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Abstract: Organometal halides that adopt perovskite structure have received tremendous
attention due to the rapid increase in power conversion efficiency of solar cells. The
perovskite film is sensitive to subtle variations during the fabrication. Characterizing the
structure and testing the device performance only probes its static properties. Converting
from photon to separated electron and hole is a dynamic process ranging from femtosecond to
microsecond. Ultrafast laser spectroscopy can be utilized to study photophysics, but
photophysics of different films has not been well correlated with structure and device
function. In order to better understand the structure-function relatio nship, the uniqueness of
our direction is to use femtosecond laser spectroscopy to study photophysics of different
structures. This project focuses on studying the structure , photophysics , and function for a
series of organic-inorganic hybrid perovskite materials and structures , which can be useful
design motif on the choice of materials and structures for their device application.

We have completed our goals. We studied structure-photophysics-function relationship of
quasi-2D perovskite solar cells, using large-size organic cation to improve stability and
efficiency of perovskite solar cells, age-induced recrystallizat io n, and the effect of reactant in
the formation of perovskite. In addition, we utilized transient absorption and reflection
spectroscopy to understand the carrier spin lifetime , charge transfer and diffusion at the
inter face, and coherent phonon. It also offers an excellent platform for the collaboration with
other research groups on photophysics of different organic and hybrid materials. With the
AFOSR YIP support ($360,000), we published 10 papers in 3 years, out of which six as
corresponding author and four as co-author. We also have one co-authored paper submitted
and one (corresponding author) in preparation.
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1. Introduction:

Organometal halides that adopt perovskite structure have received tremendous attention due
to the rapid increase in power conversion efficiency of solar cells.* ? This stems from its
unique optoelectronic properties , including broad absorpt ion,2-2 weak exciton binding energy*
® ambipolar charge transport.” *° and limited electron-hole recom bmation.®* **** It has not been
clear how microstructures affect free carrier dynamics ma croscopically, with a priori

prediction of device performance based on structure not yet possible. This project focuses on
studying the structure , photophys ics, and function for a series of organic-inorganic hybrid
perovskite materials and structures , which can be useful design motif on the choice of
materials and structures for their device application.

The perovskite film is sensitive to subtle variations during the fabrication. Characterizing the
structure and testing the device performance only probes its static properties. Converting
from photon to separated electron and hole is a dynamic process ranging from femtosecond to
microsecond. A priori prediction of device properties based on structure is not yet available.
Ultrafast laser spectroscopy can be utilized to study photophysics, but photophysics of
different films has not been well correlated with structure and device function. It is not
straightforward to build this correlation, since it requires the abilities of performing all the
aspect experiments, including materials characterization, device , and laser spectroscopy. My
interdisciplinary research experiences allow me to quickly develop an independent research
group by leveraging the abilities of ultrafast laser spectroscopy, materials characterization ,
and device physics. A key feature of my research is to build a photophysics bridge to
better_connect structure and optoelectronic properties. (Figure 1) Although the field is
highly competitive and fast moving, to the best of my know le dge, our approach is a unique
and promising one.

Structure E> Photophysics E> Function

vCrystallization v'Dynamics of carrier v'Solar cell

v Different phases %
~ Prop,, Sample T

S W<\ g
Detector
E Delay | ——A
Ar
Figure 1. Structure-photophysics-function relationship of perovskite solar cells. |

We have studied phase distribution of quasi-2D perovskite solar cells, improving stability and
efficiency of perovskite solar cells using large-size organic cation, age-induced perovskite
recrysta llization, and the effect of reactant in the formation of perovskite (see section 1.1).
Besides studying the fundamental mechanism in hybrid perovskite solar cells, we utilized
transient absorption and reflection spectroscopy to understand the carrier spin lifetime, charge
transfer and diffusion at the interface, and coherent phonon (see section 1.2). In addition to
structure-photophysics-function relationship of perovskite materials , we also utilize our
expertise of ultrafast laser spectroscopy to collaborate with other groups to study
photophysics of perovskites , organic semiconductors, and organic ligand protected metal
nanoclusters (see section 1.3).

With the AFOSR YIP support ($360,000), we published 10 papers in 3 years, out of which
six as corresponding author and four as co-author. We also have one co-authored paper
submitted and one (corresponding author) in preparation.
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1.1 Structure-photophysics-function relationship of hybrid perovskite solar cells
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Figure 2. (a) Transient absorption spectra of three quasi-2D perovskite films
with different phase purities and vertical distributions from Ref ° (b) Perovskite
solar cell device performance and stability (pristine and those treated by large-
size organic cation) from Ref 16

Introducing large size hydrophobic cation (such as butylammonium , BA) into 3D
perovskite (CHsNHsPbb , MAPbb) to create quasi-2D perovskite can improve device
stability. It is challenging to control and characterize the composition and structure. We
manipulated the phase purity and vertical distribution of quasi-2D perovskite proven by
ultrafast transient absorption spectroscopy with front and back laser exc itation. ' > (Solar
RRL, 2019, 3, 1800359, selected by Wiley hot topic: solar cells) We found that solar cell
performance is more sensitive to phase purity relative to vertical distribution . (Figure2a)

Introducing a small amount of large size hydrophobic cation into a 3D perovskite
structure without interrupting the crystal structure is a promising method for maintaining
high effic ie ncy, while enhancing its stability against moisture. By comparing a family of
different cations, our results show that propylammonium (PA) cation is the most effective
one at mitigating these instability issues. Via femtosecond transient absorption and
reflection spectroscopy, we found that the large cations preferentially accumulate at the
grain boundaries and film surfaces.'® (J. Mater. Chem. A, 2019, 7, 23739, 2019
Emerging Investigator Themed Issue) The preferential crystal orie ntation, crysta llization,
and grain size in both lateral and vertical directions are enhanced accordingly. Such self-
assembled large cations suppress the charge recombination and enhance device efficiency to
20.1%. Along with improvements in efficiency, the addition of the PA cation significantly
improves both device and precursor stabilities. The efficiency of pristine perovskite
decreases by 32.1%, while those with PA only decrease by 2.8% after 600 hours under low
and/or high humidity. (Figure 2b)

The highest efficiency (20.1%) usually appears some time after the device fabrication.
We utilize X-ray diffraction, time-resolved photoluminescence, transient absorption
spectrometer, and single-carrier diode measurement to understand the structure and
electronic properties. We observe enhanced crystallinity and crystallite size, referred to as
age-induced recrystallization. Based on the structural changes, the charge trap and
recombination are suppressed, while charge transport and collection are enhanced,
ultimately improving device efficiency.'” (Org. Electron., 2019, 68, 143).

The black phase of inorganic perovskite CsPbh is extremely unstable at room
temperature. The difficulty stems from the lack of effective approaches to maintain the
black phase in functional device and insufficient understanding of its reactant
dimethylammonium lead iodide (DMAPbIs). By tuning the time and temperature, powder

3
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and crystal DMAPbb are synthesized. Interest ingly , the good-looking DMAPbh crystal is
a mixture of multiple phases (hexagonal and trigo nal), gradual growth from unstable
small bandgap structure in the center outwards to stable large bandgap face-sharing of
Pbl6 oc tahed ra. The CsPbb films fabricated from crystal DMAPbh display higher
crystallinity and larger grain size, enhancing both phase and photo stabi lity , and
improving solar cell efficiency to 18.07%. (manuscript in preparation)

1.2 Photophysics of perovskite materials

5)  Besides solar cells, lead halide perovskites are promising candidates in spintronics. We
utilized circular polarized transient absorption spectroscopy to quantify spin lifetime of
perovskite with different compositions.'® (J. Phys. Chem. Lett., 2020, 11, 1502) We find
that molar mass plays a dominant role of spin orbital coupling in their spin relaxation. It
is suggested that two different mechanisms , namely Elliot-Yafet in which spin flips upon
momentum scattering , and D'yakonov-Perel in which spin relaxes between momentum
scattering, are responsible for spin relaxation of perovskite with different compositions.
Our work for the first time illustrates the effect of composition on the spin relaxation and
mechanism of perovskites and will stimulate future research on spin dynamics and
spintronic devices.

6)  Transient absorption and reflection spectroscopy were utilized to probe the ultrafast
charge diffusion in perovskite film and charge transfer from perovskite to an adjacent
electron transport layer.*® (J. Phys. Chem. C, 2019, 123, 22095) A sub-picosecond charge
transfer coupled with carrier diffusion and hot carrier cooling is observed. We find that
more significant surface recombination in perovskite films caused by pinholes competes
with interfacial charge transfer, which lowers charge transfer efficiency.

