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ABSTRACT
Time-Resolved Spectroscopy Study on Carrier and Exciton Dynamics in
Organo-Lead Iodide Perovskites
Xiaoxi Wu
Recent discoveries of highly efficient solar cells based on methylammonium lead
iodide (MAPbI3) perovskites (three dimensional, 3D, structure) attract a surge in research
activity on the photo-generated carriers and how carrier and/or exciton interact in these
materials. Understanding the photo-carrier dynamics and interactions as well as the
nature of the trap states are crucial for elucidating the working mechanisms of perovskite
solar cells. Lead iodide perovskites can also be prepared in two-dimensional (2D)
structures, which are essentially self-assembled quantum wells. Questions remain on
whether the photo-excited species are free carriers or excitons and how they interact and
recombine. The nature of trap states and how to minimized them in these materials are
also unclear. In this thesis, the carrier/exciton interactions and the trap states in 3D and
2D lead iodide perovskites and the Auger recombination in 3D perovskites are studied
with ultrafast Time-Resolved Transient Absorption (TA) Spectroscopy.
The first part of this thesis is the carrier generation and carrier/carrier interaction
study in 3D MAPbI3 along with a comparative study on the exciton/carrier interaction in
2-dimentional (2D) lead iodide perovskites (Chapter 4 and 5). The major photo-generated
species are charge carriers in 3D perovskites and excitons in 2D perovskites. Upon high
photon energy excitation, the hot electrons and holes are created instantaneously which
induce a red-shift on the band-edge optical transition in 3D perovskites while a
broadening effect on the 1S exciton in 2D perovskites. The red-shift is the result of the

Stark effect from the hot carriers and the broadening comes from the scattering by the
carriers. The band-edge carriers in 3D perovskite recombine following two-molecular
recombination at low density and Auger recombination at higher density. In 2D
perovskite, we observed a blue-shift in 1S exciton transition due to the localized excitonexciton interaction.
The 6th chapter is the discussion on the below-gap trap states, depending on the
dimensionality and the organic/inorganic interfaces. We observed trap states in both 3D
and 2D perovskites below the optical band-gap, and in 2D perovskites the trap states
increase with the decrease of the quantum well thickness. With the help of surface
sensitive UPS and temperature dependent PL measurements, we concluded the trap states
localize at the “soft” organic/inorganic interfaces, which in 3D are the grain boundaries
and surfaces and in 2D are the barrier/well interfaces.
Aside from the TA studies on perovskites, Time-Resolved Second Harmonic
Generation (TR-SHG) study on the transient electric field in neat C70 film and CuPc/C70
bilayer film are reported at the end of the thesis. TR-SHG has been applied to study the
interfacial electric field generation at donor/acceptor interface but the total SHG signal
may have contributions from the donor, the acceptor and the interface. All of these
contributions need to be considered in order to fully understand the TR-SHG signal. With
ultrafast laser excitation on ~100 fs time scale, we observed an internal E-field generated
in C70 film due to charge drift and diffusion, with ~ 10 ps rise time. For CuPc/C70 bilayer
film, an additional interfacial E-field appears with a time constant of ~0.1 ps due to
charge separation at the donor/acceptor interface. The E-Field induced SHG signal from

these two E-fields interfere with each other giving rise to the overall SHG, which is
dependent on both the probe polarization and the film thickness.
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Coulomb interactions according to Elliot’s theory of Wannier exciton. Dotted lines
show exciton transitions and short-dashed (long-dashed) lines are band-to-band
contributions with (without) the inclusion of Coulomb interactions. (E) PL emission
intensity at time zero (PL0) as functions of injected electron–hole density (top axis) and
laser pulse fluence (bottom axis). The black-dotted lines are quadratic dependent
guidelines. The continuous lines are calculated PL0 intensities according to the Kubo–
Martin–Schwinger relation for the radiative recombination of ionized plasma. Figures
are reproduced from ref. 12 (A, B) and ref. 13 (C-E)..........................................................9
Figure 1.5 (A) PFM image of β-MAPbI3 thin film showing ferroelectric domain
switching and (B) cartoon for the segregated channels for electrons (red) and holes
(blue) in a multidomain ferroelectric thin film. (C) Left panel: relaxed orthorhombic

	
  

vi	
  

unit cell; right panel: the side view of a 1 × 1 × 6 supercell containing 180° uncharged
domain. Figures are reproduced from ref. 14 (A), 15 (B) and 16 (C). ...............................14
!
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mechanism. (D, E) TEM images of films grown from solutions of MAI + PbI2 (left),
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emission (ASE) wavelengths from solution-processed MA–lead halide perovskite films,
whose compositions are illustrated above the thick arrows. (B) Plot of integrated
photoluminescence intensity as a function of pump fluence. The arrows indicate the
trap state saturation threshold fluence (Pthtrap) and the ASE threshold fluence (PthASE).
The dashed vertical black line indicates the onset of ASE. (C) Schematic of a
nanoplatelet on Mica substrate pumped by 400 nm laser beam. The red arrows on the
plate indicate the waveguide confined by the planar polygonal structure inside the
cavity. (D) Far-field optical image of two typical MAPbI3 nanoplatelets under the
illumination of white light (upper panel) and laser (bottom panel, above lasing
threshold). (E) The evolution from spontaneous emission to lasing in a typical
CH3NH3PbI3 triangular nanoplatelet (optical image inset). Left inset shows the
integrated output emission (Pout) as a function of pumping fluence (Pex) in log–log
scale. The lasing threshold is determined to be Pex = 37 µJ/cm2. Right inset:
Photoluminescence decay curve below (pink, SE) and above (dark green, lasing) the
threshold. The SE average lifetime is 2.6 ns. Two lifetimes during ASE are ∼80 ps
(dominant) and 846 ps. Figures are reproduced from ref.
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Figure 2.1 Illustration of TA experiment principle. Left: Pump and probe beams are
spatially overlapped on the sample and transmitted probe beam is collected by the
detector. Right: Pump induces a change in the absorption (Δα) at certain wavelengths,
which evolves in time and is probed by the probe pulse as a function of pump-probe
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Figure 2.2 Pseudo-color plots of TA spectra of MAPbI3 on mesoporous Al2O3 thin film
on a sapphire substrate before (A) and after (B) chirp correction. The color scale
indicates the TA signal intensity. (C) A representative chirp correction curve from thin
film reference sample on a sapphire substrate. (D) TA spectrum at 1 ps from horizontal
cut of (B) representing both band-edge bleaching (negative signal centered at 760 nm)
and induced inter-band absorption (positive signal from 535 - 685 nm). Inset: ground
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state and there is no inter-band transitions; (E) excitation of electrons from VB to CB
by the pump pulse (blue arrows); and (F) at t > 0, due to the inter-band transitions (grey
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ground state absorption (G0) and shifted absorption induced by the pump, where G1, G2
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of blue-shift. (C) G4 is the broadened absorption with δω = 5 nm broadening and the
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Chapter 1 Introduction to perovskites

Methylammonium lead iodide (MAPbI3) perovskite, an organic-inorganic hybrid
material with the perovskite crystal structure,24–26 is no doubt the super star in solar cell
community. The first perovskite solar cell was reported by Kojima at the Electrochemical
Society (ECS) meeting of 2006, with MAPbBr3 as light absorber in a dye sensitized
photoelectrochemical cells.27 In 2009, MAPbI3 sensitized solar cell with solar-to-electric
power conversion efficiency of 3.8% was reported (Fig. 1.1 A & B),1 and this number
was increased to 6.5% when perovskite quantum dots were used.28 The breakthrough was
achieved by Snaith’s group in 2012; this group reported a single junction solid state
perovskite sensitized solar cell was developed with efficiency up to 10.9% when they
replaced the mesoporous TiO2 mesoporous Al2O3.29 Just a few months later, the same
group proved the mesoporous matrix was not actually necessary for high efficient solar
cell; they demonstrated vapor deposited MAPbI3 from MAI and PbCl2 as the active layer
in a compact perovskite thin film solar cell with >15% efficiency.9 This was the start of
the perovskite revolution that shocked the entire solar cell community.13,30–39 More and
more scientists and engineers are attracted into the “perovskite” field, wondering why it
shows such amazing efficiency and what is the ultimate limit. The highest up-to-date
perovskite solar cell efficiency is from KRICT, at 20.1% (NREL certified).
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Figure 1.1 (A) Illustration of the structure and working mechanism of the first reported
CH3NH3PbI3 sensitized photoelectrochemical cell. (B) Incident photon-to-current quantum
conversion

efficiency

(IPCE)

action

spectra

for

photoelectrochemical

cells

using

CH3NH3PbBr3/TiO2 (solid line) and CH3NH3PbI3/TiO2 (dashed line). (C) SEM cross-sectional
image of a solar cell with ~19% efficiency. (Insert) Energy levels alignment (relative to the
vacuum level) of each functional layer in the device. (D) Normalized EQE spectrum of a typical
cell with same structure as (C). (Inset) The corresponding J-V curve of the device. Figures are
1

reproduced from ref. (A, B) and ref. 2 (C, D).

Lead halide perovskite is so attractive to material scientists, not only because of the
rapid rise in solar cell efficiency but also due to their extraordinary optoelectronic
property.13,22,30,32,33,40,41 Why are the solar cell efficiencies so high? What make the
perovskites different from other inorganic/organic semiconductors? And what makes the
carrier lifetime and diffusion length so long? What is the nature of the photo-generated
species? Are there excitons or carriers? How do charge carriers separate and recombine
in these materials? These questions are crucial to understand the working mechanisms of
2

these “mysterious” materials. From mesoporous films with TiO2 or Al2O3 matrix, to
spin-coated compact films, and to films with mm grains to cm sized single crystals, the
reported diffusion length keeps increasing, from 1 µm to >175 µm.30,33 Is the single
crystal the future for highest efficient perovskite solar cells? What are the fundamental
limits of the perovskite solar cells?
This chapter will discuss these questions with recently reported experimental and
theoretical data. I will firstly focus on the crystal and band structure to explore the origin
of the high absorption coefficient and long diffusion length and then address the debate
on carrier vs. exciton. The third section discusses the driving force for efficient charge
separation, with open questions on the ferroelectricity. This will be followed by a
discussion on the exciton/carrier traps that may fundamental limit the solar cell
efficiency. The last section introduces a few applications aside from solar cells.
1.1. Crystal and Electronic Structure
The fundamental building blocks for the so-called “perovskite” structures are the
inorganic [PbX6]4- octahedron and organic cation A+, such as CH3NH3+, CnH2n+1NH3+,
HC(NH2)2+. With different octahedra corner-sharing geometry, [PbX6]4- can selfassemble into zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) or
three-dimensional (3D) networks; this assembly process depends mainly on the structure
of the organic cation and the ratio between [PbX6]4- and A+.26,42,43 Except for the 3D
APbX3, all other perovskite structures are strongly quantum confined. The details of the
quantum confinement and its effect on the photophysics will be discussed in Section 1.2.
In this section, we will focus on the crystal and electronic structure of the 3D MAPbI3,
since it is more relevant to solar cell applications.
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Figure 1.2 Representative crystal structures of (A) 3D CH3NH3PbI3,3 (B) 2D (CH3NH3)2PbI4,4 (C)
1D [NH2C(I)=NH2]3MI5 (M = Sn, Pb),5,6 and (D) 0D (CH3NH3)4PbI6·2H2O7 perovskite networks.
The grey octahedra represent the MX6 (M = Pb or Sn; X = I and Br) building blocks with the
halogens in purple. The blue and red spheres are the C and N, respectively (H atoms were
removed for clarity). Note that the 3D - 1D structures are the projections along the corner-shared
MX6 chains.

MAPbI3 is in the tetragonal phase with I4/mcm space group at room temperature,
while increasing the temperature to 330 K leads to the cubic structure (Pm3m) and
lowering the temperature to 160K will freeze the orientation of MA+, resulting in the
orthorhombic (Pna21) structure.3,44,45 These three phases are usually referred to α (cubic),
β (tetragonal) and γ (orthorhombic) phases.41 The phase transitions are determined to be
the order-disorder type, with large entropy from the rotational disorder of MA+. At high
temperature above 330K, MAPbI3 shows the perfect cubic phase, with all of the

4

octahedra aligning along the same direction, while at room temperature phase (tetragonal)
the adjacent two octahedra along z-direction tilt towards to each other (Fig. 1.3 A).
A

D

B

E

F

C

G
H
I

Figure 1.3 (A) Crystal structure of a MAPbI3 unit cell at tetragonal (RT) phase. The calculated
(experimental3,8) cell parameters for MAPbI3 are: a = 8.78 (8.85 - 8.86) Å; c = 12.70 (12.64 12.66) Å. (B) Calculated (blue) and experimental (purple) absorption spectra of MAPbI3. Inset:
Light harvest efficiency for a 15% MAPbI3-based solar cell reported in Ref. 9. (C) Calculated
band structure (VBM and CBM highlighted as thick solid lines) for MAPbI3 along the directions
Γ (0,0,0) → M (0.5, 0.5,0); Γ → Z (0,0,0.5); Γ → X (0,0.5,0); Γ → A (0.5,0.5,0.5); Γ → R
(0,0.5,0.5). (D) and (E) show the charge density at CBM (D) and VBM (E) for CH3NH3PbI3. (F)
is the total DOS and (G) - (I) are the partial DOS from CH3NH3+, Pb and I, respectively. The zero
in DOS is referred to VBM. The Pb partial DOS has enlarged by five times for clear indication of
s orbital contribution. Note that figures (A - C) are from SOC-GW calculation based on RT
tetragonal phase and figures (D - I) are from non-SOC-GGA calculation based on the cubic phase.
Figures are reproduced from ref. 10 (A - C) and ref. 11 (D - I).

Two important reasons for the outstanding solar cell efficiency is the almost ideal
band-gap for solar cell harvesting and the high absorption coefficient. The absorption of
5

perovskite covers the entire visible spectrum in solar emission, Fig. 1.3 B, and its
extinction coefficient of 105 cm-1 is one order of magnitude higher than that of GaAs.46
The extremely high extinction coefficient can be explained as follows. When a photon
with energy ℏ𝜔 interacts with a material, the absorption coefficient is described by the
famous Fermi’s Golden Rule:47
!!
ℏ

! !
𝛿(𝐸!
!!!

𝑣𝐻𝑐

𝑘 − 𝐸! 𝑘 − ℏ𝜔)𝑑 ! 𝑘

(1.1)

where 𝑣 𝐻 𝑐 is the transition matrix element from the valence band (VB) to the
conduction band (CB) and the integral is over the entire reciprocal space. If 𝑣 𝐻 𝑐 does
not strongly depend on 𝑘, the above equation can be written as:
!!
ℏ

𝑣𝐻𝑐

!

!
!!!

𝛿(𝐸! 𝑘 − 𝐸! 𝑘 − ℏ𝜔)𝑑 ! 𝑘

(1.2)

with the integral referred to joint density of states (JDOS) at ℏ𝜔. E.q. 1.2 shows that the
absorption coefficient is strongly dependent on the JDOS, which is related to the density
of states (DOS) in the reciprocal space.
What makes the JDOS so large for perovskites? The first reason is that the high
symmetry of this material makes it a direct band-gap semiconductor. The band structure
of MAPbI3 at RT (tetragonal phase) calculated by the SOC-GW method is plotted in Fig.
1.3 C. The direct band-gap of about 1.67 eV at Γ point is characterized by similar
dispersions near the conduction band minimum (CBM) and valence band maximum
(VBM). The calculated band-gap matches well with the experimental value as shown in
Fig. 1.3 B. This small direct band-gap with similar dispersion for electrons and holes
explains the efficient excitation under solar radiation. The second reason for the high
JDOS is the high DOS of both CB and VB. The band structure can be approximated by
linear combinations of the atomic orbitals. With the phase transition from high
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temperature phase (α) to the RT phase (β), the band structure dose not change much,
except for the small splitting of the CBM and VBM due to reduced symmetry.41 A nonSOC-GGA DFT calculation based on the relaxed crystal structure (α phase) reveals that
the VBM is mainly composed of p-orbitals of I and the CBM of p-orbitals of Pb, as Fig.
1.3 D-I show.11,41,48 The organic MA+ cation has very little influence on the DOS around
the bandgap. The high DOS of these p-orbitals contributes to the high DOS at the bandedge. Because of such a high absorption coefficient, a few hundreds nm thick film can
give an optimal solar cell efficiency of more than 20%, as predicted by theoretical
simulation41,49 and demonstrated experimentally recently by the KRICT group.

1.2. Excitons or Charge Carriers?
After 2-3 years of intensive study on the photo-dynamics in lead halide perovskites,
most scientists now agree that the major photo-generated species are free charge carriers
instead of excitons.12,13,39,50–52 Do excitons actually exist in perovskites under photoexcitation? Due to Coulomb interaction, the bound e-h pair has energy lower that the
transport band-gap, and this difference is defined as exciton binding energy. The
Coulomb attraction results in a series of hydrogen-like states53:
!

𝐸!" 𝑛! , 𝑲 =    𝐸! − 𝑅𝑦 ∗ !! +
!

ℏ! 𝑲!
!!

(1.3)

where
𝑛! = 1, 2, 3 …

(principle quantum number, 1.4)

! !

𝑅𝑦 ∗ = 13.6  𝑒𝑉 !

!

!!

(exciton Rydberg energy, 1.5)

𝑀 =    𝑚! + 𝑚! ,      𝑲 =    𝒌! + 𝒌!

(translational mass and

wave vector of the exciton, 1.6)
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! !

𝜇 = ! !!!!   
!

(reduced exciton mass, 1.7)

!

Thus exciton is generally treated as a hydrogen-like quasi-particle, whose Rydberg
energy and Bohr radius (the radius of the lowest excitonic state) can be estimated by e.q.
1.5 and 1.8.
𝑎!!" = 𝑎!! 𝜀

!!
!

.

(1.8)

Wider gap semiconductors usually have larger exciton binding energy and vise versa.
This is due to the fact that large band-gap leads to small bandwidth, and thus small band
dispersion and carriers with large effective mass. The lead iodide perovskites have a
band-gap of ~ 1.5 eV, which is quite similar to GaAs, but the exciton binding energy of
perovskites was initially determined to be ~ 50 meV, one order of magnitude larger than
that in GaAs.51 With such high exciton binding energy (> kT), the main photo-generated
species should be excitons instead of charge carriers. Later experiments demonstrated
lower estimation of the exciton binding energy and this value keeps dropping until the
recent lowest report of 2 meV by Lin et al derived from the measured real static dielectric
constant of 70.38 This is very close to the exciton binding energy of GaAs (5 meV). If this
number is on the same order of the actual exciton binding energy, at RT there should be
no excitons at all since the thermal energy is enough to break the exciton. More
experiments on carrier dynamics confirm this conclusion. With time-resolved
photoinduced THz absorption measurements, shown in Fig. 1.4 A and B, Wehrenfennig
et al acquired high carrier mobility of about 10 cm2 V−1 s−1 and low second order
recombination rate of 8.7 × 10−11.12 Later, Manser and Kamat reported the Burstein-Moss
band filling effect from transient absorption (TA) measurements on lead iodide
perovskite films, which gives rise to a blue-shift of the high energy edge of the bleaching
8

peak with increasing the pump fluence.39 By fitting the decay dynamics of the bleaching
peak, these authors acquired a second order recombination rate of 2.3  ±  0.6  ×  10−9 cm3
s−1.39 The carrier accumulation in the conduction band along with the two-body
recombination strongly suggests the carrier nature of the photo-generated species. Saba et
al proposed the existence of correlated electron-hole plasma in photo-excited
perovskites.13 Fitting of the ground state absorption edge at different temperatures to
Elliot’s theory of Wannier exciton gave exciton binding energy of 25 ±	
 3 meV (Fig. 1.4
C & D) and the PL intensity right after laser pulse excitation was found to be quadratic
with injected carrier density (Fig. 1.4 E).13 The former indicates exciton transition dose
enhance band-edge transition while the latter shows that bound-excitons are not actually
populated.

A"

C"

B"

D"

E

Figure 1.4 THz photoinduced transient absorption of (A) MAI3−xClx and (B) MAPbI3 showing
the absorption of free carriers. The increased decay rate with increasing pump (550 nm) fluences
from 6 µJ cm−2 to 320µJ cm−2 indicates higher order (Auger) recombination. (C) & (D)
Comparative plots of experimental (circles) absorption spectra of MAPbI3 with theoretical fits at
170 K and 300 K, respectively. The solid continuous lines include both excitonic and band-toband oscillator strengths with Coulomb interactions according to Elliot’s theory of Wannier
exciton. Dotted lines show exciton transitions and short-dashed (long-dashed) lines are band-to-
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band contributions with (without) the inclusion of Coulomb interactions. (E) PL emission
intensity at time zero (PL0) as functions of injected electron-hole density (top axis) and laser
pulse fluence (bottom axis). The black-dotted lines are quadratic dependent guidelines. The
continuous lines are calculated PL0 intensities according to the Kubo-Martin-Schwinger relation
for the radiative recombination of ionized plasma. Figures are reproduced from ref. 12 (A, B) and
ref. 13 (C-E).

In Chapter 4, I will discuss in detail our recent study on carrier-carrier interactions in
thermal evaporated MAPbI3 perovskite thin films.50 Under excitation with photon energy
higher than the bang-gap, TA spectroscopy revealed hot carrier induced red-shift of the
band-edge transition and this was explained by a transient Stark effect from the electric
field of the hot carriers. These hot carriers cool down to the band-edge with energy
dissipating rate of 5.0 ± 0.4 eV ps−1. Kinetic analysis showed that band-edge carrier
recombination followed bi-molecular recombination mechanism at low pump fluence
with a second order rate constant of 1.1 × 10−9 cm3 s−1 and an additional tri-molecular
auger recombination with a third order rate constant of 3.8 × 10−28 cm6 s−1 for charge
carrier density exceeding 1018 cm−3, in agreement with other reports.12,52 There was no
evidence for excitons from either above-gap or band-gap excitation at room temperature.
To summarize, photoexcitation of MAPbI3 perovskite at room temperature results in
charge carriers, not excitons.

Bromide perovskite and 2D perovskite (excitons)
In comparison to MAPbI3 perovskite, lead bromide perovskite (MAPbBr3) and 2D
lead iodide perovskite possess larger bandgaps, smaller bandwidth, and smaller band
curvature (larger effective mass). As shown in e.q. (1.5), the excitonic Rydberg is larger
for heavier exciton. Furthermore, the dielectric constant of MAPbBr3 should be smaller
10

than MAPbI3, considering the less polarizability of Br- compared to I-. Indeed, the exciton
binding energy of MAPbBr3 is estimated to be 76 meV.54 At RT, we expect to see
excitons instead of free carriers in MAPbBr3.
The crystal structures of 2D lead perovskites with different layers of PbI42- octahedra
are illustrated in Fig. 1.2 and Fig. 5.1. The octahedra corner-share and self-assemble into
natural quantum wells with thickness of only a few nms.4,26 Due to spatial confinement,
the Coulomb interaction between the electron and hole is strongly enhanced. In 3D
semiconductor, e.q. (1.3) describes the Rydberg series; the oscillator strength f and Bohr
radius 𝑎! for the principal quantum number (𝑛! ) are given by:
𝑓 𝑛! ∝ 𝑛!!! ;

𝑎! ∝ 𝑎!! 𝑛! ;

𝑛! = 1, 2, 3….

(1.9)

For 2D semiconductors, the exciton Rydberg series are expressed by:
𝐸!" 𝑛! , 𝑲 =    𝐸! + 𝐸! − 𝑅𝑦 ∗

!
!
(!! ! )!
!

+

ℏ! (!!! !!!! )
!!

(1.10)

where 𝐸! is quantization energy and
!

!

𝑓 𝑛! ∝ (𝑛! − !)!! ; 𝑎! ∝ 𝑎!! (𝑛! − !); 𝑛! = 1, 2, 3….

