Mixed Lead-Tin Halide Perovskites for

Optoelectronic Applications

UNIVERSITY OF
CAMBRIDGE

Krishanu Dey

Department of Physics
University of Cambridge

This thesis is submitted for the degree of

Doctor of Philosophy

Churchill College November 2022






Declaration

This thesis is the result of my own work and includes nothing which is the
outcome of work done in collaboration except as declared in the Preface
and specified in the text. | further state that no substantial part of my thesis
has already been submitted, or, is being concurrently submitted for any
such degree, diploma, or other qualification at the University of Cambridge
or any other University or similar institution except as declared in the
Preface and specified in the text. It does not exceed the prescribed word

limit for the relevant Degree Committee.

Krishanu Dey

November 2022






To Shaoni,
for being the only constant among all the variables

COINTI % JIUTCT SIS (RCG (HIST ~T






Mixed Lead-Tin Halide Perovskites for

Optoelectronic Applications

Krishanu Dey
Abstract

Mixed lead-tin (Pb-Sn) perovskites are unique materials in the family of halide
perovskites. Unlike Pb perovskites, these mixed-metal systems can demonstrate
bandgaps below 1.3 eV and are therefore essential constituents for low bandgap
bottom subcell in all-perovskite tandem solar cells as well as for near-infrared light
emitting diodes (LEDs), lasers and photodetectors. Although the air stability of these
Sn-containing perovskites are relatively poor due to the facile oxidation of Sn?* to Sn**,
these materials do possess certain bright aspects in their optoelectronic properties
which have received less attention in the community and this forms the foundation of

this thesis.

Chapter 1 provides a bigger picture of the need to explore sustainable
alternatives to energy generation and consumption and the role of emerging
semiconductor materials, especially metal halide perovskites, in that pursuit. Chapter
2 provides a general background to semiconductors and outlines the operating
principles of solar cells and FETSs. It also presents the current understanding of the
optoelectronic properties and degradation mechanisms of mixed Pb-Sn halide
perovskites. All the experimental techniques used in the thesis are introduced in
Chapter 3.

Chapter 4 summarises the optimization strategies of mixed Pb-Sn halide
perovskite systems for demonstrating reliable and hysteresis-free p-type perovskite
FETs with high hole mobility reaching 5.4 cm?/Vs and ON/OFF ratio approaching 1068,
which are among the best metrics in the field of perovskite FETs. We also rationalize

these findings of long-range lateral transport with the support of theoretical



calculations, film morphology studies and chemical analysis of defects in these

materials.

We then extend the above work to probe the lateral charge transport
mechanism in mixed Pb-Sn perovskite FETs in Chapter 5. Through temperature-
dependent field-effect mobility measurements, aided further with photoluminescence
microscopy under bias, we show that ionic screening effects are greatly suppressed
in mixed Pb-Sn devices when compared to their Pb-based analogues. We also
demonstrate that dipolar disorder (associated with methylammonium, MA* cation)
induced lowering of FET mobility near room temperature can also be seen for mixed
Pb-Sn perovskites and hence further efforts need to be invested in going MA-free in

future.

Next, we generalize the above findings of suppressed ion dynamics in mixed
Pb-Sn systems by fabricating optoelectronic device stacks with vertical charge
transport in Chapter 6, which are relevant for solar cells and LEDs. We reconcile these
findings through first principles calculations, which reveal the key role played by Sn
vacancies (with low formation energy) in increasing the migration barrier for iodides

due to severe local structural distortion in the lattice.

In Chapter 7, we show that the partial or complete incorporation of Sn in the
metal (B) site of mixed halide perovskites offer very promising intrinsic stability to
halide segregation under a host of processing and operational conditions. We further
study the optoelectronic properties of these mixed halide Pb-Sn perovskites to
understand the impact of light soaking on the charge carrier recombination and
transport in these materials. We also assess the device performance of these mixed

halide perovskite materials by fabricating single single junction solar cells.

Chapter 8 summarises the key findings of this thesis and proposes several

potential directions of research involving these mixed Pb-Sn perovskites.

All the work presented herein provides an important advance to the
fundamental understanding and applied device integration of mixed lead-tin perovskite
materials and can be leveraged for demonstrating a ‘perovskite optoelectronic

universe’ with high performance and stability.
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Cso0.15FA0.85PbosSnosls, 25% Sn: Cso.15FA0.85Pbo.7sSno.2slz, 0% Sn:
Cso.15sFA0.8sPbls. (b) XRD pattern of perovskite compositions with
different combinations of  A-site cations. 40% MA:
MAo0.4FA0.6PbosSnosls, 15% MA: MAo.15FA0.85Pbo.sSnosls, 25% Cs:
Cso0.25FA0.75PbosSnosls, 15% Sn: Cso.1sFAo0.85Pbo.sSnosls, 5% Cs:
Cs0.0sFA0.95Pbo.sSnosls, Pure FA: FAPbo.sShosls.

SEM images of perovskite thin films (on silicon substrates) with different
Pb/Sn mixing ratios. Scale bar indicates 200 nm.

SEM images of perovskite films with different A-site compositions.
Scale bar indicates 200 nm.

Transfer characteristics measured on typical BGBC FETs (L = 40 um,
W = 1mm) fabricated from (a) Cso.15sFAo.s5sPbls and (b) different Pb-Sn
perovskite compositions Cso.15FAo0.85sPb1-xSnxls, where x (Sn contents)
=0, 0.25, 0.5, 0.75. Output characteristics measured on typical BGBC
FETs (L = 40 um, W = 1mm) fabricated from (c) Cso.15FA0.85Pbls and
(d) Cso.15FA0.85Pbo.5Sno sl3 thin films.

Atomistic origin of high mobility p-type transport in mixed Pb-Sn
devices. Electronic charge density contours corresponding to the (a)
VBM and (b) CBM of CsFAPbo.sSnosls. Color bar indicates charge
density in the units of e/ A3. Plots of partial density of states for (c)
CsFAPDI3 and (d) CsFAPbo.5Snosls. (e) Variation of hole effective mass
with different Pb/Sn mixing ratios (y) in CsFAPb(1-xSnxls. (f) Average B-
I-B bond angles with the variation of Sn contents in the lattice. (g) Band
structure of CsFAPbIs and CsFAPbosSnosls, normalized at the VBM.
Zoomed versions of their valence band edges have also been shown to
indicate differences in band curvatures near the VBM.

(a) Output characteristics measured on typical BGBC FETs (L =40 pm,
W = 1mm) fabricated from FAPbosSnosls. (b) Transfer characteristics
measured on typical BGBC FETs (L =40 um, W = 1mm) fabricated from
CsxFA1xPbo.sSnosls, where x (Cs contents) = 0, 0.05, 0.15, 0.25 and
0.40. (c) Corresponding saturation field effect mobility values as a
function of x.
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(a) Output characteristics measured on typical BGBC FETs (L =40 pm,
W = 1mm) fabricated from MAo.4FA0.6PbosSnosls. (b) Transfer
characteristics measured on typical BGBC FETs (L =40 pm, W = 1mm)
fabricated from MAxFA1-xPbo.sSnosls, where x (MA contents) = 0, 0.15
and 0.40. (c) Corresponding saturation field effect mobility values as a
function of x.

Output characteristics measured on BGBC perovskite FETs (L =40 um,
W = 1mm) with (a) Cr S-D electrode, (b) PFBT treated Cr/Au S-D
electrodes. (c) Comparison of the transfer characteristics measured on
the same devices with different S-D electrodes. (d) Microscopic image
of the burning out observed in FETs with PEIE treated Cr/Au S-D
electrodes. Perovskite composition utilized for all the measurements is
Cso.15FA0.85Pbo.sSnosls.

Transmission line measurements of the normalized channel resistance
as a function of channel length of FETs for different perovskite
compositions. Contact resistance can be estimated by extrapolating the
line to zero channel length.

Normalized absorbance spectra of various perovskite compositions,
measured using sensitive PDS measurements.

Absorbance spectra of FAo0.85Cso.15Snl3 perovskite compositions with
different SnF2 contents, measured using sensitive PDS measurements.
Survey XPS spectra obtained from different perovskite compositions.
100% Sn (FA-Cs): CsoisFAossSnls, 75% Sn  (FA-Cs):
Cso.15FA0.85Pbo.25Sno.7sl3 , 50% Sn (FA-Cs) : Cso.15FA0.85Pbo.sSnosls,
25% Sn (FA-Cs): Cso.1s5FA0.85Pbo2sSnosls , Pure FA (50% Sn):
FAPDo.sSnosls , FA-MA (50% Sn) : MAo.4aFAo0.6Pbo.sShosls.

High resolution XPS spectra corresponding to (a) Pb 4f orbitals and (b)
| 3d orbitals obtained from different perovskite compositions.

Chemical analysis of defects in mixed Pb-Sn perovskite films. (a-d) High
resolution XPS spectra of Sn 3ds2 core levels performed on perovskite
compositions with different Pb/Sn mixing ratios. Orange line is the
background, red line is the best fitting to the raw data, blue and green
lines are the gaussian fits to the peaks corresponding to Sn?* and Sn**
respectively. The relative abundance (%) of Sn?* and Sn** in the thin
films are determined from the area under the curve obtained from the
fits to the peak. (e) Plot of the ratio of Sn**/Sn?* for different Pb-Sn
mixing ratios (blue), shown together with the Urbach energy obtained
from PDS measurements (red). (f) Variation of integrated PL counts for
perovskite films with different Pb/Sn compositions while maintaining the
film thickness.

(a) Voltage bias stress and (b) constant current stress measurements
performed on typical BGBC FETs with mixed Pb-Sn perovskites having
different A-site compositions. The shift in Vi is used as a parameter to
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5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

track the electrical degradation and recovery of the transistors during
the stress and recovery periods, respectively. Dotted lines in (a) and (b)
represent the boundary between the stress and recovery periods. (c)
Shelf-life stability of mixed Pb-Sn perovskite FETs in N2 atmosphere.
FA: FAPbo.7sSno2sls, CsFA:  CsoisFAossPbosShosls, FAMA:
MAo.4FA0.6Pbo.5Snosls.

Transfer characteristics measured on fresh BGBC FETs (L = 40 um, W
= 1mm) fabricated from CsFAPDIs at 300 K with different scan rates (a)
16 VIs; (b) 8 VIs; (c) 4 VIs; (d) 1 VI/s; (e) 0.5 V/s; (f) 0.1 V/s.

Transfer characteristics measured on fresh BGBC FETs (L =40 um, W
= 1mm) fabricated from CsFAPDbIz at 200 K with different scan rates (a)
16 V/s; (b) 8 VIs; (c) 4 VIs; (d) 1 VIs; (e) 0.5 V/s; (f) 0.1 VIs.

Transfer characteristics measured on fresh BGBC FETs (L =40 um, W
= 1mm) fabricated from CsFAPDbIs at 100 K with different scan rates (a)
16 VIs; (b) 8 VIs; (c) 4 VIs; (d) 1 VI/s; (e) 0.5 V/s; (f) 0.1 V/s.

Transfer characteristics measured on typical BGBC FETs (L = 40 um,
W = 1mm) fabricated from CsFAPbo.5Snosls at 300 K with different scan
rates (a) 16 V/s; (b) 8 VIs; (c) 4 VIs; (d) 1 VIs; (e) 0.5 V/s; (f) 0.1 VIs.
Transfer characteristics measured on typical BGBC FETs (L = 40 um,
W = 1mm) fabricated from CsFAPbo.5Snosls at 200 K with different scan
rates (a) 16 V/s; (b) 8 VIs; (c) 4 VIs; (d) 1 VIs; (e) 0.5 V/s; (f) 0.1 V/s.
These devices have gone through a cycle of transfer characteristics
measurement at 300 K and 250 K.

Transfer characteristics measured on typical BGBC FETs (L = 40 pm,
W = 1mm) fabricated from CsFAPbo.5Snosls at 100 K with different scan
rates (a) 16 V/s; (b) 8 V/s; (c) 4 VIs; (d) 1 V/s; (e) 0.5 V/s; (f) 0.1 V/s.
These devices have gone through a cycle of transfer characteristics
measurement at 300 K, 250 K and 200 K.

Transfer cycling measurement performed on BGBC FETs (L = 40 um,
W = 1mm) fabricated from (a) CsFAPDbIs (b) CsFAPbo.sSnosls at 300 K.
Temporal variation of ldss, measured on BCBG FETs (L =40 um, W =
1mm) fabricated from CsFAPbIs and CsFAPbo.sSnosls thin films at 300
K.

Temperature dependent transfer characteristics measured on BGBC
perovskite FETs (L = 40 um, W = 1mm) fabricated from (a) CsFAPDIs,
(b) CsFAPDo.75Sno.25l3, (€) CsFAPDbo.sSnosls and (d) CsFAPbo.2sSno.7sl3
thin films.

Temperature dependent charge transport. prer (T) measurement
performed on typical BGBC FETs (L = 40 um, W = 1mm) for different
perovskite compositions. (@) Cso.15FA0.85PDbls, (b)
Cso.15FA0.85Pbo.75Sno.2sls,  (€)  Cso.asFAo.ssPbosSnosls  and  (d)
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5.18

5.19

6.1

MAo.aFA0.6Pbo.sSnosls. Error bars are estimated from the standard
deviation of measurement performed on 3 devices of Cso.15FA0.s5Pbl3
and 5 devices of Sn-containing perovskites and data are presented as
mean value * standard deviation.

Plot of prer(T) obtained from the forward and reverse sweep of the
transfer characteristics measured on a BCBG FET (L = 40 um, W =
1mm) fabricated from Cso.15sFAo.85sPbls perovskite thin films.

preT (T) measured on BGBC FETs (L = 40 um, W = 1mm) fabricated
from MAo.15FA0.85sPbo.5Sho.sls perovskite thin films.

Temperature dependent structural evolution of Cso.15FA0.85Pbo.sSnosls
thin film for (a) (200) plane and (b) (111) plane (specifically around a
possible phase transition region). Temperature dependent structural
evolution of MAo.4FA0.6Pbo.sSnosls thin film for (a) (200) plane and (b)
(111) plane (specifically around a possible phase transition region).

(a) Photoluminescence (PL) mapping, (b) Optical image of the channel
area and (c) Line profile of the PL performed on lateral channels of
Cso.15FA0.85Pbls devices (L = 20 um) upon multiple cycles of biasing
(30V, 30 s).

Variation of PL counts measured on the (a) first negative electrode and
(b) first positive electrode in a lateral channel device (L = 20 pm) of
Cso.15FA0.85Pbls perovskite upon multiple biasing cycles (30V, 30s).

(a) Photoluminescence (PL) mapping and (b) Line profile of the PL
performed on lateral channels of Cso.15FA0.85Snls devices (L = 20 pm)
upon multiple biasing cycles (30V, 30s). (c) Variation of PL counts
measured on the first negative electrode when biased under the same
conditions.

(a) Photoluminescence (PL) mapping and (b) Optical image of the
channel area for a CsFAPbo.sSnoslslateral device (L = 20 ym) depicting
the evolution of PL upon multiple biasing cycles (30V, 30 s). (¢)
Variation of PL counts measured on the first negative electrode when
biased under the same conditions.

Photoluminescence (PL) mapping performed on lateral channel devices
(L =20 pm) of (a) Cso.15FA0.85Snlz and (b) CsFASNo.sPbo.sls perovskites
upon removal of bias. PL scans are measured every 15 minutes, for a
total duration of 1 hour.

Normalized PL counts obtained from the negative electrodes of lateral
channel devices (L = 20 pym) with varying Pb/Sn mixing ratios upon (f)
biasing and (g) removal of bias.

(a) XRD patterns of Pb and Pb-Sn perovskite thin films. (b) Absorption
spectra (obtained from UV-visible-near-infrared spectroscopy) and
photoluminescence spectra of Pb and Pb-Sn perovskite thin films.
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6.11

6.12
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Scanning electron microscopy (SEM) images of (c) Pb and (d) Pb-Sn
perovskite thin films on glass. Scale bar refers to 200 nm.

(a) Dark and light J-V scan (under AM 1.5G illumination) of a
characteristic Pb perovskite solar cell with a scan rate of 100 mV/s. (b)
External quantum efficiency (EQE) spectra of the corresponding Pb
perovskite solar cell. (c) Dark and light J-V scan (under AM 1.5G
illumination) of a characteristic Pb-Sn perovskite solar cell with a scan
rate of 100 mV/s. (d) EQE spectra of the corresponding Pb-Sn
perovskite solar cell.

Statistics of photovoltaic parameters (Voc, Jsc, FF and PCE) of Pb
perovskite solar cells (2PACz as the HTL) made across 3 batches.
Statistics of photovoltaic parameters (Voc, Jsc, FF and PCE) of Pb-Sn
perovskite solar cells with 2PACz as the HTL.

Statistics of photovoltaic parameters (Voc, Jsc, FF and PCE) of Pb-Sn
perovskite solar cells (405 nm thick absorber) with PEDOT: PSS as the
HTL.

Statistics of photovoltaic parameters (Voc, Jsc, FF and PCE) of Pb-Sn
perovskite solar cells (> 700 nm thick absorber) with PEDOT: PSS as
the HTL.

Light J-V scans of (a) Pb and (b) Pb-Sn perovskite solar cells at three
scan rates: 25 mV/s, 250 mV/s and 1 V/s. (c) Jsc of Pb and Pb-Sn
perovskite solar cells as a function of scan rates in (c) reverse and (d)
forward scans.

Dark J-V scans of (a) Pb and (b) Pb-Sn perovskite solar cells at three
different scan rates: 25 mV/s, 250 mV/s and 1 V/s.

(a) Hysteresis index in PCE and (b) Open circuit voltage of Pb and Pb-
Sn perovskite solar cells as a function of scan rates.

PCE of (a) Pb and (b) Pb-Sn perovskite solar cells as a function of scan
rates for both reverse and forward scans.

a) Nyquist plot of a Pb perovskite solar cell measured under illumination
at open circuit, while the cell was held at 25 °C throughout the
measurement. b) Plots of the imaginary impedance against frequency
for the corresponding Pb perovskite solar cell within a range of
temperatures (21 — 40 °C). c¢) Nyquist plot of a Pb-Sn perovskite solar
cell measured under illumination at open circuit, while the cell was held
at 25 °C throughout the measurement. d) Plots of the imaginary
impedance against frequency for the corresponding Pb-Sn perovskite
solar cell within a range of temperatures (21 — 40 °C).

Arrhenius plot for the low frequency feature observed in the impedance
response of Pb perovskite solar cell.