7)  We utilized temperature-, fluence-, and polarization-dependent transient absorption
spectroscopy to study coherent phonon in perovskite , which refers to the in-phase
vibration of crystal lattice.?® (J. Phys. Chem. C, 2018, 122, 17035) The generation
mechanism of coherent phonon is impulsive stimulated raman scattering and transient
depletion field screening.

1.3 Photophysics of perovskite and other organic materials via collaboration
We utilized our expertise of ultrafast laser spectroscopy to collaborate with other groups to
study photophysics of perovskites, organic semiconduc tors, and organic ligand protected
metal nanocluste rs.

8)  We collaborated with Prof. Zhibin Yu at Florida State University, AFOSR YIP

recipient in the Or anic Materials Chemistry Division, on a rous halide
—A dv. Mater. Inter., 2019, 6, 180168611fhe trans ie nt
absorption spectroscopy probes the traps and charge transfer that contribute to
fluorescence quenching of perovskite caused by the polymer nanocomposite. 2!

9)  We collaborated with Prof. Rongchao Jin at Carnegie Mellon University, a world
leading group in the synthesis of hybrid nanoc | usters , to study photophysics in organic
ligand protected metal nanoclusters. Femtosecond pump-probe experiment s  were
performed to understand the charge transfer behaviors in different organic ligand
protected metal nanoclusters. One paper was published (ACS Nano, 2020, 14, 6599) 22
and the other was recently submitted.

10) I am collaborating with Prof. Zenghu Chang at University of Central Flo rida, a leading
group in attosecond science in the world. His research has been strongly suppo rted by
DoD including AFOSR, ARO, and ONR. Our collaboration aims to study charge transfer

4
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11)

in organic semiconductors via femtosecond and attosecond transient absorption
spectroscopy. Our perspective, with a section on probing charge transfer in organ ic li ght
harvesting systems via attosecond transient absorption spectroscopy, is recently published
in Nature Communications ( Nat. Commun., 2020, 11, 2748).2 This takes advantage of
the lates t developme nt of attosecond soft X-ray so urces in the " Water Window" (282 to
533 eV) in Chang' s group that can probe the C, N, and Ti edges. It also leverages my
interdisciplinary experiences in organic solar cells, femtosecond laser spectroscopy , and
synchrotron based soft X-rays.

We collaborated with Prof. Hebin Li at Florida International Unive rsity, an expert on 2D
electronic spectroscopy, a process probing the coherent phonon and charge transfer between
different electronic energy states in perovskite (J Phys. Chem. Lett., 2019, 10, 4625.
Journal Cover).?

12) Besides the above collaboration that has already published journal papers, we are also

2.

utilizing femtosecond laser spectroscopy to collaborate with others scientists. For
example, we collaborated with Prof. Hanwei Gao at Florida State University, an ONR
YIP rec ipie nt, to study carrier lifetime of different perovskites for light-emitting diode
application. We ran transient absorption experiments to quantify spin lifetime of
perovskite films fabricated by Prof. Stephanie Lee at Steven Institute of Technology and
spin lifetime of graphene made by Prof. Xian Zhang at the same university.

Experiments: The details of experiment, equipment or analyses are described in the

papers Brie fly, the techniques include:

Crystal structure , crysta llini ty, and grain size: We used X-ray diffraction (XRD) to
characterize struct ure, crystallinity and crystallite size. 1 7 To provide a conclusive
determination of the crystal preferential orientation with respect to the substrate, we
utilized grazing-incidence wide-angle X-ray scattering (GIWAXS) in Synchrotron
Source.® Domain size from top view and cross-section view was observed with scanning
electronic microscopy (SEM).6

Carrier _dynamics at the surface and in the bulk: We have established well-equipped
ultrafast spectroscopy. Femtosecond transient absorption (TA) and transient reflection

(TR) experiments were performed to study charge carrier dynamics in the bulk and at the
sur face, respectively , from femtosecond to microsecond, and from visible to near
infrared .2° Time correlated single photon counting (TCSPC) was used to characterize time-
resolved PL. 1617 .

Electronic characteristics: Trap density and carrier mobility was extracted by fabricating
single-carrier diode and measuring the space-charge-limited current of electron-only and
hole-only devices. 17 The type of traps (trap-assisted recombination and electron-hole
recombination) were identified and recombination resistance was extracted.®

Device: Efficiency of hybrid perovskite solar cell over 20% was reached in my lab. 167

Calculation: Carrier dynamics and distribution along the film depth is calculated
according to carrier diffusion, surface and bulk recombination, and charge transfer rate.®
Exciton binding energy was extracted by fitting the absorption spectra to Elliott's
formula. ' These home-written Matlab codes are user-friendly.

3. Results and Discussion
Below describes the key results of seven sub-projects led by the PI's group. More details are
in the published papers.
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3.1 Manipulating Phase Distribution and Carrier Transfer in Quasi-2D Perovskites
Quasi-2D perovskites are promising alternatives to conventional 3D perovskites because of
their high stability and easy tunability. However, controlling the phase distribution according _
to device architecture remains a major challenge. Here, we report the manipulation of phase

purity and vertical distribution proved by ultrafast transient absorption spectroscopy, and

their effect on device characteristics. By adding ethyl acetate as antisolvent, we flip the
growth direction of perovskite film. CHsNHsCIl (MACI) and dimethyl sulfoxide (DMSOQO) are
used to slow the growth rate of the crystal, which gives better phase purity. The direction of
carrier migration is tuned accordingly. We find that solar cell performance is more sensitive
to phase purity relative to vertical distribution. These findings are of importance for the
applications of quasi-2D perovskites in different type of devices that require to change phase
purity and vertical distribution. (Solar RRL, 2019, 3, 1800359)

3.1.1 Vertical phase distribution of pristine perovsklte and that treated by antisolvent

Ultrafast transient absorption (TA)
spectroscopy was performed to probe
the carrier dynamics of films
prepared under different conditions.
In order to probe the vertical
distribution , the laser excites the film
in two different geometries, from the
front (surface of the perovskite film)
and from the back (substrate). First,
we probed the pristine sample
(Figure 3). In the transient absorption
spectra (L'1T/T), positive signals
correspond to ground state bleaching
(GSB). With front excita tion , we can
observe that n=00 GSB dominated the
TA spectra while GSBs of lower-n
are much weaker (Figure 3a, b). In
contrast , with back excitation , GSBs
of lower-n (n=2, 3, 4, 5) become
significantly stronger while GSB of
n=00 is weaker (Figure 5d, e). It
suggests that in pristine film, 3D
component is preferentially
segregated on the surface while 2D
components are preferentially
accumulated at the bottom. Under
both front and back excitation
conditions , in less than 1 ps, the GSB
peaks of smaller n decays to zero
while the GSB of n=00 rises at the
same time (Figure 3c, f). These
features indicate electron or energy
transfer from lower-n to n=00 in the
film.
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Figure 3. Carrier dynamics of pristine quasi-2D
perovskites. TA (AT /T) data map , TA spectra at
different time delays, Kinetic traces and fitting at
selected wavelength with (a-c) front excitation and
with (d-f) back excitation.

% b. i ¥ |
2 ol - o «
4 & 100 ps

ITIT (x107)

Tmnl:s\

‘anxg Eﬂ‘l?ﬂm
% 0 Lo o o
Wavelength (nm)

70
Wavelengn {rm)

e ‘o3 ja
ni \
ns

h

ITT (x10%)

Back Exchati
T

T T
55 600 6% 700 750
Wavelength (nm)

01 1 10 100 1
Wavelength (nm) Time Delay (ps)

Figure 4. Carrier dynamics of quasi-2D perovskites
after adding antisolvent. TA (i1T/T) data map , TA
spectra at different time de lays, Kinetic traces and
fitting at selected wavelength with (a-c) front
excitation and with (d-f) back excitation.
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Antisolvent has been an effective
method to enhance the crystallization
of 3D perovskite, however, the effect
of antisolvent on the vertical
distribution in quasi-2D RPP is lack
of understanding Under both
excitation cond itions, one can observe
GSBs corresponding to n=3, 4, 5, 6
while that of n=2 is weakened (Figure
4). With front excitation, lower-n
GSB peaks are stronger and those
peaks are gradually weakened as n
increases (Figure 4a, b). On the other
hand, with back excitati on, GSBs at
n=3, 4 are weaker while GSB with
higher-n remains almost the same
(Figure 4d, e). Therefore, the relative
intensity of GSB at n=oo is much
stronger with back excitation. All

Pristine

Front

Back

a Pristine $ A‘S& .
} T
/514 Normal |, zm»-r.,’:—t?‘.
Perovskites growth ".E e
2D e
____ Glass | r’l
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Back Antisolvent Front
d 5 .
Antisolvent 4 ,Ethy E,,»: = J
2D 2 S
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PIOXSANS growth! e
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Glass }
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=
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Figure 5. Schematic band structure and film
distribution of BA2MAsPh4l 13 perovskite films with
and without antisolvent. Film growth direction of
(@) pristine sample and (c) sample adding
antisolvent; band structure of (b) pristine film and
(d) film adding antisolvent.

these spectral features suggest that

after adding antisolvent, 2D component tends to segregate on the surface and 3D component

tends to accumulate at the bottom.