(1.11)

Without considering the reduced screening effect, i.e. the difference in dielectric constant
difference between the quantum well (PbI42- octahedra layer) and the barrier (C4H9NH3+),
the excitonic Rydberg 𝑅𝑦 ∗ is the same for both 2D and 3D, thus reducing the dimension
from 3D to 2D will result in 4 times increase in the exciton binding energy (𝑅𝑦 ∗ !4𝑅𝑦 ∗ ).
When considering the dielectric confinement, based on the reduced dielectric constant in
the barrier (εb = 2.1 for organic cations) than in the well (εw = 6.1 for the octahedra), the
exciton binding energy is even more enhanced.55–57 The estimated exciton binding energy
for one layer 2D perovskite, as Fig. 1.2 B shows, is ~ 300 meV.58 From e.q. (1.12), the 1S
excitonic oscillator strength 𝑓 𝑛! = 1 also increases by 8 times. Experimental results
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presented in Chapter 5 are in qualitative agreement with the above theory. In the linear
absorption spectra, the 1S exciton peak in each 2D perovskite QW with different
thickness is clearly resolved. Upon photo-excitation of the QWs, charge carriers were
observed only with excess energy (i.e., hot carriers) within 1 ps. Afterwards, all carriers
cool down to form bound excitons. Localized exciton-exciton interaction results in a
blue-shift in the 1S exciton transition.

1.3. Efficient Charge Separation and Low Recombination
Even though the photo-generated species in MAPbI3 perovskites are all charge
carriers, they can encounter each other and recombine. From analysis of the time resolved
TA and PL lifetimes, Shank et al reported the carrier lifetimes to be ~ 10 ns with
balanced diffusion length of about 100 nm to ~ 1 µm.30,32 These numbers are remarkable
considering the mesoporous and disordered nature of the polycrystalline films used and
the likely presence of defects at the crystalline domain boundaries and interfaces. A more
recent study on MAPbI3 single crystal showed much longer carrier diffusion length of
175 µm to a few mm.33 In this section, I will focus the discussion on what makes the
charge carriers moving through the crystal lattice and even domain boundaries without
significant recombination in polycrystalline MAPbI3 thin films
Electron beam induced current (EBIC) measurement, a microscopic mapping method
for the local current generation and charge extraction efficiency across the solar cell
reported by Eran Edri et al showed a two “twin-pack” of p-i-n profiles, one at the
absorber/hole-block-layer and the other at the absorber/electron-blocking-layer.59 The
most efficient charge extraction regions are close to the TiO2 and hole-transporting
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material (HTM) layer. Based on the merging of the two current peaks with decreasing
film thickness, the authors estimated a diffusion length of about 1 µm. They conclude the
build-in potential between the electron and hole extracting layers with different work
functions serves as the driving force for a working solar cell.
Ferroelectricity
One surprising finding was that carrier lifetime can be ns to µs even in neat lead
iodide perovskite films without external contacts or electron/hole extracting layers.30,32
Since 2014, ferroelectric domains have been reported in MAPbI3 films60–62 and are
proposed to serve as spatially segregated channels for charge carriers carrier transport
(Fig. 1.5 B).15,16,63 Ferroelectricity has also been invoked to explain observed hysteresis
in working solar:15,61,62 when a forward or a backward electric field is applied across the
perovskite film, the ferroelectric domains are believed to be slowly polarized in
conjunction with the reorientation of MA+ and/or the polarization of the PbI42- octahedra
according to the external E-field. Further evidence comes from the fact that scanning the
I-V curve at an extremely slow rate could help reduce the hysteresis.64

Switchable

ferroelectric domains of ~ 100 nm size in the perovskite film following the grain size was
reported by Kutes et al (Fig. 1.5 A).14,59 Theoretical simulations based on the different
MA+ orientational order between crystal domains predicted the possibility of both
charged and uncharged ferroelectric domains walls.16
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Figure 1.5 (A) PFM image of β-MAPbI3 thin film showing ferroelectric domain switching and
(B) cartoon for the segregated channels for electrons (red) and holes (blue) in a multidomain
ferroelectric thin film. (C) Left panel: relaxed orthorhombic unit cell; right panel: the side view of
a 1 × 1 × 6 supercell containing 180° uncharged domain. Figures are reproduced from ref. 14 (A),
15

(B) and 16 (C).

The study on ferroelectricity of perovskites is far from complete. Whether
ferroelectricity is important or even exists in perovskite thin films is under debate.62,65
Even if the ferroelectricity does exist in lead halide perovskites, there are still many open
questions. Are grain boundaries in thin films necessary for the formation of ferroelectric
domains and switchable ferroelectricity? Can we observe 2D crystalline defects, such as
crystal lattice mismatch or cracks as ferroelectric domain walls?16 Will strain in epitaxial
growth strain induced larger ferroelectricity effects?66 Can we achieve above gap open
circuit voltage based on the ferroelectricity?67 Experimentally elucidating the nature of
the ferroelectric domains in perovskite films and crystals are crucial to answer these
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questions, to establish the mechanisms of charge separation and transport in perovskite
solar cells, and to the further optimization of perovskite solar cell design and operation.

The paradox of perovskite
In a polarizable semiconductor, with characters of ionic bond, the photo-generated
charge carriers (electron or hole) could polarize the surrounding dipoles (or ions), which
makes the electron or hole quasi-particles with effective mass larger than the free electron
mass. The effective masses of electron and hole in MAPbI3 are estimated from band
structure by DFT calculation to be me* = 0.23m0 and mh* = 0.29m0, respectively, where
m0 is the free electron mass.68 Considering the carrier-lattice interaction, the effective
mass of electron or hole is corrected by
!.!
𝑚!,! = 𝑚!,!
(1 +

!!,!
!

),

(1.12)

where the index r.l. represents “rigid lattice” and 𝛼!,! is the Frohlich coupling69,70
between the carrier and the LO phonons.53 The expression for 𝛼!,! is
𝛼!,! = !!!
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in which 𝜀! and 𝜀! are the low- and high-frequency dielectric constants below and above
the optical phonon resonances.
Larger Frohlich coupling results in larger effective mass, which simultaneously
suggests larger exciton binding energy according to e.q. (1.5). In lead iodide perovskites,
the Pb-I bonds are ionic and the MA+ cations can freely rotate at RT.71–74 Once charge
carriers are generated by photo-excitation, they polarize both the Pb-I bonds and the MA+
cations. Unlike inorganic ions, MA+ has permanent dipole moment of about 2.3 Debye.15
Considering the energy barriers for lattice distortion compared to the ion rotation, it is
15

reasonable to argue that most of the polarization or screening comes from the rotation of
MA+. Thus the carriers are not necessarily strongly coupled to the lattice longitudinal
phonons but to the rotation mode of MA+ cations. Thus even though the charge carriers
are strongly coupled with the surrounding dipoles they are not “heavy”. This explains
why the effective masses of charge carriers perovskite are small even though the structure
is easily polarizable.68
Furthermore, photoinduced giant dielectric constant has been observed and attributed
to MA+ rotation assisted structural fluctuations.74 The dipole movement of MA+ may
even result in long-range potential fluctuations and localization of CBM and VBM, thus
separating the electron from the hole and reducing the recombination.75 The coupling
between charge carriers and the surrounding MA ions, i.e. the large photo-induced
dielectric constant, may strongly screen the electric field from the carriers, thus reducing
the Coulomb attraction between electrons and holes. This helps to further decrease the
exciton binding energy and more importantly makes the electron and the hole “invisible”
to each other and lowering the recombination probability. I call this “perovskite paradox”,
thanks to the ionic organic-inorganic complex structure.

1.4. The Limit of the Carrier Lifetime: Defects
Imperfections always exist in real crystals, and certainly in the polycrystalline films.
These defects may present as 0D, 1D, 2D and even 3D forms. 0D defect is referred as
point defect. Dislocation is one example for 1D defects while grain boundaries, stacking
defects, surfaces and interfaces are common locations of 2D defects. 3D defects are less
common which includes precipitates, voids, etc. Even in good quality material, we expect
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to have 1013-17 cm-3 defects, which work as ionized donors or acceptors or scattering and
recombination centers for the charge carriers. The most common point defect is lattice
vacancy, including Schottky defect and Frenkel defect.53 Schottky defects are lattice
vacancies in non-ionic crystals and stoichiometric vacancies in ionic crystals. While
Frenkel defect refers to the condition where there is a displacement of an atom from its
lattice location, leaving a vacancy at its original position and an interstitial defect at a
new position. In ionic crystals, it is usually favorable to generate vacancy pairs with equal
number of positive and negative ionic vacancies. In a crystalline solid, the outermost few,
usually three, atomic layers significantly differ from the bulk, thus are generally defined
as the surface of the crystal. The surface-bound electronic states may be energetically
located in the forbidden gap between the valence and conduction band, forming 2D
defects.
A donor is usually a state below the conduction band that can easily give an electron
to the conduction band:
𝐷! ⇄ 𝐷! + 𝑒
While an acceptor resides at a state above the valance band that can receive an electron
from the valance band:
𝐴! ⇄ 𝐴! + ℎ

When pairs of donors and acceptors are close in space so that their wavefunctions
overlap, they could contribute special features to the emission spectra at low temperature.
The density of point defects is a determinant for the crystal quality. DFT calculation on
the defects states reveal that lead halide perovskite is a very special material where the
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point defects states with low formation energy are energetically very close to the CBM or
VBM and are, thus, shallow traps.48 These shallow traps states are easily depopulated at
room temperature but may not serve as non-radiative recombination centers or carrier
scattering centers. The same group also simulated the trap states due to grain boundaries
(GB) based on the atomic GB structure derived from inorganic perovskite oxides.48
Surprisingly neither the BGs introduce deep trap states. These calculations explain
theoretically why the perovskites have such superior long carrier lifetime and diffusion
length even in polycrystalline film.
Recent experiments have shown that the solar cell efficiency strongly depends on the
film preparation processes. Since the first a few studies on the solution processed
MAPbI3 perovskite film solar cells,1,30,32 numerous papers have reported improved
sample preparation method and solar cell efficiency.2,18,76–80 The most fundamental
questions are where the traps are and how we can eliminate them.81–84 We found that the
organic/inorganic interface is likely the origin of below-gap trap states. We arrived at this
conclusion by comparing the trap state density in 2D and 3D lead iodide perovskites
(detailed in Chapter 6) and the observation of below gap traps in 3D perovskites and
enhanced trap states in the 2D perovskite.81 The density of traps increases with
decreasing quantum well thickness in the 2D perovskite. The crystal structure of
perovskite is not rigid; the organic ions are movable while the terminated surface is soft
and very easy to be deformed, which is especially relevant in the 2D perovskites since
each quantum well is only composed by one to three layers of PbI4- octahedra. The
deformed structure may result in potential fluctuation, trapping excitons/charges and
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facilitating nonradiative recombination. Thus growing single crystals to minimized the
GBs or passivating the GBs and surfaces will help to reduce these traps.

!
Figure 1.6 Plots of band structure for the formation of two covalent traps 𝑉!! (A) and 𝐼!"
(B)

from Γ to (1/2, 1/2, 1/2). For 𝑉!! without forming a Pb dimer (A, left), a defect band shown by a
thin red line is in strong resonance with the host bands without forming a deep trap. The
formation of a Pb dimer results in an occupied band in the band gap, indicating by the thick red
!
line (A, right). For 𝐼!"
, before forming an I trimer, the empty defect band (dashed red line in left

panel of B) is close to the VBM. After the formation of an I trimer, the defect band (solid red line
in right panel of B) is lifted up to near the CBM. Insets: Charge density contour plot for the Pb
dimer and I trimer defect states. (C) Left: AFM image of MAPbI3 thin film with PbI2 passivation
at GBs circled with yellow dashed light. Right: Energy diagram showing the PbI2 passivation
mechanism. (D, E) TEM images of films grown from solutions of MAI + PbI2 (left), 3MAI +
PbCl2 (right). (F, G) Bright field TEM images taken from the films in (D, E), showing obvious
crystallinity difference. (H, I) Select area electron diffractograms from films in (D, E). Scale bars
in (D-G) are 500 nm and scale bars in (H-I) are 2 nm-1. Figures are reproduced from ref. 17 (A, B),
ref. 18 (C), and ref. 19 (D-I).
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Many theoretical and experimental evidences support our argument. From firstprinciple DFT calculation, Agiorgousis et al recognized the covalent bound Pb dimers or
I trimers form deep mid-trap states (Fig. 1.6 A & B), which is about 400 meV from the
band-edge.17 These covalent dimers or trimers are also common origins for self-trapped
carriers/excitons

in

halide

semiconductors.85

Controlling

equilibrium

carrier

concentrations so that the Fermi energy is at least 0.3 eV away from the band edge is
important to prevent these defects from being effective recombination centers. Surface
passivation77 and PbI2 self-passivation18,86 (Fig. 1.6 C) were proved to improve the
MAPbI3 perovskite PL lifetime and solar cell efficiency, indicating that the surfaces and
grain boundaries may be the origin of traps and recombination sites. Further support
comes from the film crystallinity characterizations with TEM, as Fig. 1.6 F-I show,
revealing remarkable long-range coherent structure of perovskite grown from PbCl2,
which always demonstrates higher solar cell efficiency compared to the perovskite from
PbI2.87, 59 Large scale single crystals were successfully synthesized with extremely long
diffusion length and low trap density comparable to single crystalline silicon.28 And the
emission quantum yield from two-step grown µm-sized perovskite crystals was estimated
to be close to quantity.88 Even though large single crystals are superior to the
polycrystalline thin film in the sense of minimized GBs and interfaces, further study on
optimization of thin film quality still retains the significance considering the easy
processability and the potential for flexible and printable solar cells.

1.5. Applications Beyond Solar Cells
Photo-detector
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The high absorption coefficient and quantum yield, low dark conductivity and easy
processibility suggest that perovskites can be easily engineered into highly sensitive
photodetectors (Fig. 1.7 A & B).20,89–91 And if coated onto flexible substrate, they can be
readily processed into flexible and air-stable detectors.92 Aside from the broad absorption
spectrum and the high sensitivity, another advantage for perovskite is the wide bandgap
tunability by simply mixing bromine and chlorine into the crystal structure. When
modifying the ratio between I and Br or Br and Cl, the bandgap can be easily tuned in the
visible range 390 ~ 790 nm.22 Furthermore, the bandgap of perovskite with APbI3
structure strongly depends on the Pb-I-Pb bond angle in the PbI3 framework and bandgap modulation of over one eV can be achieved by using cations of different sizes.36,93,94
Thus by tailoring the crystal structure, one could readily obtain the photodetector with
desired active window.
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Figure 1.7 (A) Device structure of a MAPbI3 perovskite photodector. (B) Transient photocurrent
response at a pulse frequency of 1  MHz with a device area of 0.1  cm2 (blue line) and 0.01  cm2
(red line). (C) Left: Device structure of the perovskite LED. Right: Picture of a working flexible
LED. Figures are reproduced from ref. 20(A, B) and ref. 21(C).

LED and Lasing
The high absorption coefficient and quantum yield, long carrier lifetime, low Auger
recombination rate and the ambipolar charge transport characteristic make the perovskites
ideal candidates for LED and lasing. LED and lasing from 2D perovskite was reported
decades ago.95 Bright white light emission was discovered from modified 2D
perovskites,96,97 suggesting the potential of designing white light LEDs.
Wide range tunable lasing from solution processed MA lead halide thin films were
first reported by Xing et al, as Fig. 1.8 A & B show.22 The tunability of the laser
wavelength covering almost the entire visible range (390 ~ 790 nm) is very attractive and
the amplified stimulated emission (ASE) carrier density threshold of ~1.7 ×1018 cm−3 is
one order of magnitude lower than high crystalline ZnSe and CdS nanowires.98,99 Later
on, Song’s group demonstrated planar nanolasers from CVD grown perovskite plates.23
Instead of the wave-guide mode, these nanoplates lase via Whipering-Gallery (W-G)
mode, shown in Fig. 1.8 C & D. Even though these nanolasers provide planar laser light
source with high Q-factor (650, Fig. 1.8 E), which can be integrated into small-scale
optoelectronic chips, efficient light coupling is difficult for W-G mode lasers and the
lasing threshold (37 µJ/cm2) is usually higher than wave-guide mode.
Non-radiative recombination pathways are the main limits for lasing gain threshold,
including bulk defects (such as vacancies, interstitials, antisites and so on), surface traps
and Augur recombination as we discussed before. Bulk defects trap carriers on the time
22

scale of fs to ps, and surface trapping may happen on the time scale of 100 ps,
considering the diffusion of carriers to the surface. Auger recombination rate differs from
material to material, and was determined to be 3.8 × 10−28 cm6 s−1 in MAPbI3 perovskite
films.50 By analyzing the dependence of PL intensity on carrier density, Xing et al
estimated the bulk trap density to be ~ 5 × 1016 cm−3 whereas the surface trap density to
be ~ 1.6 × 1017 cm−3, under the assumption of trap states recombination is much slower
than band edge radiative recombination.22 To grow perovskite singles with high
crystalline quality and minimized surfaces is one possible way to achieve lower lasing
threshold and better laser quality.

A

C"

B

E"

D

Figure 1.8 (A) Demonstration of the wide wavelength tunability of amplified stimulated emission
(ASE) wavelengths from solution-processed MA-lead halide perovskite films, whose
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compositions are illustrated above the thick arrows. (B) Plot of integrated photoluminescence
intensity as a function of pump fluence. The arrows indicate the trap state saturation threshold
fluence (Pthtrap) and the ASE threshold fluence (PthASE). The dashed vertical black line indicates
the onset of ASE. (C) Schematic of a nanoplatelet on Mica substrate pumped by 400 nm laser
beam. The red arrows on the plate indicate the waveguide confined by the planar polygonal
structure inside the cavity. (D) Far-field optical image of two typical MAPbI3 nanoplatelets under
the illumination of white light (upper panel) and laser (bottom panel, above lasing threshold). (E)
The evolution from spontaneous emission to lasing in a typical CH3NH3PbI3 triangular
nanoplatelet (optical image inset). Left inset shows the integrated output emission (Pout) as a
function of pumping fluence (Pex) in log-log scale. The lasing threshold is determined to be Pex
= 37 µJ/cm2. Right inset: Photoluminescence decay curve below (pink, SE) and above (dark
green, lasing) the threshold. The SE average lifetime is 2.6 ns. Two lifetimes during ASE are ∼80
ps (dominant) and 846 ps. Figures are reproduced from ref. 22 (A, B) and ref. 23 (C - E).

With collaboration with Song’s group, we achieved lasing with low threshold and Qfactor from single crystal perovskite nanowires.88 Thanks to the high crystal quality the
lasing carrier threshold of 1.5 ~ 4.5×1016/cm3 is two orders of magnitude lower than that
of the polycrystalline film and is even lower than the estimated surface trap density.
These red to NIR laser is of special importance considering the limit available gain
materials. Moreover, by modifying the halide ratio in the crystal growing solution, we
readily tuned the lasing to different colors (780 nm to 490 nm) with mixed halide single
crystals. Aside from the low threshold, the narrow lasing peak indicates extremely high Q
factor (~ 3600) and the ultrafast (< 20 ps) stimulated emission decay suggests near unity
lasing quantum yield. The overall lasing performance of the MAPbI3 and MAPbBr3
nanowires demonstrates the high quality of these perovskite crystals with very low trap
states, which is consistent with our previous argument that surface traps mainly located at
surfaces and interfaces with high Miller indexes.81
And more
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Optocoupler was designed by integrating the LED and photodetector with electrical
input and output and coupled by internal optical coupling. Optocoupler is mainly aimed
for noise control in order to improve the signal communication and detection. Li et al
reported the first all-perovskite integrated optocoupler, 100 which showed extremely high
current transfer ratio (CRT, 263.3%) after an amplification circuit, which is comparable
to the commercial inorganic optocouplers. The device also shows very high sensitivity (>
104) and fast response time on the order of µs, demonstrating great promise for
application in photonics.
Perovskites even works efficiently in water photolysis. Even though the
thermodynamic driving force for water splitting is only 1.23 V, larger external voltage is
desired for reaction kinetics. The large Voc of MAPbI3 perovskite solar cell is ideal for
providing this driving force. Luo et al combined the solution-processed perovskite
tandem solar cell with a bifunctional Earth-abundant catalyst and successfully designed a
highly efficient and low-cost water-splitting cell.31 A solar-to-hydrogen efficiency of
12.3% was demonstrated with high activity toward both the oxygen and hydrogen
evolution reactions.

1.6 Aim and Organization of This Thesis
The main aim of this thesis is to address the carrier or exciton question in 3D and 2D
perovskites and to study how the structural dimension affects the carrier/exciton
interactions. The main techniques are introduced in the second chapter, including timeresolved transient absorption spectroscopy (TR-TA) and time-resolved second harmonic
generation (TR-SHG). Sample preparation and characterizations for 3D and 2D
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perovskites are reported in Chapter 3. The fourth chapter will focus on the study of the
carrier generation, recombination and carrier-carrier interaction in 3-dimensional (3D)
MAPbI3. And Chapter 5 is a comparative study on the exciton/carrier interactions in 2dimentional (2D) lead iodide perovskites. We conclude the photo-generated species are
charge carriers in 3D perovskites but excitons in 2D perovskites. When exciting with
photon with energy much higher than the band-gap, the hot electrons/holes are created
and induce a red-shift on the optical transition in 3D perovskites. While in 2D perovskite,
the hot carriers lead to a broadening effect on the 1S exciton transition. The band-edge
carriers in 3D perovskite recombine radiatively following two-molecular recombination
at low density and the Auger recombination becomes significant only at higher density.
In 2D perovskite, localized exciton-exciton interaction results in a blue-shift of the 1S
exciton.
The sixth chapter reports the study on the below-gap trap states, whose DOS depends
on the dimensionality and the amount of organic/inorganic interfaces. Below the optical
band-gap, we observed trap states in both 3D and 2D perovskites, and in 2D perovskites
the trap states increase with the decrease of the quantum well thickness. With the help of
surface sensitive UPS measurements and temperature dependent PL measurements, we
conclude the trap states localize at the “soft” organic/inorganic interfaces, which in 3D
are the grain boundaries and surfaces and in 2D are the barrier/well interfaces of the
quantum wells.
Time-Resolved Second Harmonic Generation (TR-SHG) study on the transient
electric field in C70 and CuPc/C70 films are reported at the end of the thesis, Chapter 7.
With ultrafast laser excitation of ~70 fs pulse width, we observed an internal E-field with
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time constant about ~ 10 ps generated in neat C70 film due to charge drift and diffusion.
For CuPc/C70 bilayer film, an additional interfacial E-field forms with ~0.1 ps due to the
charge separation at the donor/acceptor interface. The E-Field induced SHG signal from
these two E-fields interfere and give rise to the overall TR-SHG, which is dependent on
both the probe laser polarization and the film thickness.
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Chapter 2 Techniques and Optical Setups
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Abstract
This chapter will focus on the principle, theory and implementation of two timeresolved techniques utilized in this dissertation: time-resolved transient absorption (TRTA) and time-resolved second harmonic generation (TR-SHG). Both are ultra-fast
nonlinear optical techniques with time resolution of ~100 fs. TA is a spectroscopy
technique most suitable for detecting bulk properties, while SHG is a surface sensitive
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technique and strongly depends on the symmetry of the material.

Both of these

techniques are of special importance in studying charge carrier dynamics in photo-active
semiconductors.
2.1 Time-Resolved Transient Absorption (TR-TA)
2.1.1 Fundamentals for TR-TA
TA is a powerful time-resolved technique for studying photophysics in materials. It is
composed of a pump and a probe laser beam with controlled time delay, as shown in Fig.
2.1A. The pump beam typically excites 0.1% to tens of percents of the sample within the
beam spot. After a certain time τ, a weak probe pulse, which carries much lower intensity
and usually consists of multiple colors, is sent onto the same spot of the sample. The
pump spot size is usually larger than the probe spot size to ensure all of the probed area is
cover by the pump beam. Different colors of the transmitted probe beam are then
separated by a diffraction grating and projected onto a photodiode array. The detected
signal is the differential absorption spectrum ΔT between the excited sample (T(τ)) and
the unperturbed spectrum T0. By changing the time delay between the pump and probe
pulses, we can follow ΔT profile as a function of τ and wavelength λ. The TA signal is
expressed as ΔT normalized by the unperturbed transmission (T0):
∆!