Temperature dependent transient current measurements of (a) Pb, (b)
Pb-Sn and (c) Sn perovskite device stacks prepared with 0.3M
perovskite solutions. These measurements were performed with pulse
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7.1

7.2

7.3

voltage of 3V, reference voltage of 0 V, frequency of 100 Hz and pulse
width of 5 ms. d) Activation energy (Ea) of faster transient current rise
for different perovskite compositions.

(a) Input pulse from function generator. (b) Response of the transient
current setup with probes shorted (no device connected) and (c) Image
of oscilloscope showing the response time as 8.58 ns.

Determination of the activation energy Ea of the faster component of
transient current rise in Pb perovskite solar cell using Arrhenius fitting.
(a) The energy barriers for vacancy-assisted iodide migration in FAPDIs.
(b) The simulated iodide migration paths involving the Snlz defect site
in FAPbosSnosls. We find significantly large activation energies for
iodide migration along all these paths. (c) The energy barriers for
different inequivalent pathways for iodide ion to diffuse through Snl2
defect sites in FAPbo.sSho.sls.

The energy barriers for iodide migration in FAPbo.sSnosls lattice. The
inequivalent migration paths are presented on the right.
The most stable configuration of Snlz defect in FAPbo.sSnhosls.

The simulated iodide migration paths (a-c) involving the Snlz defect site
in FASnls. Along these inequivalent paths, iodide ion migrates with
different activation energy. (a) An axial iodide migrates to equatorial
iodide vacancy first and then hops to another axial iodide vacancy (Path
a), (b) iodide ion first hops from the axial to equatorial vacancy site and
then migrates from that equatorial site to the vacant axial site (Path b),
(c) iodide ion migrates from the axial site to the vacant equatorial site
and then hops to another vacant axial site (Path c), (d) The energy
barriers for different inequivalent pathways for iodide ion to diffuse
through Snlz defect clusters in FASNIs.

(a) UV-Vis absorption spectra of FA0.85Cso0.15(Pb,Sn)(lo.6Bro.4)s films with
different percentages of Sn at the B-site of perovskites. (b) Steady state
PL spectra of FAo0.85Cso0.15(Pb,Sn)(lo.6Bro.4)s films with different amounts
of Sn in the composition. (c) Evolution of PL peak energy of perovskite
films as a function of Sn contents. b refers to the bandgap bowing
parameter obtained by fitting the PL peak energies of mixed Pb-Sn
perovskite films. (d) XRD patterns of FA0.s5Cso.15(Pb,Sn)(lo.6Bro.4)s films
with different amounts of Sn in the composition.

(a-e) Top-view SEM images of FAo.85Cso.15(Pb,Sn)(lo.6Bro.4)s perovskite
films with different amounts of Sn in the composition. Scale bar refers
to 1 um. These images were taken by Dr. Bart Roose and grain size
data was analysed (using ImageJ software) by the author of this thesis.
(a) PDS spectra of FAo.85Cso.15(Pb,Sn)(lo.6Bro.4)s perovskite films with
different amounts of Sn in the composition. (b) Urbach energy of mixed
halide perovskite films as a function of Sn contents.
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(a-d) Evolution of normalized PL spectra of mixed halide perovskite
films with different B-site compositions. Here, ‘Pb’ refers to

FAo0.85Cs0.15Pb(lo.6Bro.4)3, ‘50% Sn’ refers to
FA0.85Cs0.15Pbo.5Sno.5(lo.6Bro.4)s, “75% Sn’ refers to
FA0.85Cs0.15Pb0.25SN0.75(l0.6Bro.4)3 and ‘Sn’ refers to

FAo0.85Cs0.15Sn(lo.6Bro.4)3. In these experiments, blue 405 nm laser with
‘2 suns’ intensity was used as both the excitation source and light
soaking source. All films used in these experiments were encapsulated
in a N2 glovebox.

Evolution of PL peak energy and PL peak FWHM of different mixed
halide perovskite compositions during continuous light soaking (405 nm
laser, 2 suns). All films used in these experiments were encapsulated
in a N2 glovebox.

UV-Vis absorption spectra of Pb, Pb-Sn and Sn perovskite
compositions before and after 30 minutes of white light soaking
(intensity ~ 2 suns). Here, Pb-Sn refers to 50% Sn composition, i.e.
FAo0.85Cs0.15Pbo.sSnos(lo.sBro.a)s. All films used in these experiments
were encapsulated in a N2 glovebox.

XRD patterns of (a) Pb, (b) Pb-Sn and (c) Sn perovskite compositions
before and after ~ 30 minutes of white light soaking (intensity ~ 2 suns).
XRD patterns of (d) Pb-Sn and (e) Sn perovskite compositions in the
fresh and aged (4 hours in air) conditions. (f) Change in peak 26 angles
in Pb-Sn and Sn perovskite compositions with light soaking and air
exposure. Here, XRD measurements were done in air (each
measurement time ~ 7 minutes), but light soaking of the samples was
done under N2-filled device holder. For the air exposure experiments,
no light soaking was done on any of the samples.

XRD patterns of FA0.85Cso.15Pbo.5Sno sl3 perovskite film before and after
air exposure of upto 4 hours. No light soaking was done at any point
during this experiment.

(a-c) Evolution of PL spectra of mixed halide perovskite films with
different B-site compositions under continuous light soaking. (d)
Variation of the integrated PL intensity of different mixed halide
perovskite films as a function of time under illumination (405 nm laser,
2 suns).

Spatially resolved hyperspectral PL (a) intensity and (b) wavelength
maps of Pb-based mixed halide perovskite before light soaking.
Corresponding PL (c) intensity and (d) wavelength maps after light
soaking. The incident intensity of the laser for acquiring the image as
well as for light soaking was set at 130 mW/cm? (=2 suns).

Spatially resolved hyperspectral PL (a) intensity and (b) wavelength
maps of Sn-based mixed halide perovskite before light soaking.
Corresponding PL (c) intensity and (d) wavelength maps after light
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7.14

7.15

7.16

7.17

7.18

7.19

7.20

soaking. The incident intensity of the laser for acquiring the image as
well as for light soaking was set at 7358 mW/cm? (~100 suns).
Spatially resolved hyperspectral PL (a) intensity and (b) wavelength
maps of Sn-based mixed halide perovskite before light soaking.
Corresponding PL (c) intensity and (d) wavelength maps after light
soaking. The incident intensity of the laser for acquiring the image as
well as for light soaking was set at 15881 mW/cm? (~150 suns).
Evolution of the normalized PL spectra of Sn perovskite composition
with different thicknesses obtained by diluting the precursor solution
concentration from (a) 1.2 M to (b) 0.6 M and (c) 0.3 M. Light soaking
was done with a 405 nm laser with intensity of ~ 142 mW/cm? (2 suns).
Evolution of the normalized PL spectra of (a) FA0.85Cs0.15SNn(lo.5Bro.5)3
and (b) FAo.85Cs0.15Sn(lo.4Bro.s)3 perovskite thin films during continuous
light soaking.

Evolution of Normalized PL spectra of Pb perovskite composition (40%
Br) under light soaking with (a) 5 sun (~ 320 mW/cm?) and (b) 10 sun
(~630 mW/cm?) intensity. Evolution of Normalized PL spectra of Sn
mixed halide (40% Br) perovskite composition under light soaking with
(@) 5 sun (~ 355 mW/cm?) and (b) 10 sun (~710 mW/cm?) intensity.
Here, a 405 nm laser was used as the source of light soaking.
Evolution of PL spectra of Sn perovskite film (40% Br) under continuous
light soaking (405 nm laser, 2 suns) with (a) 0% SnF2, (b) 5% SnF2 and
(c) 10% SnF2 added in the precursor solution. (d) Comparison of the
pace of reduction of the peak PL intensity of Sn perovskite films as a
function of time. (e) PL and (f) UV-Vis absorption spectra of Sn
perovskite films with different amount of SnF2 added in the precursor
solution.

Evolution of (a) raw and (b) normalized PL spectra of Pb perovskite
composition (40% Br) under continuous light soaking (405 nm laser, 2
suns) in air. Evolution of (c) raw and (d) normalized PL spectra of Sn
perovskite composition (40% Br) under light soaking (405 nm laser, 2
suns) in air.

Normalized transient PL decay of (a) Pb and (b) Pb-Sn perovskite thin
films (40% Br) for a range of fluences between 0.24 nJ/cm? and 352.70
nJ/cm?. A 405 nm pulsed laser was used as the excitation source in
these measurements. Here, Pb-Sn refers to 50% Sn composition.
Variation of external PLQE of mixed halide (60% Br) perovskite
compositions with different Sn contents in the composition. A 532 nm
continuous wave laser was used as the excitation source for all these
measurements.

Effect of continuous light soaking (405 nm laser, 2 suns) of 60 minutes
on the transient PL decay of Pb and Pb-Sn perovskite thin films (40%
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7.24
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7.26

7.27

Br) at three representative fluences of (a,d) 2.35 nJ/cm?, (b,e) 23.51
nJ/cm? and (c,f) 78.38 nJ/cm?.

Transfer characteristics measured on typical BGBC FETs (L = 40 pum,
W = 1mm) fabricated from (a) Pb and (b) 25% Sn perovskite. 25% Sn
refers to FA0.85Cs0.15Pbo.75Sno.25(lo.6Bro.4)s. All the voltage sweeps were
performed at a scan rate of 8 V/s.

(a) Nyquist plot of (a) Pb perovskite solar cell (50% Br), (b) 10% Sn
perovskite solar cell (50% Br) and (c) 20% Sn perovskite solar cell (50%
Br) measured under 1 sun illumination at open circuit at room
temperature. (d) Combined plots of imaginary impedance against
frequency for the different mixed halide perovskite compositions.

(a) J-V characteristics of champion FA0.85Cso0.15Pb(lo.sBro.5)3 perovskite
solar cells. (b) Determination of the ideality factor (n) of corresponding
solar cells from light intensity-dependent Voc measurements.

Statistics of photovoltaic parameters (Voc, Jsc, FF and PCE) of
FAo0.85Cs0.15Pb(lo.5Bro.5)3 solar cells. The distribution is obtained from 6
devices of the same batch.

(@) J-V characteristics of champion FAo.85Cs0.15Pbo.7Sno.3(lo.5Bro.s)3
perovskite solar cells. (b) Determination of the ideality factor (n) of
corresponding solar cells from light intensity-dependent Voc
measurements.

Statistics of photovoltaic parameters (Voc, Jsc, FF and PCE) of
FAo0.85Cso.15Pb(lo.sBro.5)3 solar cells. The distribution is obtained from 7
devices of the same batch.

(a) Evolution of PCE during maximum power point tracking (MPPT) of
FA0.85Cso0.15Pb(lo.sBros)3 solar cells. (b) Variation in Vo, Jsc and FF of
FA0.85Cso0.15Pb(lo.sBro;s)3 solar cells obtained from periodic J-V scans
during MPPT measurements. (c) Evolution of PCE during maximum
power point tracking (MPPT) of FAo.85Cso0.15Pbo.7Sno.3(lo.sBros)z solar
cells. (d) Variation in Voc, Jsc and FF of FA0.85CS0.15Pbo.7SNo.3(lo.5Bros)s
solar cells obtained from periodic J-V scans during MPPT
measurements.
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Chapter 1

Introduction

This chapter will provide the motivation and a bigger picture of the energy challenges
confronting the humanity and the role played by emerging semiconductors in
transforming ways of generating and consuming energy in future. Specifically, the
emergence of halide perovskites in the optoelectronic scene will be highlighted with

its potential to revolutionize the world’s sustainable energy landscape.



1.1 Energy crisis

Energy is one of the fundamental needs and rights for humanity across the world to
lead a safe and prosperous life. Before the Industrial revolution in the 18" century,
energy in developed countries was extracted largely from renewable sources, such as
biomass, manual labour and working animals.! However, the subsequent arrival of
coal, gas and oil skyrocketed the use of energy for various purposes, thereby also
leading to economic growth and development.2 Two decades ago, more than 1.6 billion
people did not have access to electricity, while the number has gone down drastically
to an estimated 761 million in 2019 (Figure 1.1).> While pervasive adoption of such
fossil fuel sources certainly spread the access to electricity in different corners of the
world, it also became clear by 1990s that carbon dioxide (CO2) emitted from burning
these fossil fuels was rapidly causing global warming and climate change, which could
have deleterious effects, such as sea level rise and prolonged drought.* Following
more such discussions and push for limiting the use of ‘dirty fuels’ by environmentalists
and climate activists, different intergovernmental consensus statements, such as
Kyoto Protocol in 1997° and Paris Agreement in 2015,° were adopted. These pledges
were further enforced in 2021 United Nations Conference of Parties (COP 26), with
the aim of reaching global net zero emissions by 2050, which is critical in limiting the

global temperature rise to 1.5 °C.”

In 2021, the International Energy Agency (IEA) published a global roadmap for
the energy sector to achieve net zero emissions by 2050.8 However, situations quickly
changed since then with the rebound of economic activities post COVID, leading to
gross domestic product (GDP) growth reaching 5.9% and global energy demand
increasing by 5.4%. The rising energy demand was partially met by an increased use
of coal resulting in 1.9 gigatonnes (Gt) jump in emissions 2021, which is the largest
CO2 emissions from the energy sector ever recorded (Figure 1.2).° According to a
recent press release from the World Meteorological Organization (WMO), CO:
concentration at Mauna Loa (Hawaii, USA) and Cape Grim (Tasmania, Australia)
reached 420.99 ppm and 413.37 ppm respectively in May 2022 (when compared to
419.13 ppm and 411.25 ppm respectively in May 2021).*° This trend is likely to
continue as the global population is expected to grow by 500 million between 2020
and 2030, leading to world energy supply to increase by 21%."
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Figure 1.1: Number of people with and without access to electricity in the world,
between 1998 and 2019. Figure reproduced from the website ourworldindata.org.?
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Figure 1.2: Energy-related global CO2 emissions from 1975 to 2021. Data obtained
from IEA Global Energy Review 2022.



While such gloomy forecast in itself should shake the status quo in the energy
policies across the world, the recent vulnerabilities in the energy market due to the
Russia-Ukraine conflict has further exacerbated the need to more aggressively push
for efficient and sustainable green alternatives to generate energy. In fact, a new report
from the International Renewable Energy Agency (IRENA) indicates that most of the
renewable energy installed in G20 countries last year had lower costs than the
absolute cheapest coal power in the world, thereby reaffirming the crucial role of cost-
competitive renewable alternatives in addressing today’s energy and climate crises.
Despite supply chain challenges and economic inflation due to multiple global factors,
the average lifetime cost per kWh of new solar and wind capacity added in Europe is
predicted (by IRENA) to be four to six times less than the marginal generating costs
of fossil fuels in 2022 (Figure 1.3a). This comes in the backdrop of consistently falling
renewable energy prices over the years, where cost of utility-scale solar PV dropped
88%, onshore wind dropped 68% and offshore wind dropped 60% between 2010 and
2021. With the sharpest fall in energy prices of solar PV and the untapped potential of
sunlight to satisfy the global energy demand with just an hour of illumination, interest
in solar PV research has steadily gained momentum. Cooperation in the solar PV
production and deployment has also been recognized as one of the critical steps
towards net zero by the global policymakers, resulting in the formation of International
Solar Alliance (ISA) in 2015 with 121 signatory countries as yet. The next section will

briefly discuss various photovoltaic technologies explored till date.
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Figure 1.3: (a) Cost of utility scale solar PV in Europe, in contrast to that of fossil fuels
between 2010 and 2022. (b) Cost of various renewable energy technologies across
the world between 2010 and 2021. Figures reproduced from the website
cleantechnica.com.



1.2 Solar PV

Since the discovery of the “photovoltaic effect’, which is the one-step process
of conversion of light into electricity, a significant progress has been made in the
development of various wafer-based and thin film photovoltaic technologies over the
past 50 years in the direction of increasing power conversion efficiencies and lowering
manufacturing costs. While the 1lI-V materials show high efficiencies in single junction
(27.4% for non-concentrator and 30.8% for concentrator conditions) and multi-junction
(39.46% for non-concentrator and 47.1% for concentrator conditions) configurations*®
owing to their superior optoelectronic properties and lower density of defects, the use
of expensive IlI-V wafer substrates and super-sophisticated process of film growth
hinder them from pervasive use in terrestrial applications. On the other hand, owing to
its high compatibility with the microelectronics industry, reasonably good efficiencies,
low toxicity, widely explored material properties and reliable long-term stability, various
device architectures of monocrystalline and multicrystalline Si technology are
dominating the PV industry today. However, the efficiency growth of Si PV has slowed
down in the past two decades and the maximum efficiency of the heterojunction
technology (HJT) has very recently reached 26.81% (from Longi), thereby breaking
the previous record of 26.63% from Kaneka.* It is during this time that various thin film
technologies like CIGS, CdTe and amorphous Si came into the scene, which provided
the potential to use a thinner direct bandgap semiconductor (instead of the indirect
bandgap of Si which requires the absorber layer to be more than 100 microns thick)
for absorption of sunlight. Because amorphous Si failed to achieve high efficiencies
due to a high inherent defect density worsened by the Staebler-Wronski effect,®
copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) continue to
dominate the thin film PV market as of now. Again, efficiencies of these two
technologies have plateaued in recent years around 22-23%, thereby giving way to
the “emerging PV”.

One distinguishing feature of the emerging PV technologies including dye-
sensitized solar cells, organic solar cells and quantum dot solar cells is that these can
be processed using low-cost materials and solution-based methods and thereby have
the potential to lower the cost of PV manufacturing. However, the inherent material
properties and the presence of a large density of defects in these materials result in

relatively low efficiencies compared to their Si and IlI-V counterparts. In the meantime,
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the emergence of metal halide perovskites as light absorbers in solar cells provided a
huge breakthrough in the pursuit of achieving high efficiencies at low cost. Figure 1.4
shows the evolution of various emerging PV technologies, thereby clearly
demonstrating the better efficiencies (highest 25.7%) achieved with perovskites in a
relatively short span of time. Besides single junctions, halide perovskites have also
resulted in > 33% efficiency in the tandem configuration with Si and > 24% efficiency
in the tandem configuration with CIGS. Most recently, a record 26.3% certified
efficiency has also been reported for all-perovskite tandem solar cells.®* All these
impressive developments have undoubtedly placed halide perovskites at the centre
stage of next generation solar PV manufacturing and deployment, provided

outstanding issues regarding stability are also swiftly dealt in the coming years.
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Figure 1.4: Evolution of certified power conversion efficiencies of different single
junction and tandem configurations of emerging PV technologies reported till date.
Data points shown in the figure are extracted from the NREL efficiency chart (last
updated on April 18, 2023).