Based on the observation discussed above, the phase distribution and band structure of
pristine film and film after adding antisolvent can be summarized in Figure 5. In pristine
fi Ims, the perovskite crystal growth is slow and lower-n phases grow first at the bottom and
then higher-n phases at the top (Figure Sa). After adding antiso lvent , the perovskite crystal

growth occurs quickly. Antisolvent is dropped from the top, so the surface of the film
contact with the antisolvent starts to crystallize first, which leads to lower-n

at the surface (Figure Sc).

312 Impact of MAC! and DMSO on
phase purity

Knowing that antisolvent can flip the
growth direction and the carrier
migrations of quasi-2D perovskite film,
we then sought to further control the
phase distribution by modifying the
fabrication process, in pursuit of pure
phase. MACI has been used to slow
down the crystallization rate via forming
the intermediate state and increase the
quality of 3D MAPbh perovskite film. %
After adding MACI into quasi-2D
perovskite, only GSB peaks for n=3, 4,
5 and a very weak peak for n=o00 can be
observed while those of other phases
disappeared (Figure 6a, b). Moreover,

in
phase segregated

TS 0

ATIT (£007Y)

000

110 100 T
Wavelength (nm) Time Delay (ps)

Wavelength (nm)

Figure 6. Carrier dynamics of quasi-2D
perovskites after adding MAC! and DMSO. TA
(L".IT/T) data map, TA spectra at different time
delays , kinetic traces and fitting at selected
wavelength with addition of (a-c) MAC! and (d-t)
DMSO at front excitation.
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GSB peak for n=4 is the most prominent, which indicates the addition of MAC! increases the
phase towards larger n and the distribution is narrowed. With front and back excitations, there
is no significant difference in TA spectra, which agrees with the fact that the phase
distribution is narrowed (Figure 6a, b).

Mixed solvent (mixture of dimethylformamide (DMF) and DMSO) has also been used to
modify the perovskite film quality by forming DMSO-Pbl 2 comp le x,26 since DMSO has high
affinity with the metal halide. 2" In the pursuit of single phase, we added DMSO as co-solvent.
After using DMSO-DMF as co-solvent during the fabrication, GSB peak for n=3 dominated
the TA spectra while GSBs of other phases were much weaker (Figure 6d, e). All the
absorption peaks are sharpened compared to those of the pristine film, which indicates better
crystal quality.

Based on the above results, we then a Pristine

; 30 DMSO  Front
discuss how the crystal growth rate Porovekites i €  Back ‘ iﬂ

affects the phase distribution. As Pls) | growth 1:__)“

reported previo usly, % by introducing S [CUias -
MAC! during the  preparation  of ——
MAPbh, the reaction between CH3NH3I e ] § ﬂﬂ r
and Pblz is retarded by forming an o state — _—
intermediate product (CH3NH3PbIzCl). B ) ke ie
Similar process is expected to occur in
quasi-2D perovskite, thus the crystal | Figure 7. (a-b) Film growth direction and phase
growth process becomes slow and the | distribution of pristine film and film after adding

nucleation rate is also reduced, which | DMSO. (c) Band structure of film after adding
give rise to large crystallites and narrow | DMSQO

ass

b DMSO

____ Glass

phase distribution. The increase in the n=4 phase after adding MAC! indicates narrowed
phase distribution and further verifies the good quality of the film. DMSO has a higher
boiling point than DMF, thus the evaporation rate of DMSO would be slower, increasing the
grain size of the film.?” As expected, the phase distribution is further narrowed and n=3 phase
dominates (Figure 7b). When the solvent evaporates slow ly, the crystal growth becomes
slow and a larger grain size of perovskite can be formed. Here, both methods (adding MAC]
and DMSO) slow the crystal growth and gives rise to larger and more uniform perovskite
crystals. Uniform crystals will then prevent the formation of multiple phases, which gives rise
to a narrow phase distribution. Thus, by using MAC) and DMSO to slow the crystal growth
rate, we have successfully narrowed the phase distribution and changed the carrier flow in the
quasi-2D perovskites.

3.1.3 Impact of phase purity and vertical distribution on device characteristics

The vertical alignment in the right direction and phase distribution is important for
optoelectronic device application. LED requires energy landscape (multiple phases aligned
vertically in the right direction) for carrier transport and efficient electron-hole
recombination, while solar cell demands highly crystalline film to suppress the carrier
recombination and trap. To understand how phase purity and alignment affect the efficiency
of quasi-2D perovskite solar cells, we fabricated solar cell devices with pristine film, films
treated by antisolvent, MAC!, and DMSO as the active layers in both conventional and
inverted device architectures (Figure 8).26 The device with high phase purity (n=3, DMSO)
displays highest efficiency, independent of device architecture. Those with multiple phases
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show much lower efficiency, suggesting that phase purity can significantly affect the
efficiency.

In the conventional device a e

architecture, hole is collected e e }.
by the top anode, while ] . . :

electron is collected by the
bottom cathode. Electron flows

N-i-P structure (conventional) P-i-N structure (inverted)

from lower-n to higher-n phase. | ; = ® % b e
Therefore, lower-n phase | ik o o g"
should segregate at the top in | 3 s ¥ g % '

the conventional device : ;‘Convenlionil-‘::f-u 8 n:&ia:v:z:t,e‘d"h:::j-.:, g :';,‘5.1;.&:"::::::;,'.
architecture. The film with W e T e T

antisolvent (lower-n phase at | gigure 8. (a) Schematics of conventional and inverted
the top) is aligned in the " right” | yevice architectures. J-V characteristics of devices with
direction in the conventional | itferent perovskite films (pristine , antisovlent , DMSO,
device archit ecture, while the | ;54 MACI) in the (b) conventional structure, (c) inverted

device with  pristine film | gtrycture | and (d) those with Cs in the conventional
(higher-n phase at the top) is | structure.

aligned in  the "wrong"
direction. As expected, the conventional device with antisolvent shows higher efficiency than
the pristine device (Figure Sb). On the other hand, the inverted device architecture collects
charges in opposite directions (holes at the bottom anode and electrons at the top cathode).
Therefore, the film with antisolvent is aligned in the " wrong" direction in the inverted
architecture , while the pristine film is aligned in the "right" direction. As expected, the device
treated by antisolvent has lower efficiency than the pristine device. (Figure Sc) In order to
demonstrate the broad application of tuning the phase purity and vertical distribution and its
effect on device characterist ics, we added Cs as the co-cation, which improves the device
(DMSO) efficiency to 6.38% (Figure 8d). The trend of device efficiency with different phase
distributions is maintained. Combined with device cha racterist ics, we have demonstrated the
phase purity and vertical alignment are both helpful for optoelectronic device appli cation.