!! !!!

!

!!

𝑇𝐴 = − ! = −

=− 𝑒

! ! !!! !

− 1 = 1 − 𝑒 ∆!

! !

(e.q. 2.1)

In the regime of small absorption change for weak pump perturbation, the TA signal can
be written as:
𝑇𝐴 = ∆𝛼 τ 𝐿
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(e.q. 2.2)

Probe
Detector

Pump
Sample

Figure 2.1 Illustration of TA experiment principle. Left: Pump and probe beams are spatially
overlapped on the sample and the transmitted probe beam is collected by the detector. Right:
Pump induces a change in the absorption (Δα) at certain wavelengths, which evolves in time and
is probed by the probe pulse as a function of pump-probe delay, τ.

The acquired TA data consists of a set of 3-dimension data points and is usually
presented in a 2-dimension false-colored plot with the color scale denoting the signal
amplitude,

∆!
!!

(τ, λ), and the x and y axes representing the wavelength λ and time-delay τ,

respectively. A representative TA spectrum is showed in Fig. 2.4 B. The time-resolved
TA spectra contain rich information on the dynamic processes after photo-excitation of
semiconductor materials. One important advantage of TA spectroscopy over fluorescence
spectroscopy is that it probes both the fluorescent and nonfluorescent states. It also
provides valuable information for pump induced inter-band transitions and intra-band
relaxation.
Generally, we may observe multiple contributions from different dynamic processes
in a semiconductor:
(1) The most common feature in a TA spectrum is the so-called ground state
bleaching. It usually shows up as a strong negative peak, around the band-edge transition.
The origin of this negative signal is the blocking of the band-edge optical transition by
the excited electrons and/or holes after pump excitation. Thus this negative feature
30

usually resides at the same position as the ground state absorption for organic molecules
or the band-edge for inorganic semiconductors. For organic molecules or inorganic
semiconductor quantum dots, the excitation will block all of the ground state transitions,
resulting in multiple negative bleaching peaks resembling the ground state absorption
spectrum. For bulk inorganic semiconductors, this blocking mechanism, which is also
referred to as band filling effect, will dominate at the band-edge. Fig. 2.2 D shows a
representative TA spectrum from MAPbI3 thin film spin-coated on a layer of mesoporous
Al2O3 film, which clearly shows the negative (large blue colored areas in Fig. 2.2 A & B
and negative peaks in Fig. 2.2 D centered at 760 nm) ground state bleaching features, at
the ground state absorption edge (Fig. 2.2 D inset).

Figure 2.2 Pseudo-color plots of TA spectra of MAPbI3 on mesoporous Al2O3 thin film on a
sapphire substrate before (A) and after (B) chirp correction. The color scale indicates the TA
signal intensity. (C) A representative chirp correction curve from thin film reference sample on a
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sapphire substrate. (D) TA spectrum at 1 ps from horizontal cut of (B) representing both bandedge bleaching (negative signal centered at 760 nm) and induced inter-band absorption (positive
signal from 535 - 685 nm) The negative peak at 480 nm was attributed to the bleaching due to
blocking of transition from lower lying valence band to CBM.32 Inset: ground state absorption
spectrum of MAPbI3 with x-axis showing the wavelength in nm.

(2) Stimulated emission is the second possible contribution to the negative features in
TA spectra. For a two-level system, the Einstein coefficients for excitation from ground
state to excited state (A12) with absorption of a photon and for stimulated recombination
to the ground state with emission of a photon (A21) are the same. Stimulated emission
only happens for bright states (optically allowed transitions) and resembles the
fluorescence spectrum. During this process, a photon from the probe beam stimulate the
emission of another photon from the sample with exact the same energy and momentum;
which will also go into the detector and be collected. Stimulated emission is usually
Stokes shifted from the ground state absorption, resulting in increase of photons and,
thus, a negative signal in TA spectrum. I would like to point out that the probe pulse is
orders of magnitude weaker than the pump pulse so that this stimulated emission dose not
significantly affect the excited state population.
(3) Excited state absorption is usually the most important contribution to the positive
signals in TA spectra, either below or above the band-gap. Photoexcitation creates
excited states, such as charge carriers in the valence and conduction bands. These excited
states or carriers may absorb photons and be further excited to higher lying states. This
process results in more absorption and less photons detected, i.e. positive signal as Fig.
2.2 D shows, at certain wavelength regions.

Excited state absorption provides us

valuable information for intra-band/inter-band carrier transitions or polaron transitions.
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Again, due to the weak probe intensity, this process does not appreciably perturb the
excited state population.

(A)

No pump
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t=0

(B)

Pump%

(D)

Probe%

(G)
Probe%

(C)

t>0

Probe%

(E)

(F)

Pump%

Probe%

(H)

(I)
Probe%

Pump%

Figure 2.3 Mechanisms for ground state band-edge bleaching (A-C), induced absorption (D-F)
and stimulated emission (G-I). (A) For t < 0, the probe photon (gray arrow) is absorbed and
electrons in the valence band are excited to conduction band; (B) at t = 0, e-h pairs are created by
absorption of pump photons (blue arrows); (C) at t > 0, the holes present at the valence band
block certain band-gap transitions and cause a reduction in the absorption of probe photons
(−

∆𝑇
𝑇0

< 0). (D) For t < 0, the sample is at ground state and there is no inter-band transitions; (E)

excitation of electrons from VB to CB by the pump pulse (blue arrows); and (F) at t > 0, due to
the inter-band transitions (grey arrows) in CB (or VB) there is an increase in the absorption
detected by the probe (−

∆𝑇
𝑇0

> 0). (G) For t < 0, no stimulated emission exists since all electrons

are at VB; (H) excitation of electrons from VB to CB by the pump pulse (blue arrows); and (I)
probe photons with energy same as the band-edge transition will stimulate the emission of
photons with the same energy and momentum, resulting in an increase of transmission (−

0).
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(4) The last but not least contribution to the TA spectra is the shape change of the
spectrum after excitation, including peak shift and broadening. Spectrum shift or
broadening is mostly due to many-body interactions after excitation. The origin is quite
complicated and may consist of different interactions, such as optical Stark effect, electric
Stark effect, carrier screening or scattering and bandgap renormalization, etc. We will
discuss details in the following chapters and only illustrate key spectral here. Fig. 2.4
schematically shows how the shift and broadening are represented in the TA spectra.
(A)

(B)

(C)

Figure 2.4 Pump induced shift and broadening. (A) Plots of four Gaussians represent the ground
state absorption (G0) and shifted absorption induced by the pump, where G1, G2 and G3 are blueshifted by δλ = 5 nm, 10 nm, and 15 nm, respectively. (B) Absorption difference (TA signal)
between excited and ground state spectra with different amount of blue-shift. (C) G4 is the
broadened absorption with δω = 5 nm broadening and the blue curve is the TA spectrum showing
the effect of broadening as positive signals at both sides of a negative peak.

2.1.2 TA Optical Layout
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Figure 2.5 Schematic of optical setup for femto-second TA experiment. Red color lines indicate
the optical path of the fundamental 800 nm beam and the blue lines represent the path of the
tunable pump beam. The light grey line represents the white light continuum probe beam
generated from a Sapphire crystal. Black curved lines are the electrical cables. The probe beam is
focused by a parabolic mirror and the pump beam is slightly focused by a lens. The transmitted
pump beam is spatially blocked by an iris and the fundamental 800 nm is filtered out by a thermal
filter. The transmitted probe beams, signal and reference, are collimated by a couple of lens and
coupled into the detector fiber. BS: beam splitter; PM: parabolic mirror; TS: translational stage;
F: thermal filter.

All TA experiments were carried out in the laser spectroscopy user facility (directed
by Dr. Matthew Sfeir) at the Center for Functional Nanomaterials, Brookhaven National
Labs. The optical setup is illustrated in Fig. 2.5. A Ti:sapphire femtosecond regenerative
amplifier with 800 nm center wavelength and 1 kHz repetition rate provided the
fundamental beam. It was split into two paths. The first path is directed into a computercontrolled optical parametric amplifier (Coherent, TOPAS) to generate single color pump
laser tunable from UV to near IR with bandwidth of about 30 nm. The second path went
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through a translational stage with the retro-reflector mirrors. Then it was focused onto a
sapphire crystal to generate the white-light super-continuum probe light (visible: 450 nm
- 830 nm, NIR: 850 nm - 1600 nm). The pump beam goes though a chopper working at
500 Hz, whose frequency and phase were synchronized with the detector (HELIOS,
Ultrafast Systems). The pump and probe beams were lightly focused to 0.7 mm2 (350 nm
pump, 3.3 mm2 for 420 nm pump) and 0.09 mm2 spots, respectively and spatially
overlapped on the sample surface. A camera mounted at the same position captured the
spots images, and the spot diameters were determined with Gaussian fittings to the
intensity profiles along x- and y- directions within the image plane. Both the pump and
probe beams were p-polarized. A spatial filter blocked the transmitted pump beam and
the transmitted probe beam was focused onto an optical fiber coupled to a high-speed
multichannel detector and collected by the high-speed spectrometer (HELIOS). The
FWHM of cross-correlation between pump and probe pulses were determined to be 280
fs from instantaneous response of organic reference molecules, corresponding to a time
resolution of < 200 fs. All samples were mounted in a N2 filled sample tube for TA
measurements at room temperature.
2.1.3 Data Analysis
The time-resolved TA spectra data as functions of pump-probe delay (τ) and
wavelength (λ) are plotted and analyzed with Igor algorithm provided by Dr. Sfeir. Chirp
correction must be done before any further data analysis, due to the large group velocity
dispersion generated from the white light traveling through the sample and optics. The
amount of chirp can be determined by either instantaneous response from organic
molecules or from solvent/substrates. Firstly, we find the time-zero at a few equally
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separated wavelengths covering the whole TA spectrum and plot the time-zero as a
function of wavelength. Then a chirp correction (CC) curve is acquired by fitting the
time-zero points as a function of wavelengths with a polynomial function, as Fig. 2.2 C
shows. With this CC curve, we correct the dispersion of each TA spectrum. Fig. 2.2 A &
B demonstrates two TA spectra before and after CC. The horizontal cut of the chirp
corrected 2D colored plot gives the TA spectrum at a certain time-delay (Fig. 2.2 D)
while the vertical cut gives the dynamics at a certain wavelength. More details of data
analysis will be discussed in following chapters.

2.2 Second Harmonic Generation (SHG)
2.2.1 Fundamentals for SHG and EFISH
SHG is a special case of second order non-linear optical process. In a general second
order non-linear process, photons with energy of ℏ𝜔! and ℏ𝜔! interact with a non-linear
medium, which generate a photon with energy of ℏ(𝜔! + 𝜔! ), as Fig. 2.6 illustrates.
When 𝜔! = 𝜔! , the output photon energy becomes 2ℏ𝜔! . This is process we will focus
on in Chapter 7, the SHG. For detailed theory for SHG and other non-linear optical
processes one could refer to Boyd’s book.101 Here only the key theories about SHG from
thin film and surfaces will be covered.
Based on perturbation theory, the polarization of a material can be written as
𝑃 𝑡 = 𝜀! 𝜒
≡𝑃

!

!

𝐸 𝑡 +𝜒

𝑡 +𝑃

!

!

𝐸! 𝑡 + 𝜒

!

𝐸! 𝑡 + ⋯

𝑡 + 𝑃(!) 𝑡 + ⋯
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(2.1)

𝜒

!

is the linear susceptibility. 𝜒 (!) and 𝜒

!

are the second- and third-order non-linear

susceptibilities, respectively. Note that 𝑃 𝑡 and 𝐸 𝑡 are vectors and 𝜒 (!) and 𝜒

!

are

tensors. For SHG, we have
𝑃 2𝜔 = 𝑃

!

2𝜔 + 𝑃

!

2𝜔 + 𝑃(!) 2𝜔 + ⋯

Since the fundamental photon has frequency only at 𝜔, 𝑃
Thus, 𝑃 2𝜔 = 𝑃

!

!

2𝜔 = 𝜀! 𝜒

(2.2)
!

𝐸 2𝜔 = 0.

2𝜔 + 𝑃(!) 2𝜔 if we neglect higher order corrections. Without

direct current (DC) electric field, we have
𝑃 2𝜔 = 𝑃

!

2𝜔 = 𝜀! 𝜒

!

𝐸! 𝜔 .

(2.3)

This is the basic expression for the SHG response from a non-linear medium. If a
material is centrosymmetric, all elements of 𝜒

!

vanish, resulting zero SHG response.

But all surfaces or interfaces are non-centrosymmetric, due to the discontinuity of the
dielectric constant at the surface/interface. Typically, the phase-matching is an important
condition for all non-linear optical process; but in the case of surface/interface SHG, the
interaction length is usually much smaller compared to the coherence length so that the
phase-match restriction is relaxed.
The surface of a homogeneous thin film, which is composed of centrosymmetric
materials, has 𝐶!! symmetry. The contracted notation for the second order susceptibility
is
(!)
𝜒!"#

𝐶!!

0
= 0
𝜒!

0
0
𝜒!

0
0
𝜒!

0
𝜒!
0

𝜒!
0
0

0
0,
0

(2.4)

where 𝜒! = 𝜒!!! , 𝜒! = 𝜒!"" = 𝜒!"" , 𝜒! = 𝜒!!" = 𝜒!"! = 𝜒!!" = 𝜒!"! . The explicit
expression of the polarization at a arbitrary direction, i (i = x, y or z), is
𝑃! 2𝜔 =

(!)
!,! 𝜀! 𝜒!"# 𝐸!
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𝜔 𝐸! 𝜔 .

e.q. (2.5)

Lets define the coordinate system for the SHG experiment on a film surface. The film
is in x-y plane and the film normal is the z-direction. Since the film is homogeneous, it is
not important how x and y directions are defined. The coordinate system relative to the
sample and beam polarizations is illustrated in Fig. 2.6. For s-polarized input
fundamental beam with frequency 𝜔, all components of the incident electric field is along
y direction, thus only 𝜒!"" is relevant and the SHG output must be p-polarized. Ppolarized input beam has both x and z components, so we have non-zero 𝜒!!! , 𝜒!"" , 𝜒!!"
and 𝜒!"! . Again, the only possible SHG is along either z or x direction, thus p-polarized.
Based on the above discussion, we may have two non-zero SHG geometric combinations,
p-in & p-out or s-in & p-put, where in represents fundamental beam and out represents
the SHG beam. Our results confirm this prediction and all of out TR-SHG experiments
are based on these two geometries with p-polarized SHG signal.

y
x

z
p-out

p-in
ω

s-in

s-out

2ω

Figure 2.6 Definition of the SHG experimental coordinate system on a thin film surface. The xand y- coordinates are along the substrate edges. Z-axis is along the surface normal. Note that
there is only p-out SHG signal from a homogeneous film surface.
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All of the above discussions are based on the intrinsic static SHG from a non-linear
medium at ground state. When a vertical (along z-axis) DC electric field present across
the film, there will be an additional contribution to SHG, which is called electric field
induced SHG, EFISH. EFISH can be viewed as a four-wave mixing process, where two
fundamental optical fields at frequency ω mix with a quasi-DC field to generate a
polarization with frequency at 2ω. Thus EFISH is actually a third order non-linear
process. From e.q. (2.2), the equation for EFISH can be written as
𝑃!"#$% 2𝜔 = 𝑃

!

2𝜔 = 𝜀! 𝜒

!

𝐸 ! 𝜔 𝐸!" 𝜔 = 0 .

(2.6)

If the DC field is time dependent, EFISH is also time dependent, linearly depending on
the dynamics of 𝐸!" (𝑡). The total SHG, including static SHG and EFISH becomes
𝑃!"# 2𝜔, 𝑡 = 𝜀! 𝜒

!

𝐸 ! 𝜔 + 𝜀! 𝜒

!

𝐸 ! 𝜔 𝐸!" 𝑡 = 𝜀! 𝐸 ! 𝜔 [𝜒

!

+𝜒

!

𝐸!" 𝑡 ].
(2.7)

If a transient electric field resulting from charge separation serves as the DC field, by
measuring the time dependent EFISH we could monitor the dynamics of the transient DC
field.102–107 Recently, we have shown that time resolved second harmonic generation
(TR-SHG) can be a powerful technique in specifically probing charge separation at
donor/acceptor interfaces on femtosecond timescales.108–110 In Chapter 7, we will discuss
details on how we apply TR-SHG in studying the charge separation process in neat C70
film and CuPc/C70 bilayer film.

2.2.2 SHG optical layout
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Figure 2.7 Schematic of optical setup for time-resolved SHG experiment. Red color lines
indicate the optical path of the fundamental 810 nm beam and the orange lines represent the path
of the visible pump beam. The purple line represents the SHG signal beam at 405 nm and the
black curved lines are electrical cables. The chirp of OPA is compressed by a pair of prisms. A
translational stage (TS) controls the time delay between pump and probe. The sample is mounted
at 45 degree relative to the probe beam and kept in a cryostat filled with N2 gas. A half waveplate
and linear polarizer control the polarization of the probe beam while the pump beam is kept at ppolarized. The pump beam is spatially blocked by a slit and then filtered out by a set of color
filters. The color filters work together with the monochrometer to filter out the probe beam. By
changing filters and monochrometer center wavelength, we can selectively detect either SFG or
SHG signal.

The TR-SHG setup is schematically illustrated in Fig. 2.7. A femtosecond
regenerative amplifier (Coherent REGA, 250 KHz, λ= 810 nm) was pumped by a
homebuilt Ti:Sapphire oscillator to generate 810 nm beam with bandwidth of 40 nm. The
REGA output was split into two beams: one as the probe beam and the other as the pump
for a tunable optical parametric amplifier (Coherent Vis-OPA, 500-750 nm). The 610 nm
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(𝜔! ) pump beam from the OPA and the 810 nm probe beam from the REGA were
focused on the sample surface with incident angles of 42° and 45°, respectively, from
surface normal. The spot diameters of the pump and probe beams on the surface were
approximately 125 µm and 100 µm, corresponding to 100 µJ/cm2 and 1.6 mJ/cm2 fluence,
respectively. Fig. 2.6 shows the experimental geometry. The polarization of the probe
pulse was controlled with a half-wave plate and a linear polarizer while the pump pulse
was fixed at p-polarization. The time delay between the pump and the probe was
controlled by a translation stage.
Due to the conservation of momentum, the SHG at the reflection direction is collinear
with the 810 nm reflected fundamental beam, which facilitates the alignment for SHG
detection. Aside from the SHG signal, there is a sum-frequency generation (SFG) beam
generated at the direction between the reflected pump and probe beams, with frequency
of 𝜔!"#! + 𝜔. Since this SFG will only appear when the pump and probe pulses are both
spatially and temporally overlapped, we can optimize the spatial overlap and determine
the time-zero by maximizing the SFG signal. Furthermore, by fixing the probe and
scanning the pump in the time domain, we can measure the cross correlation between the
two pulses from recording the time-resolved SFG cross-correlation, as Fig. 2.8 shows.
This facilitate us to optimized the compression of the OPA out-put and to determine the
time resolution of our setup.

2.2.3 Data acquisition and analysis
All SHG experiments were performed in a N2 filled cryostat at room temperature.
The reflected SHG light, which is almost entirely of p-polarization based on the previous
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discussion, was spectrally filtered by a combination of color glass filters to remove the
810 nm fundamental beam. The detector was a photomultiplier tube (PMT, Hamamatsu,
R4220P) coupled by a monochrometer (Oriel Cornerstone 130). The signal was fed into a
pre-amplifier (Stanford Research Systems, SR445A) with 5x amplification and recorded
on a gated photon counter (Stanford Research Systems, SRS). A desktop computer
recorded the data from the photon counter and controlled the motorized delay stage
(Newport, 0.1 µm per step/0.67 fs time resolution).
We utilized the gated photon counting method to minimize collecting ambient noises.
A reference beam from the 810 nm probe beam was collected by a photodiodie and
directed into the photon counter as the gate trigger signal. This pulsed signal triggered the
photon counter to open a counting circle with a certain time window (longer than the
pulse duration, ~100 fs, but much shorter than the pulse-pulse separation, 4 µs). SRS only
counted photons within this window and the signal for one counting circle was either 1
(with SHG photon collected) or 0 (without SHG photon collected). Each data point will
be the sum of the number of 1s counted for the integration time, 50 ms, for example. By
using this method, the actually photon counting time (gated time window) is much
shorter than the average time, only covering the time that SHG actually happens, i.e. the
pulse duration time. Thus photon counts from ambient light are largely suppressed and
signal to noise ratio is enhanced.
2.2.4 Demonstration of instrument capability
To demonstrate the capability of our TR-SHG setup and the time resolution, a
representative TR-SHG plot from tetracene/CuPc bilayer film is plotted in Fig. 2.8. A
small piece of GaAs (100) wafer was used as the reference sample for beam alignment
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based on its high SHG response. The obtained SFG signal, representing the time
resolution or the instrument response function, is plotted in grey color. Fitting of the SFG
response with a Gaussian function gives a FWHM of ~80 fs, corresponding to a laser
pulse duration of ~ 57 fs. Less than 1 % of pump induced SHG change, as shown in Fig.
2.8 in red color, is easily resolved by our setup thanks to the low ambient noise counts
and the laser stability. The fast dip at time zero occurs within 100 fs indicating the
ultrafast charge transfer from tetracene to CuPc.111

Figure 2.8 TR-SHG response of a bilayer thin film sample composed of 20 nm tetracene on 20
nm CuPc (red curve). The gray shaded area is the SFG cross-correlation signal from a reference
sample (GaAs (100) surface), which can be treated as instrument response function. The probe is
s-polarized and SHG at all polarizations are collected. For the thin film, the output SHG is ppolarized.
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Chapter 3 Sample Preparation and Characterization

Reproduced in part with permission from:
Trinh, M. T.; Wu, X.; Niesner, D.; Zhu, X.-Y. Many-Body Interactions in PhotoExcited Lead Iodide Perovskite J. Mater. Chem. A 2015. doi: 10.1039/C5TA01093D
Wu, X.; Trinh, M. T.; Zhu, X.-Y. Excitonic Many-Body Interactions in TwoDimensional Lead Iodide Perovskite Quantum Wells J. Phys. Chem. C 2015
doi:10.1021/acs.jpcc.5b00148
Wu, X.; Trinh, M. T.; Niesner, D.; Zhu, H.; Norman, Z.; Owen, J. S.; Yaffe, O.;
Kudisch, B. J.; Zhu, X.-Y. Trap States in Lead Iodide Perovskites. J. Am. Chem. Soc.
2015, 137, 2089–2096.
Copyright 2015 American Chemical Society.

3.1 Sample preparation
3.1.1 Preparation of 3D MAPbI3 perovskite thin film by thermal evaporation
We followed the method of Liu et al. using dual-source thermal evaporation method
to prepare CH3NH3PbI3 perovskite thin films.9 CH3NH3I powders were synthesized from
hydriodic acid (57 wt%, stabilizer free in water, Sigma Aldrich) and methylamine
solution (33 wt% in ethanol, Sigma Aldrich). PbI2 and PbCl2 were purchased from Sigma
Aldrich and used as received. Sapphire crystals (z-cut, 0001 orientation, MTI
cooperation), silica plates, or native oxide terminated silicon wafers (highly doped, 111
orientation), were used as substrates and rinsed with isopropanol prior to use. For the
preparation of so-called mixed halide perovskites, we evaporated CH3NH3I and PbCl2
from separate crucibles in a high vacuum chamber (base pressure <10-7 mbar) with the
ratio of deposition rates of ~10:1, as monitored by a quartz crystal microbalance (QCM)
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positioned next to the sample substrates.

For the preparation of pure lead iodide

perovskite, we evaporated CH3NH3I and PbI2 from separate crucibles with the ratio of
deposition rates of ~4:1. During the vapor-deposition process, the substrates were slowly
rotated along the surface normal for homogeneous film formation. The vapor pressure
(mainly due to CH3NH3I) was ~2x10-5 torr during deposition. The obtained perovskite
films were annealed in the vacuum chamber in methylammonium iodide atmosphere
(4×10-6 mbar) or transferred into a N2 filled glovebox and annealed at 100 °C for 40 mins
to remove the excess organic molecules and to facilitate further crystallization. Fig. 3.1
shows photos of two typical CH3NH3PbI3 perovskite thin film samples on sapphire
substrates.