1.3 Halide perovskites for PV

In general, perovskites are a class of compounds having the crystal structure
of CaTiOs. Traditional oxide-based perovskites have been known for long to display
outstanding catalytic properties in a variety of chemical reactions.? In the last decade,
halide-based perovskites have shown exceptional promise for optoelectronic
applications. Figure 1.5 shows the crystal structure of an ideal cubic metal halide
perovskite ABXs, where A is a monovalent organic/inorganic cation
(methylammonium, MA*; formamidinium, FA*; Cs* etc.), B is a divalent metal cation
(Pb?*; Sn?*; Ge?* etc.) and X is a halide/pseudo-halide anion (I=; Br—; Cl-; SCN~; BF4~
etc.). In this case, the 3D perovskite framework consists of corner sharing [BXs]*
octahedra with the A-site cation placed on the cubo-octahedral void created by them.
The stability of the perovskite phase depends on the appropriate combination of A, B
and X-site ions through two structural constraints: the Goldschmidt tolerance factor (t)

and the octahedral factor (), respectively defined in equations (1.1) and (1.2).

X anion
Figure 1.5: Crystal structure of cubic metal halide perovskites.
ra+ryx
== 1.1
V2(rg+rx) (1)
U= :_B (1.2)
X



where ra, rs and rx represent the ionic radii of A-site, B-site and X-site components.
Typically, 3D perovskite structures are formed when 0.81 <t<1.0and 0.44 < u <
0.9.1®

The renaissance of perovskite solar cells over the last decade is primarily
attributed to its superior optoelectronic properties (when compared to other emerging
PV semiconductors) including high absorption coefficient, ultralow exciton binding
energy, high ambipolar carrier mobility, large diffusion length of carriers and
outstanding tolerance to defects.>?* Although most of the research on metal halide
perovskite started with the archetypical MAPbIs as the light absorber,>** the field
rapidly moved towards mixed A-cation compositions in the pursuit of achieving higher
power conversion efficiencies, better reproducibility and longer operational lifetimes.*-
2 Interestingly, the field has recently rebounded to using simpler FA-rich compositions
with different chemical additives, thereby demonstrating single junction efficiencies >
25%.%* Figure 1.4 shows the record efficiencies of various solar absorber materials

and their placements in regions marked by different
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fractions of their corresponding SQ limits. It is evident that the standard perovskite
(bandgap ~1.5 eV) based solar cell has already overtaken 75% of its Shockley-
Queisser (or detailed balance) limit efficiency and is now only marginally behind the
more mature c-Si and IlI-V technologies. As efforts continue to further raise the
efficiencies of perovskite single junction solar cells, other avenues are also explored
to potentially eclipse this thermodynamic limit using hot carrier effects,*3* singlet
fission®*3*¢ and tandem configurations.?”*® While the first two approaches are at relative
infancy stage of research, perovskite based tandem solar cells show great promise to

achieve very high efficiencies at low costs.

The facile tunability of bandgap from ~1.5 eV to > 2 eV simply by engineering
the halide and the A-site composition make lead perovskites attractive candidates for
tandem configurations with a variety of existing solar absorbers, such as Si and CIGS,
and the efficiencies for both these tandem technologies have consistently progressed
as discussed in Section 1.2. Interestingly, partial or complete substitution of lead (Pb)
with tin (Sn) at the B-metal site can lower the bandgap even further to ~ 1.2 eV,*
thereby projecting these mixed Pb-Sn perovskites as the only viable choice for
demonstrating high efficiency all-perovskite (perovskite-perovskite) tandem solar
cells. These materials have several unique properties when compared to their Pb-only
analogues and exploring some of those attributes will form the central theme of this
thesis.

1.4 Halide perovskites for other optoelectronic applications

Although halide perovskites have attracted the highest attention for their PV
applications, developments in allied perovskite-based optoelectronic devices, such as
light emitting diodes (LEDs),*” transistors,* photodetectors* and ionizing radiation
detectors*® have also gained considerable traction in recent times. In particular, the
narrow linewidth of emission and the broad bandgap range achievable with
perovskites make them really promising for colour-pure LEDs with a wide colour
gamut. This has resulted in rapid growth of perovskite LED performance, with the
recent record external quantum efficiency (EQE) of 28.9% achieved for green
emission with electroluminescence peak of 540 nm.* Similarly, EQEs > 20% have

also been demonstrated for red and near-infrared emission (NIR) emitting perovskite
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LEDs, with blue LEDs slightly lagging behind.** Despite such impressive progress,
operational stability remains a key concern that needs to be overcome for their
industrial viability and potential competition to the more established technology of
organic LEDs (OLEDs).*® Much of this stability concern arises out of common issues
such as ion migration which also affects the operation of perovskite solar cells,
transistors and detectors at room temperature.*” Similarly, halide demixing under
excitation (light, heat, electrical bias etc.)*® in mixed-halide perovskites causes inferior
device performance of wide bandgap (>1.7 eV) perovskite solar cells and colour
instability in red and blue LEDs. All these correlations highlight the importance of
understanding the fundamental properties of perovskite materials that affects the
operation of a variety of optoelectronic devices. Therefore, approaches to mitigate
different challenges for improving the performance of perovskite PV can often inform

similar improvements in other applications as well.

This thesis will deal with the critical issues of charge transport, ion transport and
mixed halide phase stabilization in perovskites by exploring mixed Pb-Sn compositions
and show their contrast with respect to their pure-Pb counterparts. Consequently,
conclusions derived from these studies are applicable in general for a variety of

electronic and optoelectronic devices.
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Chapter 2

Background

The discussion in this chapter has been reproduced in part with permission from:

Krishanu Dey, Bart Roose, and Samuel D. Stranks®, ‘Optoelectronic Properties of
Low-bandgap Halide Perovskites for Solar Cell Applications’, Advanced Materials
2021, 33, 2102300.

This chapter provides a general background to semiconductors (especially metal
halide perovskites) and outlines the principles of operation of solar cells and field effect
transistors. It also presents the current understanding of the critical optoelectronic
properties and degradation mechanisms of mixed lead-tin halide perovskites, which

form the foundation of this thesis.
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2.1 Semiconductor

At the heart of every optoelectronic device lies the active material of
semiconductor, which distinguishes itself from conductor and insulator by the
magnitude of its bandgap energy (Eg). In the case of conductors, the valence and the
conduction band overlap with each other (Eg = 0), thereby resulting in a sea of carriers
at room temperature. In the case of insulators, Eg is sufficiently wide (>5 eV) so that
the valence band is completely full and the conduction band is almost empty at room
temperature, thereby resulting in negligible conductivity. Semiconductors are placed
between these two extremes, where valence band is partially empty and the
conduction band is partially full at room temperature owing to a moderate Eg.
Therefore, absorption of a photon of energy higher than Eq can excite an electron to
the conduction band leaving behind a hole (absence of electron) in the valence band
and these free carriers can be efficiently extracted with suitable contacts for producing
electricity. This forms the basis of operation for light harvesting devices, such as solar
cells and detectors. On the other hand, electrons and holes placed (by light or voltage
excitation) in the conduction band minimum (CBM) and valence band maximum (VBM)
after undergoing necessary thermalization losses can also directly recombine, thereby
emitting photons. This underpins the operation of light emitting devices, such as LEDs,
lasers and scintillators. Figure 2.1 depicts these two scenarios. Moreover, besides
illumination or electrical injection, charge carriers can also be induced in a
semiconductor by introducing suitable defects or foreign elements (such as P for n-
type Si and Al for p-type Si) known as dopants, which impact their carrier transport
properties. This is one of the popular ways of demonstrating high performance

transistors.

2.2 Charge carrier recombination in halide perovskites

In an ideal semiconductor with no defects, excited charge carriers recombine
band-to-band through a radiative route and this leads to the maximum achievable
performance of any optoelectronic device. However, since halide perovskites are soft
semiconductors and are processed using relatively inexpensive solution processing
methods, there are usually various structural imperfections in the lattice (e.g.

vacancies, interstitials etc.) as well as along the grain boundaries that often lead to
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Figure 2.1: Absorption and emission process in a semiconductor.

electronic states within the bandgap. These defect states can trap carriers from the
VBM and/or CBM and cause monomolecular non-radiative recombination which is one
of the key loss mechanisms in perovskite solar cells, LEDs and other related devices.*
3 The rate at which carriers can be trapped into the midgap states depend not only on
the depth of the defect states with respect to the closest band edge, but also on their
occupancy. Depending on the depth of the trap state with respect to the closest band
edge, carriers can also be released (detrapped) to the band edge at room temperature
and it can further modify the carrier recombination dynamics.** Besides these
recombination mechanisms, Auger recombination involving three carriers represent
another intrinsic non-radiative loss pathway in semiconductors, where the energy
emitted from the recombination of an electron and a hole is passed on a third carrier
(electron or hole) which is then elevated to a higher energy state within the respective
band. Figure 2.2 depicts these three key recombination mechanisms in a

semiconductor.

The relative dominance of a certain carrier recombination mechanism in a
semiconductor is dictated by the excitation density of carriers. In typical MAPDIs films,

the SRH recombination dominates at photoexcitation densities <10%® cm3, the

bimolecular radiative recombination dominates in the regime ~ 10%® - 10’ cm and
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Auger recombination dominates >1017 cm.5” Unlike relatively intrinsic Pb perovskites,
the highly p-doped Sn-containing perovskites (discussed in more detail in later
sections of this chapter) can also demonstrate band-to-band recombination of
photoexcited electrons with background holes and thus the radiative recombination
can also have a pseudo-monomolecular component.? This component will dominate
at lower fluences where the photoexcited carrier density is lower than the background
majority carrier density. Although these mechanisms can well explain the carrier
dynamics of traditional direct bandgap semiconductors,® the observation of
photocarrier decay times (or “lifetimes”) in the order of us at solar equivalent excitation
for well-passivated samples despite having strong absorption coefficients (close to that
of GaAs) necessitates the presence of other mechanisms affecting the carrier
recombination properties in halide perovskites.’®* To that end, deQuilettes et al.
scrutinized the evidence for different proposed mechanisms in the field and concluded
that photon recycling and electron-phonon interactions (e.g. polarons) seem to be the
only credible sources resulting in the unique recombination behaviour in halide

perovskites.?

Charge carrier recombination in halide perovskites can be probed using several
steady-state and transient optical spectroscopy techniques, such as
photoluminescence (PL), transient absorption (TA), time-resolved microwave
conductivity (TRMC) and optical pump terahertz probe (OPTP) spectroscopy among
others. In this thesis, we predominantly utilize PL measurements to discuss carrier

recombination in different compositions of mixed Pb-Sn perovskites.
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Figure 2.2: Different pathways of charge carrier recombination in a semiconductor.
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2.3 Charge carrier transport in halide perovskites

A key parameter dictating charge transport in a semiconductor is the mobility

(©), which, in conjunction with the carrier lifetime (z), yields the diffusion length (Lp)

through the equation Lo = v/Dr, where D = %Tu is the diffusion coefficient obtained

from x using the Einstein relation. As in polar semiconductors, such as GaAs, intrinsic
mobility in halide perovskites at room temperature has been demonstrated to be
limited by electron-phonon coupling.**** However, in reality, mobility in polycrystalline
films is significantly affected by several “extrinsic” factors, including grain size,>?®

disordered energy landscape'’ and charged impurity scattering.®

Various optical (non-contact) and electrical (contact) based approaches have
been utilized to quantify charge carrier mobility in perovskites. Among them, OPTP?2
and TRMC#%% techniques have been routinely used with a variety of perovskite
compositions, revealing their short-range (or local) mobilities. Since these
measurements can be performed on pristine films without the need of any metal
contacts, they reveal the upper limit of mobilities tending more towards the intrinsic
values. However, these measurements can’t distinguish the polarity of carriers and
hence provide the sum (or ensemble) mobility of electrons and holes. On the other
hand, electrical approaches such as space charge limited current (SCLC),?*?* Hall
effect?*?” and field effect transistor (FET)??% approaches need device structures (with
vertical transport for SCLC and lateral transport for FET) or metal contacts on the films
(for Hall) for quantifying the long range mobility of perovskites, which are relevant for
device applications. As such, these measurements are sensitive to extrinsic factors
such as grain boundaries, doping densities as well as ion migration and hence usually
demonstrate inferior mobilities when compared to optical techniques. At the same
time, these electrical techniques are sensitive to the polarity of carriers and hence can
distinguish the mobility of electrons and holes. In this thesis, we use FET as a platform
to probe charge transport in a variety of mixed Pb-Sn perovskite compositions.
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2.4 Working Principle of solar cells

In its simplest form, a solar cell can be thought of as a light absorbing
semiconductor connected to an external circuit in an asymmetric manner, so that the
photogenerated electrons and holes can be efficiently separated to generate current
and voltage. For terrestrial solar cell operations, the universally accepted spectrum for
lab-scale testing is referred to as AM 1.5 Global (Figure 2.3a), where AM refers to air
mass which corresponds to a solar zenith angle of 48.2°. The irradiance for “1-sun”
condition is 100 mW/cm? or (1000 W/m?). Although lowering the bandgap of
semiconductor appears to be a promising way to extend the absorption window of
solar photons to lower wavelengths and thereby generate higher currents, the
photogenerated carriers with excess energy thermalize down to the band edges,
thereby emitting heat and hence it is a key loss mechanism in solar cells. The gain
obtained in current is thus lost in the obtained voltage under operational conditions
which reduces the power conversion efficiency (PCE). Accordingly, there is an
optimum bandgap (~1.3-1.4 eV) where maximum PCE can be obtained and is defined
by the Shockley Queisser (SQ) limit for single junction non-concentrator solar cells.*
More discussion on ways to eclipse this thermodynamic limit can be found in Section
1.3 of Chapter 1 of this thesis.

Figure 2.3b shows a typical current-voltage curve of a photovoltaic device.
When the two terminals of a solar cell are connected (i.e. the voltage between them is
zero), the current produced under illumination is known as short-circuit current (Isc)
and it represents the maximum achievable current from the cell. As the current is
generally proportional to the area of the device, currents () are usually expressed as
current densities (J). On the other hand, when the two terminals are electrically
isolated, the cell produces the highest voltage under illumination and is referred to as
the open circuit voltage (Voc). However, under both these extreme conditions, the
power (P = IV) produced from the cell is zero. The maximum power density (Pm) is
obtained at intermediate values of voltage (Vmpp) and current density (Jmpp). Under
ideal conditions, where series resistance Rs of charge transport in the device is zero
and shunt resistance Rsh (arising from leakage channels such as pinholes in the films

and recombination within bulk of the absorber or at the interfaces) is infinity,
Pm = JscVoc (2.2)

22



where the unit of Pm is usually W/m? or mW/cm?2.

However, under realistic conditions of moderate Rs and Rsh, Pm is usually less than

the product of Jsc and Voc and the ratio of the two quantities is known as fill factor (FF).

FF= —m

]SCVOC

2.2)

where the value of FF is always less than 1.

Once the values of Vo, Jsc and FF are known, PCE of the solar cell can be obtained

using equation (2.3).

VOC SCFF
PCE = ’T 2.3)

where ¢ refers to the incident power of photons (100 mW/cm? for 1-sun condition).
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Figure 2.3: (a) AM 1.5G solar spectrum used for all indoor solar testing around the
world. Data obtained from National Renewable Energy Laboratory (NREL) website.
(b) Typical J-V and P-V characteristics of a solar cell, indicating Voc, Jsc and Pm.

Since the first demonstration of MAPbIs as a sensitizer in dye-sensitized solar cells,
metal halide perovskites have been integrated as absorber layers in four different solar
cell architectures as shown in Figure 2.4, viz. planar direct (n-i-p), mesoscopic direct
(meso n-i-p), planar inverted (p-i-n) and mesoscopic inverted (meso p-i-n). The
interfacial layers on either side of the perovskite layer are used to provide the
necessary selectivity to extract the respective photogenerated carrier from the

absorber to the contact and in this way, the structure of perovskite solar cells is
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different from the usual “p-n junction” as in Si solar cells. This is attributed to the
relatively smaller carrier diffusion length in perovskites as compared to that in Si,
where the presence of a depletion layer (and hence an internal electric field) across
the entire absorber layer is needed to segregate the photogenerated carriers towards
their selective contacts. While the mesoscopic direct architecture is derived from the
dye-sensitized community, the planar inverted counterpart is inspired from organic
solar cells. In recent years, the planar architecture (both n-i-p and p-i-n) devices are
becoming increasingly popular because they can be processed at low temperature
and hence are more suited for flexible and multijunction devices. Accordingly, all the
Pb and mixed Pb-Sn perovskite solar cells presented in this thesis are fabricated in

the planar inverted (p-i-n) configuration.
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Figure 2.4: Commonly used perovskite solar cell architectures.
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2.5 Working Principle of FETs

Unlike conventional optoelectronic devices such as solar cells and LEDs, FET
is a three-terminal device consisting of a semiconductor layer, a gate electrode (G), a
gate dielectric layer and two source/drain (S/D) electrodes. Although conventional
FETs were typically made from inorganic semiconductors like Si,** FETs have also
been demonstrated using various emerging semiconductors, such as organics,*?
metal-oxides,* 2D materials®** and perovskites.*® As such, FETs are not only used for
voltage-controlled electronic switching applications, but they have become a strong
and reliable platform for fundamental investigation of charge transport physics of novel

semiconductors.

