for transmission mode and 4 for reflection
modes) and PEA-terminated MAPbI; microplates (11 for transmission mode and 4 for reflection modes).

The results from a typical untreated reference MAPbI3 crystal are shown in Figures 5a and
5b, with a D of 0.58 + 0.04 cm?s™! for the carriers in the 25-nm near-surface region probed in the
reflection mode. In comparison, the near-surface carrier diffusion constant in a PEA-terminated
crystal is measured to be 1.24 + 0.04 cm?s™! (Figures 5c and 5d), similar to the bulk value. These
D values agree well with the results from the transmission mode TAM with a 3.10 eV pump, which
further supports that PEA functionalization can improve near-surface carrier transport. Figure 6
summarizes the average bulk and near-surface carrier diffusion constants from multiple crystals
imaged by transmission and reflection modes. The average diffusion constant for the bulk carriers
is 1.13 £ 0.08 cm?s™! and 1.02 = 0.11 cm?s! in the reference and PEA-terminated microplates,
respectively, in good agreements with other reports on single crystals of MAPDI3.93%° In contrast,
the average diffusion constant for the carriers in the subsurface region is improved from ~ 0.6

cm?s! to ~ 1 cm?s! by PEA surface functionalization.

Notably, the average D for the carriers in the 25-nm region probed by the reflection mode

is similar to that of the carriers generated in the 40-nm depth by the 3.10 eV pump in the
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transmission mode (Figure 6). If a significant portion of the carriers generated near the surface of
the untreated crystals can diffuse into the bulk, one should expect a higher D in the transmission
mode due to more contribution from the bulk carriers. However, this is not what we observed,
which implies that the diffusion from the ~ 40 nm subsurface region into the bulk is not significant
for the untreated crystals. The diffusion into the bulk can be hindered by factors such as such as
surface recombination, trapping, or band bending.?®?” While surface recombination generally
occur within a few nm of the surface, band bending effects can extend much longer distance.?¢2
The suppression of carrier diffusion into the bulk in the untreated perovskite crystals is detrimental
for the function of solar cells. However, this problem can be overcome with PEA functionalization,
which facilitates the carriers to diffuse into the bulk (i.e. along the z direction). It is likely that the
diffusion at the surface is much lower than the value we obtained in a slab of 10s of nm here. For
example, exciton diffusion constant in (BA)2Pbl4 (BA is butylammonium) has been reported to be
0.01- 0.06 cm?s™!,*%6 which could be viewed as a comparable system to the topmost surface layer
of the untreated crystals. The exciton diffusion constant is much improved in (PEA)2Pbl4, to ~ 0.2

CmZS-1.49

Discussion: The TAM results demonstrate that the near surface carrier transport properties in
MAPDI; can be favorably improved by surface functionalization with PEA ligands. These results
are consistent with a recent report* that showed almost one order of magnitude higher carrier
diffusion coefficient in 2D perovskite (PEA)2Pbl4 than that of (BA)2Pbls. One possible explanation

is that that the scattering of carriers was reduced at or near the surface by the PEA ligands. For

TskT .
Sm , where Ty is the

band-like transport in semiconductors, the diffusion constant is given by D =

momentum relaxation time corresponding to the inverse of the sum of all scattering rates, k is the

Boltzmann constant, T is temperature, and m is the effective mass of the carriers.** The reduced
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diffusivity near the surface region for the untreated microplates implies a shorter 75 due to more
frequent scattering events. These processes can include scattering of carriers by optical and
acoustic phonons, structural defects, and impurities.’>> The surface defect density is reduced by
one order of magnitude with PEA functionalization as revealed by the modeling of the carrier-
density PL dynamics, which suppresses defect scattering and prolongs 7. Secondly, PEA ligands
increase the structural rigidity of the perovskite lattice.>* Theoretical calculations have suggested
that stiffening of the inorganic Pb—I lattice leads to fewer low frequency optical phonon modes
and reduces the frequency of electron—phonon scattering.>**” Thus, on the PEA-terminated surface,
both structural disorder (such as defects) and dynamic disorder (electron-phonon scattering) are
suppressed, leading to enhanced transport behaviors near the surfaces. In addition to reduced
scattering, the PEA functionalization also eliminates the shallow energy trap states as indicated by

the TA spectra in Figure 2b. The trap states can localize the free carriers to the near-surface region

with a reduced effective diffusion constant Drr, Desr = Dy %, where D, is the diffusion
trif

constant for the free carriers, t; is the average time carriers stay in the traps and t; is the time for

the carriers to be released from the traps.?’