(B)

(A)





Figure 3.1 (A) Photographs of CH3NH3PbI3 perovskite thin films grown on sapphire substrates
from vapor deposition of CH3NH3I and PbCl2 in vacuum. The thicknesses of the perovskite thin
films were 40 nm (lighter) and 150 nm (darker), respectively. Note the locations of two clips on
each sample created from shadowing on each sample. (B) Static UV-vis absorption spectra of
perovskites prepared from PbI2 and PbCl2.

3.1.2 Preparation of 2D MAPbI3 perovskite by solution process

46

We synthesized the layered lead iodide perovskite crystals following the liquid phase
crystallization method reported before.26,112 Lead(II) iodide (99%), hydriodic acid (57
wt.%, stabilizer free in water), n-butylamine (99.5%), and methylamine solution (33 wt.
% in ethanol) were purchased from Sigma Aldrich and diethylether (BHT stabilized)
were purchased from Fisher Scientific. At 110 °C, stoichiometric quantities of lead(II)
iodide, n-butylamine, and methylammonium iodide were dissolved in a minimum volume
of hydriodic acid for the growth of (C4H9NH3I)2(CH3NH3I)n-1(PbI2)n, n = 1, 2, or 3). For
each QW sample, plate-like bright-colored crystals with few mm2 areas were obtained
after the solution was slowly cooled (~2 °C /hr) to -10 °C. The crystals were rinsed with
cold diethylether and dried at 60 °C under vacuum for 24 hrs before exfoliation. We
mechanical exfoliated each crystal and transferred the flakes onto clean sapphire crystals
(z-cut, 0001 orientation, MTI cooperation) for TA measurements or fused silica for linear
absorption measurements. The sapphire or fused silica crystals were rinsed by
isopropanol immediately prior to sample transfer. The resulting sample consists of
(C4H9NH3I)2(PbI2), (C4H9NH3I)2(CH3NH3I)(PbI2)2, or (C4H9NH3I)2(CH3NH3I)2(PbI2)3
flakes with thickness in the nm to µm range.
3.2 Characterizations
3.2.1 Characterizations of 3D MAPbI3 perovskite thin film
X-ray powder diffraction (XRD) and UV-vis absorption confirm our successful synthesis
of 3D MAPbI3 perovskite. UV-vis absorption spectra were taken from a Shimadzu UV1800 spectrometer. Spectra of MAPbI3 perovskite from PbI2 and PbCl2 precursors are
plotted in Fig. 3.1 B, which is in good agreement with literature (Fig. 1.3 B).
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Figure 3.2 XRD spectra: (A) Vapor-deposited lead iodide perovskite (NH3CH3PbI3) from PbCl2
precursor on sapphire substrate; (B) Vapor-deposited lead iodide perovskite (NH3CH3PbI3) from
PbI2 precursor on sapphire substrate, (C) Vapor-deposited lead iodide (PbI2) on sapphire
substrate; and (D) bare sapphire substrate.

All X-ray diffraction (XRD) spectra were taken on an X'Pert³ Powder instrument
from PANalytical in ω - 2θ mode with Cu K-α source. Fig. 3.2 (A) and (B) show the
XRD spectra of vapor deposited lead iodide perovskites from PbCl2 and PbI2 precursors,
respectively. The peaks at 14.12°, 28.44° and 43.23° match well with the (110), (220)
and (330) positions from vapor evaporated perovskite.9 Note that the most intense peak at
41.63° comes from the sapphire substrate, as confirmed in Fig. 3.2 (D). The XRD
spectrum from PbI2 is plotted in Fig. 3.2 (C) for reference.

3.2.2 Optical characterization of 2D lead iodide perovskites
The linear absorption spectra of 2D perovskites were acquired on a LAMBDA 950
UV/Vis/NIR Spectrophotometer (Perkin	
   Elmer). In order to reduce scattering
background, we used a 10 cm focal lens to lightly focus the white light onto the
exfoliated 2D perovskites flakes. The integrated and transmitted light was collected and
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the substrate absorption corrected. We recorded the linear absorption spectra of 3D
perovskite samples on a Shimadzu UV-1800 spectrophotomter without the use of an
intergrating sphere.

Figure 3.3 shows static absorption (dotted) and fluorescence spectra (solid) of the three 2D
perovskite samples (blue, green, red for n = 1, 2, 3, respectively).

We used a Raman Microscope (Renishaw InVia) in the photoluminescence (PL)
mode for the room temperature PL measurements on 2D perovskites. For n = 1 2D
perovskites, 405 nm CW pump laser was focused by a 10× objective and PL in the
reflective direction was collected; while for n = 2 and n = 3 2D perovskites, a 532 nm
CW pump laser source and a 5× objective were used. The samples were mounted in a N2
filled sample cell and no photo damage was observed in all measurements. By comparing
the UV-vis and PL spectra (Fig. 3.3 A and B) to literature, the structure of the crystals are
confirmed to consist of 1, 2 and 3 layers of corner-shared PbI64- octahedra.56,113,114
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Chapter 4	
  Many-Body Interactions in Photo-Excited Lead
Iodide Perovskite	
  
	
  
Reproduced with permission from
Trinh, M. T.; Wu, X.; Niesner, D.; Zhu, X.-Y. Many-Body Interactions in Photo-Excited
Lead Iodide Perovskite J. Mater. Chem. A 2015. doi:10.1039/C5TA01093D.
Copyright 2015 American Chemical Society.

Abstract
Despite a large number of recent photophysical studies, the nature of photo-excitation in
lead halide perovskite remains a subject of debate. In this chapter we use transient
absorption spectroscopy to re-examine lead halide perovskite thin films that have been
reported to give the highest solar cell efficiencies. We focus on many-body interactions
that are manifested in (1) the transient Stark effect exerted by hot carriers on subsequent
e-h pair generation; and (2) the Auger recombination due to three-body carrier-carrier
interactions. These observations establish the dominance of free carriers from above
band-gap excitation in lead halide perovskite. We also suggest the effective dynamic
screening of charge carriers, likely due to orientational freedom of methylamine cations
in the perovskite lattice, and the presence of negligible charge carrier trapping in lead
halide perovskite thin films grown in the presence of chloride precursors.
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4.1 Introduction
Lead iodide perovskite, as discussed in chapter 1, is no doubt a star material for lowcost photovoltaics. Its remarkable photophysical properties have motivated a large
number of studies, but the nature of photo-excitation across the bandgap remains a
subject of debate. Support for the excitonic nature of excitation comes from exciton
binding energy at or above thermal energy at room temperature51,54,115,116 and reports of
high photoluminescence quantum yield and lasing in perovskites.22,23,117–119 In contrast,
experiments based on terahertz spectroscopy,12 time-resolved photoluminescence,13,52 and
transient absorption spectroscopy39,52 suggest the free carrier nature. There are also
reports on the dual nature of both free charge carriers and excitons.51,115 These debates
have concerned mostly with band-gap excitations; even less is known about optical
excitations with excess energy above the bandgap, i.e., “hot” excitations. Here we use
femtosecond transient absorption (TA) spectroscopy to investigate many-body carriercarrier interactions in lead iodide perovskites. We show that excitation above the bandgap
results in free hot carriers that exert a transient Stark effect on subsequent optical
excitations. Following the ultrafast cooling of hot carriers in ≤ 1 ps, we find the formation
of predominantly band-edge carriers as population decay follows a third-order
dependence on excitation density, in agreement with Auger recombination of free charge
carriers, not excitons.
4.2 Results and Discussions
The samples used in this study were CH3NH3PbI3 perovskite thin films obtained from
dual source thermal evaporation in vacuum from CH3NH3I and PbCl2 precursors;9 details
including X-ray diffraction analysis can be found in Chapter 3. Note that thin films
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grown from PbCl2 have been called mixed halide perovskite, CH3NH3PbI3-xClx, but a
consensus arising from most recent experiments is that lead halide perovskites grown
from both PbI2 and PbCl2 precursors possess similar structure and stoichiometry.120,121

Figure 4.1 Pseudo-color (-ΔT/T) representation of TA spectra at three excitation photon energies,
hν : (A) 1.82 eV, (B) 2.95 eV, and (C) 3.88 eV. (D) Transient absorption spectra for hν = 2.95 eV
1

1

in the near IR (x10) and visible regions at short delay times (red: 0.1 ps; green: 0.4 ps; blue: 1.0
ps). Also shown in panel (D) is a linear absorption spectrum (grey). (E) Normalized TA signals
probed below (1.35 eV) and above (2 eV) bandgap as a function of pump-probe delay. (F)
Normalized buildup of bleaching signal for different excitation energies hν = 3.88 eV (blue),
1

52

2.95 eV (light blue), 2.25 eV (green), and 1.82 eV (red). In each case, the signal (color symbols)
was integrated in a probe photon energy window of 1.54-1.80 eV. The solid lines are singleexponential fits (convoluted with laser pulses). All measurements were performed at room
temperature.

Figs 4.1A-C show pseudo-color (-ΔT/T) representation of TA spectra as a function of
probe wavelength and pump-probe delay with increasing excitation photon energy, hν1 =
(A) 1.82 eV, (B) 2.95 eV, and (C) 3.88 eV. We observe two pronounced bleaching
features at the optical bandgap of ~1.66 eV and at a higher energy of ~2.6 eV due to
state-filling, and broad induced absorption in the range of 1.8-2.4 eV. In addition, there is
a weak induced absorption feature at < 1.5 eV (obtained with an IR detector), as shown in
Fig. 4.1D for TA spectra at selected pump-probe delays. The decay of the induced
absorption in the near-IR region corresponds to the rise in the visible induced absorption;
both well described by single-exponential lifetimes of τ = 0.25 ± 0.06 ps, Fig. 4.1E. This
time constant is in excellent agreement with the hot carrier cooling time of τ = 0.24±0.02
ps obtained from the growth of ground state bleaching at the same excitation energy, Fig.
4.1F (detailed below). We assign the induced absorptions in the near-IR and visible
ranges to intraband transitions from hot carriers and band-edge carriers, respectively. We
also take the broad intraband absorption features as one of the evidences for free carrier
characteristics,122

not the discrete transitions expected from intraband excitonic

transitions. Supporting evidences for free carriers come from the Stark effect and thirdorder Auger recombination rates, as detailed below.
We probe hot carrier cooling dynamics by varying the excitation photon energy and,
thus, the initial excess carrier energy. The hot-carrier cooling rate can be calculated from
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the buildup of ground state bleaching probed at the bandgap energy. In order to remove
the effect of red-shift (see below) on the buildup dynamics, we take integration over the
spectral window (1.54-1.8 eV) covering the derivative peak around the bandgap.123
Tresulting buildup dynamics of the ground state bleaching (normalized) at different
excitation photon energies are shown in Fig. 4.1F. The carrier cooling time (or band-edge
population buildup time) is found to increase with pump photon energy, as expected from
the transfer of more excess energy to the phonon bath at a higher excitation energy. In the
measurement based on ground state bleaching, we cannot distinguish the cooling of the
hot electron from that of the hot hole and obtained only an average rate. Given the similar
effective masses of the electron and the hole in lead iodide perovskite68 we expect that
they possess similar cooling rates. We obtain hot carrier cooling time constants from
single exponential fits to ground state recovery dynamics in Fig. 4.1F. The resulting time
constants are τ = 0.03±0.01, 0.18±0.02, 0.24±0.02, 0.44±0.04 ps, for hν1 = 1.82, 2.25,
2.95, and 3.88 eV, respectively. The carrier cooling time is linearly related to the excess
excitation energy (hν1 - Eg), with an energy-loss rate, dE/dt, of 5.0 ± 0.4 eV/ps (Fig. 4.5)
for the dissipation of excess carrier energy to the phonon bath.
We now turn to a key feature in transient absorption spectra (Fig. 4.1A-D) on the
short time scale: the appearance of positive signal on the lower energy side of the band
gap; this, along with the negative signal on the higher energy side, gives rise to a
derivative peak shape at the band gap. The short-lived (< 1 ps) derivative peak is more
obvious at higher photon energies (Fig. 4.1A-C) and its dynamics correlate with that of
hot carrier cooling, as shown by quantitative analysis below. A similar red-shift of the
higher-lying band-band transition ~2.6 eV also gives rise to a derivative peak shape on
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the < 1 ps time scale. We assign these derivative features to spectral shifts in band-toband transitions in the presence of hot carriers. In order to quantify spectral shift induced
by the hot electron-hole pair, we carry out global fitting of transient absorption spectra,
assuming that the band-edge absorption is described by a Gaussian function peaked at
1.656 eV as determined by the second derivative of the linear absorption spectrum (see
Fig. S3). To minimize the number of variables, we restrain the width of the Gaussian
peak as a global parameter. We perform global fits to TA spectra at various pump-probe
delay times for hν1 = 1.82 and 3.88 eV. Fig. 4.2A shows three representative fits for Δt =
0.1, 0.6, and 3 ps at hν = 3.88 eV. These fits yield spectral position as functions of Δt and
hν. Fig. 4.2B shows the magnitude of spectral red-shift in the presence of (hot) e-h at the
two excitation photon energies, hν = 1.82 and 3.88 eV. The red-shift is the largest at the
shortest time (higher excess energy) and amounts to 24 ± 2 meV for hν = 3.88 eV, and 6
1

± 1 meV for hν = 1.82 eV. For both excitation energies, the red-shift decreases with
1

increasing pump-probe delay and reaches an stable value of 3 ± 1 meV for Δt > 1 ps, as
hot electrons/holes are cooled to the band-edges. The red-shifts decay on the sub-ps time
scale, consistent with the hot carrier cooling times obtained from the growth of ground
state bleaching (Fig. 4.1F).
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Figure 4.2 (A) Global fits to transient absorption spectra at different delay times for 3.88 eV
excitation, for clarity only three curves are shown. The excitation density is 1.9 µJ/cm2 (B)
Energy red-shifts as a function of pump-probe delay obtained from global fits for two excitation
photon energies. 	
  

Further insight into the nature of spectral red-shifts comes from pump power
dependence. As shown in Fig. 4.3 for TA spectra at a pump-probe delay of 0.04 ps and
different excitation laser power densities (0.8-10.8 µJ/cm2), the magnitudes of the redshift for both band-gap and the higher energy transitions are independent of excitation
power density. This result indicates that the red-shift comes from two-body interactions
between a photo-excited carrier with a transition generated by the probe pulse. Note that
the pump power density used here is in the linear excitation region, as shown by the
linear power dependence of total bleach signal for the band-gap excitation (averaged
between 1.54 and 1.80 eV) for a pump-probe delay time of 2 ps, inset in Fig. 4.3.

56

Figure 4.3 Transient absorption spectra at a pump-probe delay of 0.04 ps for different excitation
laser pulse energy densities (0.8-10.8 µJ/cm2) at an excitation photon energy of hν1 = 2.95 eV.
The inset shows the bandgap bleaching signal (dots, integrated in the probe photon energy
window of 1.54-1.80 eV) as a function of excitation laser pulse energy density (P, µJ/cm2). The
solid line is a linear fit.	
  

	
  
Optical excitation in semiconductors usually leads to a blue-shift in subsequent bandgap transitions. The blue-shift can result from band-filling (also called the Burstein-Moss
effect)39,124,125 and screening of the excitonic resonance by existing carriers or
excitons;126–128 all these blue-shifts scale positively with excitation density,14,126–128 in
contrast to the excitation power independent red-shift observed here during the lifetime of
hot carriers. The observed red-shift in lead iodide perovskite can be understood as
resulting from a transient Stark effect due to electric field from hot carriers. A bound
Mott-Wannier exciton has no dipole moment and introduces no electric field, but a free
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carrier (electron or hole) does.123,129,130 For a dipole allowed optical transition, the shift in
transition frequency, ∆𝜐, due to an electric field,  𝜀, is given by131
!

∆𝜐 = −Δ𝜇 ∙ 𝜀 − ! Δα ∙ 𝜀

!

(4.1)

where Δ𝜇 and Δα are the changes in dipole moment and polarizability between the
ground state and excited state of the material, respectively. The first term in equation (1)
should result in a broadening in line shape due to the random orientation of Δ𝜇 with
respect to 𝜀. The second term in equation (1) gives rise to a shift in the transition energy,
with the sign of the shift given by the sign of Δα. A red-shift in absorption means that the
change in polarizability is positive, i.e. the excited state has higher polarizability than that
of the ground state does. As shown in Fig. 4.2B, the magnitude of red-shift scales with
the excess energy of the photo-excited hot carrier and decreases with time as the hot
carriers cool down, indicating that a carrier with more excess energy introduces higher
electric field strength. This can be understood from the dynamic screening of the charge
carrier. Given the ionic nature of the lead iodide crystal, particularly the freedom of
motion of the methylamine cations, the local electric field produced by a free electron or
hole can be effectively screened by the movements of ions.122,132,133 As a hot carrier
cools, it is more effectively screened and becomes more “localized”, and therefore, the
magnitude of Stark effect decreases; this can explain the scaling of observed red-shift
with excess carrier energy, Fig. 4.2B. Together with the broad induced absorption by hot
carrier above, we conclude that photo excitation above the band-gap leads to the
formation of free hot carriers.
Having addressed the role of hot carriers, we now turn to many-body interactions of
band-edge carriers. For a semiconductor with sufficiently high excitation densities, non58

radiative Auger recombination sets in. Auger recombination refers to the process in
which an electron-hole pair across the band gap recombines non-radiatively by
transferring the energy to a third particle, which can be an electron in the conduction
band, a hole in the valence band, or an exciton.134 If the Auger process occurs between
two excitons (also called exciton-exciton annihilation), the decay rate is given by:
!"
!"

= −𝑘! 𝑁 − 𝑘! 𝑁 !

(4.2)

where N is the number density of excitons; k1 is the first-order rate constant for exciton
recombination and kA is the second-order rate constant for Auger recombination.
If the electrons and holes involved are treated as free carriers, the Auger
recombination process follows a three-body collision model, i.e., electron-electron-hole
or electron-hole-hole interaction. The rate equation can be written as:81,87 ,
!"
!"

= −𝑘! 𝑁 − 𝑘! 𝑁 ! − 𝑘! 𝑁 !

(4.3)

where N is the number density of electrons or holes (N = Ne = Nh); k1 is the first-order
rate constant for single carrier trapping; k2 is the second-order rate constant for radiative
recombination; kA is the third-order rate constant for Auger recombination. We note that
equation (3) becomes indistinguishable from equation (2) when the Auger recombination
channel is negligible.
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Figure 4.4 Band-edge bleaching dynamics at different excitation densities (dots) and global fits
(solid lines) based on the 3-body Auger model (upper panel) and the 2-body exciton Auger model
(lower panel). The data traces (dots) are averaged in the probe window of 1.54-1.8 eV. All
measurements at room temperature.	
  

Fig. 4.4 shows the decay of ground state bleaching, integrated in the energy range of
1.54-1.8 eV, corresponding to the population decay of band-edge carriers or excitons.
These band-edge carriers or excitons are formed following picosecond relaxation of hot
carriers from excitation at hν = 2.95 eV (see Fig. 4.1E). The five sets of data span the
range of 0.8-10.8 µJ/cm2 in excitation power density. While the initial signal (at Δt = 2
ps) scales linearly with excitation power density (see inset in Fig. 4.3), the signal decay
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rate does not. The band-edge exciton/carrier decay dynamics can be described by the
third order equation (equation 3) with universal kinetic parameters for all excitation laser
power densities in the complete time window probed here, as shown by the good
agreement between experimental data and fits in upper panel of Fig. 4.4. In contrast, fits
to the second order equation (equation 2) can only describe the population decay at the
two lowest excitation densities, but clearly fails at high excitation power densities, lower
panel in Fig. 4.4.
The quantitative agreement between the excitation power-dependent decay dynamics
and equation (3) establishes the predominantly free carrier nature of excited states in the
lead iodide perovskite thin film. The discrepancy between equation (2) and experimental
data in the lower panel of Fig. 4.4 becomes evident for a pump intensity of 3.2 µJ/cm2,
corresponding to an absorbed photon density of 1.1×1018 cm-3 (see section 5 in
Supporting Information). The Auger recombination process, therefore, becomes
competitive with radiative recombination only for charge carrier density >1018 cm-3. The
global fitting based on free carrier model yields a set of universal rate constants: k1 = 0, k2
= 1.1×10-9 cm3s-1, and kA = 3.8×10-28 cm6s-1. The zero k1 value reveals that single carrier
trapping in the perovskite thin film grown from the PbCl2 precursor is negligible. This
result is in agreement with our recent spectroscopic study revealing negligible trap state
density in this thin film81 and previous reports of high solar cell performance.12,87,135 The
second-order radiative recombination and the third-order Auger rate constants are in good
agreement with the values reported by Saba et al.13 from a quantitative analysis of
photoluminescence decay dynamics and Wehrenfenning et al12 from THz spectroscopy.
4.3 Conclusions
61

The results and analysis presented here reveal two-types of many-body interactions in
photo-excited lead iodide perovskite: (1) a Stark effect exerted by hot carriers on other
across band-gap excitations; and (2) an Auger recombination process for band edge
carriers at sufficiently high densities (>1018/cm3). In the former, we find that the transient
electric field (and the associated Stark effect) almost vanishes as the hot carrier cools
down (in ~ 1ps); this is consistent with the effective screening due to the orientational
freedom of methylamine cations in the perovskite lattice. In the latter, we show that the
decay of band-edge carriers can be quantitatively accounted for by second-order radiative
recombination and third-order Auger recombination, with negligible first-order trapping
to bandgap states.
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4.4 Appendix:
4.4.1 Hot carrier cooling rate
We obtain hot carrier cooling time constants from single exponential fits to ground
state recovery dynamics at different excitation photon energies, Fig. 4.1F. The carrier
cooling time constants (blue dots) are plotted against the excess excitation energy (hν1 Eg) in Fig. 4.5. A linear fit (red line) gives an energy-loss rate, dE/dt, of 5.0 ± 0.4 eV/ps.

	
  
Figure 4.5 Dependence of hot carrier cooling time constants (blue dots) on excess excitation
photon energy above band gap. The red line is a linear fit.

	
  
4.4.2 Spectral red-shift from global fits
Assuming the absorption at the band-edge is given by a Gaussian distribution, the
difference in absorption, ΔA, is given by:
∆𝐴(𝜀) = 𝐴! 𝑒 !

!!!! !∆! !
!

− 𝐴! 𝑒 !

!!!! !
!

(4.4)

where A0 is absorption amplitude before pumping, 𝜀! and ∆𝜀 are the optical gap energy
and spectral shift, respectively. W is the Gaussian width. At is amplitude at pump-probe
delay t. Taking into account bleaching due to carrier population after pumping, we can
describe At as:
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!

𝐴! = 𝐴! [1 − 𝑏 1 − 𝑒 !! ]

(4.5)

when τ is the hot carrier cooling time obtained from Fig. 1E in the main text; b is the
fraction of bleaching at t >> τ, 0 ≤ b ≤ 1, here the value of 0 or 1 represents total
transmission or total bleaching, respectively. All constants are global parameters except
∆𝜀.
The optical gap, 𝜀! , is determined from 2nd derivative of the linear absorption
spectrum, as shown Fig. 4.6.

Figure 4.6 Linear absorption of the lead iodide perovskite and its 2nd derivative. The optical gap
is determined as a local minimum of the 2nd derivative at 479 nm (1.656 eV).	
  

4.4.3 Auger recombination models: global fits
The solution to the eq. (4.2) is given by:
!" ! !!! !

𝑁 = !!!"!
where 𝐶 = !

!!
! !!! !!

.

64

!!

!!! !

(4.6)

In fitting to equation (4.3), we find the trapping channel is negligible, and all data sets
can be well-described by setting k1 = 0. Equation (4.3) can be solved as:
𝑡 − 𝑡! = !

!
!

