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4
Detrimental and Beneficial Roles of Grain
Boundaries in Halide Perovskites

This Chapter attempts to correlate the true grain size with photoluminescence lifetime, carrier diffusion length, and mobility in halide perovskites.
We find that the grain boundaries are not benign as is often claimed,
but have a recombination velocity of 1670 cm/s, comparable to that of
crystalline silicon. However, as with silicon, amorphous perovskite can
passivate crystalline boundaries, leading to brighter photoluminescence
and longer carrier lifetime without reducing diffusion length. This variable
grain boundary character explains the mysteriously long lifetime and
record efficiency achieved in small grain halide perovskite thin films,
while pointing the way forward to even better performance.

4.1

Introduction

The influence of grain boundaries on material properties in halide perovskites has
been debated and remains an outstanding question in the field. Several studies [1–
3, 5, 6, 36] on CH3 NH3 PbI3 perovskite films with grain domains less than 5 µm
show that carrier lifetime, mobility, and diffusion length increase with domain size,
as does the power conversion efficiency of solar cells. These correlations suggest
that grain boundaries contribute to non-radiative recombination and reduce device
performance. Improvements in performance have also been reported for films with
(claimed) grain size even up to the millimeter-scale [7]. In contrast, Kelvin probe
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force microscopy studies of CH3 NH3 PbI3 films have claimed that grain boundaries
are beneficial for charge separation and collection [8], and theory has suggested that
PbI2 at grain boundaries can be beneficial [9], supporting an earlier hypothesis [10, 11].
Furthermore, experiments examining the effects of grains on photovoltaic performance
have indicated that heterogeneity of local voltage [12] and crystal facets [13] near grain
boundaries are important factors. Finally, while many factors have been shown to
contribute to the exceptionally long photoluminescence lifetime in halide perovskites,
none of them explain why high performance films with the largest grain size to date
(approaching 1 mm) have a lifetime nearly 2 orders of magnitude shorter than those
with a 2 micron grain size [7, 14].
We address the issue by correlating the accurate values of grain sizes of
CH3 NH3 PbBr3 (Chapter 3) with photoluminescence intensity and lifetime, minority
carrier diffusion length, and mobility. Larger grain size (even up to 60 microns)
is generally beneficial for all properties. Although most samples show crystalline
grain boundaries, samples with amorphous regions at the grain boundaries show
properties better than expected according to the grain size. The longer PL lifetime and
higher PL intensity at these amorphous regions suggests that amorphous interfaces
can improve optoelectronic properties, perhaps either by improving grain boundary
passivation, locally doping the material or gettering native defects. Putting the grain
size dependence of optoelectronic properties into a recombination model shows that
grain boundary recombination plays an important role in the maximum achievable
solar cell and LED efficiency up to grain sizes approaching a millimeter.

4.2

Grain boundary effects on photoluminescence

To understand how the grain boundaries in CH3 NH3 PbBr3 perovskite films affect
photo-generated charge carriers, we recorded photoluminescence (PL) decay profiles
on samples each having a different grain size. The PL peak was at 534 nm, which
is typical for CH3 NH3 PbBr3 perovskite, and the integrated intensity between 475600 nm was used for the lifetime curves. Figure 4.1 shows that when the PL signal,
measured locally, is averaged over the entire map, samples with larger grains yield
higher PL intensity and longer lifetimes. In the sample with the largest grains, the grain
boundaries appear dark (particularly in the lifetime map), which is consistent with their
role as a source of non-radiative recombination and would explain the general trend of
longer lifetimes in films with larger grains (further discussion regarding the evolution of
recombination coefficients, and effects of diffusion are in the Supporting information).
Unexpectedly, however, the sample with medium-sized grains (Figure 4.1b) shows PL
intensity 30 times brighter and lifetimes 3 times longer at the boundaries as compared
to the center of the grain. EBSD maps together with nano-XRD analysis indicate that
these grain boundaries consist of an amorphous phase (earlier found in Chapter 3).
Interestingly, the qualitatively different nature of such an amorphous phase at grain
boundaries could explain the mysteriously long lifetimes, large local variations and
excellent efficiency seen in some small grain halide perovskite thin films devices [14].
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Figure 4.1: Photoluminescence (PL) intensity and lifetime of CH3 NH3 PbBr3
perovskite films with different grain sizes. PL intensity maps with 4 ± 1.7µm (a),
32 ± 7 µm (b), and 54 ± 17 µm (c) grain sizes showing local heterogeneity is more
pronounced near the grain boundary for the <32 µm>-grain sample. (d) PL spectra
showing a similar emission wavelength regardless of the grain sizes; the difference of
PL intensity at around the grain boundary for the <32 µm> grain are highlighted (spot
Gb1 and spot Gb2). PL effective lifetime maps (integrating time-trace decay that is a
convolution of trap-assisted, radiative, and Auger recombination processes) with 4 ±
1.7 µm (e), 32 ± 7 µm (f), and 54 ± 17 µm (g) grain sizes. (h) Time-resolved PL decay
traces showing a faster PL decay for samples with smaller grain sizes. For the sample
with medium-sized grains , the PL lifetime near the grain boundary always exhibits a
slower decay (spot GB) compared to its grain interior. The recombination coefficients
are extracted by fitting the PL decay traces (black lines). All scale bars (a-c, and e-g)
are 50 µm.