Overall, PEA surface functionalization can lead to improved optoelectronic devices
because of two key factors: the reduced surface trap density and the enhanced in-plane near-surface
carrier diffusion. The elimination of surface traps is critical for allowing the carriers to diffuse into
the bulk, which is necessary for the function of solar cells. The improvement in the near-surface
diffusivity could be important for carrier transport across different crystalline domain as most
perovskite solar cell devices are based on polycrystalline films with many domains of different
orientations. Indeed, PEA functionalization has been demonstrated to improve the efficiency of

polycrystalline perovskites solar cells.*>*° In addition, another type of solar cell architecture based
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on interdigitated back contact (IBC) has emerged.®®”! In the IBC architecture the electron- and
hole-selective electrodes are placed on the backside of the semiconductor layer in an interdigitated
fashion, which requires lateral carrier diffusion. Finally, efficient lateral carrier transport between

the electrodes is critical for the device performance of photodetectors.”
Conclusions

In summary, we demonstrated that the carrier transport near the surface of MAPbI3 can be
significantly improved by PEA ligand surface functionalization. By using ultrafast transient
transmission and reflection microscopy, we were able to distinguish the surface-like and bulk-like
carrier diffusion coefficients. Specifically, for the untreated MAPDI3 crystals, the carrier diffusion
coefficient for the 40-nm subsurface layer is only 55% of the bulk diffusion constant; with the
PEA surface ligands, the surface carriers have similar diffusion constant as the bulk carriers of
around 1 cm?s™!. In addition, the PEA functionalization reduces the surface defect density by more
than one order of magnitude as revealed by the kinetic modeling of carrier-density-dependent
lifetime measurements. These results suggest that PEA surface functionalization is effective in
reducing both structural defects and electron-phonon scattering at the surface and provide
fundamental insights on how to design new methods to improve the surface properties of hybrid
perovskite materials for high performance optoelectronic devices, such as solar cells and
photodetectors.

Methods:

Synthesis of single-crystal perovskite microplates

The reference MAPbI3 microplates were synthesized by immersing a piece of PbAc: coated glass
slide in a solution of MAI in isopropanol (IPA) at room temperature, with the PbAc: coated side

facing up.’” The PbAc: thin film was prepared by dropcasting 100 mg/mL PbAc2-3H20 aqueous
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solution on a glass slide. The coated substrate was then annealed at 50 °C in an oven before it was
dipped into 1 mL precursor solution in a reaction vial. The PEA-terminated MAPbI3 microplates
studied herein were synthesized by immersing a piece of PbAc: coated glass slide in a mixed
solution of MAI and PEAI in IPA at room temperature, with the PbAc: coated side facing up. The
precursor solution was made by mixing solutions of PEAI (40 mg/mL) and MAI (40 mg/mL) in
IPA with a volume ratio of 0.45/0.55 (the corresponding molar ratio of PEA to MA is 0.52). After
a reaction time of ~3 days, the glass slide was taken out, washed in IPA and dried under N2 flow.
Note that both of these syntheses also produced some nanowire by-products but they can be easily
avoided for the single object studies here. In additional, the films of PEA-terminated MAPbI3
sample have more tendency to peel off from the glass slides than the reference MAPbI3 microplates.
Other growth conditions that led to mixed 2D/3D halide perovskite products are discussed in the

Supporting Information.

Optical absorption and photoluminescence (PL) measurements

A home-built microscope was used for the micro-absorption and PL spectroscopy measurements. %
For the micro-absorption measurements, a halogen tungsten lamp was used as white light source
which was focused by an objective (20x, NA = 0.45, Olympus) to spot with size of ~2 um on the
sample. The transmitted light was collected by anther objective (40x, NA = 0.6, Nikon), and
detected by a spectrometer (Andor Shamrock 3031) and CCD (Andor Newton 920). The same
spectrometer and CCD combination were used for PL spectroscopy. A picosecond pulse laser with
wavelength of 447 nm was used as the excitation light and an objective (40%, NA = 0.6, Nikon)
was employed to focus the excitation light on the sample and collect the scattered PL light in wide-
filed mode. For the PL decay dynamics, the collected light was guided to a single photon avalanche

diode (PicoQuant, PDM series) with a single photon counting module (PicoQuant). In order to
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exclude diffusion from the PL decays, the home-built setup is not a strict confocal such that
emission beyond the excitation spot is also collected. As obtained dynamics were fitted with

biexponential decay convoluted with instrumental response function as given by,

2

t t
I(t) = conv(exp (— F) ,0(ty) - (Aq - exp(

t
)+ 42 exp (=)

71

where [ is the PL intensity as a function time t, @ is a step function, t is time zero, 7; and 7, are
time constants for the exponential decay, 4, and A, are amplitudes of the two decays, w describe

the instrumental response. The time resolution of the system is around 100 ps.
Transient absorption microscopy (TAM)

The details of the home-built TAM setup (Figure S13) were described in our previous
publication.’” The same setup was used for the MAPbI3 microplates measurements in this work.
Briefly, the output from two independent optical parametric amplifiers (OPAs, 750 kHz, 200~300
fs, Light Conversion) served as the pump and probe beam respectively. Both the pump and probe
beams were focused on the sample with an oil objective (60 x, NA = 1.49, Nikon). To improve the
signal to noise ratio, an acousto-optic modulator (Gooch and Housego, R23080-1) was used to
modulate the pump beam at 100 kHz. A mechanical translation stage (Thorlabs, DDS600-E) was
used to delay the probe with respect to the pump. For the diffusion images, a 2D galvo mirror
(Thorlabs GVS012) was employed to scan the probe beam relative to the pump beam in space at
multiple delay times. Spatial filters were used to optimize the profile of the beams. The transmitted
or reflected probe light was detected by an avalanche photodiode (APD) (Hamamatsu, C5331-04),
and the pump-induced change in probe transmission (A7) or reflection (AR) was extracted by a

lock-in amplifier (SR830, SRS Inc.)
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