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Photovoltaic (PV) technology holds a promise that can change the energy dynamics
globally. Next-generation materials, with the focus on two factors: high efficiency and
economic feasibility, are being extensively explored to enable widespread implementation
of solar cells. Metal halide perovskites (MHPs) provide the ideal combination of both
these pressing factors, and also fall under thin film technology making their applications
increasingly ubiquitous. In little over a decade, perovskites have reached a power conversion
efficiencies of > 25%. Despite the prodigious advancements in efficiency, device and material
instabilities have precluded their commercialization. While the origin of instabilities is
multifaceted, instability under environmental factors (light, humidity, oxygen, temperature)
is a central hub. Therefore, efforts are being directed towards understanding the behavior of
photovoltaic properties under environmental conditions. Investigation at the material level

is necessary to develop optimization strategies. My dissertation focuses on the electrical



dynamics at length scales of grains and grain boundaries in MHP thin films.

In the first part of my thesis, I present a comprehensive electrical analysis by probing
surface voltage and photocurrent on Cs-containing dual-cation and Rb-containing quad-
cation perovskite thin films. I measure surface voltage response using Kelvin probe force
microscopy (KPFM) and map photocurrent via photoconductive atomic force microscopy
(pc-AFM) under an inert environment. The Dark KPFM voltage maps indicate upward
band bending at the grain boundaries for both chemical compositions. Using an illumination
cycle (OFF-ON-OFF), I find a 55% larger post-illumination residual voltage drop in quad-
cation perovskite. Photocurrent maps reveal highly photo-active grain boundaries in the
quad-cation, while photo-inactivity is observed at grain boundaries in dual-cation perovskite.
With the integrated knowledge about the upward band bending from KPFM and the
electrical nature of the grain boundaries in the two chemical compositions, I infer defect
passivation at the grain boundaries due to Rb* cations and defect-assisted recombination
at the grain boundaries of dual-cation perovskites. The highly conductive grain boundary
network seen in quad-cation perovksite increases the overall photocurrent by 50%. The
second part of my thesis demonstrates, for the first time, the ability of in situ humidity-
dependent KPFM measurements to capture localized moisture-induced electrical dynamics
in MHPs. I perform a controlled humidity cycle from 5 - 65% rH and back down from
65 - 5% rH. I observe an enhanced voltage response up to 45% relative humidity and an
electrical failure at 65% rH. I capture a self-recovery value of over 90% post-humidity cycle
and a recovery value of 99% 24 hours post-humidity cycle. Using XPS and PL before and
after the humidity cycle, I confirm moisture-induced structural and chemical changes at

the surface of the perovskite which are interconnected to the unstable electrical behavior



seen during the humidity cycle. My comprehensive analytical approach on KPFM, and pc-
AFM together with my in situ results showcase powerful methods for perovskite stability

investigations.
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Chapter 1: Nanoscale Imaging of Perovskite Optoelectronics

1.1 Perovskite Solar Cells: Promises and shortcomings

It has been a little over a decade since perovskite thin Ims were rst introduced to
the world of photovoltaics. When they were rst applied as photoabsorbers, their power
conversion e ciency (PCE) was 3.8% (2009). [1] However, today, perovskite solar cells have
reached a PCE value of 25.7%, [2] making them one of the fastest growing advancements
the photovoltaic industry has seen. The attraction towards perovskite absorbers increased
due to their ease of fabrication [3] and tunable photovoltaic properties [4 6]. Perovskites
have a chemical structure of the form ABX (Figure 1.1), where A is an organic or inorganic
cation (usually methyammonium, formadinium, C$, Rb" or a combination of these) in the
center of the structure, B is a metal cation (either P&* or Sr#*) in a 6-fold coordination
surrounded by X, which is a halide (Cl B, I, or a combination of these) forming an
octahedron. [7,8] Further, with perovksite absorbers, solar cells can be made with thin Im
technology, allowing exibility of the devices. [9,10] This has allowed endless possibilities
of solar power application in a multitude of areas ranging from wearable technology to
terrestrial applications. [11] To add to these promises that perovskites have brought to the
solar cell industry, they are made from abundant and inexpensive materials, making them
economically viable for large-scale production.