Our PL measurements show that the amorphous phase has higher PL intensity and
lifetime than the bulk perovskite; however, the longer lifetime does not necessarily
indicate improved photovoltaic performance, which depends on the charge carrier
diffusion length that is a function of both carrier lifetime and mobility [16].

4.3

Grain boundary effects on diffusion length

To understand the role of grain boundaries in halide perovskites on electronic transport, we used the steady-state photocarrier grating (SSPG) technique to measure the
ambipolar charge-carrier diffusion length within the films [3, 17]. This technique
relies on measuring lateral carrier transport in the film in the presence of sinusoidal
laser interference (an optical grating) created by two monochromatic lasers (450 nm
excitation wavelength) where one laser is weaker than the other. Any carrier diffusion
length longer than the interference periodicity will smear out the grating amplitude,
and therefore the sample conductivity can be measured. By monitoring how the sample
conductivity changes as a function of the period of the grating, the minority carrier
diffusion length can be extracted (details in Supporting information) [18, 19]. Using a
similar laser excitation wavelength for the SSPG and PL measurements (480 nm), we
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expect the distribution of the photo-generated carriers to be similar. We carried out the
measurement on the same samples used earlier for the PL studies and observed that the
carrier diffusion length increases with grain size (Figure 4.6). The diffusion lengths
extracted range from 168 nm to 548 nm with increasing grain size from <4 µm> to <54
µm>. It clearly shows that the increased grain size still improves the carrier transport,
even if the grain size is two orders of magnitude larger than the diffusion length.

4.4

Statistical correlation of grain sizes and
optoelectronic properties

Generally we observed that CH3 NH3 PbBr3 perovskite films with larger grains yield
longer PL lifetimes; however, PL lifetimes for the <32 µm> grained film were longer
than expected (Figure 4.1). For each sample, we collected approximately 20 maps of
PL lifetime, each from a different spot, and tabulated the trap-assisted (monomolecular)
lifetime as a function of grain size in Figure 4.2a. Each data point represents an ∼80 x
80 µm2 PL lifetime map. We find that the mean PL lifetime (see the distribution on the
right y-axis, Figure 4.2a) of the <32 µm> grain sample is longer than that of the <54
µm> grain sample, which suggests that the grain boundaries in the <32 µm> sample
have a different electronic character than those in the other samples. This special
electronic character is consistent with the amorphous nature of the grain boundary.
Figure 4.2b shows that the diffusion length increases with grain size. The absence
of the anomaly at <32 µm> grain sample suggests that the increase in PL lifetime is
coupled to a decrease in carrier mobility.
To quantify this relationship, we used Fourier decomposition to solve the steadystate diffusion equation and fit this analytical solution to the data (details in the
supporting information). We modelled and fit the data numerically; however to obtain
an intuitive picture, we can approximate the dependence of carrier diffusion length on
grain size by examining the first term in a truncated Fourier expansion [20–28]:
2SGB
1
Ld =
+
DG
(L A)2
&

'−1/2

(4.1)

where Ld is the minority carrier diffusion length (value that is obtained from the SSPG
measurement), SGB is grain boundary recombination velocity, D is the asymptotic
value of the diffusion coefficient of the polycrystalline thin film, G is the grain size, L
is the asymptotic value of the diffusion length of the polycrystalline thin film, and A is
defined as:
1 2
1 + S FDB L tanh W
L
A= S L
1W 2
FB
D + tanh L

(4.2)

where SF B is front or back surface recombination velocity (assumed to be the same),
and W is film thickness. G, L, D, Ld and W are known from the experiments, whereas
SGB and SF B were used as free fitting parameters. The values of L and D depend on the
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Figure 4.2: Statistical correlation of grain sizes and optoelectronic properties of
CH3 NH3 PbBr3 perovskite. (a) The effective carrier lifetimes (τe f f ) versus grain
sizes. The τe f f is extracted from the PL decay traces where each point represents
an area mapping of 80 µm × 80 µm size within the same substrate; right y-axis:
the Gaussian kernel function [52] (with a bandwidth of h = 0.337) to illustrate the
distributions of the extracted τe f f ; top x-axis. (b) minority carrier diffusion length
(LD ) versus grain size; the LD values are extracted from steady-state photo-carrier
grating measurements (SSPG) across scanning areas of ∼0.5 cm × 0.5 cm; the y-error
bars represent linear propagation of error from the measurement, while x-error bars
represent a 95% confidence interval. (c) carrier mobility (µe f f ) versus grain size; the
data is calculated from each data point of τe f f (Figure a) and the LD values (Figure b).
All measurements were conducted on identical samples with nearly the same spot area.