!

+ !!! 𝑙𝑛
!
!

!
!!!! !

(4.7)

Fig. 4.4 shows the bleaching dynamics at various excitation densities and global fits to
eqs. (4.6) and (4.7).

4.4.4 Conversion from absorption to excitation density
The number of absorbed photon per pulse is given by:
∆!

𝑁 = !""∗!∗!∗!.!!!"

(4.8)

Where A is the area of the pump spot (diameter = 2 mm). E = 2.95 eV is the pump
photon energy. 500 is the number of laser pulses in 1 s. The different power before and
after the sample is given by:
∆𝑃 = ∆𝐼 = 𝐼! (1 − 𝑒 !!"#$

!"

)

(4.9)

The optical density (OD) at 2.95 eV (420 nm) is 0.355. At 50 µW (3.2 µJ/cm2) and the
sample thickness of 35 nm, the absorbed photon density is 1.1×1018 cm-3.
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Figure 4.7 Optical absorption spectrum of a 35 nm thin film of lead iodide perovskite.
The film thickness was determined in atomic force microscopy with part of the film
scratched off the sapphire surface.
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Chapter 5 Excitonic Many-Body Interactions in Two Dimensional Lead Iodide Perovskite Quantum Wells

Reproduced with permission from
Wu, X.; Trinh, M. T.; Zhu, X.-Y. Excitonic Many-Body Interactions in TwoDimensional Lead Iodide Perovskite Quantum Wells J. Phys. Chem. C 2015
doi:10.1021/acs.jpcc.5b00148.
Copyright 2015 American Chemical Society.

Abstract
In Chapter 4 we have discussed how the carriers interact and recombine in 3D MAPbI3
perovskites; as mentioned in Chapter 1 this class of material can also self-assemble into
two-dimensional (2D) layered structures that are natural quantum wells with tunable
thickness and optoelectronic properties. In this chapter we apply femtosecond transient
absorption spectroscopy to study the many-body optical responses of 2D perovskites with
the general formula of (C4H9NH3I)2(CH3NH3I)n-1(PbI2)n, where n (= 1, 2, 3) is the
number of lead iodide unit cells in the direction perpendicular to the 2D quantum well. In
the thinnest quantum well (n = 1), above-gap optical excitation induces a blue shift but no
population bleaching at the excitonic resonance; this is similar to the many-body optical
response of conventional inorganic quantum wells. In contrast to inorganic quantum
wells, we find the excitonic blue-shift in 2D perovskites to be independent of excitation
power density. We take this as evidence for a Mott-Wannier exciton localizing into a
“puddle” which only exerts local influence on subsequent optical excitations. The
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excitonic puddles likely come from the disordered electronic energy landscape expected
for the soft 2D hybrid organic-inorganic perovskite lattice. As the thickness of the
quantum well increases to n = 3, free carrier characters start to show up for above bandgap excitation; this is reflected in the broadening and bleaching of the excitonic
resonance (in addition to blue-shift), attributed to carrier-exciton collision and screening
of the Coulomb potential, respectively.

68

5.1 Introduction
There are intense interests in two classes of semiconductor materials today: i)
nanometer-thick two-dimensional (2D) semiconductors, as exemplified by transition
metal dichalcogenides (TMDCs), such as MoS2;136,137 and ii) hybrid organic-inorganic
metal halide perovskites with easily tunable bandgaps.1,22,34,120 The former serves as a
captivating playground for 2D physics and for new optoelectronics, while the latter is
emerging as the most promising material for thin film photovoltaics. It is interesting to
note that these two thriving research fields intersect, as metal halide perovskites can also
form layered crystals, 26,113,114 with each layer as a 2D semiconductor resembling that of a
TMDC monolayer.

Figure 5.1. Room temperature absorption (upper, color circles: data points; black curves: fits)
and fluorescence (lower) spectra of 2D lead halide perovskite quantum well samples:
(C4H9NH3I)2(CH3NH3I)n-1(PbI2)n, n = 1, 2, 3, which is the same data as in Fig. 3.3. Also shown in
the right margin are structures of the samples, with annotations shown in the top margin.
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The basic building block of a metal halide perovskite structure is the metal halide
octahedral,26 as shown in Fig. 5.1 for PbI64-. The PbI64- octahedra can be completely
corner-shared to form 3D crystals with the stoichiometry of PbI3-, charge balanced by an
organic cation, CH3NH3+. When some of the CH3NH3+ cations are replaced by organic
ammoniums of larger sizes, such as the n-butyl ammonium cation (C4H9NH3+) used here,
the octahedra self-assemble into layered crystals, with PbI64- corner-sharing into a plane
to form a 2D layer of stoichiometry PbI42-, charge balanced by two organic cations,
2xC4H9NH3+, as shown by the structure labeled as n = 1 in Fig. 5.1.112,138 The thickness
of the lead iodide layer is controlled by the stoichiometric ratio of the two ammoniums.
With increasing molar ratio of CH3NH3+/C4H9NH3+, inter-plane corner sharing gives
inorganic layer thickness of two (n = 2), three (n = 3) or more lead iodide octahedral
layers,26,138 Fig. 5.1. The 2D lead iodide layers stack via van der Waals interactions
between the organic layers to form extended crystals, with little inter-layer electronic
interaction.54,113 Similar to TMDCs,136,137 a 2D perovkite crystal can also be easily
exfoliated into 2D layers with single unit cell thickness.139 These 2D perovskites are
essentially quantum wells (QWs), with charge carriers confined in the lead halide plane
due to both wider bandgap and lower dielectric constant of the organic layers.56,113,140 As
a result of the strong Coulomb interaction, optical excitation leads to excitons, with
binding energies (EB) decreasing with increasing QW thickness: EB ≈ 360, 260, and 150
meV for n = 1, 2, and 3, respectively.114,141 For comparison, the exciton binding energy in
3D lead iodide perovskite is 20-60 meV.51,54,116 The difference in quantum confinement is
reflected in the exciton transition energy (also called optical gap), as shown by absorption
and emission spectra in Fig. 5.1.
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How excitons behave in 2D perovskites is important to both fundamental
understanding and potential applications. Extensive research in the past on inorganic
semiconductor QWs,126,127,142–147 including monolayer MoS2,148 has established the
necessity of viewing excitons from the perspective of many-body interaction among
extensively delocalized states.149 Examples include the critical distinction between
polarization and exciton population in light absorption, the appearance of excitonic
resonance in emission from electron and hole plasmas (in conduction and valence bands,
respectively), and the energetic shifts in excitonic resonance from mutual interactions in
an exciton gas.126,127,142–149 Compared to conventional inorganic semiconductor QWs,
such as the prototypical III-V epitaxial system, the hybrid 2D perovskite QW consists of
the softer and more flexible organic components that are expected to yield much more
extensive static and dynamic disorder.3,24,75,150 As is commonly known as Anderson
localization,151,152 structural disorder can lead to exciton localization, including in 2D
quantum well.153–156 It is unclear to what extent the delocalized many-body view149 still
applies to excitons in hybrid 2D perovskite QWs. For optoelectronic applications of these
materials, one also needs intimate knowledge on excitons to obtain light-emitting diodes
with the highest quantum yields,25 to understand and optimize white light
photoluminescence,96 and to achieve exciton22,117,118 or bi-exciton lasing95 with low
thresholds.
We probe exciton-exciton interactions in 2D lead iodide perovskite QWs with
increasing thicknesses (n = 1, 2 and 3), Fig. 5.1, using transient absorption spectroscopy.
In a previous report, we studied below-gap excitonic trap states81 in these QWs as well as
in 3D polycrystalline lead iodide perovskite thin films. Here we focus on the blue-shift at
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the excitonic resonance under above gap optical excitation. In the thinnest quantum well
(n = 1), only a blue shift but no population bleaching at the excitonic resonance shows up
in the transient absorption spectrum; this is similar to the many-body optical response of
conventional inorganic quantum wells. Furthermore, we find this excitonic blue-shift to
be independent of excitation power density and this is attributed to the localization of
excitations on a disordered electronic energy landscape. As the QW thickness increases
to n = 2 & 3, we find broadening and bleaching of the excitonic resonance, in addition to
the blue-shift. We take this as evidence for free carrier characters from above band-gap
excitation in the thicker perovskite QWs.

5.2 Experimental
Sample preparations and optical measurements (UV-vis, PL and TA measurements)
details are discussed in Chapter 3.

5.3 Results and Discussions
5.3.1 Absorption and fluorescence emission
The effect of quantum confinement is most evident in the absorption and emission
spectra for the 2D perovskites with different QW thickness: n = 1, 2, 3, Fig. 5.1. In order
to quantitatively analyze the transient absorption spectra, we need an accurate
determination of the peak shape of the 1s exciton resonance for each QW. We fit each
absorption spectrum in Fig. 5.1 A with a Gaussian for the 1s exciton resonance plus a
background function:
𝑓! 𝑥 = 𝐴 ∙ 𝑒

!(
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!!!! !
)
!!

+ 𝐵(𝑥)

(5.1)

where x0 and w0 are the peak position and width of the Gaussian, respectively; B(x) is a
background function conveniently chosen to reproduce the high energy side above the 1s
exciton resonance.157 The fitting results for the 1s exciton resonance are: n = 1, x0 =
511.7±0.4 nm, w0 = 18.3±0.4 nm; n = 2, x0 = 570.9±0.1 nm, w0 =16.5±0.2 nm; and n = 3,
x0 = 609.0±0.1 nm, w0 = 21.5±0.3 nm. The peak positions correspond to the 1s exciton
resonances of EEX = 2.423±0.001, 2.172±0.001, 2.036±0.001 eV for n = 1, 2 and 3,
respectively. The fluorescence spectra showed very small Stoke’s shifts with the 1s
exciton resonances at EEX’ = 2.376±0.001, 2.116±0.001, 2.006±0.001 eV for n = 1, 2 and
3, respectively. The increasing blue-shift with decreasing layer thickness results from
quantum confinement; these results are in excellent agreement with previous reports. 114
5.3.2. Transient absorption
We use time-resolved transient absorption spectroscopy to probe exciton-exciton
interactions in the perovskite QW samples. In this experiment, a pump pulse excites the
sample and, following a controlled time delay, the probe pulse detects the changes at the
excitonic resonances affected by the pre-existing excitations.
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Figure 5.2 Transient Absorption Spectroscopy of n = 1 Perovskite. (A) Pseudo-color
representation of transient absorption spectra for the n = 1 perovskite excited at 350 nm (15
µJ/cm2); (B) Transient absorption spectra (squares, horizontal cuts from A) at selected pumpprobe delays (0-1.0 ps). The black curves are fits based on the difference of two shifted
Gaussians (see text); (C) Transient absorption (-ΔT/T) as a function of pump-probe delay time
obtained form vertical cuts from (A) at the indicated probe wavelengths (red: 498 nm; blue: 521
nm; green: 568 nm; black: averaged in the range of 471-566 nm). The gray curves are global
kinetic fits; (D) Blue-shift (circles) of the 1s exciton resonance as a function of pump-probe
delay. The solid curve is a single-exponential fit. 	
  

Fig. 5.2A shows pseudo-color (-ΔT/T) representation of the transient absorption
spectra as functions of pump-probe delay time and probe wavelength for the n = 1 QW
sample. Here, T is the probe transmission without pump and ΔT is the difference in
transmissions with and without the pump. The excitation photon energy (hν = 3.54 eV) is
above the 1s exciton transition. There are two features in the transient absorption spectra:
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(1) an anti-symmetric derivative feature centered around the 1s exciton peak (511.7 nm);
and (2) a weak and broad (~550-600 nm) bleaching signal below the 1s exciton. The
latter has been attributed to bleaching from minority excitonic trap states and is discussed
in detail elsewhere.81 We now focus on the derivative feature around the excitonic peak,
as is more obviously presented in the horizontal cuts in Fig. 5.2B for selected pumpprobe delays. When we average the signal from 471 nm to 544 nm (including both
positive and negative signal), we find the net -ΔT/T signal (solid black line in Fig. 5.2C)
to be vanishingly small. We conclude that there is little ground state bleaching; the TA
spectrum is dominated by a blueshift at the 1s exciton resonance.
As expected from the blue-shift origin, the positive peak at 498 nm (red) and negative
peak at 521 nm (blue) show exactly the same dynamics (Fig. 5.2C), which are both
characterized by a fast channel with sub-ps time constant and a slow channel on the 10s
of ps time scale. Global fits (grey curves) to the decay dynamics yield a time constant of

τ1 = 0.36 ± 0.04 ps for the fast channel and bi-exponential time constants of τ2 = 24.3 ±
0.6 ps (75±3% population) and τ3 = 910 ± 60 ps (25±3% population) for the slow
channel. Here, the major decay channel with lifetime τ2 may be assigned to radiative
recombination and the minor channel with τ3 to excitonic traps. As detailed elsewhere,81
the broad bleaching signal below the band gap originates from excitonic trap states. The
magnitude of this bleaching signal, green curve in Fig. 5.2C, grows on the sub-ps time
scale from the relaxation of above gap excitations. On a longer time scale, ≥ 2 ps, the
decay of this trap bleaching signal tracks the decay dynamics of the main derivative
feature attributed to band edge excitons, confirmed by the good agreement of
experimental data (green) to the global fit. Thus, there is likely a thermal equilibrium
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between band edge 1s excitons and below gap excitonic traps, with the former possessing
higher radiative recombination cross-sections. This thermal equilibrium also explains the
slowest decay channel (τ3).81

Figure 5.3 Pump power Dependence. Transient absorption spectra obtained for the n = 1
perovskite QW at pump-probe delay time of 2 ps for different pump laser power densities (3.0 –
30 µJ/cm2) at a pump laser wavelength of 350 nm.

To obtain the magnitude of the blue-shift, we fit the transient absorption spectrum at
each pump-probe delay time by the e.q. (5.3), which is the difference between the blueshifted ground state absorption function e.q. (5.2) with the 1S exciton centered at δx+x0
for t > 0 ps and the ground state absorption function e.q. (5.1) with the 1S exciton
centered at x0 before time zero.
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Note that x0 has the value obtained in section 3.1 from fitting of n = 1 absorption
spectrum. The solid black curves in Fig. 5.2B show representative fits at selected pumpprobe delays. Fig. 5.2D shows the blue-shift (blue circles) as a function of pump-probe
delay. The blue-shift starts at ~ 8 meV and decays on a sub-ps time scale to a nearly
constant value of ~ 4 meV, as shown by the single-exponential fit (grey curve) with a
constant offset. The single exponential fit gives a decay constant of τBS = 0.40 ± 0.02 ps,
which is, within experimental uncertainty, the same as τ1 for the amplitude decay of the
derivative feature. This sub-ps time constant is consistent with the hot exciton/carrier
cooling time in a polar semiconductor. Thus, we assign the initial large blue-shift (~ 8-4
meV) to the effect of hot excitations on the 1s excitonic resonance and the much longerlived blue-shift (~ 4 meV) to the band edge 1s exciton-1s exciton interaction.
We find the magnitude of blue-shift in the 1s exciton resonance is independent of
pump laser power, as shown in Fig. 5.3 and Fig. 5.7, for the n = 1 sample with the pump
laser power density varying from 3.0 to 30 µJ/cm2. The positions of both the positive
peak and the negative peak remain constant in this excitation power range.
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Figure 5.4 Transient Absorption Spectroscopy of n = 2 Perovskite. (A) Pseudo-color
representation of transient absorption spectra for the n = 2 perovskite excited at 350 nm (15
µJ/cm2); (B) Transient absorption spectra (squares, horizontal cuts from A) at selected pumpprobe delays (0-1.2 ps). The black curves are fits based on the difference of two shifted Gaussians
(see text); (C) Transient absorption (-ΔT/T) as a function of pump probe delay time, vertical cut
from (A) at the indicated probe wavelengths (red: 558 nm; blue: 581 nm; green: 619 nm). The
gray curves are global kinetic fits; (D) Blue-shift (circles) of the 1s exciton resonance as a
function of pump-probe delay. The solid curve is a single-exponential fit.

For the n = 2 perovskite QW sample, the main features of the TA spectra (Fig. 5.4A)
are similar to those in n = 1: an intense derivative feature resulting from the blue-shift of
the 1s exciton resonance and a weak bleaching peak from below-gap excitonic states.
One difference from the n = 1 sample is that there is broadening of the 1s exciton
resonance for n = 2, particularly on short time scales (t < 1 ps) and on the high-energy
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side of the 1s exciton resonance. This is most obvious in Fig. 5.4B which compares
experimental spectra (circles) with fits (black curves) based solely on blue-shift. As
presented below, the broadening effect become more enhanced as we increase the QW
thickness to n = 3, an effect which may be attributed to more free-carrier-like
characteristics from hot excitations in thicker pervoskite QWs. Due to the complication
of time-dependent broadening during the lifetime of hot carriers, we do not attempt a
quantitative analysis of dynamics on the sub-ps time scale. We focus on the dynamics at
pump-probe delay > 1 ps when the effects due to hot excitation are no longer important,
as evidenced by the stabilization of blue-shift to ΔEEX ~ 4.5 meV for pump-probe delay ≥
2 ps, 5.4D. Fig. 5.4C shows the dynamics of the positive peak probed at 558 nm (red),
the negative peak at 581 nm (blue), and the excitonic trap bleaching at 619 nm (green).
As expected from the derivative shape resulting from the blue-shift, we find the red and
blue curves are essentially mirror-images throughout the entire time window. Similar to
that for n = 1, the decay of trap bleaching in Fig. 5.4C tracks that of the main derivative
feature, again suggesting a thermal equilibrium between trapped excitons and band edge
excitons. Global fitting (grey curves) to the data gives a double exponential decay, with
time constants of 53 ± 2 ps and 1.1±0.1 ns, respectively. We assign the former to
radiative recombination of band edge exciton and the latter to a thermal equilibrium
between band edge excitons and below gap excitonic traps.
When the QW thickness increases to n = 3, we find, in addition to the blue-shift, both
broadening and bleaching around the 1s excitonic resonance. Figs. 5.5A & B show
pseudo-color presentations of TA spectra for the n = 3 perovskite QW sample excited at
350 and 550 nm, respectively. Compared to results in Figs. 5.2 & 5.4 for the n = 1 and
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the n = 2 QW samples, the results in Fig. 5.5 from n = 3 show two new features: 1) While
the derivative peak shape attributed to blue shift is still present, the positive and negative
features on two sides of the 1s exciton resonance are no longer anti-symmetric. The
magnitude of negative signal is more than that of the positive one, as clearly shown by
the horizontal cuts at selected pump-probe delays in Figs. 5.5D1 & 5.5D2. Average over
a broad wavelength range covering the derivative feature reveals net bleaching of the 1s
exciton resonance, as shown in Fig. 5.5C (orange curve); 2) The broadening in the 1s
exciton resonance is pump-photon energy dependent. For excitation just above the band
gap (550 nm), Fig. 5.5B, the derivative feature is characterized by broadening of the
absorption peak to the high energy side throughout the time window probed here. When
there is significant excess energy in the excitation photon (350 nm), Fig. 5.5A, we
observe addition broadening of the 1s exciton resonance on the sub-ps time scale. This
additional broadening vanishes as the hot carriers/exciton cools down for pump-probe
delay > 1 ps. (The coexistence of both blue-shift and broadening at time longer than 2 ps
is not clear.)
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Figure 5.5 Transient Absorption Spectroscopy of n = 3 Perovskite. Pseudo-color representation
of transient absorption spectra for the n = 3 perovskite excited at (A) 350 nm (15 µJ/cm2) and (B)
550 nm pump (12 µJ/cm2). The missing data points correspond to wavelength region close to the
pump wavelength. (C) Transient absorption (-ΔT/T) as a function of pump probe delay time,
vertical cut from (A) at the indicated probe wavelengths [red: 578 nm; blue: 613 nm; green (x5):
653 nm, and orange (x8) average in the range 550-625 nm]. The gray curves are global kinetic
fits; (D) Transient absorption spectra at 0 ps and 1 ps for 350 nm pump (upper) and 550 nm pump
(lower)	
  

Fig. 5.5C summarizes the decay dynamics of all spectral features: the derivative peak
probed at 578 nm for positive signal (red) and 613 nm for negative signal (blue), the
bleaching of below gap excitonic traps probed at 653 nm (green), and the averaged
intensity between 550-625 nm for net bleaching of the 1s exciton resonance. On this time
scale (2 ps – 2 ns), all decay dynamics can be fit globally by a bi-exponential function
with time constants of 40 ± 5 ps and 560 ± 60 ps, respectively.
81

5.3.3 Origins of blue-shift, broadening & bleaching
We now discuss the nature of many-body interactions responsible for the observed
effects on excitonic resonances induced by above gap excitations in the 2D perovskite
QWs. We first summarize the experimental findings presented above. A common feature
to all three 2D lead iodide perovskite QW samples (n = 1, 2, 3) is the blue shift of the 1s
excitonic resonance in pump-probe transient absorption spectra. This is most evident for
the thinnest QW sample with a single lead iodide octahedral layer (n = 1, Figs. 5.2 & 5.3)
where we observe only blue-shift, independent of excitation laser power density. When
the thickness of the QW is increased to three lead iodide octahedral layers (n = 3, Fig.
5.5), we observe, in addition to the blue-shift, broadening and bleaching of the 1s
excitonic resonance, particularly when excitation from the pump-laser pulse is in the
initial hot state with excess energy above the bandgap. The n = 2 represents a marginal
case where mostly blue-shift, with a small amount of broadening on sub-ps time scale, is
observed.
Previous studies on many-body interactions in quantum-confined semiconductors
have mostly focused on epitaxial inorganic semiconductor systems, particularly GaAs
QWs. It is well known that, under most conditions, above-gap excitation of the QWs
induces

blue-shift

and

broadening

of

the

subsequent

1s

exciton

optical

transition.126,143,145–147 The blue-shift has been generally attributed to a combination of
band renormalization and screening. The latter refers to the screening of the Coulomb
potential of an exciton by the presence of other excitons and/or carriers. The screening
reduces the exciton binding energy and, thus, results in a blue-shift in the subsequent 1S
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exciton resonance. While the observed blue-shift in perovskite QWs can be explained by
such a combined band renormalization and screening effect, we point out a unique feature
which distinguishes the 2D perovskites from conventional inorganic QWs. In inorganic
QWs, the magnitude of blue-shift in an excitonic resonance increases with excitation
density,126–128,143,158,159 as both band renormalization and screening effects are positively
correlated with the number density of excitons and/or carriers. In stark contrast to this
picture, we observe in 2D perovskites an independence of the magnitude of blueshift on
the pump laser power density within the range investigated here (Fig. 5.3). We take this
as evidence for localization of excitation in 2D perovskite. Unlike epitaxial inorganic
semiconductor QWs that typically possess structural rigidity and extensively delocalized
electronic excitations (Mott-Wannier excitons or free carriers), the hybrid organicinorganic perovskite consists of soft organic ammonium cations. Thermal fluctuation
should lead to extensive positional and orientational disorder of the cations3,72 and, thus, a
dynamically disordered energy landscape. Such disorder is expected to result in Anderson
localization, i.e., spatially localized excitations or “puddles” of Mott-Wannier like
excitons or weakly trapped carriers. The localized excitation exerts a correspondingly
local effect on subsequent optical transitions, and thus may account for the independence
of the blue-shift on pump power density. We expect this picture to change only at
sufficiently high excitation densities when the “puddles” merge into a “lake”. Note the
terms “puddle” and “lake” were used before in the succinct description of localized and
delocalized excitons in photosynthetic complexes.160
The localized “puddle” interpretation also explains two other observations: both the
magnitude of the blue-shift and the affected population of 1s exciton resonance (ΔT/T

83

intensity) are higher on the shorter time scale when the excitation is hot. These effects are
most obvious for the n = 1 QW sample in Fig. 5.2. As the hot excitations cool down on
the sub-ps time scale, both effects level off to lower values that further decay on much
longer time scale. For excitation highly above the band-gap of a polar semiconductor,
dephasing of the initial polarization occurs on femtosecond time scales to yield hot
electrons/holes (correlated or not). These hot excitations are delocalized initially and,
with increasing time, becoming increasingly correlated and localized to the excitonic
“puddles”. The increasingly localized excitation exerts less spatial and electronic
influence on other excitonic transitions, thus, accounting for the time-dependent changes
(≤ 2 ps) in the magnitude of blue-shift (Fig. 5.2D) and amplitude of positive/negative TA
signal (Fig. 5.2C); the latter is related to the percentage of sample affected by excitation
from the pump pulse. Consistent with the observation for the n = 1 QW sample, the
magnitude of blue shift from the n = 2 QW sample is again independent of pump power
density (3.0− 60 µJ/cm2 ; Figure 57.), suggesting a similarly localized exciton− exciton
two body interaction.