1



Figure 1.1: Traditional structure of perovskite materials.

Despite the above mentioned advantageous qualities, perovskite solar cells are far
from commercialization. [12] Perovskites are infamous for their instabilities. [13 15] The
high PCE values that have been achieved today are for unstable devices. There are
multiple areas in which improvement and optimization of PSCs is necessary to attain
the stability levels required to compete with the current life of silicon-based photovoltaic
technology ¢& 25 years). [16] The degradation mechanisms and dynamic behavior under
environmental factors are an ongoing area of study and optimization for PSCs. [17 20]
The high sensitivity of PSCs to extrinsic factors such as oxygen [21 23], humidity [24 26],
bias [27 29], illumination [30 32], heat [33 35] remains a pressing concern in their adoption
on a large scale. All of the advances currently necessary for the commercialization of PSCs
are at the material level and therefore require nanoscale probing of the perovskite thin

Ims.

1.2 Atomic force microscopy (AFM)

Atomic force microscopy is a widely used tool to probe various surface properties

of materials at the nanoscale. For photovoltaic materials, the technique is useful for



simultaneously capturing morphological and electrical properties. AFM has been used
to map chemical heterogeneity [36], ferroelectricity [37, 38], ferroelasticity [39, 40], surface
passivation [41], and stability [42,43] in perovskite thin Ims opening many pathways for
material optimization. Besides, photovoltaics, its applications have been seen in numerous
other elds such as microbiology [44], polymer science [45], photovoltaics [46], medicine [47],
and forensic science [48].

The working principle of an atomic force microscope is based on the tip and surface
interaction mechanism. The microscope consists of a sophisticated assembly of parts. The
cantilever and nano-sized tip form a unit in which the cantilever acts as a spring. A diode
laser is positioned on the cantilever. The tip is driven by applying an AC voltage at its
resonance frequency. The tip interaction on the sample's surface cause the cantilever to
bend. This bending of the cantilever causes the laser to de ect. The de ected laser is
caught by a quadrant diode detector. This information is then sent to the x, y, z piezo
stage and a spatial map is produced. AFM provides 50 nm spatial resolution.

There are two main operating modes of the AFM: Dynamic mode and contact mode.
In Dynamic mode, also known as tapping mode, the tip oscillates with a speci ¢ amplitude
making the contact between the tip and sample surface intermittent. This prevents both
the tip and sample from getting damaged. The tip experiences Van der Waals (attractive)
and Coulombic (repulsive) forces, which govern the movement of the tip. The feedback
loop maintains a constant force by keeping the amplitude constant. In contact mode, the
tip is always in contact with the sample surface. Having the tip pressed on the sample does
cause tip attenuation and can also damage the sample if the tip set point voltage is too

high. The feedback loop keeps the force constant by keeping the de ection constant.
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1.3 Kelvin probe force microscopy (KPFM)

KPFM is a dynamic mode AFM technique that measures the contact potential
di erence (CPD) between the tip and the sample. The tip used in this measurement
is made of a conductive metal. The tip is kept at a constant height away from the sample's
surface. The tip and the sample are electrically connected. This set-up of the tip and
sample forms a parallel capacitor, and the local contact potential is quanti ed by detecting

a capacitive force between them. The contact potential di erence is calculated as follows:

Ve (s t)=e (1.1)

wheree is the positive elementary charge, s and  are the work functions of the sample
and tip, respectively. [49]

KPFM can provide a variety of electrical information about the semiconductor such as
work function, band bending, dopant density, surface charge, density of surface states. [49]
KPFM measurements can be performed in two types of modes: single pass and dual pass
mode. In the single-pass set up, the probe goes over the surface only once. The probe
is kept at a constant height and never comes in contact with the sample surface. In the
dual-pass set up, the probe goes over the sample's surface twice. During the rst pass, the
probe maps the topography in an amplitude modulated mode in which the probe oscillates
at its resonance frequency. The probe is then lifted up at a constant height above the
sample. The second pass runs similar to the single-pass mode, however, uses nap mode

imaging to acquire the surface voltage data.