77

4 Detrimental and Beneficial Roles of Grain Boundaries in Halide Perovskites

quality of the bulk perovskite material and are the asymptotic values of the experimental
data for Ld and D calculated using the Einstein relation and the asymptotic effective
mobility (µe f f ) at which the effect of grain boundaries is no longer relevant (Figure
4.2b-c). After global optimization, we find the solutions for SGB , SF B , L, and D in
our sample are 1670 ± 50 cm/s, 27 ± 1.5 cm/s, 0.61 µm, and 0.18 cm2 /s, respectively.
Note that with a surface recombination velocity (SF B ) 30 times lower than the grain
boundary recombination velocity (SGB ), grain boundaries still play a significant role in
transport up to a grain size of ∼20 µm ( 35% contribution to Ld ). For larger grains, the
surface recombination then becomes more influential. Grain boundary recombination
accounts for 80% of the reduced Ld when the ratio W/L is 1 (perovskite thickness
of 610 nm); much smaller values for W/L (much thinner cells) are needed before
surface recombination dominates. The grain boundary recombination velocity in our
polycrystalline CH3 NH3 PbBr3 film is comparable to the surface recombination velocity
of single crystalline CH3 NH3 PbBr3 reported by Yang et al [42]. The recombination
velocity at the grain boundary for halide perovskites has never been reported before,
but the values obtained here fall around an order of magnitude higher than that of
unpassivated CdTe [30] and similar to mc-Si [31, 32] or CIGS [33, 34].
We can calculate an effective mobility indirectly from the diffusion length measurement (Figure 4.2b) and the PL lifetime data (Figure 4.2a). We find that, except for the
<32 µm> grain sample, the effective mobility increases with grain size (Figure 4.2c);
a similar trend was previously reported for CH3 NH3 PbI3 films [1]. In the <32 µm>
grain-sample, the amorphous grain boundaries appear to limit mobility because this
sample diffusion length is unchanged, while its lifetimes are anomalously long. The
mobility in our CH3 NH3 PbBr3 samples ranges between ∼1.5 to 7.5 cm2 /V.s, similar to
the values estimated from PL quenching measurements [35]. The effective mobility
presented here is the intrinsic ambipolar transport mobility which will be dominated
by the excess carrier with smaller diffusion length, thus isolating any effect from
transporting layers.

4.5

Implications for perovskite thin-films, solar cells,
and future research

Although some studies have reported that grain boundaries reduce mobility [1], diffusion length [3], and solar cell performance [2] in halide perovskites, they were limited
to grain sizes comparable to the film thickness (less than 1 µm) and did not use a
crystallographic technique to measure grain size. Furthermore, grain boundary effects
in halide perovskite films have been considered negligible when the grain size is much
larger than the film thickness [7] and all grain boundaries have been treated as having the
same effect on performance. In this report, we have shown in a CH3 NH3 PbBr3 system
made from a lead-acetate precursor that grain boundaries still play a dominant role
in the optoelectronic properties up to the range of <20 µm> and that crystalline grain
boundaries behave qualitatively different than those containing amorphous perovskite.
The relatively high surface recombination velocity of CH3 NH3 PbI3 (450 cm/s) [36]
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Figure 4.3: Modelling the characteristics of solar cells and photoluminescence
quantum yield with different grain sizes of CH3 NH3 PbBr3 perovskite. (a) simulated
J-V curve showing that larger grain size increases V oc . This correlation becomes
randomized when the heterogeneity of grain size (the experimental standard deviation)
is introduced into the model (the inset). Colors have the same labels in both panels.
(b) Simulated PLQY as a function of the carrier density for different grain sizes using
experimentally determined parameters; the PLQY at higher fluence is mainly limited
by Auger recombination with two limiting values chosen from the literatures [41, 42].
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compared to our films (27 cm/s) suggests that grain boundaries will provide a major
source of losses in record devices after future improvements in CH3 NH3 PbI3 surface
passivation.
To examine such effects, we model a solar cell and compute the maximum attainable
photoluminescence quantum yield (PLQY) based on our film characteristics (SGB =
1670 cm/s, SF B = 27 cm/s, L = 0.61 µm, and D = 0.18 cm2 /s, details in Supporting
information). The solar cell consists of a planar polycrystalline CH3 NH3 PbBr3 absorber
layer sandwiched between two transporting layers (TiO2 , and NiOx ) and metal contacts
(FTO, and Au). Figure 4.3a shows simulated J-V curves of solar cells with different
grain sizes (homogeneous grain size for each). The grain size primarily regulates the
open circuit voltage (V oc ), with minimal impact on the short-circuit current density
(J sc ). If we assume a grain size distribution (as observed experimentally), then there
is significant heterogeneity of the simulated local voltage of each individual grain.
Since the full device can be modelled as a collection of individual grains connected
electrically in parallel, the V oc is limited by the smallest grains in this distribution [37].
For example when the width of the distribution is ∼30% of the average grain size, the
V oc drops from ∼1.5 V to ∼1.33 V, precluding simple experimental device studies of the
effect of grain size, since samples with larger grain sizes also have wider distributions
(inset in Figure 4.3a). Both the average and the distribution must be taken into account.
This heterogeneity effect, however, is almost negligible if the device is stacked laterally
resembling an interdigitated back contact solar cell [38]. In this regard, moving toward
monocrystalline thin films for solar cells is still necessary for better device performance:
completely removing grain boundaries from a 4 micron grain size halide perovskite
film would increase V oc by 110 mV (8 %) in a solar cell with ideal contacts (67 mV
increase in V oc with simulated contact losses, Figure 4.3a). Clearly, minimizing grain
boundaries is still required to improve the device performance.
Next, we simulated the photoluminescence quantum yield (PLQY) of our films by
assuming that all losses at the grain boundary, on the front/back surface, and in the bulk
contribute to monomolecular trap-assisted recombination. The analytical expression of
equation 4.1 and 4.2 can be used to convert the minority carrier diffusion length into
an effective lifetime that is inversely proportional to monomolecular recombination
coefficient as a function of grain size (details in the Supporting information). The
carrier density required to reach a PLQY of 1% is reduced by one order of magnitude
when we increase the grain size from 4 µm to 54 µm, and by two orders of magnitude
when all grain boundaries are removed (monocrystalline film, Figure 4.3b). Having
relatively large grain sizes up to 54 µm is still not enough to reach the monocrystalline
total integrated PLQY. We estimate that a half-millimeter grain size is required to get
96 % of the monocrystalline performance, which is particularly important for 1 sun
applications.
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4.6