3.2 Self-Assembled Propylammonium Cations at Grain Boundaries and Film Surface to
Improve Efficiency and Stability of Perovskite Solar Cells

The major challenge of bringing organic-inorganic hybrid perovskite solar cells towards
commercialization is their inherent instability especially with regards to moisture. The
introduction of a small amount of hydrophobic cation of large size into a 3D perovskite
structure which typically aids in the formation of a quasi-2D perovskite structure is a
promising method for maintaining high efficiency while introducing a high stability toward
moisture. Despite all the advances achieved in optimizing the device efficiency of quasi-2D
perovskites, most efforts so far have been mainly focused on selecting butylammonium (BA)
and phenethylammonium (PEA) as large cations to form quasi-2D perovskites. Although a
small amount of the large cation is expected to segregate at the film surface to prevent
moisture penetration, it has not been straightforward to observe such segregat ion, and how
this capping layer affects the surface carrier dynamics remains unclear. In this study, we
compare the effects of different large cations such as, ethylammonium (EA), n-
propylammonium (PA) and BA cations on the performance and stability of quasi-2D perovskite
photovoltaic devices. Our results indicate that the incorporation of a small amount
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of PA into the hybrid perovskite active layer aids in the improvement of solar cell
performance and stability. To understand such enhancement, we use femtosecond transient
absorption and reflection spectroscopy to compare the carrier dynamics in the bulk and at the
surface. Our findings suggest that large cations preferentially accumulate at the film surface.
We determined that the crystal preferential orien tation, crystallinity , lateral and vertical grain
sizes all increase with the incorporation of large cations in particular for PA. This suppresses
carrier recombination and prolongs carrier lifetime, ultimately improving device efficiency
and stability. Along with enhancements to device stability, the addition of the PA cation
significantly improves precursor stabilities. (J. Mater. Chem. A, 2019, 7, 23739, 2019
Emerging Investigator Themed Issue )

Figure 9a summarizes the XRD
patterns of a pristine film and
those with different cations.
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within  the perovskite bulk
(Figure 9c-e). Our results demonstrate that the addition of large cations enhances the
crystallinity and preferential crystal orientation of the (001) plane normal to the substrate,
with PA being the most effective. If the crystallinity and the crystallite size in crease, it should
also follow that the grain size would be expected to become larger as well. This was studied
with SEM to observe the domain size of the pristine sample and those with the cations EA,
PA, and BA. The SEM top-view images show that the average domain size increases with the
addition of large-size cations. From the cross-sectional SEM ima ges, multiple domains are
formed for the pristine sample along the surface normal while the addition of EA, PA, or BA
enables the formation of single domain in the vertical direction.

As crystallization and grain size may affect both charge carrier transport and recombination,
femtosecond transient absorption (TA) and transient reflection (TR) experiments were
performed to study charge carrier dynamics in the bulk and at the surface (Figure 10). While
the TA spectra of these films are comparable (Figure 10k), the kinetics however are slightly
different (Figure 101). The slightly slower decay through the addition of cations can be
attributed to the passivation of the grain boundaries. TA spectroscopy collects the probe
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Figure 10 Schematic illustrations of (a) TA and TR spectroscopy; (b) passivation of
grain boundaries and film surface by large cations (green balls). (c)-(f) TA spectra
and (g)-(j) TR spectra of perovskite films. (k) The spectra at 10 ps and () kinetics
collected from TA spectra of perovskite films with and without large cations. (m)
The spectra at 10 ps and (n) Kinetics collected from the TR spectra of above films.

signal transmitted through the entire sample, giving a signal that is integrated over the whole
sample. Most importantly, TR spectroscopy collects probe pulses in the reflection geometry
causing it to be sensitive to the top 20 nm from the surface (schematic illustration in Figure
10a).?8 In contrast to the well-studied recombination in the bulk, surface recombination is still
at the early stage. The carrier lifetime of the thin film is limited by surface recombination
rather by bulk recombination, highlighting the importance of quantifying the surface carrier
lifetime and surface passivatio n. % Figure 10m and 10n summarize the spectra and kinetics
for perovskite films without and with large cations from TR spectroscopy. We observe that
different cations induce ground state bleaching peaks red shifted to different extents with
samples containing PA being the most prominent, indicating that the small amount of large
cations preferentially accumulates at the surface, forming a heterostructure. Furthermore , the
kinetic behavior is different depending on the cation added to the perovskite matrix. The

decays in the TR spectra are much faster than those in the TA spectra, indicating that the
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density of surface trap states is higher than that of the bulk. The lifetime is prolonged when
large cations are incorporated with PA being the most noticeable. These suggest that the large
cations that are self-assembling at the surface can prolong the surface carrier lifetime (Figure
10b). Given that interfacial trapping is an essential limitation for solar cell devices, we
believe that this surface capping with large cations not only prevents moisture from
penetrating the perovskite matri x, but also benefits device efficiency.

The device stability without encapsulation in low humidity (10-15% RH) and high humidity
(45-50% RH) was tested for devices treated without and with different cations (EA, PA, and
BA) (Figure lla). As expected, different cations enhance the device stability of mixed ion
perovskite solar cells with PA yielding the most stable devices . For example, the efficiency of
pristine mixed ion perovskite decreases by 32.1% (from the highest efficiency) while those
with PA only decrease by 2.8% after 600 hours.

(a) 20 10-15% RH 45-50% RH ! (b) — 3h (C) — 3h
S0y o4 @ = i,hh == 162hh
= !}i;: S —=0—19 2 | —24n 2 | —2om
2161 o 0\,.\ e Z —— 48h 2 48h
8 \’»\,‘ _g — 216h ,2 —218h
et ~a & =
-@- Pristine Pristine |
-m-3% EAl N /
-@- 3% PAI
8| o 2upa CSFAMAPSK | y _ A
0 200 400 600 700 750 800 850 700 750 800 850
Storage time (h) Wavelength (nm) Wavelength (nm)
Figure 11 (a) Unencapsulated device stability for mixed ion perovskite cells with and
without large cations. Steady-state PL of (b) pristine films and (c) those treated by PAI
from precursors with different agingtimes.

Aside from increasing device stability , in terestingly, we also find that the precursor becomes
more stable when large cations are added to the solution. The PL of the pristine film is very
sensitive to the aging time of the precursor, while the film treated by PA cations is not
sensitive to the aging time of the precursor. This indicates that the PA cations can also
stabilize the precursor, leaving a large preparation window for the precursor before its use.
We suspect that PA could be absorbed at the surface of perovskite colloid as a ligand,
slowing down the phenomenon of Ostwald ripening (small particles aggregate into large
particles) to improve the precursor stability. The device performance of PAI contained solar
cells (20.1%) changed to 18.7% during the precursor aging process, while the efficiency of
pristine device was dramatically decreased after 9 days' aging process (from 18.0% to
13.8%).

3.3 Age-Induced Recrystallization in Perovskite Solar Cells

The highest solar cell efficiency usually appears some time (a couple of days) after the device
fabrication, but the underlying mechanism is rarely in the limelight. Here we study device
performance under different storage environments. We utilize XRD, time-resolved PL,
transient absorption spectrometer, and single-carrier diode measurement to understand the
structure and electronic properties of perovskite films for the time scale of weeks. We
observe enhanced crystallinity and crystallite size, referred to age-induced recrystallization.
Based on the structural changes, the charge trap and recombination are suppressed, while
charge transport and collection are enhanced, ultimately improving device efficiency. (Org.
Electron., 2019, 68, 143)
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We find the device performance increases under nitrogen-filled glovebox environment
(Figure 12a). Figure 12b display the parameters of perovskite solar cells. The overall
performance shows a dramatic increase with the storage time from O day to 2 days, then
slowly improves afterwards. The average open-circuit voltage (Voe) shows a sharp increase
within the first 4 days, followed by a slight rise. The Voe increases up to 1.19 V after 58 days,
which is an impressive value in all the reported results on single-junction solar cells. Overall,
the average PCE increases significantly after the storage in nitrogen-filled glovebox
environment for four days , from 14.74% to 18.60%. The longer storage in the nitrogen-filled
glovebox environment after 58 days can further boost the average efficiency to 19.23% and
best efficiency t0 20.13%.
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Figure 12. (a) J-V characteristics of perovskite solar cells under different storage time (room
temperat ure, N2- filled glovebox environment); (b) Long-term stability of photovoltaic
devices. (c) Normalized efficiency of multiple ion photovoltaic devices with TiO2 and SnO2
as electron transport layers as a function of storage time in different environments.

Given perovskite film could be sensitive to the environment of the nitrogen-filled glovebox
(solvent, chemical exposure, light exposure etc), we also test the device performance as a
function of storage time in three different env ironments, dedicated nitrogen container,
vac uum , and dry air. Figure 12c displays the normalized efficiency as a function of storage
time in three different environments for multiple ion perovskite cells with SnO2 or TiO2 as
electron transport layers. We find that device performance generally follows the trend of
increasing at the beginning and decreasing afterwards under the storage of dedicated nitrogen
container and vacuum . The best efficiency appears between two and eight days. This suggests
regardless of the environment, the best device efficiency occurs some time after the device
fabrication.