Depending on the order of layer deposition, four different architectures of FETs
are commonly used, as shown in Figure 2.5: bottom-gate bottom-contact (BGBC),
bottom-gate top-contact (BGTC), top-gate bottom-contact (TGBC) and top-gate top-
contact (TGTC). In all these configurations, the source and drain electrodes in contact
with the semiconductor layer are used to inject and retrieve charge carriers to and
from the semiconductor, respectively and the source electrode is normally grounded
(Vs =0 V). Different device structures have their own advantages and disadvantages.
For example, for bottom-gate devices, the semiconductor layer is usually deposited
on the most commonly used SiOz2 dielectric which has high quality surface topography.
In BGBC configuration, the semiconducting layer is deposited in the final step of
processing and hence is less susceptible to other possible artefacts introduced in the
post-processing of other structures. The BGBC configuration also provides the best
platform for fundamental studies on semiconducting materials without the influence of
any overlying layers. At the same time, air sensitive semiconducting layer (including
Sn-containing perovskites) will be directly exposed to outer atmosphere and hence
utmost care must be taken for measuring BGBC devices with minimum (or no) air
exposure. An additional encapsulation layer (with polymers such as CYTOP, PMMA)
is often used to ensure better protection. On the other hand, for probing especially the
surface of semiconductors, for example with different passivating agents, top-gate
architectures are usually preferred. In this thesis, all the FET results have been

obtained using a standard BGBC architecture.
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With the application of a voltage between gate and source electrodes (Ves),
once Ves surpasses the threshold voltage (Viw), charges of opposite polarity (with
respect to the polarity of Ves) begin to accumulate at the semiconductor-dielectric
interface (provided appropriate injecting contacts are used), thereby creating a
channel of mobile carriers. The overall charge carrier density is proportional to Vas-Vin
and their distribution within the channel follows the applied voltage between drain and
source electrodes (Vbs).* consequently, the total channel current Ips from source to

drain can be expressed via equation (2.4).
w 1
Ips = T Cd MU [(Ves—Vin) Vbs - 5 Vps?] (2.4)

where u is the FET mobility which refers to the average drift velocity of carriers
generated under unit electric field strength in the semiconductor and as such is not
exactly the intrinsic mobility but can still reflect it pretty well.*® Cq refers to the parallel-
plate dielectric capacitance which is a function of the dielectric layer thickness and the
dielectric constant of the layer. For better control of the channel with low operating
voltages, it is desirable to use high-k (> 15) dielectrics (such as HfO2, ZrO2 etc.) instead

of the more commonly used SiO2 (k ~ 3.9).

1
At low values of Vps (<< Vas), the term EVDSZ can be neglected and hence Ips

becomes proportional to Vos, which is seen from the “linear” regime of the output
characteristics (change of Ips as a function of Vps for a constant Ves), as shown in
Figure 2.6a. Therefore, linear regime mobility (in) can be obtained using equation
(2.5).

dlpg L

Miin = (2.5)

When Vps exceeds Ves—Vi, the charge density at the drain electrode becomes zero,

causing a “pinch off” of the channel and a constant channel current is obtained.
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Figure 2.5: Commonly used device architectures of FETs. (a) Bottom-gate bottom-
contact (BGBC), (b) bottom-gate top-contact (BGTC), (c) top-gate bottom-contact
(TGBC) and (d) top-gate top-contact (TGTC). Adapted with permission.3®
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Figure 2.6: (a) Output characteristics of a typical FET. (b) Transfer characteristics of
a typical FET in the saturation regime (Vps > Ves—Vi). Semi-log and square-root plots
are shown to extract the key transistor parameters. Reproduced with permission.

This is typically known as “saturation” regime, as shown in Figure 2.6a. The
drain current and mobility in this regime can be obtained using equations (2.6) and
2.7).
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w
Ips = o HsatCd (Ves—Vin)? (2.6)

o aigs,
Msat — Weg (dVGS) (2.7)

For Ves < Vi, the channel current is very low and the transistor is considered to be
“off”. From the semilog plot of Ios (Figure 2.6b), the turn-on (or onset) voltage Von can
be obtained which marks the point at which the channel current abruptly exceeds the
off-current. From the steepness of the current increase, subthreshold swing (S) can
be obtained (equation 2.8), which is influenced by the capacitance of the dielectric as
well as trap density at the interface of the semiconductor and the dielectric. The
semilog plot of Ips further allows us to quantify the ON/OFF ratio of the transistor,
which is typically given in power of tens.?® It is important to note that the off-current
primarily depends on the gate leakage and the background conductivity of the
semiconducting channel, while the on-current is dependent on the mobility of the
semiconductor as well as the strength of gate modulation through the dielectric. As
such, increasing Vs within a range can often lead to increasing on-current and hence
a higher ON/OFF ratio.

dVG S

=2 2.8
d(loglps) (2.8)

Finally, it is worth mentioning that the above discussions are valid for “gradual channel
approximation (GCA)”,33 where the electric field of the gate electrode is perpendicular
to the direction of charge transport and is larger than the electric field caused by the
drain-source voltage.* For perovskite FETs discussed in this thesis, channel lengths
in the order of tens of um and dielectric thickness of a few hundreds of nm are used
and therefore, it can be reasonably concluded that the use of the above expressions
to quantify various FET parameters will certainly satisfy the conditions of GCA. While
ionic transport in perovskites can often complicate the reliable estimation of FET
mobility from transfer characteristics, we discuss these in more detail in Chapters 4
and 5.
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2.6 Optoelectronic properties of Sn-containing perovskites

The lowest reported bandgap for these Pb-based perovskite materials is ~1.48
eV, as demonstrated by FAPbIs (FA = formamidinium). In recent years, the
community has also dedicated significant attention towards fabricating monolithic all-
perovskite multi-junction solar cells, which offers the possibility to push efficiencies
well beyond 30%. For tandem configurations, the low bandgap bottom subcell must
have an absorber bandgap of 0.9-1.3 eV for optimal efficiency that couples with a wide
bandgap top cell having a bandgap of 1.6-1.9 eV.* For halide perovskites, the low
bandgap requirement to date has only been achievable through the partial or complete
substitution of Pb by Sn. In this section, we focus on the critical optoelectronic
properties of photo-absorption, carrier generation, carrier recombination and carrier
transport in Sn-containing perovskite materials, which have significant influence on a

variety of light harvesting and light emitting devices.
2.6.1 Photo-absorption

An interesting trend of nonlinear bandgap behaviour is observed in MAPb1-
xSnxls perovskites, where the lowest bandgap is obtained for an intermediate
composition of lead and tin (0.5 < x < 0.8). However, the origin of this much exploited
“bandgap bowing” phenomenon remains under debate. Rajagopal et al. attributed the
observed bandgap bowing phenomenon to local structural distortions (Figure 2.7a).
The X-ray diffraction (XRD) results reveal a phase transition from tetragonal to
(pseudo)cubic occurring at x ~ 0.5. The phase transition is characterized by the
reduction of octahedral tilting and the increase of octahedral distortion, as x goes from
0 to 1.# These two opposite trends have a competing effect on the microstrain in mixed
Pb-Sn alloys (Figure 2.7a), with the lowest microstrain observed for x ~ 0.75,
correlating well with the bandgap trend. On the other hand, Khatun et al. reported that
a complex interplay of two competing events viz. spin-orbit coupling and structural
distortion is responsible for the bandgap bowing in mixed Pb-Sn alloys.* The influence
of lattice strain on the bandgap bowing can also be extended to A-site cations, where
the extent of non-linearity in the bandgap trend (characterized by the bowing
parameter, ‘b’) has a linear correlation with the microstrain (¢) induced by the A-site
composition in APbXs end members (Figure 2.7b).*> However, extrapolation of the

trend line further to intercept the y-axis indicates that even in the extreme case of zero
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microstrain, the bowing parameter has a non-zero value (~ 0.3 eV). This points to the
existence of a secondary mechanism which impacts the bandgap bowing in mixed Pb-
Sn perovskites. This secondary mechanism could be attributed to the proposed
mismatch in energy between s and p orbitals of Pb and Sn.* From all these reports, it
seems that the metal halide cage in Sn-containing perovskites holds the key to this
bandgap bowing effect; such a conclusion is supported by our group’s work showing
that the bandgap bowing phenomenon can even be weakly observed in PEA

(phenethylammonium) based 2D Pb-Sn domains.*
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Figure 2.7: (a) Variation of the bandgap of MAPb1.xSnxl3 alloys as a function of Sn
content (x). Microstrain and pseudo-cubic lattice parameters obtained from XRD
measurements of powder samples. (b) Variation of the bandgap bowing parameter (b)
in APb1xSnyX3 alloys as a function of the microstrain in their respective APbX3 end
members. ‘b’ refers to the nonlinearity from Vegard’s law, as seen in Eq(APb1.xSnxl3)
= (1 — X)Eg(APDbI3) + Eg(ASnlz).x — b.x(1 — x). A linear fit of the data points gives the
Pearson correlation coefficient (r) ~ 0.87. Absorption coefficients and refractive indices
of (¢) FA0.7Cso.3Pb(lo.7Bro.3)z and (d) FAPbosSnosls thin films, as measured by a
combination of ellipsometry and photothermal deflection spectroscopy (PDS)
measurements. Adapted with permission.“
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The most important parameter dictating the strength of optical absorption in a
material is the absorption coefficient (a). Although A-site cations play a critical role in
determining the absorption coefficients of perovskites through hydrogen bonding, a
careful investigation into the reported spectra in the literature suggests that Sn-
containing perovskites have 2-4 times lower absorption coefficients than their pure-Pb
counterparts across the entire range of useful photon energies,**** as also seen in
Figure 2.7c and 2.7d. One direct ramification of these lower values is that a thicker
absorber layer of the low-bandgap Pb-Sn systems will be required to absorb similar
fractions of light (across a common above-bandgap energy range) to the equivalent

pure Pb absorber film.

2.6.2 Charge-carrier generation

Similar to earlier studies on MAPDbI3s perovskites,* Galkowski et al. performed
high-field magnetoabsorption measurements on MAPb1xSnxls perovskites with
varying Sn contents (Figure 2.8).° From these data, they revealed that the exciton
binding energy (R") values for all Pb/Sn ratios are ~ 16 meV at 2 K, which further
decreases to negligible values at room temperature due to increased dielectric
screening owing to dynamic disorder of MA* cations. This confirms that the
photogenerated species in Sn-containing 3D perovskites are predominantly free
carriers rather than bound excitons, which can partly explain the excellent
performance of this material system as absorber layers in solar cells where free

carriers need to be collected.

Unlike Pb perovskites, which are considered to be largely ambipolar,>*>2
inherent p-doping in Sn-containing perovskites has an important contribution to the
generation of charge carriers. Hall measurements on pure-Sn perovskites have
validated the presence of holes as the dominant charge carriers in these materials,
with carrier densities in the range of ~ 1017 cm™ to ~ 10'° cm=2.1%% Similarly, in the first
work on Sn PSCs in 2014, Noel et al. presented terahertz measurements on MASnhI3
films and reported a background hole doping density of ~ 5 x 1018 cm~3.2¢ Although the
exact mechanism leading to this doping behaviour has not been conclusively resolved,

it can broadly be classified into two categories, i.e., intrinsic and extrinsic.
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Figure 2.8: Plot of the exciton binding energy (R”) as a function of the bandgap. Red
dots, blue symbols and orange stars represent the experimental data points for various
members of MAPDb1.xSnxlz family, MA(FA)PbXs family and CsPbXz family respectively.
The black line is drawn for R* = 0.01 x E4, where Eqis the bandgap. Adapted with
permission.* Copyright 2019, American Chemical Society.

Depending on the processing conditions, either or both of these pathways may play a

role.

a) Intrinsic mechanisms: Due to a significantly lower redox potential of Sn**/Sn?* (0.15
V) as compared to Pb*/Pb%* (1.67 V), Sn?* ions can readily oxidise to Sn** ions.>*
Accordingly, if some Sn** ions are placed in the bulk from the beginning (e.g. as an
impurity in the starting Snlz precursor), they may spontaneously transform back to Sn?*
because of their thermodynamic instability>> and thereby result in p-doping (see
equation 2.9). However, even in the absence of Sn**, hole doping can be attributed

to Sn vacancies (Vsn %) (see equation 2.10), which have low formation energy.>®

Snbuk**  — Snbuk?* + 2h* (2.9)
Snsn® —» SN%+ Vsn? + 2h* (2.10)

where Snsn® represents the lattice Sn?* sites and Sn° represents metallic Sn° not

placed in lattice sites.
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Along similar lines, theoretical calculations by Meggiolaro et al. suggest that
iodine interstitials also have low formation energy (especially under iodine-rich and
stoichiometric growth conditions) and hence can promote p-doping (see equation
2.11).%¢

Yolp — i~ +h* (2.11)

However, since the standard reduction potential of 12/I" (0.54 V) is higher than that of
Sn**/Sn?* (0.15 V),” the formation of Sn vacancies (and subsequent Sn?* oxidation,
as also shown later in equation 2.12) will still contribute more to hole doping than the
iodide interstitials.

While there is limited experimental evidence to support or refute any of the
above reaction pathways of doping, the theoretical literature does throw up interesting
insights. Provided there are Sn*" ions present from the beginning, the lower
thermodynamic stability of Sn** in the bulk increases the likelihood of reaction (2.9).
A more careful look at the above reactions will reveal that the Snsn® (or Sn?*) produced
in reaction (2.9) can further drive reaction (2.10) in the bulk and thus both of them
can simultaneously contribute to hole doping in Sn-containing perovskites. Therefore,
a large part of the Sn-perovskite community routinely uses the highest purity Snl2
beads instead of Snl2 powders for processing, with a view to minimize the levels of
Sn** impurities in the starting precursor and hence suppress the contribution of
reaction (2.9). While the formation of iodine interstitials (reaction (2.11)) cannot be
ruled out under stoichiometric growth conditions, the deliberate presence of additional
Sn-rich sources (such as SnF2, SnClz etc.) during the preparation of Sn-containing
perovskite solutions may render reaction (2.11) less favourable.*®* Therefore, it seems
that with careful choice of precursor materials and proper tuning of fabrication
conditions, the presence of background doping levels in Sn-containing perovskites can
be reasonably controlled, with the remnant contribution attributed to Sn-vacancies
(reaction (2.10)).

On the other hand, holes produced in reaction (2.10) can in turn cause
disproportionation of lattice Sn?* in the bulk (Snsnuk®) into surface Sn** (Snsn,surface®*)
and metallic Sn (Sn?), as shown in equation 2.12. Therefore, the presence of metallic
Sn can also be considered as a possible fingerprint of doping, as also suggested by
Kubicki et al.*® However, it remains to be seen why the presence of metallic Sn in Sn-
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containing perovskites is not investigated to a greater detail. It could be because Sn
can also readily undergo the reverse process of comproportionation, where the
simultaneous presence of Sn® and Sn** can lead to the formation of Sn?* (see

equation 2.13).%
2 Snsnbuk® —p SNsn,surface®” + Vsn? + SN° (2.12)
Sn% + Sn** —» 2Sn?* (2.13)

All'in all, it seems that the background doping even in the absence of external
stimuli (such as air, O2) can be attributed to a complex combination of several reaction
pathways, as discussed above. It is also important to note that the deprotonation of
organic cations (such as MA*) will play a negligible role in spontaneous hole doping in
Sn-perovskites. This is ascribed to the fact that the associated MA vacancies (Vwa)
have high defect formation energy and also the thermodynamic ionization level of Vma
lies within the conduction band rather than the valence band.>*® More details on the
defect chemistry and its consequence on the intrinsic doping in Sn-containing

perovskites can be found in Section 2.6.3.

b) Extrinsic mechanisms: In the presence of Oz during or after the fabrication of Sn-
containing perovskites, the two extra electrons produced due to the oxidation of Sn?*
are scavenged by Oz and therefore, two holes are released into the matrix for charge
balance (see equation 2.14).%°

SnZt + 020 + 2e- —» Sn* + 207
i.e. Sn2* + 0 — Sn0O; + 2h* (2.14)

This extreme sensitivity to atmospheric Oz therefore adds additional challenges
to the processing of perovskites even in the presence of trace oxygen, and so
strategies to mitigate this will be essential for controllable processing.

Finally, it is important to note that the above discussion on the doping
mechanisms in Sn-containing perovskites is valid primarily for steady state conditions.
In the presence of external stimuli, such as light or electrical bias, the operational
chemistry may further promote or retard these reactions or even introduce new doping
pathways. However, there is not yet clarity on the effect of operational conditions on
the doping dynamics of Sn-containing perovskites and therefore this represents a key

topic of future investigation.
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2.4.3 Charge-carrier recombination

The recombination dynamics of charge carriers in a p-doped semiconductor

(such as Sn-containing perovskites) can be described by the following rate equation:

d
—£ = nk! + npok, + n%k, + n3k;

= nk¥" + nk] + n%k, + n3k;
= nk{°®?! + n2k, + n3k; (2.15)

where n is the photogenerated carrier density at a certain excitation fluence, po is the
background hole density, k2 is the bimolecular recombination coefficient, ks is the third-
order (Auger) recombination coefficient and ki@ s the total first-order
(monomolecular) recombination coefficient. Here ki@ is comprised of a term (ki™)
representing trap-assisted recombination and a term (ki" = kopo) representing the

radiative recombination between photogenerated electrons and background holes.

We recently conducted steady state and time-resolved spectroscopic
measurements on FAPbo.sSnosls across a range of excitation fluences to explore the
recombination mechanisms and dynamics in mixed Pb-Sn perovskites.®! Figure 2.9a
shows the presence of distinct regions of monomolecular, bimolecular and trimolecular
kinetics, which dominate at low, medium and high excitation (photogenerated carrier)
densities, respectively. The recombination coefficients of a few reported Sn-containing
perovskite compositions are provided in Table 2.1 along with two representative Pb-
perovskite compositions for comparison. Charge-carrier dynamics in semiconductors
have also been probed using time-resolved optical pump terahertz (THz) spectroscopy
(OPTP), as shown for FASnIs films in Figure 2.9b, and the recombination coefficients
are given in Table 2.1. In order to understand the influence of ki" on the overall
recombination mechanism, the radiative efficiency (or photoluminescence quantum
efficiency, PLQE) of the FASnls films reported in that work is plotted with
photogenerated charge density (Figure 2.9¢).2 The comparison of the experimental
data with the theoretical trend lines confirms that FASnIs films demonstrate significant
monomolecular radiative recombination due to the presence of background holes.
Moreover, using Zn as an external dopant to increase the background doping
concentration from 0.9 x 10> cm=to 9.2 x 10'® cm~3, we have also shown that PLQE

values in mixed lead-tin perovskites can be further increased from 1.5% to 2.5% at 1
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sun intensity.®* The increase in background hole doping was speculated to be due to
the Zn additives playing an active role as a dopant either in interstitial or lattice sites,*?
though further evidence will be needed to confirm this. In addition, the PL lifetime at
low fluences (5 nJ/ cm~2), corresponding to 1/ ki, was lower for the Zn-doped film
(2.19 us) than for the pristine film (1.5 ps), thereby demonstrating the role of
background doping influencing first-order radiative recombination in Sn-containing
perovskites. We note that the absolute values of PLQE attained are very sensitive to
the atmospheric conditions, and the relatively high PLQE of 2.5% under 1 sun
conditions was only obtained using a rapid encapsulation protocol of films immediately
after fabrication in an inert glovebox; this highlights the sensitivity of the doping to
oxygen (see earlier discussion) and that there is a fine window in which there is a
beneficial effect of doping on the luminescence vyield. A similar strategy of rapid
encapsulation has also recently enabled the luminescence yields of the pure-Sn
systems to reach close to 10%, matching the values of analogous pure Pb-based
systems,®* which is an exciting breakthrough for the field. Therefore, it is clear that
background hole concentration in these materials provides tremendous opportunities
for increasing the radiative efficiency of thin films by outcompeting trapping particularly

at lower excitation conditions.