Conclusions

In conclusion, here we show the importance of using true grain size information
when studying the effect of grain boundaries in halide perovskite thin films. We
find grain boundaries in CH3 NH3 PbBr3 are not benign, but have a recombination
velocity of 1670 cm/s ± 50 cm/s, comparable to that of crystalline silicon, where it
plays a key role in lowering performance. Our modeling suggests that increasing the
average grain size (and uniformity) to close to a millimeter or drastically lowering grain
boundary recombination velocity is necessary to approach the limiting efficiency
potential. Interestingly, under certain conditions amorphous regions can exhibit
enhanced photoluminescence intensity and lifetime without degrading carrier diffusion
length. These results can explain the conflicting literature reports of grain boundary
effects in halide perovskites: crystalline grain boundaries are very detrimental to
performance while amorphous regions can provide excellent passivation and longer
lifetimes. Just as in advanced silicon technology, moving towards monocrystalline
layers and engineering amorphous/crystalline interfaces are necessary to approach the
limiting theoretical efficiency for solar cells and LEDs.

4.7
4.7.1

Supporting information
Photoluminescence characterization

PL intensity measurement
PL intensity was measured using a confocal imaging microscope (WITec alpha300
SR). A 405 nm laser diode (Thorlabs S1FC405) was used as an excitation source
where the PL intensity of the CH3 NH3 PbBr3 perovskite film was collected in reflection
mode through a NA 0.9 objective using a spectrometer (UHTC 300 VIS, WITec). The
intensity was counted within the 475 to 600 nm emission wavelength range.
Time-resolved PL lifetime measurement
PL decays were measured using a time-correlated single-photon counting (TCSPC)
method. The setup was equipped with a picosecond pulse driver (PicoQuant PDL 828),
an excitation source at 485 nm, <110 ps pulse width, and 5 to 40 MHz repetition rate
(PicoQuant LDH-D-C-485), a picosecond time analyzer (PicoQuant HydraHarp 400),
and a single photon counting detector (MicroPhoton Devices, MPD-5CTD). A series
of neutral density filters was used to attenuate the intensity of the laser source where
the measurement was acquired at 0.5 × 1018 cm−3 to 2.9 × 1018 cm−3 initial carrier
density (these values assume that all of the photo-generated carriers are distributed
uniformly throughout the thickness of the film). The excitation was focused down to a
diffraction-limited spot through a water droplet and coverslip onto the perovskite film
using an objective (Nikon, CFI Plan Apochromat VC 60XC WI, NA 1.2). A dichroic
mirror (ET500LP, Chroma Tech), and long-pass filter (ET500LP, Chroma Tech) were
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used to transmit the emission from the CH3 NH3 PbBr3 perovskite film to the detector,
while excluding any contribution from the excitation source. A tube lens (Thorlabs,
AC254-030-A-ML, focal length 30 mm and diameter 22 mm) was placed one focal
length before the detector to collect the emission. The final magnification of the optical
system is therefore 60x × 30 mm/200 mm (reference focal length of Nikon infinity
corrected objective), which gives 9x magnification at the 50 × 50 µm2 detector. Given
this magnification, any light within approximately 2.5 µm of the excitation spot would
be detected, making this not a true confocal system, which has implications for the
effect of diffusion on the measured decays (see below). We kept the count rate of the
measurement below 1% of the repetition rate of the laser in order to prevent artifacts
from photon pile up. The samples were soaked under the same laser (CW mode) for
about 1-2 minutes before the measurement to minimize light-induced dynamics (if any)
within the perovskite structures. In fact, over several measurements (time span of ∼3
to 6 months), we observed no PL lifetime degradation within the samples presented in
this report. All measurements were performed at ambient conditions.
Data fitting
We modelled the photoluminescence decay (PL(t)) of the CH3 NH3 PbBr3 perovskite
film as:
P L (t ) = φbn (t )2

(4.3)

where φ is the collection efficiency (extraction efficiency), b is the bimolecular
recombination coefficient, and n(t) is the time-dependent carrier density. We then
defined the time-dependent carrier density as the integral of excess carrier density over
time:
P L (t ) = φb

&3 t
0

1 2 '2
d n t́

(4.4)

d t́

by assuming that Auger recombination is not significant within the range of excitation
used here, we simplified the total carrier recombination as the parallel contributions of
monomolecular trap- assisted and bimolecular radiative recombination:
d n (t ))
= −an (t ) − bn (t )2
dt
P L (t ) = φb

!3t #

P L (t ) = φb

0

!