Although the increase of the device performance under inert environment has been observed,
the mechanism is much less studied compared with the observation of this unusual
phenomenon. Further, this unusual phenomenon is mysterious given that perovskite device is
thought to be unstable for long time. To investigate the mechanism , some crystallography and
optical characterizations for long-term time scales are utilized. Figure 13a shows the XRD

patterns of the perovskite films with different storage time in vacuum. The diffraction peak of
(001) plane is slightly split as shown in Figure 13b, possibly due to the lattice distortion

caused by Cs and MA _-2930 After 4 days' storage, the peak split disappears, indicating the
formation of more uniform atomic packing. With the increase of storage time, the peak
intensity of plane (001) gradually rises (Figure 13c), suggesting that the crystallinity of the
polycrystalline perovskite film continually improves. The FWHM of peaks can be used to
determine crystallite size according to Scherrer equatio n.3* As shown in Figure 13c, the
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associated with the peak intensity also increases. We attribute the gradual crystallization
(increase of XRD peak intensity and decrease of FWHM) after the film fabrication to the
age-induced recrystallization. All these phenomena due to age-induced recrystallization are
beneficial for perovskite device application.

Besides XRD, We also utilize time-resolved PL, transient absorption spectrometer, and single-
carrier diode measurement to understand the electronic properties of perovskite films for the
time scale of weeks. Based on the structural changes during the age-induced recrysta
Ilization, the charge trap and recombination are suppressed, while charge transport and
collection are enhanced, ultimately improving device efficiency.

3.4 Manipulating the Growth of DMAPbI; for Efficient and Stable CsPbl; Solar Cells
CsPbb exhibits good thermal and photo stability. However, direct mixture of Csl and Pbh

cannot produce stable inorganic CsPbb perovskite film. HI is the most effective additive now

to keep the black phase of CsPbh. HI accelerates the hydrolysis of solvent DMF to create
DMAth.32 This reactant was misunderstood as HPbh , until recent study demonstrates that
this mysterious reactant is DMAPbh. Although DMAPbh has been synthesized, the
syntheses were focused on powder. Several important questions remain: (1) Is the reactant
single crystal or polycrystalline? (2) What is the phase or octahedral connectivity of Pblg in
DMAPbh? (3) How does this reactant grow? (4) How can we tune the property of
DMAPDh? (5) How do the characteristics of DMAPbI3 affect the solar cell efficiency and

stability ? To answer these questions, it calls for manipulating the growth of DMAPbh .

characterizing its structure. and probing its roles on CsPbb solar cells. We tuned the synthe s is
time and temperature to fabricate DMAPbI3 powder and crystal. Interestin gly, the crystal

DMAPbh has different colors, bright orange in the center and yellow at the surface, which
can be attributed to different phases. Our results show that the crystal DMAPbh plays a
critical role in phase and photo stability of films, as well as device efficiency and stability.
(manuscript in preparation)

DMAPDI x is synthesized by mixing Pbb and HI/H20 in DMF at room temperature. HI and
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water residue accelerates the hydrolysis of solvent DMF into DMAI.32 DMAPbDIXx is obtained
by washing the solution with abundant ethanol (Figure 14). This reactant DMAPDIX is
important to keep the black phase of CsPbh , but it was misunderstood as HPbh for a while.
We carried out proton nuclear magnetic resonance (*H NMR) on DMAPbh dissolved in
dimethyl sulfoxide-d 6 ( DMSO-dg) to confirm that the reactant is DMAPbh rather than HPbI).

The common method , in W e o e o
which the precursor is | | |

stored at room temperature | 2. iOJ

for 24h, produces dark | : % 5

yellow powder (Figure | . . (CWNcH=o@oMF) Mo W«

14c). We found that the | :®
device performance varies | !
from different batches of
powder DMAPD,IXx This |
motivates us o | i Preewsor o DOAP O

Nuclear

ducibl ke high
;?gl?tyum ¢ mSI\;APbIr?. Figure 14. (a) Chemical reaction of DMF, H.0 and HI. (b)

the Schematic growing process of powder DMAPDI x and crystal
DMAPDh. (c) Photographs of powder DMAPbIx (Cy | crystal
DMAPDbh (Cz and tiny pieces after breaking the crystal
DMAPbDh (C3).

Therefore we tune
synthesis time and
temperature to manipulate
DMAPbDh. When the

precursor is kept in the

oven at 40 °C for 5 days , it grows into yellow crystal with length and width of 5~10 mm
(Figure 14c). XRD experiments were performed on the large shiny yellow crystals.
Surprisin gly, no sharp peaks were observed. This suprising result drives researchers to look
into the mystery inside the good-looking crystal. The big yellow crystal was broken into tiny
pieces. Interestingly, they have different colors, bright orange in the center and light yellow
outside (Figure 14c).

To study this interesting phenomen on, steady-state PL and XRD are performed. The single
PL peak for powder DMAPbDIX is observed at 471.6 nm (Figure 15b). Two obvious PL peaks
exist in the bright orange part of the DMAPbh crystal (C-DMAPbh (0)). The peak at 472.4
nm is similar to the powder DMAPbIX, while the other broad peak is at 704.3 nm. For the
yellow part of the DMAPDbh crystal (C-DMAPDI3 ( Y)), the peak at 704.3 nm is very weak.
The huge variation in the PL spectra is suspected to be from the difference in bandgap caused
by the phase and connectivity of Pblg octahedra. When the connectivity of Pblg octahedra
increases from corner-sharing via edge-sharing to face-sharing, the dimensionality decreases
and the bandgap in creases.> According to the large size of DMA+, DMAPbh exhibits 1D
structure with face-sharing of Pblg octahedra at ambient environment, that is a hexagonal
phase. Ther efore, the PL peak at 472.4 nm is from the face-sharing of Pbl6 octahedra at low
dimension, while the one at 704.3 nm is attributed to edge- and corner-sharing, corresponding
to the trigonal phase (Figure 15a). Since the peak at 704.3 nm is broad, the crystal is a
mixture of multiple phases, gradually growed from low bandgap (trigonal phase) to high
bandgap (hexagonal phase), from corner-sharing and edge-sharing to face-sharing, and from
center to outside. Since the bright orange crystal only exists in the center of big crystal, we
probe the stability of yellow and orange crystals after 30 min in air. The PL peak at 704.3 nm
decreases with time, while the one at 472.4 nm increases accordingly. This suggests the
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transformation of unstable corner- or edge-sharing Pbl6 octahedra to more stable face-sharing
Pble octahedra. The transformation process could be accelerated by the higher water level at
the surface of the crystal. Overall, the PL results suggest that DMAPbh "crystal” is a
combination of multiple phases, a gradual growth from unstable structure in the center
outwards to stable face-sharing structure.

To further study their properties, the ™ DMﬁF’b'-(HEX:QC’”a" DMAPEI, ”“90“3')
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layers. We suspect the actual difference
could be larger than our experimental

observation, since orange
crystal is extremely unstable in ambient environment.

CsPbh is fabricated from the precursor, mixture of DMAPbh and Csl. PD-CsPbh and CD-
CsPbh represent CsPbh films fabricated from powder DMAPbI x and crystal DMAPbh ,
respectively. There was a debate whether DMA stays in the final solid thin film. Recently, it
has been confirmed that thermal annealing ~180°C converts DMAPbh to -CsPbh .3* We
thermally anneal our samples at 215°C, to transfer to CsPbb. To understand the effects of
DMAPDh on the film quality of CsPbls, XRD was utilized to probe the crystal structure of PD-
CsPbh and CD-CsPbb. Our results suggest that black phase of CD-CsPbh made from crystal
DMAPbh has better phase stability. Femtosecond transient absorption spectroscopy was
utilized to probe the carrier lifetime. The carrier lifetime for CD-CsPbb doubles compared to
that for PD-CsPbb. Moreover, the lifetime is reproducible for CD-CsPbb after
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femtosecond laser illum ination , while it decreases for PD-CsPbb , suggesting that CsPbb
fabricated from crystal DMAPDbI 3 is more photo stable.