Meggiolaro et al. modeled the defect chemistry of Sn perovskites using density
functional theory.”® Figure 2.9d-f show the defect formation energies (DFES)
calculated for MASnIz in I-rich, I-medium (or stoichiometric) and I|-poor growth
conditions. Under I-rich and I-medium conditions, tin vacancies (Vsn?-) and interstitial
iodine (li7) have the lowest DFEs and hence are found in the highest densities. In the
absence of stable positively charged donor defects under these growth conditions, the
charge neutrality of the lattice is maintained by the release of holes (as shown also in
Section 2.6.2). Moreover, due to stricter thermodynamic growth conditions of Sn-
perovskites compared to their Pb-counterparts, local or extended regions with excess
iodine may result in the formation of unwanted secondary phases such as Snls or
MA:2Snls, among other phases. In contrast, under I-poor (or Sn-rich) growth conditions,
positively charged donor effects such as iodine vacancies (Vi *) and interstitial tin (Sni
2*) have the lowest DFEs and they can compensate for the negatively charged
acceptor defects. Hence the Fermi level is pinned at ~ 0.3 eV above the VBM,

indicating that the p-doping density under Sn-rich conditions reduces to an appreciable
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extent due to these defects. A-site cations are also believed to play a role in the defect
properties of Sn halide perovskites: Shi et al. showed that by substituting MA with FA,
the antibonding coupling between Sn-5s and I-5p orbitals can be weakened, thereby
resulting in higher formation energies of Sn-vacancies and hence lower doping levels

even in stoichiometric growth conditions.®
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Figure 2.9: (a) Recombination rate %as a function of the photogenerated charge

density n for a 5% Zn doped FAPbo.sSnosls film, as extracted from transient absorption
spectroscopy (TAS). The solid red line is a fit to equation 2.7. Dashed black lines are
placed to highlight the transition between different recombination regimes. (b) Decay
of the photoinduced changes in the THz transmission (—AT/T) in FASnIs films, plotted
as a function of the time delay between the optical pump pulse and the THz probe
pulse. (c) Radiative efficiency (or PLQE) of FASnhIs films, plotted as a function of the
average photogenerated carrier density. The red, open circles represent the
experimental data points, which were obtained when the film was photoexcited at 790
nm, with fluences ranging from 1.1 pJ/cm?— 2.1 @J/cm?. The solid red line is a fit to the

equation: PLQE (n) = ki+nk,

kbotal ynk, + n2k,
by setting k1" = 0. (d-f) Defect formation energy (DFE) diagrams of native defects in
MASnNIs under I-rich, I-medium (or stoichiometric) and I-poor growth chemical
conditions. The vertical dashed lines, which coincide with the valence band in panels
d and e, indicate the native Fermi level of the system. Adapted with permission.“

and the solid blue line is a fit to the same equation
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Besides modulating the doping, many of the defects such as Vi, Sni, Snwva, FA,
Sni are computationally shown to act as deep electron traps and may contribute to the
non-radiative (trap-assisted) recombination of charge carriers in Sn-containing
perovskites.* In a recent computational report, surface Sn** defects are also reported
to have electron trapping activity in MASnls and are shown to be intimately related to
the p-doped bulk and neutral surface Sn vacancies.>>® Very recently, it has also been
shown that the formation of a 2D layer (consisting of bulky organic cations such as
butylammonium, phenethylammonium etc.) at the interface with 3D Sn perovskites
can drastically increase the formation energy of neutral Sn vacancies at the interface,
thereby suppressing the formation of Sn** defects.® Accordingly, most of the studies
on high efficiency Sn-perovskite solar cells incorporate 2D perovskite components in
their processing protocol to achieve improved device performance and extended
stability.-*° In case of mixed lead-tin perovskites, Ambrosio et al. reported that the
formation of Sn** defects is greatly subdued, as the oxidation of triodide is
competitively more favoured in these materials.> This can partly explain the much
superior photovoltaic performance of mixed Pb-Sn PSCs (highest efficiency ~ 23%)”
as compared to that of pure-Sn PSCs (highest efficiency ~ 14%).”* However, the
presence of additional extended defects along with such point defects cannot be
dismissed, and more complicated effects including defects forming at junctions
between impurity phases, as has been observed in pure Pb-based systems, may also
be present. Such phases and other disordered morphology may be even more rife in
Sn-containing perovskites compared to pure-Pb perovskites due to the faster
crystallization kinetics in the former, making them prone to form 3D defects such as
pinholes and cracks, which may also lead to unwanted carrier recombination. More
experimental investigations are still required to experimentally unravel the precise

nature of defects and their trapping activity in Sn-containing perovskites.
2.6.4 Charge-carrier transport

Table 2.1 provides a summary of charge carrier mobilities measured for Sn-
containing perovskites along with their carrier recombination coefficients. Besides the
difference in the processing of samples, the large spread seen in the values of u can
also be attributed to the subtleties of the specific measurement (spectroscopic or

electronic) approaches to extract them.
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Similar to carrier recombination, the carrier mobility in Sn-containing perovskites is
also significantly impacted by background doping. Figure 2.10a shows the sum of
electron and hole mobilities (obtained from OPTP measurements) in mixed Pb-Sn
perovskites, plotted as a function of the background doping concentration for a variety
of Sn fractions (x). We note that for a given doping concentration, the charge-carrier
mobility increases monotonically with increasing x. Such behavior is consistent with
the systematic lowering of the reduced effective mass of carriers with the increase of
Sn contents in the alloyed Pb-Sn perovskites, as observed using high field
magnetoabsorption measurements.>® Similar to those reported for GaAs and InP, the
mobility of FAo.83Cs0.17SnxPbai-xI3 thin films is found to decrease when the background
doping levels are increased. Following the Hilsum model,”> which assumes that the
dopant concentration preferentially affects the ionized impurity scattering (as opposed
to lattice scattering) in doped semiconductors, further increases in the mobility could
be achieved by reducing the background doping in Sn-containing perovskites. Milot et
al. measured the temperature dependence of mobility on FASnls films in the
temperature range of 5-295 K, for three different orders of magnitude of the
background doping levels controlled by the amount of SnFz in the precursor solution
(Figure 2.10b).** They found that, at a very high doping level of ~ 10%° cm=3, the
mobility only shows a weak dependence on temperature, which can be assigned to
carrier interactions with the ionized impurities.”’* Lowering the doping density by two
orders of magnitude reveals a ~ T-1° dependence of the mobility with temperature,
which is attributed to the coupling of charge carriers with longitudinal optical (LO)
phonon modes (or “Frdhlich interactions”) in halide perovskites.®* Moreover, the
highest charge-carrier mobility of 470 cm?/Vs is obtained at 5 K, which exceeds values
reported for lead halide perovskites at any temperature.” This improvement in the
mobility of Sn-perovskites with respect to their pure-Pb counterparts may be attributed
to the higher frequency of optical phonons owing to the presence of lighter Sn atoms,
which shifts the onset of Frohlich interactions to higher temperatures compared to Pb-
based perovskites.”” Nevertheless, a detailed quantitative estimation of the effect of
various intrinsic and extrinsic carrier scattering mechanisms (such as structural
disorders, electron-phonon coupling, defects etc.) on the mobility as a function of
temperature needs to be more widely explored for the Sn systems; in particular, very

little has been explored on the mixed Pb-Sn perovskite alloys.
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Figure 2.10: (a) Mobility (x) of FA0.83Cso.17SnxPbixlz thin films as a function of
background doping levels, for varying Sn fractions (x) between 0.6 and 1. The open
circles represent the experimental data points and the solid lines represent fits to the

equation: u = ”LN, where 4 is the lattice scattering limited value of mobility and No

1+ [
is a normalizing density of dopants, determined empirically. For comparison, the
corresponding data for InP and GaAs are extracted and plotted here. (b) Effective
charge carrier mobility of FASnls thin films as a function of temperature (T), as
obtained from OPTP measurements using photoexcitation at 800 nm with low fluences
ranging from 7 wJ/cm?to 10 wJ/cm?. The coloured dots represent the experimental
data points and the coloured solid lines refer to T-™ fits, yielding m = 0.8, 1.4 and 1.1
for doping concentrations of 2.2 x 102° cm=3, 2.0 x 101° cm=2 and 7.2 x 1018 cm-3
respectively. Reproduced with permission.*

2.7 Degradation mechanisms of Sn-containing perovskites

One of the major hurdles for the long-term operation of Sn-containing
perovskite solar cells is the inherent chemical instability of Sn?* ions, which is
exacerbated in the presence of Oz, H20 and heat.®® Using a combination of XRD,
thermogravimetric analysis (TGA) and absorption measurements, Leijtens et al.
showed that pure-Sn and mixed Pb-Sn perovskites have vastly different degradation

pathways in the presence of Oz, as shown in equations 2.16 and 2.17.7°

2ASnl3 + O2 —» 2Al + SNO2 + Snls (2.16)
4APbo.sSnosls + O2 —» 2A1 + SnO2 + Pblz2 + 12 (2.17)
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Table 2.1. Summary of charge carrier recombination and transport parameters of Sn-
containing perovskites. Reproduced with permission.*

Perovskite kqtow! k2 ks u Method | Ref
(S —1)* (Cm3 S—l)* (CmG S—l)
(cm?/Vs)
MAShIs? 8.0 x 10° 1.4 x 10°° 1.60¢ OPTP 18
MASnI3P 50¢ Hall 19
FASNIs2 1.2 x10° 2.3x1010 9.3x 1030 22¢ OPTP 8
FASNIs® 0.03f, SCLC 77
0.001¢
FAPDbo.5Snosls? 1.0x10° 1.1 x 1010 3.0x 102 0.003¢ TAS 61
FA05MA0.45CSo.05 1.98f, TPC 78
Pbo.sSnosls (treated with > 3.86°
0.03% Cd)2
MAPDbI; 2 1.6 x 10° 2.6 x 1010 87d TRMC 11
CSo_os(FAo,gMAO,2)0_95Pb(|0_83 3.5x10° 5.3x1012 5x 103t TAS 79
Bro.17)3 2

OPTP refers to optical pump terahertz spectroscopy, Hall refers to Hall effect measurements,
SCLC refers to space charge limited current, TAS refers to transient absorption spectroscopy,
TPC refers to transient photocurrent measurements and TRMC refers to time resolved
microwave conductivity.

* These values are calculated from external measurements and thus will be dependent on the
specific sample properties (e.g. thickness, additional layers, substrate etc)

3 Values measured for polycrystalline thin films. ® values measured for polycrystals. ¢ Values
measured for solar cell devices.  Sum of electron and hole mobilities. ¢ Hole mobility. f Electron
mobility. ¢ Hole mobility from field effect transistor (FET) measurements.

While the formation of Snls from [Snls]*~ necessitates the breaking of two Sn-I bonds,
all six Sn-1 bonds need to be dissociated to yield SnO2 and I2. Therefore, it is evident
that mixed Pb-Sn perovskites degrade through a less energetically favourable

pathway, thereby implying higher stability of these alloyed perovskites as compared
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to their pure-Sn counterparts (Figure 2.11a). To explain this, the authors hypothesize
that the spontaneous and cooperative oxidation of many adjacent [Snle]*~ can be
suppressed by incorporating stable Pb?* cations. Similar conclusions were also
obtained by Bowman et al., where the addition of zinc in the mixed Pb-Sn precursor
solution led to the spatial homogenization of Pb/Sn stoichiometry and thereby reduced
the density of Sn-rich clusters.®* Accordingly, PLQE values are substantially enhanced
and the film stability greatly improved. In order to understand the combined influence
of moisture and oxygen on the degradation of Sn-perovskites, the readers may refer
to a recent report from Lanzetta et al., showing the critical role of Snls (formed as one
of the products in equation 2.16) in initiating a cyclical degradation mechanism.&
Nonetheless, the presence of any such Sn** species (as will eventually form in both
pure and mixed metal compositions) has been suggested to also act as charge traps
and thereby can reduce the open circuit voltage of solar cells.>> Moreover, the
presence of Sn** is predicted to be energetically unfavourable in the bulk, and thus
readily transforms (back) into Sn?*, releasing two holes into the valence band and p-
doping the perovskite.>> Such undesired and uncontrolled increase in background
doping severely impacts the open circuit voltage and fill factor of resulting solar cells.8

Kubicki et al. recently used *°Sn solid-state NMR spectroscopy to probe the
degradation mechanisms in Sn perovskites (Figure 2.11b).>® They found that the
degradation of ASnXs perovskites results in highly disordered and qualitatively similar
products in agreement with those of Leijtens et al.”® Moreover, the presence of a trace
of metallic Sn (Sn° among the degradation products is provided as a reason for the
semi-metallic nature of Sn halide perovskites. It is however important to note that Sn
can also undergo the reverse process of comproportionation, where the simultaneous
presence of Sn® and Sn** can lead to the formation of Sn?*.>® This approach was
indeed exploited by Tan et al. to demonstrate improved stability of tandem devices
employing Pb-Sn low bandgap absorbers.>® Further work will need to explore the
impact of how these redox reactions are influenced under the presence of light and
bias, such as the photochemical reduction of Sn>* — Sn° in the presence of photo-
excited electrons.

Saidaminov et al. used *H NMR to show that the widely used dimethyl sulfoxide
(DMSO) solvent for dissolving and casting the precursor salts can also oxidise Sn?*
ions at temperatures above 100 °C, and the reaction results in the formation of
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dimethyl sulfide.®! This unwanted reaction between DMSO and Sn?* ions is shown to
be suppressed with the incorporation of 10 mol% SnF: in the precursor solution.®? As
discussed earlier, intentionally introducing such Sn-rich growth conditions will help to
minimize the density of Sn vacancies and thereby reduce the p-doping density. Since
bulk p-doping has also been shown to promote Sn oxidation at the surface,* such
lowering of the hole doping in the presence of SnF: is likely the reason that the
oxidation of surface Sn?* ions is suppressed. Nevertheless, the community will need
to explore alternative benign solvents with high boiling points and low vapor pressure
which, akin to DMSO, can also form intermediate complex with Pb%*/Sn?* ions and
thereby control the film crystallization without influencing the redox chemistry.8384
Besides the intrinsic instability of Sn-containing perovskite materials, Prasanna et al.
suggested that the most commonly used hole transporter layer (HTL) i.e. acidic
PEDOT:PSS is prone to react with the mixed Pb-Sn perovskite absorber, which acts
as another source of degradation once the material is integrated into a device.® To
improve the thermal stability of solar cells, they eliminated PEDOT:PSS and used the
upward band offset at the ITO/perovskite heterojunction to extract holes. Furthermore,
by modifying their processing to enlarge the morphological grain size of perovskites,
they also demonstrated a greater inhibition of Sn?* oxidation on exposure to air.
Figure 2.11c and 2.11d show the evolution of J-V curves of such small-grained and
large-grained FAo0.75Cs0.25Sn0.4Pbo.sls solar cells with time in air at 85 °C. Besides the
poorer initial performance, the small-grained HTL-free perovskite device shows much
faster degradation in their device performance than their large-grained counterparts.
Using XPS depth profiles, they have shown that the surface of such tin-lead
perovskites is replete with oxygen (possibly forming SnOz2) and the concentration of
oxygen diminishes rapidly in the bulk. These findings, of enhanced degradation in
smaller grains with larger surface-area-to-volume ratio, also further validate our earlier
discussion that the formation of Sn** is less favourable in the bulk. In case of small-
grained perovskite films, frequent and wider grain boundaries therefore lead to an
increasing rate of oxidation, forming larger amounts of insulating SnO2 over time as
compared to their large-grained analogues. Such observations could explain the rapid
decrease of Jsc along with the formation of S-kinks in PSCs employing small-grained
absorber layers (Figure 2.11c).
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Figure 2.11: (a) Evolution of the normalized cubic (100) XRD peak intensities of
FASnNIz and FAPbosSnhossl3, plotted as a function of the time of exposure at 85 °C in dry
air. (b) 11°Sn solid state NMR as a probe of ASnlz degradation, measured at 4.7 T, 12
kHz MAS (magic angle spinning) and 298 K. MASnIs was degraded at 150 °C for 1
hour in air, FASnlz was degraded at room temperature for 1 hour in air and CsSnl3
was degraded at 100 °C for 3 hours in air. Current density-voltage (J-V) curves of (c)
small-grained and (d) large-grained devices as a function of ageing time at 85 °C in
air. Here, a 450 nm thick layer of FA0.75CS0.25Sn0.4Pbo.sls is used as the absorber with
Eg = 1.29 eV. Solid lines and dashed lines shown here represent the light J-V
characteristics and dark J-V characteristics of the devices. It is noted that Jsc values
here are lower than 1 sun Jsc due to the use of a lower intensity lamp for device
measurements under thermal treatment. Reproduced with permission.*®

All in all, the facile oxidation of Sn?* to Sn** represents the biggest challenge
for the ambient stability of Sn-containing perovskite solar cells, when compared to their
pure-Pb counterparts. In this regard, improved and controlled processing conditions,
together with more rigorous encapsulation strategies upon film formation, may prove

to be beneficial in arresting the undesired exposure to oxygen and moisture. Under
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operational conditions (e.g. maximum power point) at one-sun illumination with or
without high temperatures (> 50 °C), the state-of-the-art devices with Sn-containing
perovskites appear to have comparable stability for hundreds of hours to the pure-Pb
compositions,®-0 thereby reinforcing their potential to demonstrate long-term stability.
However, it is important to note the caveat that utmost care must be undertaken to
effectively remove or suppress all kind of Sn-oxidation pathways during fabrication and
subsequent device operation for exhibiting such prolonged stability. This extreme
sensitivity to local fabrication conditions greatly affects the reproducibility across
different laboratories to a much larger extent in Sn-containing devices than their Pb-
based analogues. This can also explain why only a handful of research groups show
superior device performance and stability with Sn-containing perovskites, when
compared to Pb-perovskites, which have by now democratized to a much wider extent.
Going forward, we encourage researchers in the Sn-community to more rigorously
report their processing protocol — no matter how apparently insignificant the detail may

be — to ensure more rapid development of the field.
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Chapter 3

Experimental methods

In this chapter, a general description of the fabrication route of single junction solar
cells used throughout this thesis will be presented. For more specific details about
individual experiments, a separate ‘Methods’ section is provided in each chapter
(except Chapter 5 which shares the same methods as Chapter 4). More importantly,
relevant details of the various material and device characterization techniques
employed in this work will be provided here. Theoretical calculations have been used
in Chapters 4 and 6 and those chapters already contain a subsection inside their
‘Methods’ section for providing more information about the protocol used in the

modelling.
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3.1 Fabrication procedure of single junction perovskite solar cells

Single junction solar cells reported in Chapters 6 and 7 of this thesis are
fabricated in the planar inverted (or p-i-n) configuration and the general flow of
fabrication is shown in Figure 3.1. We also discuss the steps in the form of bullet

points below:

e Pre-patterned glass/indium tin oxide (ITO) substrates (1 inch x 1 inch) from Kintech
(10 -15 Q/sq) are cleaned with 15 min ultrasonic bath in detergent (Helmanex or
decon 90), deionized water, acetone and isopropanol, followed by drying with a
nitrogen (N2) gun.

e After UV-ozone treatment of 15 minutes, the cleaned ITO substrates are
immediately taken into a N2 glovebox (H20 < 0.1 ppm, O2 < 0.1 ppm) for depositing
2PACz HTL layer for pure-Pb perovskites in Chapter 6. For mixed Pb-Sn
perovskites (in Chapters 6 and 7), PEDOT:PSS HTL is used and the layer is
deposited outside in a fumehood.