(4.5)

1 2
1 22 $
an t́ + bn t́ d t́

n0 a
e at (a + n 0 b) − n 0 b

"2

"2

(4.6)
(4.7)

Where a is the monomolecular (trap-assisted) recombination coefficient, b is the
bimolecular radiative recombination coefficient, n0 is the initial carrier density (at t =
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0). For the data fitting routine, we normalized the experimental decay trace by setting
the PL(t=0) = 1 (not the n0 ), and therefore:
!

n0 a
1 = P L (t = 0) = φb
(a + n 0 b) − n 0 b

"2

(4.8)

We first removed the background by calculating the average of the data points before
the excitation pulse, and then subtracting this value from the data trace. Therefore we
obtained the maximum point of the excess carrier density over time which corresponds
to the initial excess carrier density used in the experiment. This maximum point was
counted after ∼0.1 ns (instrumental response function). Before the fitting to determine
a and b, we normalized the PL(t) to 1 and suppressed any noise from the data using
Lancos differentiators method [39] with a derivative well fitted through the third-order
polynomial. Figure 4.4 tabulates all recombination coefficients obtained from the data
fitting.
Data analysis
Data analysis. The PL peak shifts to slightly longer wavelengths as the grain size
increases (up to ∼3.1 nm; ∼0.013 eV), which might indicate enhanced charge-carrier
diffusion that facilites photon reabsorption within the film. The PL decay of polycrystalline films is a convolution of their intrinsic bulk, surface, and grain boundary
properties as well as extrinsic variation in film thickness [40] and surface roughness [41].
Our goal was to control for as many of these variables as possible to extract the influence
of grain boundaries. To this end, our films were prepared from the same stock solution,
and the protocol varied only the spin duration to control the grain size. We found
decreased recombination coefficients (both monomolecular and bimolecular) with
decreased grain sizes where the monomolecular recombination coefficient decreases
by a factor of 3 when the grain size increases from <4 µm> to <54 µm>, and this is
consistent with their corresponding increased effective lifetime. All films were less than
∼230 nm thick, except the film with largest grains was thicker (∼580 nm). According

Figure 4.4: Evolution of recombination coefficients as a function of grain size
in CH3 NH3 PbBr3 perovskite. (a) monomolecular (trap-assisted) recombination
coefficient, and (b) bimolecular recombination coefficient.
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to AFM measurements, the root-mean-square surface roughness of the films with the
smallest, and largest grain sizes are 22 nm and 55 nm, respectively. Within these
ranges, it seems that the variation of thickness and surface roughness may affect the
measured bimolecular recombination coefficient [40]. The bimolecular recombination
coefficient value of our samples is within 1.31 to 4.57 × 10−10 cm3 s−1 , which is similar
to the value reported by Yang et al. [42] (7 × 10−11 cm3 s−1 ). The monomolecular
recombination coefficient of our samples ranges from 0.43 to 1.31 × 108 s−1 , which
is considerably higher than the literature values from Yang et al. [42] (3.68 × 104 s−1 )
and Richter et al. [41] (3 × 106 s−1 ).
Accounting for effects of diffusion
To evaluate the possibility of excited charges diffusing away from the collection spot,
we modelled the evolution of the photoluminescence dynamics in equation (4.4) as a
function of transient time (t) and 2-dimensional space domain (x-, y-):
1
2
d n x, y, t
dt

"
1
2
1
2
1
22
d2
d2
n x, y, t − an x, y, t − bn x, y, t
=D
+
2
2
dx
dy
!

(4.9)

this is a partial differential equation that involves the time derivative with respect to
the propagation difection of x-, and y-. For fixed t, the diffusion equation becomes a
second-order differential equation in x-, and y-. Solving this into an ordinary differential
equation is possible, however to fit the experimental data with the model requires
very accurate free-fitting parameter, and therefore finding a unique solution with
reliable confidence interval is relatively tedious. We set the initial condition of N0
(t = 0) for the solution at each x-, and y-, assuming Gaussian excitation beam, and
the boundary condition is N = 0 at x = ∞, and y = ∞. We solve and simulate the
equation (4.9) using finite-element analysis [50] using Python code. The inital carrier
density (N0 ), diffusion coefficient (D), monomolecular recombination coefficient (a),
and bimolecular recombination coefficient (b) are set based on our experimental

Figure 4.5: Negligible effect of carrier diffusion on PL lifetime. Simulated time
dependent PL intensity on symmetric 2-dimensional space showing the diffusion
outside the collection spot (white dashed-circle) occurs at ultrafast timescale (0.2
ns), then the spatial PL intensity becomes more diluted and homogeneous at slower
timescale.
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conditions of 2.9 × 1018 cm−3 , 0.18 cm2 /s, 0.46 × 108 s−1 , 1.34 × 10−10 cm3 s−1 ,
respectively. Figure 4.5 shows the simulated evolution of the spatiotemporal PL,
where carrier diffusion outside the collection spot (the white dashed-circle) is visible at
around sub-nanoseconds timescales. The PL becomes more homogeneous (diluted)
at timescales longer than 0.2 ns with reduced PL intensity. This ultrafast transient
regime cannot be detected within our measurement accuracy. The pin-hole size of our
photodiode detector is 50 µm with a total system magnification of 9x, so the spatial
PL counts that can be collected during the measurement come from an area of 30.8
µm2 (= 50 × 50 µm/9) around the excitation beam [51]. Given the minority carrier
diffusion lengths in our samples are less than 0.5 µm, all carriers will recombine before
leaving our collection range, such that our setup can be seen as using local excitation
with wide-field collection. This suggests that our measurement collects all of the PL
emission, even though our actual excitation area could increase slightly from carrier
diffusion. In such a case, the spatial variation in PL intensity we measure cannot
be explained variations in carrier mobility, as has been suggested for truly confocal
system [54].