To probe the effects of DMAPbb ondevice ~ee o

characteristics, we fabricate solar cells with an 15;‘. 4 * 2
architecture of FTO/TiO2/ CsPbh /Spiro-OMeTAD /Ag. | o , & *—o
(Figure 16) The devices made with PD-CsPbl s display | >

an average efficiency of 15.03 = 0.92 %. With CD- g 10

CsPbh, device characteristics are improved to | it

efficiency of 17.41 + 0.60 %. The champion device w5 oocept

efficiency , 18.07% , is among the top few records of -+~ CD-CsPblJ

CsPbh, More impo rtant ly, the devices comprising CD- Utemems - - © el
CsPbh show significantly better stability. The 0 400 80_0 1200
efficiency of device comprising PD-CsPbh drops from Storage time (h)
16.58% to 0.23% after 50 days' storage under the Figure 16. Long-term stability of
humidity of 20-30% RH without encapsu latio n, while | devices comprising PD-CsPbls
that comprising CD-CsPbls decreases from 18.07% to | ahd CD-CsPbh.

14.13%. This is consistent with our characterization of CD-CsPbh that has higher
crystallinity , fewer grain boundaries, and longer carrier lifetime.

3.5 Effect of Composition on the Spin Relaxation

Besides energy conversion and light emission . spintronics is a promising application for
perovskite ® 4 The application of spintronics requires semiconductors that allow efficient
spin generation and transport at room tempe rature.*® 4> Lead halide perovskites exhibit strong
spin orbital coupling (SOC),* 4" making it easier to manipulate spin and spin-polarized
current at room temperature. However, strong SOC typically reduces spin life time ,*¢ 48 which
may limit their spin transportation. Both experimental and theoretical work have reported a
large Rashba effect in perovskite with the coexistence of SOC and inversion symmetry
breaking,** >* which is very important for electric spin manipulation. The easy tunability of
bandgap and SOC of perovskite makes it possible to design an ideal device for spintronic
applic ations .

In a spintronic device , information is recorded in the spin state of electrons while the spin
state relaxes by scattering with carriers and phonons during the transportation. 557
Understanding the mechanism behind spin relaxation is therefore of great importance for
their real applications. For 111-V group inorganic sem ico nductors , three spin relaxation
mechanisms including Elliot-Yafet (E-Y),%® °° D' yakonov-Perel (D-P)® and Bir-Aronov-
Pikus (BAP)®! were proposed and experimentally proved. In E-Y mechanism , spin
relaxation is induced by spin-orbit interaction and charge carrier can flip their spin upon
scattering. °® D-P mechanism often occurs in the system without center of inverse symmetry,
in which both Dresselhaus (bulk inversion asymmetry) and Rashba (structure inversion

asymmetry) effects might induce spin precession randomized by sca ttering.®” 6 BAP is
responsible for those heavy p-doped semiconductors , where electrons and holes experience
spin flip scattering via Coulomb exchange coupling. In contrast to those of I1lI-V
semiconduc tors, study on the spin relaxatio n of perovskite is still at the early stage. Less is
known about the spin dynamics of different perovskites and the detailed mechanism behind is

still unclear. Therefore , a_comprehensive investigation on the spin relaxation of perovskite
with different compositions at different temperatures is needed to get a better understanding
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on the spin relaxation.

We investigate the spin relaxation dynamics of several Valence Band

perovskite thin films with different compositions at different 12> +1/2>
temperatures by circular polarized transient absorption
spectroscopy. It is found that at room temperature, the net
spin relaxation time increases from 1.2 ps to 4.3 ps as the
molar mass of anions and cations decreases, indicating that
SOC largely determines the spin lifetime at room temperature.
When the temperature decreases from room temperature to 77
K, it is found that MAPbb and CsPbh show more rapid
increase in spin lifetime compared to MAPbBr3 and CsPbBr3. 112> +1/2>
Detailed analysis on the spin relaxation shows that E-Y Conduction Band
mechanism is more likely to be responsible for the spin
relaxation for MAPbh and CsPbl3 while D-P is more likely to | Figure 17. Selection rule in
explain the spin relaxation for MAPbBr3 and CsPbBr3. Our | circular polarized
work for the first time illustrates the effect of composition on | pump-probe experiment.

the spin relaxation and mechanism of perovskites and will stimulate future research on spin
dynamics and spintronic devices. (J Phys. Chem. Lett., 2020, 11, 1502)

As shown in Figure 17, we used a circular polarized pump-probe experiment method:46 a left
circular polarized (e+ ) pump pulse was used to excite the sample and both left (er+) and right
(er-) circular polarized pulses were used to probe the sample. etr pump pulse will induce the
transition from 1112, -1/2> to the [112, +1/2> spin state (increasing angular momentum by
+n) and each probe polarization will trace the different m states (projection of total angular
momentum quantum number onto z-axis). The net spin relaxation is calculated by the
difference between the c«r  and -cr probe signals , which is the difference between the
population of mi=+1/2 and mi=-1/2 of both electron and hole.

Figure 18 A-D show the spin relaxation of four perovskite films at room temperature
measured by circular polarized transient absorption (TA). When pump and probe have the
same polarization (co-circu lar), the probe pulse measures the state filling response so that it
probes the majority spin population. When pump and probe have the opposite polarization
(counter-circula r), the probe pulse measures the minority of the spin population and finally
these two population will be the same after the spin relaxation occurs. As shown in Figure
18A, the co-circular TA signal of MAPbb experiences a decay in the first 10 ps while the
counter-circular TA signal sees a rise at the same time. The net spin is calculated as the
difference between co- and counter-circular TA signals and fitted using a single exponential
decay to give a lifetime of 2.2 ps. The net spin relaxation of MAPbBr3 (Figure 18B) gave a
lifetime of 4.3 ps, almost twice of that of MAPbI3. As shown in Figure 18CD, after MA is
replaced by inorganic Cs, the room temperature net spin relaxation lifetime r is decreased to
1.3 ps for CsPbh and 3.7 ps for CsPbBr3.

The spin relaxation lifetime is strongly related to the degree of phonon scattering and Rashba-

Dresselhaus splitting. Typically, strong phonon sc%tﬁering decreases the spin lifetime because
it gives rise to faster spin randomization and flip.”“ Rashba splitt ing, induced by SOC and

symmetry breaking, was reported to increase the spin lifetime.”™ It is interesting to see the
spin lifetimes of four perovskite thin films follow the order:
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MAPbBr3> CsPbBr3>MAPbb >CsPbh and the spin lifetime at room temperature decreases as
the molar mass of cations and/or anions increases while anion has a stronger effect. To
further understand the effect of anion molar mass, we also prepared MAPbIBr2 and
MAPDbbBr and compared their spin relaxation dynamics with MAPbh and MAPbBr3 and the
room temperature net spin lifetime versus the molar mass of all perovskite films was plotted
in Figure 18E. It is found that the spin lifetime of MAPbIBr2 and MAPbbBr (3.3 ps and 2.3
ps, respectively) lie between that of MAPbBr3 and MAPDI3 (4.3 psand 2.2 ps, respectively).
Such an observation is consistent with the fact that heavy atom should lead to strong SOC
and thus shorter spin lifetime. 43.46 Based on our observation and discuss ion, the molar mass
(heavy atom effect) should explain the difference in the room temperature spin lifetime of
perovskite with different compositions.

A 295 K MAPbDI, B 295 K MAPbBr,
151 15
a2 Co-circular o Co-circular
o o
= 104 T 10+
= Counter-circular = Counter-circular
= Al =~ \ E
=3 18 net spin 1,=2.2ps q 54 \_net spin 7,=4.3ps & |§MaPbEr,
0 Vs, o : et o | B4 §CstBr3 4
[ I
T T T T T T T T T T E ’
0 10 20 30 40 50 o 10 20 330 40 50 .ﬁ 3 34 WA
Time Delay (ps) Time Delay (ps) = 55
3 = £ 2] MApblj 2
C 295 K CsPbl, D 295 K CsPbBry o
<%, Zo = 3, CsPbl, ¥ :
2 Co-circular 2, 10 o-theie 500 600 700 500 600 700
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5+
< g \ net spin 1,=3.7ps
o N _—
T 1 T |l T 1 T T T T T U
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Figure 18. The co- and counter-circular polarized pump-probe kinetics with their
difference of (A) MAPbI3, (B) MAPbBr3, (C) CsPbh and (D) CsPbBrz at room
temperature. (E) Net spin lifetimes versus molar mass of perovskite films with
different cations and anions at room temperature.