¢ After the deposition of the HTL layer, perovskite solution is spun using the set recipe
and then annealed appropriately. The entire process of preparing and depositing
perovskite solution is done inside the glovebox.

e In the next step, perovskite coated substrates are transported to the adjacent
glovebox (containing the thermal evaporator) through a large antechamber
(connecting the two gloveboxes) for subsequent deposition of the electron
transporting layer (ETL). This is to ensure that the perovskite films are never
exposed to ambient conditions at any point in the fabrication process.

¢ In the p-i-n configuration of perovskite solar cells, a combination of Ceo and BCP is
considered to be the most popular combination of ETL, which are deposited on top
of the perovskite layer by vacuum thermal evaporation.

e Finally, the contact metal (usually Cu) is deposited using the same vacuum thermal

evaporation system inside the glovebox.
More details on the deposition of individual layers in the above stack are

provided in a separate ‘Methods’ section in each chapter (except Chapter 5 which

shares the same methods as Chapter 4).
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Figure 3.1: Fabrication route followed for preparing p-i-n single junction solar cells
used throughout this thesis.

3.2 Material characterization
3.2.1 X-ray diffraction (XRD)

X-ray diffraction is a powerful non-destructive diagnostic tool which can be used for
qualitative and quantitative determination of the various phases present in
monocrystalline and polycrystalline materials. Besides that, XRD also gives
information about crystalline quality, unit cell lattice constants, crystallite sizes, texture
coefficients, dislocation densities and microstrains in the probed samples.

The mechanism of X-ray diffraction follows Bragg’s Law,! as shown in figure
Al.1. When monochromatic X-ray beams from a coherent source of wavelength A
(generated by suitable metal filters) irradiate a crystalline structure, the atoms located
at adjacent crystal planes (characterized by Miller indices h, k and ) cause the X-rays
to be scattered. At particular angles of incidence, the scattered X-ray beams undergo
constructive interference, giving rise to diffraction peaks. According to Bragg’s law,
two parallel scattered X-rays undergo constructive interference when their path

difference is an integral multiple of the X-ray wavelength.
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planes

Figure 3.2: Simple schematic of Bragg’s XRD measurements.

Mathematically, this can be written as
nNA= 2dnkisin® (3.2)

where dn is the interplanar distance between the adjacent (hkl) planes, 6 is the Bragg
angle corresponding to (hkl) planes and n is the order of diffraction. For most of the
practical purposes, the value of n is taken as unity. Moreover, the diffraction peak
intensity at a certain Bragg angle indicates the degree of preference for crystalline
growth (texturing) of the film along that plane. In addition to that, the width of the
diffraction peak at half of its maximum intensity can be directly correlated with the size
of crystallites, and therefore a sharp peak indicates an excellent crystallinity of the film
with large crystallites. However, the positions and the widths of diffraction peaks can
also get modified in the presence of strain arising from dislocations, internal stresses,

grain boundaries, point defects, etc.?

In this thesis, all XRD measurements were performed in a Bragg-Brentano
geometry using a D8 Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany)
with Cu-Ka source (1.5418 A). Data for the experiments were collected in a locked
coupled 1D-mode for 20 between 5° and 35° in most cases. For temperature
dependent measurements reported in Chapter 6, diffraction measurements were
performed for every 5K interval over a temperature range of 92-302 K. For determining
the peak FWHM of the XRD peak(s), a Lorentzian fitting of the peak is done using the

OriginPro software.
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3.2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful characterization technique
used for imaging the surface and the cross-section of specimens on a um—nm scale
using a focussed beam of electrons. Since electrons have much smaller de-Broglie
wavelengths than optical photons, SEMs provide superior resolution and magnification
as compared to optical microscopes.? In fact, the bombardment of electrons generates
a wide variety of emissions, including secondary electrons, backscattered electrons,
Auger electrons and characteristic X-rays. However, it is important to note that SEMs
produce microscopic images by detecting either the secondary electrons emitted from
the sample or the backscattered electrons. Figure 3.2 shows a schematic of a typical
SEM machine, which consists of three main components: Electron column, detection
system and display. The magnification of the SEM image can be varied by changing
the dimensions of the area scanned by the primary electron beam.

In this thesis, all the SEM images were taken by Dr. Bart Roose. The surface
of the perovskite films was imaged using a Zeiss LEO 1550 FE-SEM apparatus, with
a 2 kV acceleration voltage. It was ensured that the voltage levels for SEM
measurement did not significantly impact the integrity of the perovskite thin films.

Grain size analysis was performed by the author of this thesis using ImageJ software.
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Figure 3.3: Schematic diagram of a typical SEM. Figure modified with permission. 4
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3.2.3 UV-Vis-NIR spectrophotometry

UV-Vis-NIR spectrophotometry is a widely used technique to determine the
absorbance spectra of films and solutions. In this method, a sample is irradiated with
a band of white light by a combination of lamps (tungsten lamp, deuterium lamp etc.)
and the resulting transmitted light is compared to the transmission of a blank sample
(without the specimen to be analysed) by a spectrometer which splits the light into its
wavelength constituents. The absorbance value at a specific wavelength A(A) is then

given by,
A(M) = log1o() (3.1)

where lo and I: are respectively the reference and transmitted photon intensity.

Figure 3.4 shows the schematic of a typical UV-Vis-NIR spectrometer, which
is similar to the one used for all of our measurements. Since no integrating sphere is
used for the measurement, the effect of diffuse scattered light on the absorbance of
our samples cannot be decoupled completely. Hence, the absorbance values of a

sample obtained from such a setup do not necessarily represent its actual values.
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Figure 3.4: Schematic diagram of a representative UV-Vis-NIR spectrometer.

From the absorbance measurements, the absorption coefficient a(A) of our

_ 2303A(0)

samples is then determined using a(A) , Where t is the thickness of the film.

By plotting (ah9)? versus h9 (energy) and then extending the linear part of the curve
to intersect (ah9)? = 0 axis, the bandgap (Eg) of our samples is then given by this hd
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intercept. This is known as the Tauc-plot method® and it is used extensively in this

thesis for estimating the bandgaps of perovskite films.

In this work, UV-Vis measurements were collected on a Shimadzu UV-
3600Plus spectrophotometer without an integrating sphere for transmission
measurements. It employs photomultiplier tube (165 — 870 nm), InGaAs (870 — 1650
nm) and PbS (1650 — 3300 nm) detectors and deuterium (165 — 282 nm) and tungsten
(282 — 3300 nm) lamps.

3.2.4 Photothermal deflection spectroscopy (PDS)

Photothermal deflection spectroscopy (PDS) is a highly sensitive technique
used to measure the sub bandgap absorption in samples down to 4-5 orders of
magnitude. It works on the principle of a mirage effect, whereby the incidence of a
pump beam causes the transparent medium (where the sample is placed) to heat up
following the absorption by the sample, thereby causing a gradient of refractive index
to exist adjacent to the sample surface. Meanwhile, a probe laser beam transmitted
through the medium is reflected or bent depending on this temperature gradient and
based on this deflection, a measure of the absorption is found. Unlike the traditional
UV-Vis-NIR setups where the absorption is found indirectly from the transmission (and
hence are prone to reasonable errors), PDS spectra show nearly true values of
absorption of the sample because it directly probes the absorption using a small
deflection of the probe beam. Figure 3.5 shows the schematic of a typical PDS setup.

In this work, the samples were excited with a monochromatic light beam
mechanically modulated at 13 Hz, inducing periodic heating in the excitation spot
proximity, further probed with a laser beam passed parallel to the sample surface. The
probe beam deflection, proportional to the absorbance at each pump wavelength, was
measured with a quadrant photodiode and demodulated with a lock-in amplifier. The
samples have been immersed in a thermooptic liquid (3M™ Fluorinert™ FC-72) to
enhance the effect, and loaded in a custom-made holder under a nitrogen atmosphere
to prevent material degradation. These measurements were performed and the data

analysed by Dr. Szymon J. Zelewski.
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Since PDS is very sensitive towards sub bandgap absorption, it is ideal to
determine the Urbach energy (Eu) from PDS, which represents a measure to estimate
the amount of electronic disorder in the sample. From the PDS spectra, the absorption
coefficient a(A) can be obtained following the procedure described in Section 3.2.3. By
plotting In(a) versus energy and then fitting the linear absorption tail below the
fundamental absorption edge, Eu can be calculated as the inverse slope of the fitted

line.
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Figure 3.5: Schematic diagram of a typical PDS setup.

3.2.5 Photoluminescence (PL) and photoluminescence quantum efficiency
(PLQE)

Photoluminescence (PL) or steady state PL is a non-destructive technique of
gaining information about the efficiency of radiative recombination in a solid state
sample or a solution by exciting with monochromatic light. In this method, the
specimen is ideally energized with high energy photons (E > Eg) which causes
electrons to transition from the valence band to much above the conduction band
minimum (CBM). These photoexcited electron-hole pairs, on relaxation to the ground
state, emit energy in the form of photons. When different samples of the same series
are irradiated with the same light intensity, the counts of luminescent photons are a

measure of the extent of radiative recombination in the sample. Therefore, PL
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spectroscopy is a quick and simple method of determining the influence of any
passivation agents on the reduction of non-radiative recombination in the films.
Moreover, in material systems with low Stokes shift (e.g. perovskites), the position of
PL peak can also provide the value of optical bandgap of the film. Figure 3.6 shows a
typical schematic of the PL setup. The only exception in our case (Chapters 4 - 7) is
the presence of a continuous wave laser (wavelength information is provided in

individual chapters) as the excitation source instead of broadband light.
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Figure 3.6: Schematic diagram of a typical PL setup.

For PLQE measurements reported in Chapter 7, encapsulated films were
mounted in an integrating sphere (Figure 3.7) and photoexcited with a 532 nm
continuous-wave laser at the given intensity for the so-called ‘direct’ measurement (C).
For the ‘indirect’ measurement (B), the sample is tilted 90° with respect to its position
during measurement C, so that the incoming laser beam does not excite the sample
directly. Finally, for the ‘blank’ measurement (A), no sample is mounted inside the
sphere and the detector measures only the incoming laser signal. The laser and the
PL signals were measured and quantified using a calibrated Andor iDus DU420A-BVF
Si detector. Subsequently, the external PLQE values were calculated following the

method of de Mello et al.®
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Figure 3.7: Schematic diagram of a typical PLQE setup during the ‘direct’
measurement (C).

3.2.6 Confocal microscopy

Microscopic PL measurements on lateral channel devices under bias (in
Chapter 4) were taken using a confocal microscope (WITec, Alpha RAS system). A
fiber-coupled 405-nm continuous-wave laser (Coherent, CUBE) was focused onto the
sample using 40x objective. The average power of the laser at its focal point was 0.5
MW. PL of the sample was collected in the reflection geometry from the same objective
while the excitation laser beam from the reflection was blocked using a 415-nm long-
pass filter. These measurements were performed by Dr. Ravichandran Shivanna and
the data was analysed by the author of this thesis, along with Dr. Ravichandran

Shivanna and Dr. Satyaprasad P. Senanayak.
3.2.7 Hyperspectral microscopy

Wide-field, hyperspectral microscopy measurements (in Chapter 7) on
encapsulated films were carried out using a Photon etc. IMA system. Measurements
were performed either with an Olympus MPlanFL N 100x (NA = 0.9) or a Nikon TU
Plan Fluor 20x (NA = 0.45) objective lens. The samples were encapsulated in glass

and excited with a 405 nm continuous wave laser (unpolarised), which was filtered out
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by a dichroic longpass for the detection. The emitted/reflected light from the sample
was incident on a volume Bragg grating, which splits the light spectrally onto a CCD
camera. The detector was a 1040 x 1392 resolution silicon CCD camera kept at 0 °C
with a thermoelectric cooler and has an operational wavelength range of 400—-1000
nm. By scanning the angle of the grating relative to the incident light, the spectrum of
light coming from each point on the sample could be obtained. These measurements

were performed and the data analysed by Dr. Simon Kahmann.
3.2.8 Time resolved photoluminescence (TRPL)

Time-resolved photoluminescence on encapsulated films (in Chapter 7) was
measured on a confocal microscope (MicroTime200, Picoquant) with the pinhole
removed and a single focusing lens placed in the position of an objective lens.
Excitation occurred with a pulse 405 nm laser diode (LDH-D-C-405 dual, Picoquant)
passed through a clean-up bandpass filter (FF01-405/10, Semrock) focused into a
spot of 57 micrometres in diameter. PL collection occurred in reflection geometry
through a 405 nm dichroic long pass beam splitter (zt405rdc, Chroma) and a 420 nm
long pass filter (Newport). The signal was detected with an Excelitas SPAD detector
and a TimeHarp 260 pico dual photon counting card. The fluence was adjusted with a
continuously movable knife edge. Excitation occurred at a repetition rate of 0.5, 4, and
20 MHz for the neat Pb, mixed Pb:Sn, and the neat Sn-based sample, respectively.
These measurements were performed by Dr. Simon Kahmann and the data was

analysed by the author of this thesis.
3.2.9 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is an extremely sensitive surface analysis technique
widely used for obtaining information about elemental composition, oxidation states
and chemical environments of various elements present in a material. When a
monochromatic beam of X-rays from a Mg Ka (1253.6 eV) or Al Ka (1486.6 eV) source
strikes a sample, the core-level electrons of the surface atoms (top 1-10 nm) get
excited and hence may leave the sample thereby causing the atoms to be ionized.
This phenomenon is called photoelectric effect and the emitted electrons are referred

to as photoelectrons. The kinetic energy of an emitted photoelectron (Exin) is given by,

Ekn=hv—-BE - ¢ 3.2
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where hv is the energy of the incident photons, BE is the binding energy of the emitted
photoelectron at the corresponding core energy level of the atom and ¢ is the work
function of the material under investigation. Figure 3.8 shows a simplified schematic

of a typical XPS system.
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Figure 3.8: Simplified schematic of a typical XPS system. Figure adapted from 7.

In order to prevent the photoelectrons from being scattered by background gas
molecules and also to avoid surface contamination, XPS measurements are
performed in ultra-high vacuum (UHV) conditions with working pressure < 10~° Pa. A
hemispherical sector analyser is used to retard the kinetic energy of the ejected
photoelectrons and therefore it only allows electrons with a certain kinetic energy
(known as pass energy) to reach the detector. Prior to taking the measurements, the
work function of the material is set by the spectrometer. Hence, a typical XPS spectrum
consists of the number of detected electrons per energy interval plotted as a function
of their binding energy (BE). Since the BE of core electrons is unique to each element,
XPS is a powerful tool for determining the chemical composition of the sample surface
except for H and He. XPS measurements can also be used to identify the oxidation
states of the elements present in the sample and detect the presence of various
functional groups attached to the corresponding atoms. This is done by analysing the

exact peak positions and the separation of peaks (due to spin orbit splitting in case of
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p, d and f orbitals) in the XPS spectrum. Moreover, the atomic concentration of the
various elements or various oxidation states of the same element in the sample can
be obtained from the XPS results by integrating the area under the corresponding

peaks.

XPS measurements in Chapter 4 were performed by a monochromatic Al Ka
X-ray source (hv = 1486.6 eV) using a SPECS PHOIBOS 150 electron energy
analyzers with a total energy resolution of 500 meV. Conductive silver paint was used
to connect the sample surface to the holder to avoid charge accumulation during XPS
measurements. All the data analysis was done in a commercial CasaXPS software.

These measurements were performed by Dr. Weiwei Li.

3.3 Device characterization
3.3.1 Solar cell J-V measurements

For solar cell measurements in Chapter 6, a solar simulator from ABET
Technologies (Model 11016 Sun 2000) with a xenon arc lamp was used to illuminate
the solar cells (active area ~0.095 cm?) at an intensity of 100 mW cm™2 (‘1 sun’ for
AM1.5G spectrum) which were recorded using a Keithley 2635 source meter. Unless
otherwise stated, all the J-V measurements were recorded in both reverse (open
circuit to short circuit) and forward (short circuit to open circuit) directions in dark and
under light at a scan speed of 100 mV s~ with a voltage resolution of 50 mV. On the
other hand, for solar cell measurements in Chapter 7, a Sunbrick LED solar simulator
from G2V Optics is used for illuminating the devices. In both cases, silicon reference
cells with different windows (such as KG5 and KG2) were used to calibrate the

intensity of the solar simulator.