4.7.2

Steady-state photocarrier grating (SSPG)

Measurement setup
The SSPG is a home-built system developed at AMOLF reviving a method originally
developed back in 1980s by Ritter, Zeldov, and Weiser [18]. It is equipped with a CW
diode pump solid-state laser (CPS450, Thorlabs) used as an excitation laser source at
450 nm wavelength. The source was first polarized using a linear polarizer (LPVISE
100-A, Thorlabs) before split into two-coherent beams using a beam splitter (CM1BS013, Thorlabs) creating two optical path lengths. The first path passed through a
broadband neutral density filter (NEK01, Thorlabs) and an optical chopper (MC1F10,
Thorlabs), and the second passed to a broadband half-wave plate (AHWP05M-600,
Thorlabs), both of which were directed toward the sample. The half-wave plate
regulates the polarization state of the second path relative to the first path. When
the two paths are in the same polarization state, they create an optical interference
pattern on the sample surface, whereas no interference is created when the two paths
are orthogonally polarized to each other. The period of this optical interference is
determined by the angle between the two path beams. We used a controlled rotational
stage (CR1-Z7, Thorlabs) and a linear stage (ZLW-1080-02-S-10-L-1500-MK, Igus
Drylin, Elcee) to change the angle and maintain the two beams to be continuously
overlapping. We monitored the measured ratio of a change in conductivity of the sample
as a function of optical grating periods using a lock-in technique (SR830 Stanford dual
phase lock-in amplifier). We used a final formulation, as suggested by Balberg [19], to
correlate the change of conductivity as a function of grating periods [3, 17]:
&

1
1−β

'1/2

=

(2πL D )2
(2Z )1/2

&

'
1
1
+
2
Λ
(2Z )2

(4.10)
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where β is the measured ratio of photoconductivity ratio of the sample with and without
grating, Λ is the grating period, Z is the grating quality factor, and LD is the minority
carrier diffusion length.
Accounting for depolarization correction
Since sufficient quality of the optical grating depends on the polarization state between
the two overlapping beams, we corrected possible influences that could arise from
instrumental propagation errors, Fresnel reflection on the sample, and the roughness
of the sample surface. First, the instrumental propagation error was estimated by
calculating the total error contributions from the PID controller of the linear stage,
and rotational stage. We find that the resulting diffusion length (LD ) could drift by
fourth-power of the error in the rotational stage angle (θ R ):
# $
2 θ
16
cos
1
64 sin θ
2
# $  (∆θR )4
∆L D = L D 
+
8
θ
2
cos θ
sin8 2


2

(4.11)

where θ is the angle between two beams, ∆LD is the drifted diffusion length by the error
range of the rotational stage (∆θ R ). The instrumental errors could be problematic for
angles smaller than 1◦ , corresponding to a grating size of more than ∼25 µm (materials
with diffusion length of ∼2.5 µm). Next, the Fresnel correction was considered because

Figure 4.6: Minority carrier diffusion lengths of CH3 NH3 PbBr3 perovskite films with
different grain sizes: <54 µm> (purple), <32 µm> (green), <10 µm> (orange), and <4
µm> (pink). Experimental data of a transformation of the photoconductivity ratio (β)
as a function of the optical grating size (Λ); known as (inverse) Balberg plot. The LD
values are extracted from the linear fitting of each corresponding dataset
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the grating intensity could be reduced as a consequence of the transmittance/reflectance
losses of the two beams on the sample [43]. We incorporated this correction into the
steady-state transport equation, and final ratio of change in conductivity under grating
should be corrected as:
.α−1
βcor r = β cos2 (θi − θr )

(4.12)

- 1
1
22
.
d σ = f I 0 1 − sin 2ϕδ cos ∆ − I B

(4.13)

where the βcor r is the corrected conductivity ratio of the sample, and β is the measured
conductivity ratio, θ i is the incident angle, and θ r is the reflection angle of the beam
relative to the normal of the sample surface, and α is the absorption coefficient of the
CH3 NH3 PbBr3 perovskite sample. A significant reduction of the conductivity ratio
(∼8.9 % reduction of grating amplitude) occurs when the angle is more than ∼30◦
between the two beams which corresponds to ∼1 micron optical grating period. If
not fully corrected, this could be problematic for a sample with less than ∼100 nm
carrier diffusion length. Finally, to account for the surface roughness effect, we used
Müller-Stokes matrix for depolarized light, and the polarization state of the optical
grating is the Stokes shift of this matrix [44]. The effect was accounted for an effective
medium approximation into the equation (4.12). For a given surface roughness, the
maximum deviation of the change in conductivity (dσ) will be proportional to the
fraction of polarized light (f):

where ϕ, and ∆ are the difference in amplitude, and phase component, respectively
of the reflectance at normal incident beam (I 0 ), and at Brewster angle incident beam
(I B ). The Brewster angle in our measurement is ∼67◦ . The δ is the film thickness. The
largest possible deviation of the change in sample conductivity is ∼3% for 250 ± 36
nm CH3 NH3 PbBr3 perovskite film (not sensitive to surface roughness).
a

b

Figure 4.7: (a) I-V response, and (b) photo-conductivity measured on CH3 NH3 PbBr3
perovskite thin-films with different grain sizes.
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Conductivity measurement
This is done to determine the net-doping concentration (|Ne - Nh |) across the samples
with different grain sizes where Ne , and Nh is electron, and hole concentration,
respectively. We used a collinear four-probe measurement geometry in the dark to
measure the J-V curve response of each sample (Figure 4.7a) from which we can
extract the net-doping concentration as:
!
"
ln 2
I
| Ne − Nh |=
π qµW V