Three mechanisms including E-Y, D-P and BAP were reported to be responsible for the spin
relaxation in inorganic semiconductors. BAP mechanism is applicable to heavy p-doping

semiconductors so that it is not considered for perovskite,46 while both E-Y and D-P can be
used to explain the spin relaxation in perovskite. In E Y mechanism for 111-V group

semiconductors , the splnllfetlme hr)v@rll I ]
1)

T l- r;/3 rp
where Tp is the momentum relaxatlon time, Eg is the bandgap, II=fl/(Eg+!1) with spin orbit
splitting of the valence band 11 and A is a dimensionless constant. In D-P mechanism for I11-V

group semiconductors where Dresselhaus effect dominates, the spin lifetime can be written
as . Ss, 60

1 L (&, TY
—r =V’ (th) T, 2

s £
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where Q is a dimensionless constant and a is given by:
al m ¢ (3)
3-1/m o
in which me and mo are the effective mass of the conduction electrons and the electron rest
mass, respectively. For both Rashba and Dresselhaus effects, one can found that phonon

scattering plays different roles in E-Y and D-P mechanisms , where rs is proportional and inversely
proportional to rp, the momentum relaxation lifetime, respectively. As both rffand

-.P ae  sensitive to tempe rature, it should be helpful to understand the mechanism by
measuring temperature dependent spin relaxation of those perovskite films.

We performed circular polarized TA | 5 “] T B ]

measurements between 295 K and 77 | _ "R mapl, [ ] MAPbET, -
K for all four perovskite films. The net | < TR e o .
spin lifetimes versus temperature are ff_ o~.“; e L § S R L
plotted in Figure 19 AB. For both | 2 .= "% - o o S
MAPbh and CsPbh , one can observe & gl “«.,H‘» ok 2 o I
significant increase in spin lifetime rs ) g " |
as the temperature is reduced between w e w # % W m w %

Temperature (K) Temperature (K)

295 Kand 120 K (rs increases from 2.2
to 6.1 ps for MAPDbh and from 1.3 to 3 L
ps for CsPbh). In MAPbDI3, r s decreases *’u{"ﬂ
from 120 K to 100 K and then -

increases rapidly at lower temperatures

i b4444 .
(rs is 10 ps and 6 ps for MAPbI3 and ;'Y"H'T‘T’_ P,
CsPbh at 77 K, respectively). In i PR

CsPbh , there is no abrupt change inrs Fi 19 in lifeti
and it also increases more significantly \gure - (A) Net spin lifetime VErsus

at lower temperatures (T< 150 K). The temper_ature o_f MAPbh and CsPbh thin films; (B)
abrupt change at 120 K for MAPbI3 Net spin lifetime versus temperature of MAPDBr3
and CsPbBr3 thin fi Ims; (C) Schematic diagram of E-
Y mechan is m; (D) Schematic diagram of D-P
mechanism.

should be related to the phase
transition  from tetragonal to

orthorhombic phase, which is absent
for CsPblJ_ On the other hand, in MAPbBr3 and CsPbBr3, there are only subtle changes in the
spin lifetimes. From 295 K to 77 K, rs increases from 4.3 to 6.2 ps for MAPbBr3 and
decreases from 3.8 to 3.2 ps for CsPbBr3.

The different temperature dependence in rs for perovskite with iodide and bromide should be
related to different mechanisms of spin relaxation. To study the effect of phonon scattering
on spin lifetime , we use E-Y and D-P mechanisms to understand our observations. As shown
in equation (1) and (2), -Er xIIT2 and o I/ T3 so that spin lifetime should increase as
temperature is reduced at first glance. However, since rffw —and -°. nUr , momentum
relaxation plays an opposite role in E-Y and D-P mechanisms , respectively. This is attributed
to the fact that spin flips during momentum scattering for E-Y, while spin relaxes between
momentum scattering for D-P mechanism. When the temperature is reduced, phonon
scattering becomes weak and thus the momentum relaxation slows down (rp will increase).
Overall, rs should increase when temperature is reduced for EY, but T1s does not have to
follow this monotonous trend and can become complicated for D-P mechanism. As
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temperature is reduced, we observed a significant increase in 1s of I-based perovskite and a
subtle change in s of Br-based perovskite (Figure 19AB). As a result, it is more likely that D-
P dominates the spin relaxation in Br-based perovskite (MAPbBr; and CsPbBrs while E-Y
dominates the spin relaxation in I-based perovskite (MAPbb and CsPbb) (Figure 19 CD).

3.6 Charge Transfer and Diffusion at the Interface

A typical perovskite solar cell is made of multilayers, with perovskite sandwiched by electron
transporting layer (ETL) and hole transporting layer (HTL).%-% Efficient charge transfer
(CT) between perovskite and electron/hole extracting layer is a key step in a working
device. ¢ ® Time resolved spectroscopy has been used to study the CT between perovskite
and different electron or hole acceptors and the reported CT time in literatures varies from sub-
picoseconds to nan oseconds. 5" " Most of previous studies used transient absorption
spectroscopy (TA) to study the CT dynamics between perovskite and acceptor. ° 7 . 7"|p
TA measurements , the pump and probe pulses travel through the entire film and the obtained
signal reflects the bulk properties of the sample. 8 Transient reflection (TR) spectroscopy,
on the other hand, probes the difference of reflected probe light (!).R/R) with and without
pump pulse. Unlike TA, TR detects the change in the photoinduced reflection of the sample
surface so that it will reflect surface recombination dynam ics.?® 82 Therefore, TR
spectroscopy is more suitable for detecting the interfacial charge transfer and energy transfer
in thin films. Moreover, establishing a suitable model to resolve the surface recombination
rate and diffusion coefficient is of importance to under stand how interfacial CT is determined
by surface morphology.

We combined TA and TR spectroscopies to study the interfacial CT and diffusion dynamics
between MAPbI ; and [6,6]-phenyl-C61-but yric acid methyl ester (PCBM). Steady state and
time resolved photoluminescence indicates that there should be efficient CT from MAPbb to
PCBM. Although there is no additional ultrafast CT observed in TA, a sub- picosecond charge
transfer coupled with carrier diffusion was observed in TR kinetics after coating a MAPbb
film (1 M concentration) with PCBM. Interestin gly, the interfacial CT process significantly
slows down in a thinner film (0.25 M concentration), which was explained by more
significant surface recombination and carrier diffusi on. A diffusion-based model was further
established to fit the TR dynamics , and surface recombination rate and diffusion coefficient
of different films was compared. The observation of diffusion coupled CT from MAPbb film
to PCBM will stimul ate future work on the CT study on perovskites. (J. Phys. Chem. C,
2019, 123, 22095)

The TA results were shown in Figure 20 A-D. In the TA spectra (iJT/T), the positive signal
represents ground state bleaching (GSB) and the negative signal stands for excited state
absorption (ESA). In the film coated with PCBM, similar spectra features can be observed in
the initial 1 ps (Figure 20B). On the other hand , the TA decay after 100 ps accelerates
significantly in film coated with PCBM (Figure 20D), which indicates efficient charge
transfer. In contrast to TA, TR probes the change in the real part of the refractive index,
which is relatively more sensitive to the film surface.”® The TR measurements were
performed under the same carrier density, with incident angle of 45 degree. It is found that
iJR /R shows opposite spectral features to that of iJT /T, with GSB showing negative signal
(Figure 20 E, F). In general, the TR signal decays faster than TA, which could be explained
by both carrier diffusion into the film and stronger surface recombination. A closer look at
the decay of iIJRIR at the GSB maxima indicates that in the film with PCBM, a stronger
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sub-picosecond decay can be
clearly observed (Figure 20H).
By performing multi-exponential
decay convoluted by instrument
response , the sub-picosecond
decay in MAPbh:PCBM film is
determined to be 450 fs. Detailed
global analysis was carried out.