We now turn to the broadening and bleaching of the thickest quantum well, n = 3. In
addition to the blue-shift, we observe broadening and bleaching of the 1s exciton
resonance, particularly when there is excess energy from hot excitations. These
observations are similar to those observed previously in inorganic quantum wells and
have been attributed mostly to carrier-exciton scattering.143–145 The presence of carriers
can also effectively screen the excitonic Coulomb potential, reducing the spatial
colocalization of the electron and the hole and, thus, the excitonic transition strength.
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Indeed, the presence of carriers in inorganic semiconductor QWs has been implicated in
the bleaching of excitonic resonances.126,127,142–147 In the n = 3 perovskite sample with
less quantum confinement and lower exciton binding energy than those in n = 1 & 2, we
expect more free carrier character for excitation with higher energies above the band-gap.
Thus, scattering from hot carriers can explain the extensive broadening on the sub-ps
time scale and the carrier characteristics after the excitation is cooled down to the bandedge also explain the residual broadening and bleaching of the 1s exciton resonance.
When increasing the pump fluence, we do observe the gradual evolution of the TA
spectra at both sub-ps timescale and longer time (> 1ps), Appendix Fig. 5.8 C & D. For t
< 1 ps, we observe more broadening of the 1S exciton resonance due to the increase of
hot carriers generated by the ultrafast above gap pump. For t > 1 ps, the amplitude of
blue-shift also increase with pump power, representing in the TA spectra (t = 2 ps) as the
cross point between the positive and negative signal with the zero line (ΔT/T0 = 0) moves
to shorter wavelength. The relationship between this cross point and the amplitude of the
blue-shift is discussed in Appendix 5.5.2.
Based on the structure of the QWs, the well thicknesses of n = 1, 2 and 3 QWs are
determined to be 6.36 Å, 13.7 Å and 19.1 Å, respectively; and the 1S exciton binding
energies and exciton Bohr radii for the n = 1 and 2 QWs are estimated to be 290 meV, 13
Å and 170 ~ 260 meV, 16.5	
  Å, respectively.56,113,114,141 Due to the thicker QW structure, n
= 3 QW have less than exciton binding energy (~ 150 meV)114 and a more rigid structure
compared to n = 1 & 2 QWs, suggesting less structure and potential fluctuation.
Furthermore, the excitons in n = 3 QWs sustain much less 2D quantum confinement,
resulting the smaller exciton binding energy. It is not surprising that the electronic
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structure and property of the thick perovskite QW (n = 3) consisting of three lead iodide
octahedral layers start to approach that of bulk three-dimensional lead iodide perovskite.
In the latter case, above band-gap exciation is believed to result in predominantly free
carriers, not excitons.12,13,39,52,117	
  

5.4 Conclusions
We carried out femtosecond transient absorption measurement on 2D perovskite
quantum wells (C4H9NH3I)2(CH3NH3I)n-1(PbI2)n, where n (= 1, 2, 3) is the number of
lead iodide layers. Optical excitation above the band-gap induces a blue shift of the
excitonic resonance in transient absorption, an effect attributed to the many-body
response of band renormalization and screening in the 2D quantum wells. The excitonic
blue-shift is independence of excitation power density and this provides evidence for the
localization of excitation into excitonic “puddles”. We attribute this localization to the
presence of a disordered electronic energy landscape likely due to the freedom of motion
of organic ammonium cations. For the thickest quantum well (n = 3), the reduced
quantum confinement also leads to free carrier characters in above band-gap excitations.
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5.5 Appendix
5.5.1 Pump-power dependence of n = 1 2D perovskite

Figure 5.6 2D pseudo-color time-resolved TA spectra of n=1 2D perovskite at two different
pump power densities: (A) 7.5 µJ/cm2 and (B) 60 µJ/cm2. Panels (C) and (D) show horizontal cuts
at pump-probe delays of Δt = 0 ps and 2 ps, respectively for five different pump power densities.
The pump laser wavelength was 350 nm.

We measured TA spectra as a function of pump power for all samples investigated
here to establish the linear dependence of trap state intensity on excitation density. Fig.
5.6 compares TA spectra taken at two pump laser power densities: (A) 7.5 µJ/cm2 and (B)
60 µJ/cm2, with panels (C) and (D) showing horizontal cuts at pump-probe delays of Δt =
2 ps and 0 ps, respectively, for over an order of magnitude change in pump power
densities (3.0-60 µJ/cm2). The spectral features, including those of below-gap trap states,
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do not depend on the pump density. For each TA spectrum, repeated TA spectra taken at
the beginning and end of each experiment showed no change, thus establishing the
absence of sample degradation.

5.5.2 Pump-power dependence of n = 2 2D perovskite

Figure 5.7 Pump-power dependent TA absorption spectra for the n = 2 perovskite QW sample.
(A) and (B), time-resolved pesudo-color TA spectra of n = 2 perovskites for pump density = 3.0
2

2

µJ/cm (A) and 60 µJ/cm (B), respectively. In both cases, the pump laser wavelength was 350

nm. (C) and (D) are TA spectra at t = 0 ps and t = 2 ps, respectively, for four differenct pump
densities.

As shown in Fig. 5.7A & B, when the pump power density is increased from 3.0
µJ/cm2 to 60 µJ/cm2, the two main features of TA spectra (blue-shift and trap bleaching)
show no obvious change, except for signal intensity. This suggests that localization of the
exciton-exciton interaction is also responsible for the n = 2 QWs. The TA spectra at
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pump-probe = 0 ps (C) and 2 ps (D) clearly shows the independence of pump-induced
blue-shift on excitation power density.
5.5.3 Pump-power dependence of n = 3 2D perovskite

Figure 5.8 Pump power dependence of TA spectra for the n = 3 perovskite QW. (A) and (B),
time-resolved pseudo-color TA spectra from n = 3 perovskite QWs excited at 350 nm for pump
power density = 3.0 µJ/cm2 (A) and 30 µJ/cm2 (B), respectively. (C) and (D) are TA spectra at t =
0 ps and t = 2 ps, respectively, for four differenct pump densities. The dashed lines mark zero
absorption.

Fig. 5.8A & B compare the TA spectra of n = 3 perovskite QW with 3.0 µJ/cm2 and
30 µJ/cm2 pump power densities, respectively. For horizontal cuts (spectra) at 0 ps and 2
ps, Figs. 5.8C & 5.8D, respectively, we observe obvious pump power dependences. As
the pump-power density is increased from 3.0 µJ/cm2 to 120 µJ/cm2, we see more
broadening at short time (0 ps) and more blue-shift at longer times (2 ps). In the latter, the
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magnitude of blue-shift can be determined by the position of the cross point of the
spectrum with the zero line. As discussed at the end of the main text, we suggest that the
localization effect is reduced in the n = 3 QWs with more rigid structure, whose photophysical starts to approach that of 3D bulk perovskites (MAPbI3).
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Chapter 6 Trap States in Lead Iodide Perovskites

Reproduced with permission from
Wu, X.; Trinh, M. T.; Niesner, D.; Zhu, H.; Norman, Z.; Owen, J. S.; Yaffe, O.;
Kudisch, B. J.; Zhu, X.-Y. Trap States in Lead Iodide Perovskites. J. Am. Chem. Soc.
2015, 137, 2089–2096.
Copyright 2015 American Chemical Society.

Abstract
In this chapter of study focused on trap states, we provide direct evidence for hole
traps on the surfaces of three-dimensional (3D) CH3NH3PbI3 perovskite thin films and
excitonic traps below the optical gaps in these materials. The excitonic traps possess
weak optical transition strengths, can be populated from the relaxation of above gap
excitations, and become more significant as dimensionality decreases from 3D
CH3NH3PbI3 to two dimensional (2D) (C4H9NH3I)2(CH3NH3I)n-1(PbI2)n (n = 1, 2, 3)
perovskites and, within the 2D family, as n decreases from 3 to 1. We also show that the
density of excitonic traps in CH3NH3PbI3 perovskite thin films grown in the presence of
chloride is at least one-order of magnitude lower than that grown in the absence of
chloride, thus explaining a widely known mystery on the much better solar cell
performance of the former. The trap states are likely caused by electron-phonon coupling
and are enhanced at surfaces/interfaces where the perovskite crystal structure is most
susceptible to deformation.
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6.1 Introduction
As introduced in Chapter 1, PbI6 octahedra, as the fundamental building blocks for
perovskite structures, could assemble to different dimensions depending on the
composition of the positive cations, A+. In Chapter 4, we studied how photo-generated
hot carriers induces a Stark effect on the band-edge transitions in 3D MAPbI3 perovskite
and concluded the hot carriers cooled down to the band-edge and recombine as carriers
instead of excitons. While in 2D lead iodide perovskites, as we discussed in Chapter 5,
the hot carriers excited by above-band photons form excitons due to 2D quantum
confinement and the localized exciton-exciton interaction results in a blue-shift of the 1S
exciton transition. In this chapter, we will focus on the below-gap trap states that are
detrimental to solar cell performance.

Scheme 6.1 Schematic structures of the 3D and 2D organo-lead halide perovskites used in the

present study.
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Charge carrier trapping not only introduces competitive recombination channels but
also lowers the open-circuit voltage, which limits the solar cell efficiency.161,162 The
charge carrier trap density is necessarily low for a highly efficient solar cell, but traps can
be formed at interfaces with electron or hole extraction layers 86,161 or increase with time
due to chemical/structural changes to the material. DFT calculations concluded the low
trap nature of the MAPbI3 due to the special structure and even grain boundaries will
only introduce shallow trap states.11,41,48 But different sample preparation and processing
conditions do show different solar cell efficiency.9,12,19,121,163 As a prominent example, the
CH3NH3PbI3 perovskite made from PbCl2 precursor is similar to that from PbI2 in terms
of crystal structure, chemical composition, and photophysical properties,120,121 but solar
cells made with the former show higher efficiencies than those from the lattes.12,87,135 The
exact difference between the two sample preparations is not fully understood. Recently
studies on single crystal show much more prolonged carrier diffusion length up to >100
µm33,164 but the reason for the improved photoelectronic property is still unclear. One
explanation for the carrier lifetime and diffusion length difference might be the lower
density of trap states in CH3NH3PbI3 perovskites from PbCl2 than that from PbI2 and even
more depressed trap density in the single crystals. Most of the published literature on the
photophysics of perovskites focused on excitons in 2D crystals54,114,165 or carrier
generation in 3D crystals.

12,30,32,39,40,51,166

There is very little knowledge on the physical

nature of trap states11,161,167 or strategies to control or minimize them.77
In the literature, the sample grown from PbCl2 has been called mixed halide
perovskite (with a molecular formula of CH3NH3PbI3-xClx), but a consensus arising from
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most recent experiments is that both CH3NH3PbI3 and CH3NH3PbI3-xClx seem to possess
the same structure and stoichiometry.120 In the following, we will use CH3NH3PbI3 to
represent 3D perovskites from both PbCl2 and PbI2 precursors. In the following chapter
we provide direct experimental probe of charge and exciton traps in both 3D and 2D lead
iodide perovskites. We suggest that these trap states result from electron-phonon coupling
and are stabilized at surfaces/interfaces of perovskite crystallites.

6.2 Experimental
The preparation for 2D and 3D perovskites and the characterizations (room
temperature XRD, UV-vis and PL) are discussed in details in Chapter 3. The optical
setup and details of TA measurements are in Chapter 2.
6.2.1 Temperature dependent fluorescence measurement
For temperature dependent fluorescence measurement, samples (2D n=1 sample and
3D lead iodide perovskites) on silica substrates were mounted in a cryostat (Janis ST100) and cooled by liquid nitrogen. The samples were excited by 402 nm light generated
by the doubled output of a regenerative amplifier (Coherent Mira seeded RegA, 250
KHz, ~100 fs). The excitation density on the sample was kept below 1µJ/cm2 per pulse.
The fluorescence from each sample was collected by a liquid nitrogen cooled
spectrometer (PyLon 400 with SP-2300 spectrograph, Princeton Instruments).
6.2.2 Ultraviolet Photoelectron Spectroscopy (UPS) measurements
We carried out UPS measurement in an ultrahigh vacuum (UHV) chamber with a
base pressure <10-11 torr using a Phoibos-100 electron analyzer (Specs GMBH) equipped
with a delay line detector for electron counting. The energy resolution was set to 100
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meV. Spectra were integrated over detection angles of ±7° around normal emission. We
used two UV sources. In the first set of experiment, a helium gas discharge lamp with
photon energy of 21.2 eV served as a UV source. In the second set of experiments, we
used a UV laser light source. It consisted of a femtosecond fiber optical amplifier
operating at 1.03 µm, 250 fs pulse width, 1 MHz repetition rate, and 10W power (Clark,
Impluse) pumping a home made non-collinear optical parametric amplifier (NOPA)
operating in the near-IR region. The NOPA output was frequency quadrupled to give UV
light at hν = 5.79 eV, with pulse width ~100 fs and average power of ~0.3 µW on the
sample surface. The UV light was directed on the sample surface at 45o from surface
normal to give a laser spot of ~1 mm2. The sample temperature was held at 80 K during
UPS measurement. We used NH3CH3PbI3 perovskites thin films vapor deposited in a
UHV chamber connected to the UHV analysis chamber. The perovskite thin films, on
native SiO2 terminated Si(111), were annealed in situ in methylammonium iodide
atmosphere (4×10-6 mBar) at 400 K for 15 min before UPS measurement. The same
samples were also transferred out the vacuum and characterized by UV-VIS spectroscopy
and X-ray diffraction.

6.3 Results and discussions
6.3.1 Charge carrier traps on the surface of 3D perovskites
The first evidence of trap states comes from ultra-violate photoemission spectroscopy
(UPS). UPS is a surface sensitive technique and, thus, is particularly suited for probing
the preferential trapping of charge carriers on perovskites surfaces. We prepared thin film
samples (~30 nm thickness, see Chapter 3, Fig. 3.1A for optical images) on native oxide
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terminated silicon using vapor phase deposition in high vacuum from CH3NH3I and PbI2
or PbCl2 precursors.9 X-ray diffraction analysis (Chapter 3, Fig. 3.2) confirmed the
excellent crystalline quality of 3D CH3NH3I perovskites and UV-vis absorption spectra
(see Fig. 3.1B below) were in agreement with published spectra. We show in Fig. 6.1A
UP spectra obtained with He-I UV source (hν = 21.2 eV) for the two 3D perovskite thin
film samples obtained from PbI2 (blue) and PbCl2 (red) precursors. Here, the binding
energy (BE) is referenced to the Fermi level. The two spectra are similar, both showing
the valence band maxima (VBM) at BE =1.4 eV, in agreement with recent work of
Schultz et al.
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On the semi-logarithmic scale, we can clearly see additional density of

states above the VBM, extending to the Fermi level. We assign these mid-gap states, with
density approximately two orders of magnitude lower than that of the valence band, to
charge carrier (hole) traps.
To better resolve the trap states above the VBM, we use a laser based UV source with
hν = 5.79 eV. This lower photon energy enhances the ionization cross section for the trap
states by almost three orders of magnitude as compared to that from the He-I source. We
can now clearly see the trap states extending to the Fermi level in Fig. 6.1B. The sharp
peak at BE ≥ 1 eV is near the threshold (zero) kinetic energy of emitted photoelectrons
and originates both from the high energy tail of the valence band and secondary
electrons. The difference in the intensities of the threshold peak from the two sample
preparations can be attributed to small variations in workfunction.
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Figure 6.1 (A) Ultraviolet photoemission spectra obtained with hν = 21.2 eV (He-I) for
CH3NH3PbI3 thin films vapor deposited on native oxide terminated silicon from PbI2 (blue) and
PbCl2 (red) precursors; (B) Ultraviolet photoemission spectrum obtained with hν = 5.79 eV
(laser) of CH3NH3PbI3 thin films grown from PbCl2. All spectra were recorded at room
temperature. The binding energy scale is referenced to the Fermi level.

The UPS results in Fig. 6.1 establish the presence of a broad distribution of hole traps
on the surfaces of the CH3NH3PbI3 perovskite thin films. Although not detectable by
UPS, we expect similarly trapped electrons below the conduction band minimum.
Supporting this, we show below the presence of excitonic traps: both an electron and a
hole trapped locally with non-zero optical transition strength. Surprisingly, while the two
sample preprations (from PbI2 and PbCl2 precursors) are known to give very different
solar cell efficiencies, the trap state densities from UPS measurements are similar. Since
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UPS is only surface sensistive, the results in Fig. 6.1 suggest that perovskite thin films
from PbI2 and PbCl2 give similarly exposed surfaces. We believe the different solar cell
efficiencies of perovskites grown from PbI2 and PbCl2 likely come from difference in the
bulk, e.g., boundaries and interfaces between crystallites, as we show below with bulk
sensitive optical spectroscopies.
6.3.2 Excitonic traps in 3D perovskites

Figure 6.2 (A) static absorption spectra of perovskites prepared from PbI2 and PbCl2; (B) Twodimensional pseudo-color (-ΔT/T0) plots of TA spectra as functions of probe wavelength and
pump-probe delay (Δt) for the CH3NH3PbI3 perovskite thin film sample. The -ΔT/T0 values above
840 nm are multiplied by a factor of 10. Pump: 420 nm, ~100 fs pulse width, 6.4 µJ/cm2 pulse
energy density. Probe: white light super continuum, ~200 fs pulse width, ≤ 0.1 µJ/cm2 pulse
energy density; (C) TA spectra at Δt = 2 ps for the sample prepared from PbI2(blue) and PbCl2
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(red); (D) Kinetic profiles at probe wavelengths of 860 nm (x22) for the sample from PbI2(blue)
and PbCl2 (red) and 760 nm for the sample from PbI2 (green).

Optical absorption spectra (Fig. 6.2A) of the 3D perovskite thin films (on sapphire)
showed the optical gap (the first exciton transition, marked by an arrow) at 760 ± 5 nm
(EOG = 1.63 ± 0.01 eV) and 750 ± 5 nm (1.65 ± 0.01 eV) for samples from the PbI2 and
PbCl2 precursors, respectively, in agreement with previous reports.30,32,169 However, the
possible presence of trap states below EOG cannot be judged from these static absorption
spectra due to unavoidable presence of scattering. We use transient absorption (TA)
spectroscopy to probe the trap states. Each perovskite sample is photo-excited by a pump
laser pulse above the bandgap at 420 nm and probed at a controlled delay time by a probe
pulse of white light continuum. Fig 2B shows a pseudo-color representation of TA
spectrum (-ΔT/T0) as functions of probe wavelength and pump-probe delay time for the
CH3NH3PbI3 sample grown from PbI2. ΔT is the change in transmission with the pump
pulse and T0 is the transmission without pump pulse. The main feature in a broad time
window (Δt = 1 ps – 1 ns) is ground-state bleaching (GB) at the optical gap around 760
nm, attributed to state-filling, i.e. the presence of band-gap carriers or excitons from the
pump pulse blocking optical transition induced by the probe pulse. At shorter times (Δt <
1 ps), we observe a derivative spectral profile around 760 nm, assigned to a red-shift of
the band-gap transition in the presence of hot carriers. Fig. 6.2D shows -ΔT/T0 probed at
760 nm for the band-edge exciton (green), with growth in GB due to hot carrier cooling
well described by a single exponential lifetime of τ = 0.5 ± 0.1 ps (black curve). The
nanosecond decay time is shorter than those reported before12,30,32 and can be attributed to
Auger recombination at the high pump-power density (6.4 µJ/cm2, see Appendix, Figs.
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6.5A& 6.5B, for dependence on pump power). The high pump intensity is chosen to
clearly show the trap states with low absorption cross sections.
Concurrent with the cooling of hot carriers, TA spectra in Fig. 6.2B show the
appearance of a weak but clearly observable bleach signal below EOG (note that the ΔT/T0 signal in Fig. 6.2B is multiplied by a factor of 10 for probe wavelength ≥ 840 nm).
Horizontal cuts for Δt > 1ps (blue curve in Fig. 6.2C for Δt = 2 ps) reveal the main bleach
signal at 760 nm (EOG), and a broad and weak bleach feature below the optical gap. The
bleaching in the near infrared reveals the excitonic nature of the traps: they process weak
optical transition strength in the ground state and are populated from the relaxation of hot
carriers, resulting in the blocking of the weakly allowed transitions during the probe
pulse. These excitonic traps are characterized by a broad distribution decaying away from
EOG. The trap state formation time increases with excitation photon energy (Appendix,
Fig. 6.5D), as is expected from the transfer of excess carrier energy to phonons.
We now compare the two 3D CH3NH3PbI3 perovskite thin films grown from PbI2 and
PbCl2 precursors, with the latter known to give higher solar cell efficiency.12,30 Fig. 6.2C
shows TA spectra at Δt = 2 ps for CH3NH3PbI3 from PbI2 (blue) and PbCl2 (red)
precursors. For the sample grown from PbCl2, the magnitude of bleaching attributed to
traps is at least one order of magnitude lower than that grown from PbI2. The difference
is evident throughout the time window in Fig. 6.2D, which compares -ΔT/T0 probed at
860 nm. At this probe wavelength, the -ΔT/T0 signal at Δt ≤ 1 ps contains EA of hot
carriers as well as GB of below-gap states; at Δt > 1 ps, GB of trap states dominates. The
much lower density of trap states in the 3D CH3NH3PbI3 perovskite grown from PbCl2
than that from PbI2 correlates with the slower decay (2.6 ns) of band-gap excitation in the
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former than that (0.8 ns) in the latter (Appendix, Fig. 6.5C). Compared to the band-edge
excitons, the trapped excitons possess higher binding energies and, thus, a lower
probability of dissociation into charge carriers and a higher probability of
recombination.12 While we focus on 3D perovskites obtained from vapor deposition, we
also observe similar below-gap trap states in solution processed CH3NH3PbI3 perovskite
(Appendix, Fig. 6.6).
Our observation of much lower trap state density in CH3NH3PbI3 perovskite from
PbCl2 than that from PbI2 is consistent with the better solar cell performance in the
former.12,87,135 Recent experiments have revealed the same crystalline structure and
chemical composition of CH3NH3PbI3 perovskites from both PbCl2 and PbI2 precursors,
but different film morphology and crystallite size/shape from the two preparations. The
presence of chloride ions during growth has been shown to result in large and elongated
crystallites with µm dimensions, while that in the absence of chloride shows much
smaller crystallites with 102 nm dimensions.19,59,121 Since smaller crystallites means
larger interfacial area, we hypothesize that the trap states are located at the crystallite
surfaces/interface and this can explain the higher density of trap states in the thin film
from PbI2 than that from PbCl2. The smaller crystals grown in the absence of chloride
ions lack well-defined facets and are randomly packed;19,121 the interfaces between these
poorly defined crystallites are likely locations of trap states. In contrast, the larger
crystals grown in the presence of chloride ions feature well defined facets of low Miller
indices121 and coherent long-range packing of the crystals in the film.19 A DFT
calculation by Haruyama et al. suggested negligible trapping on low-index crystalline
faces of the tetraganol perovskite crystal.84 Close interaction between the well-defined

101

facets of neighboring crystals in coherently packed film can also effectively heal the trap
states. In the following, we provide further evidence for the surface/interface
interpretation of trap states.
6.3.3 Excitonic traps in 2D perovskites