(4.14)

where q is the electrical charge (1.60218 × 10−19 C), µ is the mobility (data in Figure
4.2c), W is sample thickness, V is the applied voltage (V), and I is the measured current
(A). We found that the net doping concentration is (2.19 to 3.16) × 1012 cm−3 , (2.28
to 2.92) × 1012 cm−3 , (2.04 to 2.92) × 1012 cm−3 , and (1.95 to 2.88) × 1012 cm−3 for
<4 µm>, <10 µm>, <32 µm>, <54 µm> grain size samples, respectively. The precise
knowledge of the effective mobilities is required, otherwise the estimation of doping
density becomes useless. All films have similar background carrier concentration.

Mobility-lifetime products
The SSPG when coupled with a steady-state photoconductivity measurement can
reveal the mobility-lifetime products of the minority- and majority-carriers upon which
ambipolar transport of CH3 NH3 PbBr3 thin-film is based [17, 47, 48]. The products
can be evaluated by solving the following two coupled equations:
2
1
σphot o = qG µmi n τmi n + µma j τma j
L 2d = C

kT µm i nτmi n µma j τma j
q µmi n τmi n + µma j τma j

(4.15)
(4.16)

where σphot o is the sample photo-conductivity, q is the elementary charge, G is
the photogenerated charge density (after subtraction with dark conductivity), kT/q is
thermal voltage at 300 K, C is a proportionality constant (typically 1; see the slope
Table 4.1: Mobility-lifetime products of the minority- and majority-carrier on CH3 NH3 PbBr3
perovskite thin-films with different grain sizes.

<grain size> µm
< 4 ± 1.7 >
< 10 ± 4 >
< 32 ± 7 >
< 54 ± 17 >
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Ld (nm)
168 ± 3.7
339 ± 3.6
480 ± 26
548 ± 16

µmi n τmi n (cm2 V−1 )
(1.1 ± 0.5)×10−8
(2.7 ± 1.8)×10−8
(3.4 ± 0.4)×10−8
(3.8 ± 0.23)×10−8

µma j τma j (cm2 V−1 )
(1.3 ± 0.3)×10−5
(2.3 ± 0.3)×10−5
(3.5 ± 0.5)×10−5
(4.1 ± 0.2)×10−5
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Figure 4.7b), and Ld is the effective diffusion length measured from the SSPG. The
σphot o was obtained based on the generated carrier concentration from CW laser
excitation at 450 nm, which is equivalent to background carriers from the SSPG
measurement. The µmi n τmi n , and µma j τmi n are the mobility-lifetime product of
minority-, and majority- carriers, respectively. Table 4.1 lists the the mobility-lifetime
products for minority and majority carriers in our CH3 NH3 PbBr3 thin-films with
different grain sizes. Clearly the ratio between µmi n τmi n , and µma j τmi n is up to threeorders of magnitude, indicating a large asymmetry between electron and hole transport.
Therefore unlike CH3 NH3 PbI3 [49], the electrons and holes in CH3 NH3 PbBr3 thinfilms do not have similar diffusion lengths. Therefore the diffusion lengths given from
SSPG are for the minority carrier, but the measurements are not capable of determining
if that is the electron or hole.

4.7.3

Modelling grain size effect

Assumptions
(1) all grains are identical rectangular pillars without any voids (unity filing fraction),
so the boundary conditions are always periodic, (2) the grain is uniformly doped inside
the pillar volume, (3) the carrier diffusion is regulated by the excess of minority carriers,
(4) the grain boundary space charge region is negligible compared to the grain size (no
generation current at the grain boundary).
Fourier decomposition
We first describe the 3D steady-state transport equation within one single grain
including carrier generation (G̀ ), diffusion (D̀ ), and recombination (R̀ ) terms:
G̀ − D̀ − R̀ = 0
"
∆n
δ2 ∆n δ2 ∆n δ2 ∆n
α (λ) .I ph (λ) .exp [−α (λ) .z] − D
−
+
+
2
2
2
δx
δy
δz
τ
!

(4.17)
(4.18)

where ∆n is excess of minority carriers (m−3 ), D is the diffusion coefficient of the
minority carrier (m2 /s), x, y, z are the Cartesian coordinate system, α(λ) is the
wavelength dependence of the absorption coefficient of the CH3 NH3 PbBr3 perovskite,
I ph (λ) is the incoming photon density (AM 1.5 standard) as a function of wavelength
that hits the system at a normal angle (parallel to the z vector), and τ is the minority
carrier lifetime. We set the boundary conditions as follow:
!

δ∆n
δx

"

x=±G/2

δ∆n
2D
δy

"

y=±G/2

2D

!

1
2
= ±SGB .∆n ±G/2, y, z

(4.19)

= ±SGB .∆n (x, ±G/2, z)

(4.20)
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2D

!