KPFM has helped explore dynamics in ion migration [50, 51], open-circuit voltage
(Voc) [52], charge accumulation [53], charge carrier generation and transport [54, 55]
in PSCs. These electrical nanoscale maps provide insight into the heterogeneity of
photovoltaic properties in the perovskite material.

KPFM measurements are done under dark and light conditions. In the absence of
light, KPFM helps resolve intrinsic charge carriers. When illuminated, light-induced charge
carriers are collected and the di erence between the dark and light and dark scans gives
us the surface photovoltage (SPV) response of the sample. The relationship between SPV

and work function of the sample is given as:
SPV (¢ f)=e= Volp VSRS (1.2)
where, e is the elementary positive charge, 5 is the sample work function, C”g“g
is the di erence in contact potential between the tip and the sample under illuminated

conditions, andV 8% is the di erence in contact potential between the tip and the sample

under dark conditions. [49]

1.4 Photoconductive atomic force microscopy (pc-AFM)

While macroscopicl-V curves provide information on device performance parameters
and hysteresis behaviors, nanoscale photocurrent mapping allows exploration of
inhomogeneities, charge carrier density, photoactivity of grain and grain boundaries, defect
sites, and defect-assisted charge carrier recombination. [12,28,56,57]

pc-AFM is a contact mode AFM technique that spatially maps the photocurrent
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response of the sample's surface. pc-AFM is performed with a conductive probe, an
electrical circuit, and an illumination laser. The circuit is completed when the probe comes
in contact with the samples surface allowing charges to ow. The circuit diagram of the
pc-AFM is shown in Figure 1.2. Local-V curves can also be extracted under this mode, at
di erent morphological features of the surface, to capture bias-dependent current behavior.
In addition, bias-dependent photocurrent maps can reveal information about the behavior
of the donor and acceptor molecules in the material. When a bias is applied above the
Vo Value of the photovoltaic material, the holes move towards the probe and the electrons
move towards the indium tin oxide (ITO) layer. The reverse behavior (i.e. electrons move
towards the probe and holes towards ITO) is seen when the bias value applied is below the

Voc Value.

Figure 1.2: Circuit diagram for pc-AFM measurements.(Adapted from Asylum Research -
Oxford Instruments)

From Figure 1.1, applying Kirchho 's junction rule, the sum of current owing into a node



is zero. This gives the following Equation:

i1+i2+i3:O (13)

Now, we knowiz = O since the current ows only from the sample to the cantilever holder.
This reduces Equation 1.3 to

1= s (1.4)
Applying Ohm's law, Equation 1.4 can be written as

VBias _ VOut

RSample I:QGain

(1.5)

Here, Vgias is the voltage applied to the sample (this value is limited to 10 V), Rsample iS
the resistance value of the samplé&/o,; is the output voltage from the cantilever impedance
ampli er, and Rgain IS gain resistor Rearranging Equation 1.5, we can solve for the output
voltage

VOut — VBias RGain (16)

RSalmple

The magnitude of Rgain is megaohms (M ). The magnitude of Rsampe iS Sample
dependent, however, the magnitude of resistance for photovoltaic materials is in kiloohms
(k ). The sensitivity of the current reading can be estimated by the reciprocal of thRgain

value.



Chapter 2: Research Objectives

In this dissertation, | accomplish the following research objectives by successfully
developing and implementing nanoscale imaging techniques for probing electrical dynamics
(surface voltage, surface photovoltage and photocurrent) at length scales of grains and grain
boundaries in promising perovskite materials for photovoltaic applications.

() Rubidium-incorporated Perovskite Solar Cells Deliver Superior
Electrical Response at the Nanoscale.  With the help of Kelvin probe force microscopy
(KPFM) and photoconductive atomic force microscopy (pc-AFM), | spatially map the
surface voltage and photocurrent, respectively, in dual-cation (€$;FA0.s3Pb(l0:83Bro:17)3)
and quadruple-cation (Cg.07Rbg-03FA0:76MA 0:14Pb(10:85Bro:15)3) perovskite. Dark surface
voltage maps, resolved at grains and grain boundaries, revealed higher surface voltage at
grain boundaries (GBs) than the grains, establishing upward band bending at GBs for
both chemical compositions. KPFM measurements under an illumination cycle of OFF-
ON-OFF on guad-cation perovskite reveal a post-illumination voltage drop that is 55%
greater than that seen in dual-cation perovskite, indicating reduced ion migration in the
former. Photocurrent imaging on both samples, when correlated with the band-bending
information obtained from the surface maps, revealed defect-assisted recombination at GBs

in dual-cation perovskite and defect-passivation at GBs in quad-cation perovskite by Rb