Figure 6.3 Two-dimensional pseudo-color (-ΔT/T0) plots of TA spectra as functions of probe
wavelength

and

pump-probe

delay

(Δt)

for

2D

perovskite

thin

film

samples,

(C4H9NH3I)2(CH3NH3I)n-1(PbI2)n: (B) n = 1; (C) n = 2; (D) n = 3. The arrows in panels B-D point
to trap states. Panel (A) shows static absorption (dotted) and fluorescence spectra (solid) of the
three 2D perovskite samples (blue, green, red for n = 1, 2, 3, respectively). Pump: 350 nm, ~100
fs pulse width, 30 µJ/cm2 pulse energy density for n = 1 (B) & 2 (C), 15 µJ/cm2 pulse energy
density for n = 3 (D).
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The excitonic traps discovered above for the 3D perovskites are much enhanced in
the quantum-confined 2D perovskites. Fig. 6.3A shows room temperature absorption and
photoluminescence (PL) spectra of the three 2D perovskite samples (n = 1, 2, 3). As the
quantum well thickness increases from n = 1 to n = 2 and n = 3, the 1S exciton transition
shifts from 508 nm to 571 nm and 608 nm, respectively. The corresponding PL peaks are
at 521, 587, and 619 nm, for n = 1, 2, and 3, respectively. Interestingly, each PL spectrum
is characterized by an asymmetric line-shape, tailing to longer wavelength. As we show
below, the lower energy PL tail comes from radiative recombination of trap states.
Figs. 6.3 B-D show pseudo-color representations of TA spectra obtained from 2D
perovskites with n = 1, 2, and 3, respectively. In each case, the sample is excited above
the band-gap at 350 nm and probed by a white light continuum. The linear power
dependence of the trap bleaching signal is shown in Appendix, Fig. 6.7. We observe two
common features in all three samples. The first is a blue-shift in the band-edge (1S)
exciton energy, resulting in a derivative feature with bleaching at or below the exciton
transition and induced absorption above. This is particularly evident for n = 1 and 2
samples, where the positive signal and the negative signal can be well described by blueshifts of ~ 5 meV (Chapter 5, Figs. 5.3 and 5.4). The second common feature is the broad
and weak bleaching below the optical gap; similar to the situation for the 3D sample in
Fig. 6.2, the observation of bleaching reveals that these trap states are excitonic in nature
since they possess optical transition strength and the direct optical transition of these trap
states can be blocked during the probe pulse by those formed indirectly from the
relaxation of hot carriers/excitons.
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The transient absorption spectra in Fig. 6.3 show that the density of excitonic traps
increases with quantum confinement. The relative magnitudes of peak bleaching signal
from the trap states (normalized to the peak of the blue-shifted bleaching signal of the
band-edge 1S exciton) are γ = 0.077, 0.25, and 0.30 for n = 3, 2, and 1, respectively
(Appendix, 6.5.2 & Fig. 6.8). For comparison, we obtain γ = 0.045 for 3D perovskite
from the PbI2 precursor in Fig. 6.2. The increase in trap density is correlated with the
relative area of the organic/inorganic interface, each consisting of a soft butylamine
organic layer on a hard inorganic lead iodide quantum well. Such an interface is similar
to an exposed surface of a 3D perovskite crystal, consisting of a methylamine organic
layer on the inorganic lead iodide crystal. Note that the blue-shift of the band-edge 1S
exciton is due to the exciton-exciton interaction as discussed in Chapter 5.
6.3.4 Fluorescence emission from excitonic traps
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Figure 6.4 Temperature dependent fluorescence spectra from (A) 3D lead iodide perovskite thin
film from PbCl2 precursor; (B) 3D lead iodide perovskite thin film from PbI2 precursor; (C) 2D n

= 1 lead iodide perovskite, (C4H9NH3I)2(PbI2). (D) Ratio between PL emission from below-gap
traps and that from band-gap excitons as a function of temperature for 2D n = 1 perovskite
(triangle) and 3D perovskites from PbI2.

Further evidence for the excitonic traps comes from temperature dependent
fluorescence emission. Fig. 6.4 shows a set of fluorescence spectra at different
temperatures (room to liquid nitrogen) with excitation at 402 nm for three perovskite
samples: (A) 3D perovskite grown from PbCl2; (B) 3D perovskite grown from PbI2; and
(C) 2D perovskite (n = 1). For 3D perovskite grown from PbCl2 (Fig. 6.4A), the sample
shows weak fluorescence (peak at ~754 nm) at room temperature. The fluorescence
intensity increases by more than an order of magnitude as temperature decreases to ~180
K and this is accompanied by a red-shift in the peak position to ~768 nm. At T ≤ 150 K, a
new fluorescence peak emerges at 741 nm; this blue-shifted peak further grows with
decreasing T and becomes the dominant feature at the lowest temperature probed here T
= 78 K. The evolution of fluorescence spectra in 3D lead iodide perovskite with
decreasing temperature can be attributed to a tetragonal-to-orthorhombic phase transition,
as revealed by previous optical absorption measurement.51 The room temperature
tetragonal phase (denoted as H phase), which gives the fluorescence peak at 754-768 nm,
corresponds to the collective rotation (around the c-axis) of each PbI6 octahedral from its
symmetric position in the simple cubic structure, while the low temperature (L) phase,
with fluorescence peak at ~741 nm, corresponds to the tilting of the PbI6 octahedra out of
the ab plane.51,71,170
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For 3D perovskite from PbI2 (Fig. 6.4B), the phase transition process is similar to that
from PbCl2: fluorescence from the H phase peaks at 759 nm at room temperature and redshifts gradually to 782 nm as T decreases to 140 K. Below that, the L phase appears in
the blue region. The H phase emission is still intense even at 78K. The incomplete phase
transition has also been observed previously in lead iodide perovskite by Wehrenfennig
et. al., which presumably can be explained by the strain effect imposed by the phase
transition.170 The presence of the H phase at low temperatures is obscured in optical
absorption spectra51 but is dominant in fluorescence spectra in Fig. 6.4B. The latter can
be attributed to the efficient excitonic energy transfer from the high-energy L phase to the
low-energy H phase. The most important result from Fig. 6.4B is the clear growth of
below gap fluorescence with decreasing temperature. At 78 K, the integrated
fluorescence intensity from these trap states in the broad wavelength range of 800 - 950
nm is equal to the total band-gap fluorescence from the two phases (H & L). The
observation of trap state fluorescence in 3D perovskites from the PbI2 precursor, but not
in that from PbCl2, is in perfect agreement with transient absorption results in Fig. 6.2,
which shows measurable optical transition strength for the trap states in the former, but
not in the latter.
As we concluded earlier, the excitonic traps observed in 3D perovskites are much
enhanced in the quantum-confined 2D perovskites. This trend is confirmed in
fluorescence spectra, as shown for the n = 1 2D perovskite sample in Fig. 6.4 C. At room
temperature, the n =1 2D perovskite exists as a single phase (H) with the fluorescence
peak at 521 nm. As T decreases (≤ 280 K), we see the appearance of the L phase26 with
fluorescence peak at ~496 nm and blue-shifting to ~488 nm at 78 K. Concurrent with the
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evolution of sharp band-gap transitions of both H and L phases is the growth of belowgap fluorescence: a relative broad peak around 500 nm and another broader emission
ranging from ~550 nm to 750 nm. The ~500 nm emission can be assigned to traps
associated with the L phase while the broad peak 550-750 nm to traps associated with
both phases. The assignment of the ~560 nm peak on top of the broad emission is
unclear, but multiple below gap emission peaks have been observed previously in 2D
lead perovskite samples.165
Fig. 6.4D plots the ratio, ρtrap/ρBG, of integrated trap state emission to integrated band
gap (BG) emission (from both H & L phases) for the 2D (n = 1) and 3D (from PbI2)
perovskites (See Appendix, Fig. 6.9 for details). Consistent with findings from transient
absorption, fluorescence emission from excitonic traps is much enhanced from 3D to 2D.
The ρtrap/ρBG ratio from the 2D sample is 5x and 20x of that from the 3D sample at 78 K
and 100 K, respectively. For each sample, the ρtrap/ρBG ratio decreases with increasing
temperature, indicating that the trapped excitons can be thermally activated into band gap
excitons. Plot of ln(ρtrap/ρBG) vs 1/T do not show linear relationships (Appendix, Fig.
6.10), suggesting that the energetic gaps between traps states and band gap excitons are
not constants, as expected from the broad energetic distributions of trap states. The
varying slope in ln(ρtrap/ρBG) vs 1/T gives phenomenological free energy difference
between band-edge excitons and trapped excitons of -5 to -54 meV and -28 to -102 meV
for 2D (n = 1) and 3D (from PbI2) perovskites, respectively; the absolute values of these
numbers are smaller than those of the mean trap energies (see next section), as expected
from the sequential thermal activation within the trap state manifold and, finally, to the
band gap excitons. A quantitative understanding of these temperature dependences would
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require a detailed understanding of the inter-conversion among the broad distribution of
trap states, the thermal activation of the trap states into band gap excitons, and competing
radiative and non-radiative recombination rates from these states.171 Further experiments
and modeling are underway to quantify the various rates.
6.3.5 The surface/interface origin of trap states: a hypothesis
To understand the origins of trap states, we first summarize our findings presented
above: (1) photo-emission measurements revealed similar hole traps on the exposed
surfaces of 3D perovskites from both PbCl2 and PbI2; and (2) the density of excitonic
traps is much increased when we go from 3D perovskites (from PbI2) to 2D perovskites
and, within the 2D family, as the relative surface area increases. This is reflected semiquantitatively in the relative amplitude of trap state bleaching to bandgap bleaching (γ ):

γ = 0.045 in 3D perovskite from PbI2, γ = 0.077, 0.25, and 0.30 for 2D perovskites with n
= 3, 2, and 1, respectively. Based on this correlation between organic-inorganic
interfacial area and the density of excitonic traps, we hypothesize that the trap states are
localized at the organic-inorganic interfaces.
We point out two key feature of the excitonic traps. First, both an electron and a hole
can be trapped, resulting in an excitonic trap possessing weak transition dipoles in
absorption or emission. Second, the energetic distribution of traps is very broad and
located withing ~100-400 meV below the band gap exciton in each case. For the three
QW samples, Figs. 2 & 3 give mean trap energy (referenced to EOG) of <Etrap> = 0.33±0.12, -0.17±0.05, and -0.17±0.07 eV for n = 1, 2, and 3 respectively. Similar
analysis from low-temperature fluorescence spectra in Fig. 6.4 yields mean trap energies
of <Etrap> = -0.38±0.15 eV for the 2D (n = 1) sample and <Etrap> = -0.12±0.05 eV for the
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3D sample. Both the broadness of the trap energies and the relative, not absolute,
energetic positions of excitonic traps referenced to different optical gaps suggest that the
excitonic traps unlikely originate from common chemical defects,77,167 but rather from the
self-trapping of band-edge excitons.85 For a specific chemical defect, the trap state
energy is expected to be well-defined, which is not the case here.
The formation of a self-trapped exciton results from exciton-phonon interaction,
which is predicted to critically depend on the dimensionality of a crystalline system.
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Lowering the dimension of a system lowers the deformation energy, thus making selftrapping easier.85 In the limit of one-dimensional perovskites, all excitons are self-trapped
with extraordinarily large Stokes shifts of ~1 eV.172–174 There is usually a large potential
barrier for exciton self-trapping in 3D, while the 2D system is a marginal case and
possesses lower activation energy for self-trapping.85 Our observations presented above
are consistent with this general principle. Strong electron-phonon coupling has been
invoked to account for below-gap165 and white light emission97

in 2D layered

perovskites. This coupling has also been invoked to account for the homogeneous
emission line broadening in 3D perovskites.175

For a 3D perovskite crystallite, the

terminal methylamine cations are freer to move than their counter parts in the bulk,
leading to easier self-trapping on the surface, particularly when the surface termination
deviates from the low-index crystalline planes.84 The self-trapped excitons on the surface
can be formed from direct optical excitation due to the none-zero oscillator strength or
from the dynamic relaxation of the band-edge Mott-Wannier exciton or carriers. At room
temperatures, the self-trapped excitons, with average trapping energy of <Etrap> = 0.12±0.05 eV, can effectively equilibrate with band-edge excitons/carriers given the large
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entropic driving from a surface state to bulk states. This equilibrium explains that the
self-trapped exciton possesses similar lifetime as the band-edge exciton/carriers, as seen
in Fig. 6.2D.
Supports for the Surface/Interface Origin of Trap States from Recent Experiments
Further support for our argument of surface/interface located trap states comes from
the recent reports of the extremely low trap densities and long diffusion length in
perovskite single crystals. Shi et al. and Dong et al. both reported the trap density as low
as 1010 cm−3 in MAPbI3 single crystals, which is comparable to single crystal Si and
much lower than the polycrystalline thin films.33,164 The carrier diffusion length was
determined to be > 175 um from electrical single junction device measurement.33 We
recently observed lasing with low threshold and high Q-factor achieved from both lead
iodide and lead bromide single crystal nanowires.176 Negligible trapping from the kinetic
analysis and almost 100% quantum yield were acquired in the lasing crystals. We also
successfully synthesized mm-sized MAPbBr3 single crystals and collaborate with prof.
Podzorov in Rutgers University on the study of the single crystal Hall effect. The
comparative Hall measurements on MAPbI3 polycrystalline thin film and MAPbBr3
single crystal revealed extremely suppressed recombination rate of γ ~ 5×10-15 cm3s-1 in
single crystal, 5 orders smaller than that of typical inorganic semiconductors (10-15 cm3s1

). All of the above studies on perovskite single crystals demonstrate the improved

photoelectric properties in single crystals, which is most likely due to the reduced
trapping process. Minimizing surfaces and interfaces effectively suppresses the density
of trap states.
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6.4 Conclusions
The results presented in this chapter suggest an intrinsic origin of below-gap excitonic
and carrier traps in lead iodide perovskites: the trap states can result from electronphonon coupling at surfaces/interfaces of crystalline perovskites. In such an
interface/phonon interpretation of trap states, the surface of a 3D perovskite film can be
considered “entirely” as source for the self-trapped charge (i.e., polaron) or self-trapped
exciton. Charge carrier trapping at interfaces between the perovskite thin film and
electron or hole transporting layers is believed to result in faster recombination than that
in bulk film86 and these interfacial traps have also been implicated for anomalous
hysteresis in current/voltage curves in perovskite solar cells.161 Optical measurements
revealed a much higher density of excitonic traps in the bulk of the perovskite thin film
grown in the absence of chloride than that with chloride, explaining the higher solar cell
efficiency in the latter. A comparison to recent structural characterization of perovskite
thin films from these two sample preparations suggests that the trap states are associated
with interfaces of crystallites lacking well-defined facets of low Miller indices.121 In
addition to growth of sufficiently large crystallites with low Miller indices, we may
envision passivation of surfaces/interfaces traps with organic molecules77 or a rigid
termination layer, such as PbI2.18 How to manage or control surface and interface
trapping may be the key to the stabilization of perovskite based solar cells.
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6.5 Appendix:
6.5.1

Transient absorption measurements on 3D perovskites

Pump power and wavelength dependence of vapor deposited perovskites

Figure 6.5 (A) Ground state bleaching amplitudes (maxima) at 2 ps as a function of excitation
density. Clearly the absorption is in linear regime. (B) Band-edge bleaching dynamics at two
excitation densities for the perovskite sample from PbCl2. At high excitation density, there are
two different decay components. The fast and the slow decay channels can be attributed to Auger
and radiative recombination, respectively. (C) Band-edge dynamics for the two samples at the
same excitation density. (D) Below-gap probe (860 nm) at different excitation wavelengths for
the perovskite sample from PbI2. The data was normalized to a long pump-probe delay time.

Fig. 6.5 (A) shows the maximum band-edge bleaching (at pump-probe delay of 2 ps)
as a function of excitation density for vapor-deposited 3D perovskite samples from both
PbCl2 (red triangles) and PbI2 (blue circles) precursors. This result confirms that, within
the laser pulse energy densities used (≤ 11 µJ/cm2), we were in the linear absorption
regime and there was no two-photo-absorption. Fig. 6.5 (B) compares the decay
dynamics of band-gap bleaching for 3D perovskite from PbCl2 precursor at two different
112

excitation densities. At 1.6 µJ/cm2, decay of the band gap excitation can be described by
a single exponential lifetime of 2.6 ns; when the pump power density is increased to 6.4
µJ/cm2, we see an additional sub-ns decay channel. The faster decay at higher excitation
density can be attributed to Auger recombination (refer to Chapter 4 for details) i.e.
electron and hole recombine non-radiatively with energy transfer to another
exciton/carrier.
Fig. 6.5 (C) compares of the band-edge decay dynamics for the two 3D perovskite
samples at the same low excitation density of 1.6 µJ/cm2. Single-exponential fits give the
decay time constants of 0.8 and 2.6 ns for CH3NH3PbI3 from PbI2 and PbCl2 precursors,
respectively. This result is in line with the higher trap density, shorter carrier diffusion
length, and lower solar cell efficiency in the former.
Fig. 6.5 (D) presents the dynamics of trap states probed at 860 nm for the
CH3NH3PbI3 sample from PbI2 precursor at different excitation wavelengths. The buildup
time of the trap bleaching is slower at the shorter excitation wavelength (larger excess
energy). The appearance of trap state bleaching is concurrent with the cooling of hot
carriers (main text). Note that on the <1 ps time scale there is excited state absorption
prior to the formation of trap state beaching. The additional feature on the ultrashort time
scale is assigned to hot carrier induced absorption, which is stronger at shorter excitation
wavelength.
Trap states in solution processed NH3CH3PbI3 in meso-Al2O3
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Figure 6.6 (A, B) Time-resolved TA (-ΔT/T0) spectra of 3D CH3NH3PbI3 in meso-porous Al2O3:
(A) Visible probe, pump = 420 nm, 51.6 µJ/cm2; (B) NIR probe, pump = 420 nm, 85.9 µJ/cm2.
(C) Band-edge (red, from A) and blow-gap (green, from B) bleaching dynamics; note that green
curve is normalized to the same power as that for the red. (D) TA spectra at 2 ps in both visible
and IR regions.

The presence of below gap trap states has also been observed in solution processed
lead iodide perovskite samples. We use CH3NH3PbI3 perovskite grown in the solution
phase from CH3NH3 and PbI2 in a meso-porous Al2O3 matrix, as detailed in Ref. (177).
Figs. 6.6 (A) and (B) show transient absorption (TA) spectra of the solution processed
CH3NH3PbI3 sample. The TA features are similar to those from the vapor-deposited
CH3NH3PbI3 perovskite sample from PbI2 in Fig. 2 (B) of the main text, with weak but
clearly observable bleaching signal below the band-edge in a broad wavelength range.
The decay dynamics probed at 760 nm for the band-gap excitation and that at 860 nm for
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trap states are plotted in Fig. 6.6 (C). They show similar decay constants, consistent with
results from vapor deposited CH3NH3PbI3 perovskite sample from PbI2 in Fig. 2D in the
main text. A full TA spectrum covering 460 nm to 1250 nm at 2 ps is plotted in Fig. 6.6
(D), again, clearly showing bleaching signal below the optical gap (EOG).
6.5.2 TA measurements on 2D Perovskites
Linear pump power dependence of TA signal

Figure 6.7 The trap bleaching intensity vs. pump power plots of 2D perovskites with 350 nm
pump. (A) n = 1, probe at 565 nm and Δt = 1 ps; (B) n = 2, probe at 609 nm and Δt = 1.5 ps; (C) n
= 3, probe at 655 nm and Δt = 3 ps.

Fig. 6.7 shows the bleaching signal probed at the trap state wavelength of 565 nm,
609 nm, and 655 nm, as a function of pump laser power density for n = 1, 2, and 3,
respectively. In all three cases, the bleaching single intensity is proportional to pump
power density. This confirms that we are probing the trap state density in the linear range.
Quantitative analysis of TA spectra from 2D perovskites
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Figure 6.8 Left - TA spectra (horizontal cuts from Figs. 3 B-D in the main text) at Δt = 0 (black)
and 2 ps (orange) from 2D perovskite thin film samples, (C4H9NH3I)2(CH3NH3I)n-1(PbI2)n: (A) n =
1, (C) n = 2, (E) n = 3. Right - Kinetic profiles at the indicated probe wavelengths for (B) n = 1,
(D) n = 2, (F) n = 3. Note the multiplication factors for each kinetic profile. The gray curves are
integrated -ΔT/T0 values in the indicated wavelength range. Pump fluences are the same as in Fig.
6.3.

We present a quantitative analysis of TA spectra (Fig. 3 in the main text), particularly
the time evolution of trap states and band gap excitons. Figs. 6.8 A, C & E show TA
spectra taken at Δt = 0, and 2 ps. The right panels in Fig. 6.8 show time profiles of –
ΔT/T0 signal probed at wavelengths for the below-gap states (green), positive (red) and
negative (blue) features around the band-edge exciton, and integrated signal around EOG
(grey, covering both positive and negative) for each QW thickness (B: n = 1; D: n = 2; F:
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n =3). As expected from the derivative shape, integration in the wavelength covering both
negative and positive signal around EOG yield negligible –ΔT/T0 (grey) in each case.
Furthermore, the relative magnitudes of bleaching signal below EOG decrease with
increasing quantum well thickness, as shown by the multiplication factors (α = 3.3, 4.0,
and 13 for n = 1, 2, and 3, respectively) for the green curves in Figs. 6.8 B, D, F. The
relative magnitudes of peak bleaching signal from the trap states (normalized to the peak
of the blue-shifted bleaching signal of the band-edge 1S exciton) are γ = 1/α = 0.077,
0.25, and 0.30 for n = 3, 2, and 1, respectively. Similarly, we obtain γ = 0.045 for 3D
perovskite from the PbI2 precursor in Fig. 6.2.
As shown in the right panels in Fig. 6.8, the excitonic traps form in Δt ≤ 1 ps as the
hot excitons/carriers cool down. The traps decay concurrently with the blue-shifted band
gap exciton signature in ≤ 1 ns.
6.5.3 Temperature dependence in ρtrap/ρBG from fluorescence spectra

Figure 6.9 Representative low temperature spectra and the Gaussian fit to the high temperature
(H) and low temperature (L) phase band gap exciton emission and subtracted trapped exciton
emission in (A) 3D lead iodide perovskite thin film from PbI2 precursor and (B) 2D n = 1
perovskite samples.
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In order to estimate the emission intensity ratio (ρtrap/ρBG) between trapped excitons
and band gap excitons in 2D (n = 1) and 3D perovskite samples, we fitted fluorescence
peaks from band gap emission (< 150 K for 2D n = 1 and < 106 K for 3D perovskite
sample) with two Gaussians, as shown in Fig. 6.9. Here, the blue and red dotted curves
are Gaussian fits to the L and H phases, respectively. The residual (green dotted curve) is
obtained from the difference between each experimental spectrum (black dots) and the
sum of the two Gaussians. The spectral integrated emission intensity (green) was used to
calculate ρtrap/ρBG in each case. We note that the simple Gaussian fitting and subtraction
used here should be taken only as a semi-quantitative estimate of the ρtrap/ρBG ratios. Fig.
6.10 plots ln(ρtrap/ρBG) vs 1/T (K-1) for 2D n = 1 (red circles) and 3D perovskite (blue
triangles). In each case, the plot is nonlinear. From the varying slopes, we obtain
phenomenological free energy differences between band-edge excitons and trapped
excitons of -5 to -54 meV and -28 to -102 meV for 2D (n = 1) and 3D (from PbI2)
perovskites, respectively.

Figure 6.10 A plot of ln(ρtrap/ρBG) vs 1/T (K-1) for 2D n = 1 (red circles) and 3D perovskite (blue
triangles).
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Chapter 7 Probing Transient Electric Fields in Photo-excited
Organic Semiconductor Thin Films and Interfaces by Timeresolved Second Harmonic Generation
	
  
Reproduced with permission from
Wu, X.; Park, H.; Zhu, X.-Y. Probing Transient Electric Fields in Photoexcited Organic
Semiconductor Thin Films and Interfaces by Time-Resolved Second Harmonic
Generation. J. Phys. Chem. C 2014, 118, 10670–10676.
Copyright 2014 American Chemical Society.