δ∆n
δz

"

z=±W /2

1
2
= ±S F B .∆n x, y, ±W /2

(4.21)

where SGB is surface recombination at the grain boundary (m/s), SF B is surface
recombination velocity at the top or bottom surfaces that are assumed to be the same
(m/s), W is the thickness of the film (m), and G is the grain size (m). The origin of the
coordinate system is placed in the center of the square pillar grain (with the dimension
of G × G × W). Physically, the excess carrier density (∆n) always decreases whether it
propagates to the plus or minus relative coordinates. We used Fourier decomposition to
solve equation (4.18) [20, 21, 26]:
1
2
1
2. 5
A i A j cosh m i j z −C i j sinh m i j z
1
2
∆n x, y, z =n 0
4 sin (B i /2) sin B j /2
0
0
1
2.
× B i B j cos (B i x) cos B i y d i d j
1

2

3N 3N 4

(4.22)

where n0 is the initial carrier injection which diffuses orthogonally toward x, and y
boundaries; the n0 is not isotropic. The Ai , A j , Ci j , and mi j are coupled Fourier
components, all of which contain Bi and B j as their solution where i and j are indices
for x and y directions.
8 [sin (B i G/2)]2
B i G [B i G + sin (B i G)]
1
2
1
2
Dm i j sinh 2m i j W + S F B cosh 2m i j W
1
2
1
2
=
Dm i j cosh 2m i j .W + S F B sinh 2m i j W
6#
$
Ai =

Ci j

B i2 + B 2j + L −2

mi j =

−1

B i = tan

&

Bi G
2

'&

SGB
2D

'

(4.23)
(4.24)
(4.25)
(4.26)

Simultaneously, j mode components were obtained by replacing i with j. The L is the
bulk diffusion length of CH3 NH3 PbBr3 perovskite (the asymptotic values of measured
diffusion lengths). Finally, the effective diffusion length (Le f f ) was obtained from the
inverse proportional product of the whole Fourier components:
Le f f =

!3N 3N
0

0

1

2
A i A j C i j mi j d i d j

"−1

(4.27)

Up to the first term in a truncated Fourier expansion, we can approximate a dependence
of carrier diffusion length to grain size as [21, 24]:
1 + S FDB L . tanh 2W
L
Lv = L S L
1 2W 2
FB
D + tanh L
4
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(4.28)
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Lv
Lh = 7
2SGB L 2v
1 + DG

(4.29)

Here Lv and Lh can be associated with the diffusion lengths in the vertical and horizontal
directions, respectively, which are coupled. By knowing such correlation between the
effective diffusion length (Le f f ) and grain size (G), we can estimate the correlation
between grain size and carrier lifetime (τ), and mobility (µ). To find the dependence
of τ and µ on grain size, we used either of those two as a free fitting parameter whose
initial values were fitted to the experimental data points.
J-V Solar cell modelling
We modelled the solar cell J-V curve using 2 diode equations both of which differ
not only in their ideality factors but also in their dark-current recombination. Under
illumination, the J-V relation is expressed as [45]:
!

J L = J 01 exp

!

V
n 01 Vt

"

"

!

− 1 + J 02 exp

J 01 =

!

V
n 02 Vt

qD (n i )2 1
NA
Le f f

πDn i Vt
J 02 = 7

2ND Vbi
qǫs

1
L 2e f f

"

"

− 1 − J sc

(4.30)
(4.31)
(4.32)

where V t is the thermal voltage at 300 K (0.02586 V), D is the diffusion coefficient
of the minority carrier (m2 /s), ni is the intrinsic carrier concentration (m−3 ), N A is the
acceptor doping density in the bulk grain (m−3 ), ND is the acceptor doping density at the
grain boundary (m−3 ), V bi is the built-in potential near the space charge region of the
grain boundary (V), ǫs is the static dielectric constant of the CH3 NH3 PbBr3 perovskite,
q is the electronic charge (1.6022 × 10−19 C), and Le f f is the effective diffusion length
as described in equation (4.27). The first diode represents the recombination current
inside the grain (J 01 ), and the second is at the grain boundary (J 02 ). The J sc is the
short-circuit current density of the solar cell which was separately determined using a
finite element simulation (Lumerical, DEVICE) [38, 46] The hypothetical solar cell
structure is composed of FTO/TiO2 /CH3 NH3 PbBr3 /NiOx /Al layers.
PLQY modelling
We modelled the photoluminescence quantum yield (PLQY) based on its own definition
as the ratio of the number of photons emitted to the number of photons absorbed:
P LQY =

bn 2
an + bn 2 + cn 3

(4.33)
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where a, b, and c are the recombination coefficient for the monomolecular, radiative
bimolecular, and Auger processes (∼ 10−27 - 10−29 cm6 /s) [41, 42], respectively,
where n is the volume averaged electron-hole concentration in a 250 nm thickness
CH3 NH3 PbBr3 film. The total effective carrier lifetime is determined by a convolution
of bulk, top-bottom surface, and grain boundary interface recombination, and therefore
we formulate the monomolecular recombination coefficient (a) as a function of grain
size (G) effect as based on the first order limit of the Fourier coefficient:
1

2SGB
D
=a
+
τe f f
G
(L A)2
1 2
1 + S FDB L tanh W
L
A= S L
1W 2
FB
D + tanh L

(4.34)

=

(4.35)

by plugging equations (4.34) and (4.35) to equation (4.33), we find:
P LQY =
1+

#

2SGB
G

1
$1 2
1

+ (LDA)2

b

n −1 +

1c 2
b

(4.36)
n

The peak of the PLQY is determined by the second term of the denominator, while the
range of PLQY broadening is determined by the third term of the denominator.
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