50% higher photocurrent was seen in the quad-cation perovskite largely due to the highly
photoactive network of GBs in the quad-cation perovskite. Comprehensive analysis of
electrical behavior captured in dual- and quad-cation perovksite highlights the superior
electrical performance of the Rb-incorporated quad-cation perovksite.

(i) In situ Humidity - Dependent KPFM on Metal Halide Perovskites
Using a customized atomic force microscopy (AFM) chamber, a custom-built humidity
control set up and customized optics for movable bottom illumination, | captured for the
rst time, in-situ humidity-dependent KPFM response in C.33FAq.67Pbls perovksite thin
Im. Capturing surface voltage maps while cycling the relative humidity (rH) up from
50! 25%! 45%! 65% (UP cycle) and cycling it back down from 65% 45% !
25% ! 5% rH (DOWN cycle) reveal real-time moisture-dependent dynamics in electrical
behavior and moisture-stability of the perovskite thin Im. In addition to cycling humidity,
an illumination cycle (OFF-ON-OFF) at each level of humidity. During the UP cycle, we
observe that the voltage response increases proportionally with relative humidity up to
45% rH. At 65% rH, the voltage response drops by 67%. During the DOWN cycle, as the
humidity value is brought back down from 65% to 45%, the voltage response increases and
starts recovering. Comparing the voltage scans at the beginning of the experiment (at 5%
rH) and the voltage scans at the end of the humidity cycle (at 5% rH), we observe 94.34%
recovery in the sample. Topography scans reveal no material degradation of the perovskite
material. Through XPS measurements before and after the humidity cycle, we uncover
prominent chemical changes in the surface chemistry, ion migration to the surface and
structural di erences in the perovskite post-humidity cycling. 50% Loss in PL signal post-

humidity cycle indicates higher nonradiative recombination in the perovskite. Combining
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the results, high self-recovery, moisture-induced electrical and structural instabilities are

seen in Cga3FA67PbIl3 thin Im.
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Chapter 3: Rubidium-incorporated Perovskite Solar Cells Deliver Superior

Electrical Response at the Nanoscale

Rb* cations at the A-site of metal halide perovskite can considerably improve device
performance. While the macroscopic properties are well established, a comprehensive
understanding of electrical characteristics at the nanoscale remains incomplete. Here,
we quantify the electrical performance of dual-cation (Gg7FAo.83Pb(10:83Bro:17)3)
and quadruple-cation (Cg.07Rbo.03FA0:76MA 0:14Pb(l0:85Bro:15)3) photovoltaics {FA =
CH(NH;),, MA = CH 3NH3} at the nanoscale, by combining scanning probe microscopy
methods that allow independent local measurements of voltage and photocurrent. The
voltage maps indicate upward band bending at the grain boundaries (GBs) for both
chemical compositions. We nd a 34% reduction in voltage heterogeneity and a 55% larger
post illumination residual voltage drop in quad-cation perovskite, combined with a 50%
increase in the photocurrent response. Further, we uncover higher photocurrent at the
guad-cation GBs compared to the grain interiors, a direct consequence of defect-passivation
at the former due to Rb" cations. Surprisingly, for dual-cation perovskites, the majority
of GBs display photocurrent values comparable to dark current, indicating defect-assisted
recombination at GBs. Our results demonstrate the bene ts of incorporating Rbcations

into perovskite, including improved photovoltage and photocurrent homogenization at the

11



nanoscale. Our analytical approach can be implemented as a general method to identify
the presence and passivation of defects at GBs for any crystalline optoelectric material.

This chapter is adapted from R. Lahoti, J.M. Howard et al. (TBD)
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