Abstract
We probe photo-induced charge separation dynamics in organic semiconductor thin films
and at their interfaces by femtosecond time-resolved second harmonic generation (TRSHG), using the model systems of fullerene (C70) thin films and copper phthalocyanine
(CuPc)/C70 interfaces. In neat C70 thin films, the formation of internal electric field on
~10 ps time scale following photo-excitation is attributed to charge separation resulting
from a gradient in excitation density and the differential electron/hole mobility. When an
ultrathin film of the electron donor CuPc is deposited on top of the C70 film, an additional
interfacial charge separation channel occurring on the ultrafast time scale of ~0.1 ps is
observed. We discuss how SHG fields from different origins may interfere to give the
overall transient response.
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7.1 Introduction
Understanding photo-induced charge separation in organic semiconductor thin films
and at their interfaces is essential to the development of organic photovoltaics
(OPVs).178,179 The “standard” model for OPVs assumes that charge separation occurs
almost exclusively at the donor/acceptor (D/A) interface where an energetic driving force
is present between the exciton state in the donor material and charge transfer states across
the D/A interface.180,181 However, it is also known that photo-induced charge separation
can occur in neat organic semiconductor materials.182–184 Previous studies on charge
separation in OPVs have relied on bulk sensitive spectroscopies, such as transient
absorption,185–187 time-resolved fluorescence,188 time-resolved terahertz and microwave
conductivity,189,190 etc. Recently, we have shown that time resolved second harmonic
generation (TR-SHG) can be a powerful technique in specifically probing charge
separation at donor/acceptor interfaces on femtosecond timescales.108–110 The transient
electric field resulting from charge separation adds an asymmetry component to the
nonlinear optical response, leading to electric field induced second harmonic (EFISH)
generation.102–107 EFISH can be viewed as a four-wave mixing nonlinear process where
two fundamental optical fields at frequency ω mix with the quasi-direct current field to
generate SHG at 2ω. However, the analysis of transient EFISH responses in organic thin
films and at their interfaces is not straightforward as there can be multiple contributions
to the overall SHG response with complex phase relationships. In addition to EFISH
signal from interfacial charge separation, transient SHG can also arise from photoexcitons of a bulk film, in addition to static SHG from the sample. The static and pump-
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induced SHG signal may have different phases that can give rise to constructive or
destructive inferences.

Figure 7.1. Net charge density as a function of distance from the top surface of a 120 nm thick
C70 thin film irradiated from the top. The simulation results at two different delay times (blue 0.1
ps, red 40 ps) are shown. The asymmetric charge distribution results from a gradient in excitation
density (from top to bottom of the film) and differential mobility of photo-generated electrons and
holes. Details of the simulation can be found in section 3.2. The inset illustrates sample geometry
and SHG experiments.

SHG from thin films of centrosymmetric materials, such as CuPc and C70, have been
studied before.191–193 In the electric dipole approximation, SHG is forbidden in the bulk
of a centrosymmetric material but allowed at the surface or interface where symmetry is
broken.

However, bulk SHG in a centrosymmetric material is allowed from other

contributions, including magnetic dipole coupling (MDC), magnetic dipole (MD),
electric quadruple coupling (EQC) and electric quadruple (EQ) mechanisms.194–196
Changes in effective second order nonlinear susceptibility can result from electronic
excitation of the molecules, leading to pump-induced change in SHG signal from a bulk
thin film.109 To delineate various contributions to transient SHG signal from photo121

excited organic semiconductor interfaces, we choose the model systems of neat C70 and
planar CuPc/C70 bilayer thin films. The CuPc/fullerene solar cell is the most extensively
studied small molecule OPV system, with CuPc as electron donor and fullerene as
acceptor.197–200 Preliminary experiments on this system have focused on the interfacial
EFISH contribution from photo-induced charge transfer.109,179 Here we report a new
transient EFSHG response in the neat C70 thin film rising from the generation of an
internal electric field. We further demonstrate this transient electric field perpendicular
to the film originates from the photo-Dember effect,201 where photo-excited charge
carriers separate due to the intrinsic gradient of excitation density and the unbalanced
electron and hole motilities. This is illustrated in Fig. 6. 1 by the simulated charge density
distributions across the C70 thin film at two different pump-probe delays (see simulation
section 3.2 below). Such a charge separation processes leads to a time varying electric
field across the C70 thin film and an internal EFISH contribution. We show that this
transient EFISH contribution interferes with the static SHG constructively or
destructively, depending on both film thickness and light polarization. We also show that
the deposition of a thin CuPc layer on top of the C70 thin film leads to an additional
interfacial EFISH contribution from photo-induced electron transfer from CuPc to C70.
We emphasize the need for careful and quantitative analysis when applying the transient
EFISH technique to probe interfacial charge separation.

7.2 Experimental
All thin film samples were prepared on single crystal sapphire (0001) surfaces (MTI
Corporation). The sapphire substrate was rinsed with isopropanol and loaded in a vacuum
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chamber (base pressure 10-6 torr) for thermal evaporation. C70 (Luminescent
Technologies, >99%) thin film was deposited onto the sapphire surface at a rate of 0.01
nm/s to a total thickness of 40-160 nm as monitored in situ by a quartz crystal
microbalance and calibrated with ellipsometry. To make a bilayer sample, we deposited a
5 nm CuPc (Sigma Aldrich, >99%) thin film on top of each C70 film. The sample was
transferred to a cryostat (Janis ST-100) in a N2 filled glovebox for SHG measurements.
The morphology of thermal evaporated C70 film was imaged by atomic force microscope
(AFM, XE-100, Park Systems) in the tapping mode. Cantilevers with resonance
frequency 204 – 497 kHz were used in the measurements.
The optical setup and details of TR-SHG measurements are discussed in Chapter 2.

7.3 Results and Discussions
7.3.1 Time-resolved SHG profiles from neat C70 and CuPc/C70 bilayer thin films
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Figure 7.2 TR-SHG profiles (dots) from (A) neat C70 thin films and (B) 5 nm CuPc
deposited on the C70 thin films. In both panels, the thicknesses of the C70 thin films are
(from bottom to top) 40 nm, 80 nm, 120 nm, and 160 nm, respectively. The experimental
data were obtained with p-polarized fundamental light (ω) and p-polarized SHG (2 ω).
The red curves are fits to (A) equation 3 and (B) equation 5, respectively, with the fitting
parameters summarized in Table 7.1 and Fig 7.4.

We first focus on photo-excitation of neat C70 films. Figure 2A shows time-dependent
SHG responses probed with p-polarized light following photo-excitation at 610 nm of C70
films with different thicknesses (from bottom to top, 40-120 nm). In all cases, we observe
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pump-induced change in SHG intensity, but the sign (positive or negative) of the change
depends on C70 film thickness.
The similar time constants (~10 ps) at different film thicknesses point to a common
origin of photo-induced dynamic process in C70. This process is slower than excitonexciton annihilation34 but much faster than the inter-system crossing time.35 The photon
energy of 2.03 eV (610 nm) is known to excite intermolecular charge transfer (CT)
states,182,204 leading to photocarrier generation. The absorption coefficient of C70 at this
photon energy is α = 4×104 cm-1,205 which, for a 160 nm thick film, corresponds to a 50%
decrease in excitation density from the top surface to the bottom of the C70 thin film.
Such a concentration gradient of photocarriers generated at time zero should be followed
by charge redistribution due to drift-diffusion. Since the electron mobility is two orders of
magnitude higher than that of the hole in C70,206,207 the drift-diffusion process in the
concentration gradient will be dominated by movement of the electrons, leading to charge
separation and the formation of an vertical internal electric field. This process is similar
as the photo-Dember effect in inorganic semiconductors under ultrafast high intensity
pump201,208,209. In section 3.2, we numerically simulate this drift-diffusion process and the
simulated internal E-field rises with similar time constant as the bulk EFISH. Thus, the
time-dependent change in second harmonic signal (ΔSHG) can be attributed to bulk
EFISH from the transient electric field across the C70 thin film.
With the above interpretation, we can also understand the change in the sign of ΔSHG
with different film thickness. It is known that the phase of SHG optical field from a bulk
film, such as the transient bulk EFISH contribution described here, depends on the film
thickness.194,195 However, another major contribution to static SHG response is surface
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SHG, whose phase does not depend on the film thickness. As a result, there should be
constructive or destructive interference between static SHG and photo-induced bulk
EFISH, depending on the relative phase-shifts. The total SHG intensity can be described
by:
I 2ω ∝ χ (2) + χ (3) EDC (t)eiφ
= χ
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(2)

(3)

+ χ EDC (t) + 2 χ χ EDC (t) cos φ

where I 2ω 	
  is the total SHG intensity; χ (2) and χ (3) are the effective second and third
order non-linear susceptibilities, respectively; t is the pump-probe delay time and ϕ is the
relative phase between static SHG and transient EFISH. Here the first term in e.q. (7.1) is
the static SHG signal, Io=I

2ω

(t<0), before photo-excitation. EDC 	
  is the time dependent

internal DC electric field from the separation of photo carriers and can be approximated
by an exponential function with time constant τ (see simulation below):
0
E DC (t) ≈ E DC
(1− e−t /τ )

We normalize I

2ω

(7.2)

(t≥0) to the time-independent static SHG signal Io and take the
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I0

0
where A1 = χ (3) / χ (2) ⋅ EDC
.

126

Figure 7.3 TR-SHG profiles (dots) from (A) neat C70 thin films and (B) 5 nm CuPc deposited on
the C70 thin films. In both panels, the thicknesses of the C70 thin films are (from bottom to top)
40 nm, 80 nm, 120 nm, and 160 nm, respectively. The experimental data were obtained with spolarized fundamental light (ω) and p-polarized SHG (2 ω). The red curves are fits to (A)
equation 3 and (B) equation 5, respectively, with the fitting parameters summarized in Table 7.1
and Fig. 7.4.

With the above interpretation of SHG from C70 thin films, we now turn to EFISH
from photo-induced charge separation at the CuPc/C70 interface. In the experiment, we
deposit an ultrathin CuPc film (5 nm) on top of the C70 film with varying thickness (40160 nm). Our previous measurements have established an interfacial EFISH contribution
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resulting from ultrafast (~130 fs) electron transfer from photo-excited CuPc to C70.179 On
the time scale of tens of picoseconds in Fig 7.2, this EFISH contribution should lead to a
nearly instantaneous change in SHG signal. This is indeed observed in Fig 7.2B for 5 nm
CuPc on C70 with thickness L = 40, 80, 120, and 160 nm (from bottom to top),
respectively. A comparison of Fig 7.2A (neat C70) with those in Fig 7.2B reveals that the
slow dynamics (~10 ps) attributed to EFISH from bulk C70 layer is clearly present in the
SHG profiles from CuPc/C70. For each C70 film thickness, the presence of CuPc adds an
additional ultrafast (~ 0.1 ps) and positive component to the SHG profile. The additional
ultrafast component in each SHG profile in Fig 7.2B is consistent with the known charge
separation time of ~130 fs at the CuPc/C70 interface.179 Thus, e.q. (7.1) can be modified
to represent the total SHG response from the CuPc/C70 samples:
(3) int
I 2ω ∝ χ (2) + χ (3) EDC (t)eiφ + χ int
EDC (t)eiθ

2

(7.4)

where the first two terms are identical to those in e.q. (7.1). The third term is the
(3)
interfacial EFISH contribution due to charge separation at the CuPc/C70 interface; χ int
	
  
int
and	
   EDC
(t) are the effective third order nonlinear susceptibility and electric field,

respectively, at the CuPc/C70 interface; θ is the relative phase between the interfacial
EFISH and the static SHG. Since the interfacial EFISH signal rises on the ultrafast time
scale of ~130 fs, with little decay on the 35 ps time scale in Fig 7.2B, we can
approximate it by a simple step function. After normalization of I2ω(t≥0) to the static
SHG signal Io before the arrival of the pump laser pulse and take the difference, the pump
induced change in SHG intensity is given by:

(

)

ΔI 2ω = A1 (1− et /τ ) + 2A1 (1− et /τ ) cosφ + ( A2 ) + 2A2 cosθ + 2A1 (1− et /τ ) A2 cos(φ − θ )
2

2
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(7.5)

(3)
int
int
/ χ (2) ⋅ EDC
where A1, ϕ and θ are defined earlier and A2 = χ int
with EDC
(for t>0)

treated as a constant in the step-function approximation.
Since A1, ϕ and τ in e.q. (7.3) and (7.5) should be the same for each C70 thickness with
or without CuPc overlayer, while the interfacial SHG contribtion should not depend on
C70 thickness, we fit time-dependent SHG responses from neat C70 films (data in Fig
7.2A) and from CuPc/C70 bilayer films (data in Fig 7.2B) simultaneously with global
fitting. We link A1, ϕ and τ for each C70 thickness and link θ for all thicknesses. The
fitting curves are plotted in Fig 7.2 (red curves) and the values of fitting parameters
summarized in Table 7.1 and Fig 7.4. The differences in relative phase ϕ between static
SHG and dynamic EFISH in the C70 thin film satisfactorily account for the changing
signs of pump-induced SHG signal with C70 thickness. For all thicknesses, the EFISH
from CuPc/C70 interface interfere with static SHG with a phase shift θ = 3.10±0.01 rad.
Similar results were also obtained for the same samples probed with s-polarization
(ω) and detected with p-polarization (2ω). Fig 7.3 compares TR-SHG responses from (A)
neat C70 (from bottom to top, 40-160 nm) and (B) 5 nm CuPc on C70 (from bottom to top,
40-160 nm). Fitting parameters φ and τ are also summarized in Table 7.1 and Fig 7.4.
The differences in relative phase ϕ between static SHG and dynamic EFISH in the C70
thin film again account for the changing signs of pump-induced SHG signal. We also
show in Fig 7.3 global fits (red curves) to e.q. (7.3) and (7.5) using the linked parameters
(A1, τ and φ) for bulk EFISH from C70 and with a constant phase shift θ between
interfacial EFISH and static surface SHG.
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Figure 7.4 The relative phase shift (φ) of transient bulk EFISH from static SHG as a function of
C70 film thickness with p- (red circles) and s- (blue squares) probe polarization. The red and blue
curves show approximate fits to sine waves.

As shown in Table 7.1, the phase shift (φ) of bulk EFISH in C70 relative to static SHG
depends strongly on C70 film thickness. This can be understood from the fact that the
phase of the transient EFISH from bulk C70 depends on film thickness, while the static
surface SHG (likely a major contribution to the static SHG signal probed here) is
insensitive to film thickness. This leads to thickness-dependent interference between the
transient and the static SHG components, i.e., oscillatory behavior in φ versus C70 film
thickness. Similar oscillatory behavior has been observed for static SHG from C60 thin
film as a function of film thickness and quantitatively explained by the interference
between surface and bulk SHG.194,195 In the present case on transient SHG from C70 and
CuPc/C70, we interpret the thickness dependent pump-induced SHG signal as resulting
from interference between a transient third order ( χ (3) ) response and static second order
responses ( χ (2) ). The involvement of both second and third order responses adds much
more complexity to the problem (as compared to second-order processes194,210) and we
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are not able to obtain tractable formulas for the interference effect. In Fig 7.4, we plot the
limited number (4) of data points for φ versus C70 film thickness and show qualitatively
that the thickness dependence can be approximated by simple sine oscillatory function,
with repeating periods of λ ~80 nm, for s- and p-polarized probes. These λ values are
similar to the repeating length scales reported and quantitatively analyzed by Koopmans
et al. for the thickness depend interference between surface electric dipole allowed SHG
and bulk magnetic dipole allowed SHG from C60 thin films. 194,195
Table 7. 1 Parameters obtained from global fits to time-resolved SHG profiles of neat C70
thin film (τ and φ) and CuPc/C70 bilayer (τ, φ and θ).
P-probe
C70

τ (ps)

φ (rad)

12.1 ± 1.0

-1.68±

S-probe

θ (rad)

τ (ps)

φ (rad)

15.8±1.7

1.94 ±

θ (rad)

thickness
40 nm

0.01
80 nm

120 nm

11.3 ± 0.7

7.3 ± 0.4

0.03

1.45 ±

10.9 ± 7.8

0.02

3.10 ±

-1.70 ±

0.01

13.9 ± 3.2

0.01
160 nm

9.7 ± 1.2

-1.93 ±
0.27

-2.11 ±

1.71 ±

0.38

0.01

1.57 ±

9.0 ± 0.8

0.01

-1.46 ±
0.01

7.3.2 Numerical simulation of photo-induced charge separation in C70 thin films
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To support the transient bulk EFISH generation mechanism, we carry out numerical
simulation of the charge separation process. Here, the transient charge separation and the
resulting electric field across the C70 film comes from the excitation density gradient and
the differential electron/hole mobility in C70 thin films. We solve the time-dependent
electron and hole drift-diffusion equations, in conjunction with Poisson’s equation
numerically,211 using finite element analysis in MATLAB. Each C70 thin film is treated as
a slab of thickness L, with z = 0 representing the surface and z = L the bottom of the film.
In the one-dimensional approximation, Poisson’s equation is:

∂2 V(z, t)
ρ (z, t)
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  (7.6)
where V(z, t) 	
  is the electric field and ε is the permittivity. The local net charge density,	
  

ρ (z, t) 	
  is:

ρ (z, t) = q(p(z, t) − n(z, t))

(7.7),

where q is the fundamental electron charge; p and n are the concentrations of holes and
electrons, respectively. The charge carrier transport process is described by the wellknown drift-diffusion equations:
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where we assume the Einstein equation relating carrier diffusivity Dn, p to mobility µ n, p :

Dn, p =
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  (7.9).
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In equation (7.8), G(z, t) 	
  is the electron-hole pair generation rate obtained from the
spatial-temporal profile of the absorbed femtosecond laser pulse. We can approximate
the pump pulse by a Gaussian and the generation rate can be written as: 	
  
t2

G(z, t) = α f (1− r)e

−α ⋅z

−
1
2
e 2W
W 2π

(7.10)

where α is the absorption coefficient of the C70 film; f is the photon flux (number of
photons per pulse per unit area); r is the reflection coefficient at the N2 gas and C70 solid
interface with 45° incidence; W is the full width at half maximum (FWHM = 100 fs) of
the laser pulse obtained from pump-probe cross correlation measurements. Since the
lifetimes of photo-generated charge carriers in C70 film are on the nanosecond time
scale,212 we neglect bulk recombination within the 40 ps time window probed here.
In the finite element simulation, we set the boundary conditions as follows. Before
the arrival of the pump-laser pulse (t<0), there are no net free electrons or holes in the C70
film. The initial condition is:

n( z, t < 0) = 0 	
  (0 ≤ z ≤ L)
p( z, t < 0) = 0 	
  (0 ≤ z ≤ L)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (7.11).	
 
For a neat C70 thin film, there is no charge extraction at either interface. Both electrons
and hole are confined within the film. We have the following boundary conditions for the
charge density (n, p), flux (Jn, Jp), and electric field (

dV
):	
  
dz

n(z,t) = 0 	
  for z = 0 & L, t > 0	
  
p(z,t) = 0 	
  for z = 0 & L, t > 0	
  
Jn =

dn
= 0 for z = 0 & L, t > 0
dt
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(7.12).

Jp =

dp
= 0 for z = 0 & L, t > 0
dt

dV
= 0 for z = 0 & L, t > 0
dz
	
  
We use literature values206,213 for electron and hole mobilities in C70: µn = 2.5-5.5x10-3
cm2V-1s-1 and µp = 1x10-5 cm2V-1s-1. The absorption coefficient of C70 is 4	
 × 104 cm-1 at
610 nm.205 The pump laser pulse energy density on the surface of the C70 thin film is 100
µJcm-2. The relative permittivity of C70 is ε = 4.84,214 and the calculated reflection
coefficient at the surface is r = 0.2. Two snapshots of charge distributions at t = 0.1 and
40 ps for L = 120 nm and µn = 5x10-3 cm2V-1s-1 are shown in Fig. 7.1.

Figure 7.5 Simulated electric fields for four C70 film thicknesses: L = 40 (red), 80 (blue), 120
(green), and 160 nm (orange). In panel (A), we run simulations using a constant electron
mobility, µn = 5x10-3 cm2V-1s-1 for all thicknesses. In panel (B), we vary the electron mobility: µn
= 4x10-3, 5x10-3, 6x10-3, and 7x10-3 cm2V-1s-1 for L = 40, 80, 120, and 160 nm, respectively. The
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dashed curves in panel (A) show exponential fits with time constants of t = 13, 14, 15, & 16 ps
for C70 film thickness of 40, 80, 120, & 160 nm, respectively.

Fig 7.5 shows simulated time-dependent electric fields (normalized to the values at
the end of each simulation run, t = 40 ps) for four C70 film thicknesses. Based on e.q.
(7.1), the bulk EFISH signal will follow the trace of the electric field with the same time
constant. The EFISH is not simulated due to the missing of reliable χ (2) and χ (3) values
of the C70 films. In panel (A), we used the same electron mobility of µn = 5x10-3 cm2V-1s1

in the simulation. We find that the simulation results agree semi-quantitatively with the

experimental dynamics obtained from the time-dependent SHG profiles. The rise of the
electric field can be well described by single exponential functions, with time constants τ
= 13-16 ps for film thickness of 40-160 nm (dashed curve in Fig 7.5A). Thus, the
simulation provides strong support for the interpretation that the observed dynamics of
pump-induced SHG from C70 thin films come from bulk EFISH, a result of charge
separation due to the presence of an excitation density gradient (across the film) and
differential electron/hole mobility.

Figure 7.6 AFM phase (Ø) images of C70 thin films of thickness (A) 60 nm and (B) 160 nm. The
scale bar is 200 nm in each image.
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The rise time of the electric field depends on electron mobility. The variation in time
constants (with a factor of 2) of the bulk EFISH contribution from sample to sample
(Table 7.1) may be attributed to changes in charge carrier mobility in fullerene thin films
depending on morphology and crystallinity.215,216 Thicker films may give better
crystallinity and, thus, higher charge carrier mobility. The higher mobility can lead to
faster rise in the electric field, as demonstrated by simulations in Fig 7.5B where the
electron mobility is increased from µn = 4×10-3 cm2V-1s-1 for 40 nm thickness to 7×10-3
cm2V-1s-1 at 160 nm. In our organic thin film deposition system, the sample was not
intentionally cooled. Due to the longer deposition time required for thicker films, the
sample temperature rises slowly with time, resulting in different morphologies for
different film thickness. This is verified by atomic force microscopy (AFM) imaging, as
illustrated by the phase-images (Ø) of two C70 films with thickness of 60 nm (Fig. 7.6 A)
and 160 nm (Fig. 7.6 B), respectively. The average grain size increases from ~ 40 nm to
~80 nm when the film thickness is increased from 60 nm to 160 nm, suggesting improved
crystallinity and, thus, higher charge carrier mobility in thicker film.

7.4 Conclusions
We apply femtosecond TR-SHG to probe photo-induced charge separation dynamics
in organic thin films and at their interfaces. Using the model systems of C70 thin films
and CuPc/C70 interfaces, we track the transient electric fields resulting from charge
separation dynamics that give rise to EFISH contributions to SHG signal. In neat C70 thin
films, we find that photo-excitation leads to a dynamic process on ~10 ps time scale and
we attribute this to charge separation resulting from the excitation density gradient (from
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the top to the bottom of the thin film) and the differential electron/hole mobility. This
interpretation is supported by numerical simulation of the drift-diffusion process of
photocarriers, namely electrons. When an ultrathin film of the electron donor CuPc is
deposited on top of the C70 thin film, we observe an additional EFISH contribution due to
interfacial charge separation channel occurring on the ultrafast time scale of ~0.1 ps. The
transient EFISH signal can interfere with static SHG signal, leading to time-dependent
increase or decrease in SHG signal, depending on the relative phase shifts of the optical
fields. To further improve the TR-SHG technique in probing charge separation dynamics
in thin films and at interfaces, we need to implement phase-resolved detection of transient
SHG signal. Such phase information may allow us to more unambiguously follow the
particular transient SHG contribution and, thus, isolate the dynamic process of interest.
This development is underway in our laboratory.
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