The distribution of the device performance (i.e. device statistics) for each
condition is represented in the form of box plots through the thesis, where the upper
and lower bound of the box represents the upper quartile and lower quartile of the data
respectively. The horizontal line splitting the box into two parts represents the median.
On the other hand, the whiskers outside the box connect the upper quartile to the

maximum of the data and the lower quartile to the minimum of the data.
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3.3.2 External quantum efficiency (EQE) measurements

In this thesis, EQE measurements of perovskite solar cells were performed
using a Bentham PVE300 system equipped with xenon-quartz and tungsten halogen
lamps and a single monochromator. During the measurements, we used a transformer
mode (Bentham S400 474) with a frequency of ~ 300 Hz and a signal detection unit
(Bentham S400 417) to measure the spectral response and EQE of our devices. A

silicon reference cell was used to calibrate for the spectral mismatch.
3.3.3 FET measurements

FET measurements in Chapters 4 and 5 were performed using an Agilent
4155B parameter analyser operated in pulsed mode (short impulse of 0.5 ms) for
transfer characteristics and continuous mode for output characteristics. Unless
otherwise specified, all the transfer characteristics presented were measured at a scan
rate of 8 V/s on freshly prepared devices without any biasing history. Temperature-
dependent transport measurements were performed using a Desert Cryogenics low-
temperature probe station. These measurements were performed by Dr. Satyaprasad
P. Senanayak and the data analysed by the author of this thesis and Dr. Satyaprasad

P. Senanayak.
3.3.4 Impedance spectroscopy measurements

In Chapter 6, electrochemical impedance spectroscopy (EIS) measurements
were done on a Solartron Modulab under 73 mW cm2 illumination at open circuit
between 1MHz and 1mHz with a 10 mV perturbation. A 470 nm blue LED was used
as the illumination source. The temperature of the cell was controlled by a Peltier
element which was mounted into a gas tight chamber with a quartz window. The solar
cell was mounted and electrically connected into the holder inside a glove box, and
the chamber was filled with dry nitrogen. The chamber was then sealed, removed from
the glove box and mounted in front of the LED. These measurements were conducted

and the data analysed by Matt Pilot and Prof. Petra J. Cameron.

Impedance spectra shown in Chapter 7 were taken using a Metrohm
PGSTAT302N Autolab under a simulated solar spectrum of 100 mW/cm? intensity at
open circuit. Devices were scanned between 100 mHz and 1 MHz with a 10 mV AC

perturbation. These measurements were done on encapsulated solar cells.
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Chapter 4

Compositional engineering of mixed lead-tin
halide perovskites for field effect transistors

The work in this chapter has been reproduced in part with permission from:

Satyaprasad P. Senanayak’, Krishanu Dey’, Ravichandran Shivanna, Weiwei Li,
Dibyajyoti Ghosh, Youcheng Zhang, Bart Roose, Szymon J. Zelewski, Zahra Andaji-
Garmaroudi, William Wood, Nikhil Tiwale, Judith L. Macmanus-Driscoll, Richard H.
Friend, Samuel D. Stranks and Henning Sirringhaus, ‘Charge Transport in Mixed
Metal Halide Perovskite Semiconductors’, Nature Materials 2023, 22, 216-224.

[‘denotes equal-contributing first author]

Despite years of research on exploring different halide perovskite material systems for
field effect transistors, investigation of the charge transport behaviour of 3D mixed Pb-
Sn perovskite FETs is still missing in the literature. In this chapter, we outline our
optimization strategies of FETs involving A-site and B-site engineering (in ABX3
stoichiometry) of perovskites for reliably exhibiting hysteresis-free p-type transport
with champion hole mobility of 5.4 cm2/Vs and ON/OFF ratio approaching 108, which
are among the best metrics reported in the field of hybrid perovskite FETs. Because
FET measures the long-range charge transport properties which are affected by grain
boundaries and interfaces, it provides a device-relevant metric of charge transport that
can be applicable in a variety of optoelectronic devices. By careful investigation of
metal-semiconductor interfaces in FETs, we show that our optimized devices (with a
perovskite composition of Cso.15FA0.8sPbosSnosls) are not significantly limited by
charge injection barrier or any undesired electrochemical interactions at the interfaces.
Moreover, voltage-bias and current-bias stress operational stability and shelf-life
stability of the fabricated mixed Pb-Sn FET devices clearly demonstrate the efficacy

of using MA-free FA-Cs compositions for future electronic and optoelectronic devices.
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4.1 Introduction

As discussed in Chapter 2, FETs are a powerful and reliable platform to probe
the long-range charge transport in semiconductors. Accordingly, there is an increasing
traction in the community to use the FET platform to study the charge transport physics
in perovskite semiconductors. As a matter of fact, halide perovskite thin film based
FETs were first reported back in 1999, where Kagan et al. used a 2D perovskite
PEA2Snls (PEA= phenethylammonium, CsHsC2H4NHS3) film as the semiconducting
channel and obtained field-effect mobility of 0.6 cm?/Vs.* Subsequent attempts have
largely focused on improving the performance of such 2D perovskite FETs through
better processing protocols and architecture engineering of FETs.>”’ In terms of 3D
perovskites, compositional engineering at the A-site as well as halide modification
have been shown to significantly affect the nature of charge transport in metal halide
perovskite based FETs.®*! In this context, modification of the A-site cation has been
shown to result in an enhancement of n-type device performance and improved
operational stability in the Pb-iodide based perovskites.*? Similarly, substitution of the
halide anion from iodide to bromide resulted in modification of the nature of charge
carriers from n-type to p-type respectively.® Moreover, Sn-based mixed 2D/3D
perovskites have been recently utilized as active material in perovskite FETs.* More
recently, FETs based on emerging double perovskites, such as Cs2AgBiBre* and
PEA4BiAgXs (X = Br, 1)** have also been demonstrated to understand the nature of
charge transport in these materials. Besides polycrystalline films, single crystals
provide a better estimate of the intrinsic charge transport of perovskite materials
without the influence of grain boundaries or structural defects. Therefore, MAPbX3 (X
= 1, Br, Cl) perovskite single crystal based FETs have also been demonstrated with
mobility of >2 cm?/Vs, which is an order of magnitude higher than that obtained with
polycrystalline films of the same composition at the same temperature.***® Subsequent
treatment of the electrodes with graphene and PFBT have been found to further
improve the mobility of single crystal samples.®* While most of the perovskite films or
single crystals have been processed using solution-based methods, alternative and
scalable deposition routes have also been explored for fabricating perovskite FETSs.
For example, co-evaporated MAPDI3 films have been found to show ambipolar charge
carrier mobility (< 104 cm?/Vs), thereby resulting in the first demonstration of a working

perovskite light emitting transistor (LET) at room temperature.®* Similarly, vapour-
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phase epitaxy of CsPbBrs thin films leads to a significant improvement in the FET
performance, demonstrating mobility > 20 cm?/Vs at room temperature.?

Despite a multitude of efforts (as mentioned above) involved in exploring a wide
variety of members of the halide perovskite family using different fabrication routes,
understanding the charge transport behaviour of 3D mixed Pb-Sn perovskite FETs is
relatively unexplored in the field. In this chapter, we summarise our compositional
optimization strategies employed to demonstrate reliable and high mobility (> 5

cm?/Vs) FETs based on low bandgap (< 1.3 eV) mixed Pb-Sn perovskite compositions.

4.2 Methods

|. Device fabrication

Typical bottom-gate bottom-contact (BGBC) FET substrates were fabricated using
lithographically patterned Cr/Au (3 nm/ 22 nm) source-drain (S-D) electrodes on
Si/SiOz2 substrates, which were fabricated by Dr. Satyaprasad P. Senanayak. This was
followed by the deposition of the perovskite layers of varying compositions by the
author of this thesis. Usual channel lengths (L) and channel widths (W) used in this
work are 40 um and 1 mm respectively. A simple schematic is shown in Figure 4.1.

Perovskite

Dielectric (SiO,)
Gate (p-Si)

Substrate (p-Si)

Figure 4.1: Schematic of a standard BGBC FET used for all the device
measurements.
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Il. Preparation of perovskite solutions

All the starting precursors e.g. Formamidinium lodide (FAI, GreatCell Solar Materials),
Methylammonium lodide (MAI, GreatCell Solar Materials), Cesium lodide (Csl, Sigma
Aldrich, anhydrous, beads, —10 mesh, 99.999% trace metals basis), Lead lodide (Pblz,
TCI), Tin lodide (Snl2, Sigma Aldrich, anhydrous, beads, -10 mesh, 99.99% trace
metals basis) and Tin Fluoride (SnF2, Sigma Aldrich) were dissolved in required ratios
in a 3:1 (vol/vol) mixed solvent containing Dimethylformamide (DMF, Sigma Aldrich)
and Dimethyl Sulfoxide (DMSO, Sigma Aldrich). The precursors were dissolved by
shaking with hands and no heating or stirring was done during this process. The
solutions were then left for 2-3 hours and then 5 vol% of formic acid (Sigma Aldrich,
95%) were added to each of them. Perovskite solutions were filtered through a 0.2 um
PTFE filter prior to spin coating. Preparation of all the solutions and their subsequent
spinning were performed in a N2-filled glovebox with H20 levels typically < 0.1 ppm

and O2 levels usually <1 ppm.
lll. Fabrication of perovskite films

Within one hour of adding formic acid, BGBC transistor substrates were treated with
O2 plasma for 2-3 minutes and then quickly transferred inside the glovebox for the
deposition of perovskite films. 30 uL of perovskite solution was uniformly introduced
on the substrate and spun at 5000 rpm (acceleration ~ 7000 rpm/s) for 25s. 70 uL of
chlorobenzene (anti-solvent) was dropped gently on the substrate after 15s. After the
substrates turned brown, they were placed on a pre-heated hotplate at 100 °C for 10
minutes. The thickness of the resulting films were ~ 200 nm.

V. Ab-initio calculations

We performed all ab initio calculations using density functional theory (DFT)-based
method as implemented in the Vienna Ab initio Simulation Package (VASP 5.3.5).%
For the plane-wave basis-set we consider a cut-off of 500 eV. The projected
augmented wave (PAW) method was used to capture the ion-electron interactions.?
We employed a generalized gradient approximations (GGA) in the form of Perdew-
Burke-Ernzerhof functionals (PBE) to simulate the exchange-correlation interactions.?
Note that, computation with PBE-GGA functional provide band gap values of halide
perovskites that are close to the experimentally reported values. However, this

agreement originates from the mutual cancelation of errors that appear due to the
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absence of spin-orbit coupling (bandgap narrowing) and electronic many-body
interactions (bandgap widening) in these simulations.?2¢ We further include spin-orbit
coupling (SOC) interactions as implemented in the VASP for calculating the band
structures of all materials.?” Note that, the inclusion of SOC significantly reduces the
band gap of the halide perovskites. Initially, we optimize the cell volume and internal
geometries of FAo.875Cso0.125Pb-xSnhxls without any constraints. For the ease of
numerical calculation, we have used a A-cation composition as FAo.875CsSo.125 which is
close to the experimentally optimized composition FAo0.s5Cso.15. The atomic positions
were then relaxed until the maximum force on each atomic sites is less than 0.01eV
A, During these optimizations, we employ a 5x5x5 I'-centered k-point mesh for
Brillouin zone sampling. The DFT-D3 method as implemented by Grimme has also
been considered to simulate the dispersion corrections.® For the electronic structure
calculations, the Brillouin zone integrations were done in a I'-centered 7x7x7 k-point
mesh with Gaussian smearing of 0.01 eV. To simulate the mixed B-metal lattices, we
considered several orderings of Pb and Sn in a 2x2x2 lattice that has 8 B-sites. Then,
we thoroughly investigate the FAo.875CSo0.125Pbo.5Sno.sl3 lattice for this. However, we do
not find any specific ordering to be considerably stable in terms of total energy. This
matches well with the previous simulation by Goyel et al.® Thus, to keep the
computational cost of these simulations reasonable, we only considered the structure
where alternative B-sites were filled by Pb or Sn in all three dimensions. These

calculations were carried out by Dr. Dibyajyoti Ghosh.

4.3 Photoluminescence and structural characterization

Before fabricating FET devices with different Pb-Sn perovskite compositions,
we used PL, XRD and SEM as process control tools to assess the quality of the
fabricated films. Figure 4.2a shows the PL spectra of MA-free thin films of
Cso.15FA0.85Pbo.sSnossls, with x-varying as 0, 0.25, 0.50, 0.75 and 1 and the obtained
PL peak wavelengths as a function of Sn contents are shown in Figure 4.2b. The
lowest PL peak energy (or the highest PL peak wavelength) is seen for an intermediate
Sn content of 75% and such characteristic band-bowing feature is consistent with

earlier reports.?>3!
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Similarly, XRD patterns observed from different perovskite compositions exhibit
peaks corresponding to clean perovskite phases, except the tiny 6-FAPbIs phase
appearing for pure-Pb films (Figure 4.3a). This peak possibly originates from the fact
that the recipe employed for this pure Pb films was actually optimized for the mixed
Pb/Sn systems. Similarly, we varied the A-site composition with various combinations
of FA*, Cs* and MA* (while keeping the B-site composition as Pbo.sSno.s), which also
results in phase pure perovskite thin films without any secondary phases (Figure
4.3b).

Typical SEM images of mixed Pb-Sn perovskite films (taken by Dr. Bart Roose
and analysed by the author of this thesis) deposited on silicon substrates are shown
in Figure 4.4 and mean (and median) morphological grain sizes (obtained using
ImageJ software are listed in Table 4.1. There is an evident and consistent increase
in the grain sizes with the increase in Sn contents, which could be associated with
faster crystallization dynamics of Sn-containing perovskites as compared to their pure-
Pb counterparts.®? Similarly, the addition of MA or Cs in FAPbo.sSno.sl3 perovskites also
results in a moderate increase of grain sizes (Figure 4.5 and Table 4.2). The later
sections in the chapter discusses the optimization of FET device performance upon

such compositional engineering of A and B-sites of mixed Pb-Sn perovskites.
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Figure 4.2. (a) Normalized PL spectra of perovskite thin films with different Pb/Sn
mixing ratios and (b) Bandgap bowing phenomenon as seen from the trend of PL peak
wavelengths of perovskite films. 100% Sn: Csoi15FA0gsSnls, 75 % Sn:
Cso.15FA0.85Pb0.2sSno7sls, 50 %  Sn:  Cso.isFA0.ssPbosSnosls, 25%  Sn:
Cs0.15FA0.85PD0.75SN0.2513, 0%Sn: Cso.15FA0.85PDbls.
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Figure 4.3: (a) XRD pattern of perovskite compositions with different Sn contents.
100% Sn: CspisFA0ssSnls, 75% Sn: CspisFAossPbo2sSnorsls, 50%  Sn:
Cs0.15FA0.85Pbo.sSNosl3, 25% Sn: Cso.15FA0.85Pbo.75SN0.2513, 0% Sn: Cso.15FA0.85Pbls.
(b) XRD pattern of perovskite compositions with different combinations of A-site
cations. 40% MA: MAg.4FA0.6PbosSnosls, 15% MA: MAg.1sFA0.8sPbosSnosls, 25% Cs:
Cs0.25FA0.75Pbo.5Snosl3, 15% Sn: Cso0.15FA0.85Pbo.sShosls, 5% Cs:
Cs0.05FA0.95PbosSnosls, Pure FA: FAPbosShosls.

Figure 4.4: SEM images of perovskite thin films (on silicon substrates) with different
Pb/Sn mixing ratios. Scale bar indicates 200 nm.
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Table 4.1: Summary of the variation in morphological grain sizes with Pb-Sn mixing
ratios. Error bars indicate standard error in the mean.

Perovskite composition | Mean Grain Size (nm) | Median Grain Size (nm)
CsFAPDIs 106 + 4 102
CsFAPbo.75Sno.2s I3 150 + 4 134
CsFAPbo.sSnoss I3 275+8 255
CsFAPDo.25Sno.7sl3 401+ 14 375
CsFASnIs 587 + 26 535

Pure FA 5% Cs 15% MA

YR A 2 b 7 2 Ly C
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Figure 4.5: SEM images of perovskite films with different A-site compositions. Scale
bar indicates 200 nm.

4.4 B-site engineering in FETs

The following subsections summarise the trend of charge transport upon B-site
engineering in halide perovskite FETs, followed by the understanding of such transport

behaviour aided by theoretical calculations.
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Table 4.2: Summary of the variation in morphological grain sizes upon A-site
compositional engineering in mixed Pb-Sn perovskite films. Error bars indicate
standard error in the mean.

Perovskite composition | Mean Grain Size (nm) | Median Grain Size (nm)
FAPDbo.sSnosl3 199+ 6 193
Cs0.05FA0.95Pbo.5Sno.sl3 211 +6 212
Cs0.25FA0.75Pbo.5Sno.sl3 249 + 8 242
MAo.15FAo.85Pbo.sSno sl3 240 + 7 235
MAo.4FA0.6Pbo.5Snosl3 217 +6 204

4.4.1 FET device characteristics

All the perovskite devices used for these measurements were fabricated by the
author of this thesis and the device measurements were performed by Dr.
Satyaprasad P. Senanayak. The analysis and interpretation of the data were carried

out jointly by the author of this thesis and Dr. Satyaprasad P. Senanayak.

Figure 4.6 shows the device characteristics of BGBC FETs fabricated from
different perovskite compositions with varying Pb/Sn ratios. To begin with, FETs were
fabricated with the more conventional Pb-based Cso.15FA0.85Pbls (referred to hereafter
as CsFAPDI3) composition. These devices exhibited an n-type field effect transport
(transfer characteristics in Figure 4.6a), with a low prer ~ 102 cm?/Vs, similar to
previous reports.?? It is important to note that by suitable compositional engineering
and by using external additives for passivating defects at the grain boundaries, it is
possible to further improve the mobility of Pb-based perovskites, but that goes beyond
the aim of this study. Interestingly, upon substitution of Pb2* with Sn?* even by 25%
(Cso.15FA0.85Pbo.75Sno.2513), we observe a clear transition from n-type to p-type field
effect transport (transfer characteristics in Figures 4.6b), and the room-temperature
hole mobility increases to ~0.02 cm?/Vs. Further increasing the Sn content to 50%
(Cso.15sFA0.85Pbo.sSnosls, referred to hereafter as CsFAPbo.sShosls) increases the
channel current by three orders of magnitude and prer reaches a maximum of 5.4

cm?/Vs (average prer ~ 3.1 cm?/Vs measured on 12 devices over 3 batches). Further
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increase of the Sn fraction to 75% with a perovskite composition of
Cso.15FA0.85Pbo.25sSno.7sl3 (referred to hereafter as CsFAPbo.25sSno.7sl3) results in a drop
in gate modulation (lon/lorr ~ 1.5) due to quasi-metallic behaviour of the films and
similar situation is observed (not shown here) for Cso.15FA0.ssSnls based FETs. Figure
4.6¢c-d shows the output characteristics of FETs with 0% and 50% Sn. It is clear that
0% Sn devices exhibit notable hysteresis as evident from the transfer and output
characteristics, which bear signature of ionic defect migration in an operational
FET.* In contrast, devices fabricated from CsFAPbosSnhosls also exhibit clean
hysteresis-free output characteristics with a well-defined linear and saturation regime.
Such clean hysteresis-free behaviour has been rare and difficult to achieve in the
many reported 2D and/or 3D perovskite FET studies in the literature, but with
appropriate compositional tuning, we have been able to reduce the effects of ionic
screening to an extent that clean textbook-like transistor characteristics are obtained.
More detailed discussion on the impact of ionic migration in the operation of our
fabricated FETSs is presented in Chapter 5. Furthermore, our optimum 50% Sn devices
exhibit excellent FET characteristics including gate-induced current modulation with
ON/OFF ratio approaching 10® and channel conductance of 3 S/m, which are among
the best in the field of perovskite FETSs. It is noteworthy that in comparison to Pb-based
perovskites which exhibit switch on voltage close to 0 V, these Sn based perovskites
exhibit rather large positive turn on voltage of ~ 10 - 30 V, which corresponds to a p-
type background doping of ~ 106 - 10 cm=.Table 4.3 summarizes the key FET
parameters obtained for various Pb-Sn mixing ratios.