Tiene Dolay (ps) T
§
P
5
RR(107 @ ATT (10 ©
b 200 - O R v
x| 1 33
gi 3 y g
e 3| H
R
= i =
==y =
A 5S |
Normalized \RR T Normaszed \TT O
oS 20 ol ¢ i3
€ \
B~ J
A
¥
ny 33
a2 54 gs
Eg g i
H i

Teme Delay (ps)  m
s s & 8

F— Y TR
@ e Mo ™ so sor Wi 00
Wavelength (nm

o

As shown in Figure 21A, the TA | Figure 20. (A-B) TA data map of 1 M films; (C) TA
data of 0.25 M pristine film | spectra of two films probed at 10 ps; (D) Normalized TA
shows much shorter lifetime | decay traces of two films probed at GSB maxima ; (E-F)
compared to that of 1 M (Figure | TR data map of two films; (G) TR spectra of two films
20A) and it decays to less than | probed at 10 ps; (H) Normalized TR decay traces of two

10% of the initial intensity | films probed at GSB maxima.
within 8 ns. It is found that | A - [ ‘
adding PCBM further s
accelerated the decay while the
spectral features remained the
same  (Figure 21B-D).
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from perovskite to PCBM. Detailed global analysis was described in the paper (J Phys.
Chem. C, 2019, 123, 220951 We didn' t observe any additional ultrafast process less than 1 ps
in PCBM coated 0.25 M film, which indicated no ultrafast interfacial CT was observed.
Instead, there is an additional 11 ps decay in PCBM coated perovskite films, which is similar

to that observed in TA and should be assigned to interfacial CT. If one compares the Kinetic
decays of TA at 760 nm and TR at 740 nm, it is found that the normalized TA and TR
kinetics are almost identical for both pristine film and PCBM coated film. These observations
further indicate that TA signal has strong contribution from TR and thus surface
recombination dominated the TA signal. Those pinholes observed in 0.25 M by SEM should
explain the stronger surface recombination.

Carrier dynamics and distribution of perovskite film is determined by carrier diffusion,
surface and bulk recomb inat io n. 2 To quantitatively extract the diffusion coefficient and
surface recombination rate in 1 M and 0.25 M fi Ims , we further performed fitting based on
the following equations: 7°

dN=Dd*N_ N(xt)

dt dx? T

(4)
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AN = 50 N(OY) ()
dx X=0 D

dN(XDI = -spack N(L,1) (6)
dx x= D

where N(x,t) describes the carrier density as a function of the film depth 'x' and of the time 't’,
D is the diffusion coefficien t, T is the bulk carrier lifetime, ssrontand sback are front and back
surface recombination rates, respectively. Equation 5) and Equation 6) are the Neumann
boundary conditions for the carrier density with L being the thickness of the film (L =280 nm
for 1 M film and L = 60 nm for 0.25 M). As the equation and boundary conditions are writ ten,
there is no explicit solution to describe the carrier density. To fit our model to the data, we
used the finite backward difference method on Equation 4), and the finite central difference
method on Equation 5) and Equation 6). The fitting of kinetic traces of two films based on the
proposed model leads to two distinct sets of constants for the 1 M and 0.25 M films as shown
in Table 1. Since the TR dynamics is strongly dependent on probe wavelength, we choose to
fit the dynamics with most significant diffusion decay component based on the global fitting
results.

Table 1. List of best fitting parameters for 1 Mand 0.25 M films.
Concentration D (cm?/s)  Srront(cm/s)  shack (cm/s) 1 (nanosecond)

IM 0.05 420 420 200
0.25M 0.005 850 460 20

In IM film, the front and back excitation
gives similar decay dynamics so that s front
and s back are the same. In 0.25 M film,
front excitation shows faster decay than
that of back excitation so that sfront is s
higher than seack» As the decay in the o mo  am oo o me  w  w
carrier density of the 0.25 M film is more PSRy )
rapid than in the 1 M film. That is
attributed to the 0.25 M films having more
surface defects than the 1 M films; this is
also reflected in their values for the surface
recombination rate where S for the 0.25 M : ; _
films is almost two times larger than the S EEEERRE
for the 1 M film. The bulk carrier lifetime | RN st

of the film is also ten times longer in the 1 | Figure 22. TR decay trace and fit for (A) 1 M

M film than in the 0.25 M film, allowing film and (B) 0.25 M film. Carrier density as a
for a slower decay. Those  pinholes function of time and film depth in the (C) 1 M

1M film 0.25 M film

\RIR(109) B
\RIR(109) ©

(2]
o

Time (ps)
Time (ps)

observed in the 0.25 M film by SEM film and (D) 0.25 M film.
should account for more trap state and strong surface recombination, which would compete
with interfacial CT and reduce the CT efficiency.

Based on the diffusion coefficient D and surface recombination rate S in Table 1, we further
plot normalized N( x,t), the carrier density as a function of time and position, in Figure 22 C
and D. In the 1 M film, it is found that the relaxation dynamics is significantly different for
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front (x=0 nm) and back (x=280 nm) surface (Figure 22C). The front surface saw a rapid
decay in the first 0.2 ns and a very slow decay in the following 6 ns, while the carrier density
at x=1 00 nm saw a rise in the initial 0.2 ns followed by a slow decay. The initial rapid decay
in the front surface and the initial rise in the dynamics at x=I00 nm, respect ively , sho uld be
explained by the diffusion of carriers from higher to lower carrier concentration region. In the
0.25 M film, on the other hand, the front surface saw a rapid decay in the first 1 ns followed
by a relatively slower decay to almost zero between 1 and 6 ns while the back surface saw a
rise in the first 1 ns followed by a slow decay.

3.7 Generation of Coherent Optical Phonon in Perovskite

Long-lived hot carrier in orgamc-
morganic hybrid 08

perovskite materials is possibly

assisted by the large polaron and £ o2
hot phonon bottleneck. Phonon < 8
plays a significant role in the

-0.2

properties of hybrid perovskite.
Coherent phonon refers to the in-
phase vibration of crystal lattice.
Here,
temperature-dependent,
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Figure 23. Coherent phonon in hybrid perovskite.

fluence-dependent , and polarization-dependent transient absorption spectroscopy is utilized
to study the coherent phonon in MAPbh. The coherent optical phonon (Figure 23) is
observed due to the existence of Pb-1-Pb angular distortion at 24-33 cm-* in both tetragonal
and orthorhombic phases. The oscillation from the excited state absorption is also observed,
suggesting the couple between coherent phonon and photo-excited state. The oscillation of
coherent phonon attenuates with increasing environmental temperature. The dependence of
coherent phonon on the polarization of the pulse and the quantitative analysis indicates the
generation mechanism is impulsive stimulated Raman scattering and transient depletion field
screening. (Details in J Phys. Chem. C, 2018, 122, 17035)

4. Future
We have been using femtosecond visible transient absorption spectroscopy to study carrier
dynamics in metal halide perovskites. Our platform provides unique opportunities to stud y

materials beyond metal halide perovskite. For example, the materials we have studied and
will continue to study include organic ligand protected metal nano cluster , graphene , organic
semico nductor , 2D mater ial, quantum dot, etc. The optoelectronic application can go beyond
solar cells, such as spintronics , las ing, light-emiss io n, etc. Structure-photophysics-function
relationship will be used as a unifying strategy to search new optoelectronic materials and
novel device application.

To further probe the vibrational dynam ics , and combine the temporal and spatial reso I utio ns,
we recently submitted a DURIP proposal, which is for the acquisition of advanced time
reso lved spectroscopy that includes mid-IR transient absorptio n spectroscopy and transient

absorption microscope. The control number of the proposal titled "Time Resolved
Spectroscopy for Vibrational Dynamics and Imaging of Materials” is 20RT0492. (Tracking
Number: GRANT13 | 03615). Ultrafast pump-probe electronic spectroscopy (UV-visible)

probes the electronic transitions between delocalized orbitals. It lacks the ability of probing
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site-specific information of structural change, and strong overlaps of electronic transitions
may complicate the interpretation of experimental results. Femtosecond UV-vis pump mid-IR
probe spectroscopy is a powerful tool to investigate ultrafast structural dynamics. Moreover,
the dephasing time of vibration is longer than that of electronic transition, resulting in
narrower IR absorption and easier data analysis. With femtosecond UVNis pump Mid-IR
probe spectroscopy, it is possible to observe ultrafast photoinduced structural and
conformational dynamics initiated by electronic excitation. Combining with ultrafast pump-
probe electronic spectroscopy in our lab, we plan to probe the structural dynamics of
perovskites, organic semiconductors, organic ligand protected metal nanoclusters, etc.

Although ultrafast time resolved spectroscopy offers the time resolution to probe carrier
dynamics, it is performed on large ensembles of molecules in solutions or films, which
provides no spatial information. Transient absorption microscope (TAM) combines spatial
resolution and temporal resolution. The function of optoelectronic materials and systems
depends on photo-induced process in a short time and molecule spatial distribution. With
TAM, we can image the energy and charge transport over long distance in different organic
and hybrid materials.
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