4.4.2 Understanding of transport trends

To understand the transport trends upon B-site compositional variation, we
performed ab initio electronic structure calculations (see details of calculations in
section 4.2). These calculations were performed by collaborator Dr. Dibyajyoti Ghosh.
To construct a computationally tractable supercell without deviating much from the
experimental one, we adopted the A-site composition to be Cso.125FA0.875 and the
relative composition of Pb/Sn was varied systematically. In Pb-iodide perovskites, the
6s-orbitals of Pb and 5p-orbitals of iodine contribute to the valence band (VB) edge,
whereas the conduction band (CB) edge has dominant contributions from Pb 6p-

orbitals with only weaker influence from 5p-orbitals of iodine.?*3* However, upon
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Figure 4.6: Transfer characteristics measured on typical BGBC FETs (L = 40 um, W
= 1mm) fabricated from (a) Cso.1sFAo0ssPbls and (b) different Pb-Sn perovskite
compositions Cso.15sFA0.8sPb1-xShxls, where x (Sn contents) =0, 0.25, 0.5, 0.75. Output
characteristics measured on typical BGBC FETs (L = 40 um, W = 1mm) fabricated
from (c) Cso.15FA0.85Pbls and (d) Cso.15FA0.85Pbo.5Sno sl3 thin films.

introduction of Sn?*, the band decomposed charge densities and partial density of
states (pDOS) plots depict that the Sn 5p-orbitals dominantly contribute to the VB edge
of all the B-metal alloyed compositions (Figures 4.7a-d). The electronic contributions
from Pb 6s-orbitals and | 5p-orbitals to the VB edge remain secondary for these mixed
lead-tin iodide perovskites. Nevertheless, the CB edge is dominated by the 6p—orbitals
of Pb atoms for all systems and has relatively minimal contribution from the Sn atoms.
Overall, B-metal mixing results in enhanced density of states predominantly at the VB

edge.

In semiconductors, the carrier effective masses at the VBM and conduction
band minima (CBM) are crucial for understanding the change in the charge carrier

mobilities with compositional engineering. We computationally calculate the hole (mn)
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Table 4.3: Summary of FET parameters for mixed Pb-Sn perovskite compositions with

different Sn contents.

Sn contents | Maximum prer | Average | ON/OFF | Subthreshold
(%) (cm?/Vs) MFET ratio swing
(cm?2/Vs) (V/dec)
0 0.004 0.002 ~10? 16
25 0.020 0.014 >10? 12
50 5.400 3.100 ~10° 5
75 No gate modulation
100 No gate modulation

and electron (me) effective masses from the band curvature of edge-states at the VBM
and the CBM, respectively. As the effective mass and corresponding band curvature
are inversely related, the higher band-edge dispersion represents lighter effective
mass. Upon Pb/Sn alloying, the reduced effective mass (me*mn*/(me*+mn*)) exhibits a
monotonic decrease (0.077-0.052 me, Figure 4.7e) with an increase in Sn contents,
in line with earlier observation from magneto-optical measurements.* To pin down the
origin of the variation in the effective mass with B-metal mixing, we investigate the
change in B-I-B bond angles of the lattice. Figure 4.7f exhibits a systematic
enhancement in the average B-1-B bond angle with the increase of Sn fraction in the
computational system Cso.125FA0875Pba-xSnxls. This geometric change can be
ascribed to the fact that upon substitution of Pb atoms with Sn, the crystal structure
changes from a slightly distorted tetragonal phase to a less distorted cubic-like
phase.3*® With the increased linearity in B-I-B angles, the s-orbitals of B-atom and 5p-
orbitals of | enhance their spatial overlap (Figure 4.7g). Such an increase in the
overlap between the participating orbitals boosts the dispersion at the VBM state and
thereby reduces the hole effective mass. Furthermore, the morphological grain size
calculated from SEM (Section 4.3) increases from ~ 106 nm for CsFAPDbIs to ~ 150
~ 275 nm and ~ 401 nm for CsFAPDbo.75Sno.2sl3, CsFAPbosSnosls and

CsFAPbo.25Sno.7sl3, respectively. Thus, upon addition of Sn, the reduction of hole

nm,

effective mass, together with the increase of mean morphological grain size, results in

the observed high hole mobility in the mixed Pb-Sn FET devices.
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Figure 4.7: Atomistic origin of high mobility p-type transport in mixed Pb-Sn
devices. Electronic charge density contours corresponding to the (a) VBM and (b)
CBM of CsFAPbo.5Sno sls. Color bar indicates charge density in the units of e/ A3. Plots
of partial density of states for (c) CsFAPbI3 and (d) CsFAPbo.5Sno.sl3. (e) Variation of
hole effective mass with different Pb/Sn mixing ratios (y) in CSFAPb1xSnxls. (f)
Average B-I-B bond angles with the variation of Sn contents in the lattice. (g) Band
structure of CsFAPbI3 and CsFAPbo.5Sno 53, normalized at the VBM. Zoomed versions
of their valence band edges have also been shown to indicate differences in band
curvatures near the VBM.

4.5 A-site engineering in FETs

All the perovskite devices used for these measurements were fabricated by the
author of this thesis and the device measurements were performed by Dr.
Satyaprasad P. Senanayak. The analysis and interpretation of the data were carried

out jointly by the author of this thesis and Dr. Satyaprasad P. Senanayak.

Here, we investigated the effect of charge transport upon modification of the A-
site with various combinations of FA* and Cs*, while maintaining the B-site
composition at the optimum Pbo.sSno.s and iodine as the halide anion. Representative
FET characteristics upon CsxFA1-x compositional variation are shown in Figure 4.8. It
is evident that the addition of Cs increases prer of FAPbosSnosls (0.15 cm?/Vs) and
reaches a peak for 15% Cs, beyond which it starts to drop again. Similarly, using MA*
(instead of Cs™) to partially substitute FA* in FAPbo.sSnosls also results in an increase
in mobility up to 0.8 cm?/Vs for 40% MA contents (Figure 4.9). We intentionally chose
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not to further increase the MA contents as the threshold voltage (V) for the devices
was found to increase steadily with MA, accompanied by a surge in the OFF current
(and subsequent reduction in the ON/OFF ratio). This points to an increase in the
background doping of mixed Pb-Sn perovskite films with the addition of MA. The
summary of the key FET parameters upon A-site engineering is given in Table 4.4.

All in all, the mobilities for dual cation mixtures (CsFA or MAFA) are found to
be generally higher than the pristine FA composition, which is in agreement with the
enhancement in crystallinity observed from SEM and XRD patterns shown in Section
4.3.
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Figure 4.8: (a) Output characteristics measured on typical BGBC FETs (L = 40 um,
W = 1mm) fabricated from FAPbosShosls. (b) Transfer characteristics measured on
typical BGBC FETs (L =40 pum, W = 1mm) fabricated from CsxFA1.xPbo.5Snosl3, where
X (Cs contents) = 0, 0.05, 0.15, 0.25 and 0.40. (c) Corresponding saturation field effect
mobility values as a function of x.
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Figure 4.9: (a) Output characteristics measured on typical BGBC FETs (L = 40 um,
W = 1mm) fabricated from MAo.4FA0sPbosSnosls. (b) Transfer characteristics
measured on typical BGBC FETs (L = 40 um, W = 1mm) fabricated from MAxFA;.
xPbosSnosl3, where x (MA contents) = 0, 0.15 and 0.40. (c) Corresponding saturation
field effect mobility values as a function of x.
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Table 4.4: Summary of FET parameters for mixed Pb-Sn perovskite compositions with
different Sn contents.

A-site Maximum Average ON/OFF Subthreshold
composition MFET UFET (CM?/VS) ratio swing
(cm?/Vs) (V/dec)
FA 0.15 0.08 >10° 9.2
Cso.05FA0.95 0.53 0.35 104 - 10° 6.1
Cso.15FAo0.85 5.40 3.10 ~106 5
Cso.25FA0.75 0.85 0.50 104-10° 7.2
Cso0.40FAo.60 0.95 0.62 >103 6.7
MAuo.15FA0.85 0.20 0.10 >10° 8.5
MAo.40FA0.60 0.80 0.70 >103 7

4.6 Impact of metal-semiconductor interface on the FET performance

These device measurements were performed with assistance from Youcheng
Zhang. The performance of perovskite FETs is often limited by the work function
difference between the metal contacts and the semiconducting channel, which would
determine the charge injection barrier. In order to assess if our chosen Cr-Au
combination is the most suitable S-D contact for the optimized mixed Pb-Sn perovskite
FETs, we fabricated FETs with Cr (25 nm) as the S-D contact. Cr was also chosen
due to its inherent chemical robustness towards various perovskite solutions.
However, devices fabricated with Cr S-D electrode and Cso.15FA0.85Pbo.5Sno.sl3 exhibit
significant hysteresis in the output characteristics (Figure 4.10a) and at least an order
of magnitude lower channel current in the transfer characteristics (Figure 4.10c). This
behaviour could be attributed to the lower work function of Cr (as compared to Au),
which might hinder hole injection. Therefore, similar observations are expected from

metals having work functions close to that of Cr (such as Ag, Al etc.).
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Moreover, the performance of perovskite FETs can be further limited by
electrochemical interactions occurring at the metal-semiconductor interface.® We also
modified the Cr-Au S-D contacts with two different self-assembled monolayers (SAM),
viz. pentafluorobenzenethiol (PFBT; ~1 nm thick) and the polymer surface modification
layer polyethylenimine ethoxylated (PEIE ~2 nm thick). It is reasonable to assume that
these interlayers would isolate the S-D electrode from any undesirable electrochemical
processes, thereby enhancing the device performance.® Based on the chemical
composition of the SAMSs, itis expected that PFBT would increase the Au work function
to promote hole injection and PEIE would decrease the work function of the Au
electrodes and hinder hole injection.*** FETs fabricated with Au-PFBT electrode
exhibit hysteretic output characteristics (Figure 4.10b) and the transfer characteristics
does not exhibit clean gate modulation (Figure 4.10c). Under similar conditions,
device fabricated with Au-PEIE electrode do not exhibit any gate modulation (Figure
4.10c) and it was not possible to obtain output characteristics in these devices. To
understand this, we obtained the microscopic optical images of the Au-PEIE treated
devices upon bias (Figure 4.10d). We observe a clear burn-out of the electrode upon
biasing which can be correlated to the degraded performance of the FETs. The exact
reason behind such burn-out of electrodes with PEIE is still unclear and will need

further investigation.

From these measurements, it is evident that pristine Cr/Au S-D electrodes are
the optimized metal electrodes for these Pb-Sn based perovskite FETs and potential
instabilities due to S-D electrochemical interaction have a minimal effect on the device
performance. We also estimated the contact resistance in these FETs using the
transfer line method in the forward sweep of the output characteristics at 300 K. In
typical perovskite FETs fabricated from MAPDIs, the transmission line data exhibit
significant spread. However, the transmission line data obtained from FETSs fabricated
with these mixed Pb-Sn perovskites (Figure 4.11) exhibit a clean linear fit and
correspondingly a contact resistance as low as 10 kQ-cm is obtained, which correlates

with the high-performance of the FETSs.
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Figure 4.10: Output characteristics measured on BGBC perovskite FETs (L = 40 pum,
W = 1mm) with (a) Cr S-D electrode, (b) PFBT treated Cr/Au S-D electrodes. (c)
Comparison of the transfer characteristics measured on the same devices with
different S-D electrodes. (d) Microscopic image of the burning out observed in FETs
with PEIE treated Cr/Au S-D electrodes. Perovskite composition utilized for all the
measurements is Cso.15FA0.85Pbo.sSnosl3.
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Figure 4.11: Transmission line measurements of the normalized channel resistance
as a function of channel length of FETs for different perovskite compositions. Contact
resistance can be estimated by extrapolating the line to zero channel length.
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4.7 Energetic disorder and its relation to defects in mixed Pb-Sn

perovskites

After optimizing the compositional and device engineering of mixed Pb-Sn
perovskite FETs, we then sought to analyze the energetic disorder in the mixed Pb-
Sn perovskite films using photothermal deflection spectroscopy (PDS). These
measurements were performed by Dr. Szymon J. Zelewski and the data analysed by
Dr. Szymon J. Zelewski and the author of this thesis. PDS spectra obtained for
different perovskite compositions utilized in this study is shown in Figure 4.12 and the
Urbach energies obtained by fitting the band tails are shown in Figure 4.16e. It is
evident that we can obtain about four orders of magnitude dynamic range for 0% Sn
(pure-Pb) composition. However, mixed Pb-Sn perovskite films, generally
demonstrate elevated infrared absorption that can possibly be correlated with the
background carriers (resulting from Sn vacancies) present in these compositions.*
Specifically, the lowest (less than two orders of magnitude) dynamic range was
obtained for 100% Sn, which could be attributed to the presence of significant
background doping in pure-Sn perovskites. To test this hypothesis, we measured the
PDS spectra of FA0.s5Cso0.15Snl3 perovskite films with different amounts of SnF2 (0, 10
and 20 mol% with respect to the amount of Sn in the solution) in the solution (Figure
4.13). For samples with 20% SnF2, where the background doping is expected to be
lower (because of filling of Sn vacancies with an extra source of Sn), we are able to
observe a dynamic range of 103. On the other hand, the dynamic limit is the lowest for
the highest doped (i.e. 0% SnF>) film. These findings indicate that the observed lower
dynamic range for 100% Sn is indeed attributed to the material itself and not a

limitation of our measurement setup.

Next, we examined the presence of chemical defects in the fabricated thin films
to relate that to their energetic disorder. For example, Sn has two oxidation states of
+2 and +4, with the latter being more thermodynamically stable, whereas an oxidation
state of +2 is essential for the ABXz perovskite structure. Such facile oxidation of Sn?*
to Sn** in the presence of traces of oxygen or typical solvents (e.g. dimethyl sulfoxide,
DMSO) at high temperature causes unwanted performance degradation in devices

and affects their long-term stability.** In order to ascertain the relative abundance of
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Figure 4.12: Normalized absorbance spectra of various perovskite compositions,
measured using sensitive PDS measurements.
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Figure 4.13: Absorbance spectra of FAossCsSo.15Snls perovskite compositions with
different SnF, contents, measured using sensitive PDS measurements.

Sn?* and Sn** in the deposited films, we performed X-ray photoelectron spectroscopy

(XPS) measurements on perovskite thin films with varied Sn contents in the
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composition, fabricated on the same substrates (without Au electrodes) utilized for
fabricating the FETs (survey spectra in Figure 4.14 and Pb 4f and | 3d high-resolution
spectra in Figure 4.15). These measurements were performed and data analysed by
Dr. Weiwei Li. Since Sn atoms play a significant role in dictating the p-type charge
transport in our films, we focus our analysis on the XPS spectra corresponding to Sn
3dss2 core-levels. All the perovskite thin films exhibit two characteristic peaks indicating
the co-existence of Sn** and Sn?* (Figure 4.16a-d). The spectral feature at binding
energy of 486.40 eV corresponds to Sn?*, whereas the spectral feature at a slightly

higher binding energy of 487.57 eV is distinguished as Sn**. We estimate the relative

4+
S _ from the area under the peaks at the

sn2t

abundance of the two oxidation states

binding energy of the respective oxidation states. It is evident that our champion
composition of 50% Sn has the lowest ratio of 0.06. Interestingly, the 25% Sn
composition shows the largest ratio of 3.74, which is even higher than that of 100%
Sn (1.35). This result is in agreement with the report from Klug et al. showing that at
low Sn-contents of 20-40%, the resulting thin films are prone to increased defect
densities and exhibit inferior photovoltaic performance.* Similar conclusions are

derived using hybrid DFT calculations by Ambrosio et al.**

4+

Interestingly, we see a qualitatively similar trend with increasing

Sn2+
corresponding to increased Urbach energy (Eu) (Figure 4.16e), thereby suggesting a
direct correlation between Sn** and defect activity. Since defects are a major source
of non-radiative recombination in semiconductors, we sought to examine the effect of
Sn content in the perovskite composition on the integrated photoluminescence (PL)
output from the fabricated thin films of similar thickness (~ 200 nm). Interestingly, we
observe that the PL count increases with increase in Sn content in the overall
perovskite composition, irrespective of the fraction of Sn** (Figure 4.14f). This
suggests that for Sn contents >50%, the presence of an additional channel of radiative
recombination (such as background hole doping resulting from Sn vacancies)
dominates over trap-assisted non-radiative recombination. This is further supported
by the fact that Sn-rich perovskite FETs demonstrate marginal or no gate modulation
owing to a very high OFF current. It also suggests a clear correlation between the
presence of Sn vacancies and Sn** in mixed Pb-Sn perovskites, which make these

materials distinctive from pure-Pb perovskites.
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Figure 4.14: Survey XPS spectra obtained from different perovskite compositions.
100% Sn (FA-Cs): Cso.1sFA0.85Snls, 75% Sn (FA-Cs): Cso.15FA0.85Pbo.25SNo.7513, 50%
Sn (FA-Cs) : Cso.15FA0.85Pbo.5SNhosl3, 25% Sn (FA-CS): Cso.15FA0.85Pbo.25Sno 7513, Pure
FA (50% Sn): FAPbo.sSnosls , FA-MA (50% Sn) : MAg.4FA0.6PbosShosls.

Figure 4.15: High resolution XPS spectra corresponding to (a) Pb 4f orbitals and (b) |
3d orbitals obtained from different perovskite compositions.
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