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Metal-organic perovskite materials have outstanding properties in photovoltaic
applications, the perovskite based solar cells have already demonstrated remarkable
power conversion efficiency enhancement from 3.8% in 2009 to 23.7% in late 2018.
In our work, we focused on the simple PTAA-based planar perovskite solar cell
without using a complicated surface passivation technique. We proposed a sequential
method to dope the PTAA thin film in order to reduce the solar cell’s series
resistance. We also modified the inter-diffusion method to grow high quality
perovskite thin film, we can easily grow the perovskite thin film layer with
thicknesses over 400 nm and grain sizes over 2 um. Compared to our conventional
PEDOT:PSS-based perovskite solar cell, we observed an improvement in both the

open-circuit-voltage and the short-circuit-current, resulting in a power conversion

efficiency enhancement from 12.7% to 15.3%. Other applications of perovskite



material such as perovskite-based tandem cell and perovskite-based laser cavity are
also investigated.

The concept of intermediate band solar cell was proposed by Luque and Marti in
1990 and has been extensively studied for decades. Previously we have reported high
optical saturation intensity of the quantum dot resonance at room temperature for a
self-ensemble of un-doped quantum dots (QDs). Operating at cryogenic temperatures
leads to a reduction of the saturation intensity. We acquired a liquid-helium cryo-
cooler system to support the on-resonance measurement of the quantum dot solar cell
(QDSC) at cryogenic temperatures. We measured the photoluminescence of the
QDSC to extract the QD energy from 293K to 8K. We modified the on-resonance z-
scan set-up with the cryo-cooler to evaluate the saturation effects of the QDs. We
studied the photocurrent response and extracted the saturation intensity of the QD
ground state from 293K to 170K. We observed a substantial decrease of the saturation
intensity as the temperature is decreased, but this intensity is still much higher than
one-sun intensity. The intermediate band two photon absorption contribution to the
photocurrent enhancement is extremely small even at 170K. By cooling all the way
down to liquid helium temperature, it should be possible to further reduce the

saturation intensity.
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Chapter 1 Abstract and Dissertation Outline

1.1 Abstract

Metal-organic perovskite materials have outstanding properties in photovoltaic
applications, such as long diffusion length, large carrier mobility, tunable bandgap and
low-temperature solution process-ability. Perovskite based solar cells have already
demonstrated remarkable power conversion efficiency (PCE) enhancement from 3.8%
in 2009 to 23.7% in late 2018. In our work, we first modified the inter-diffusion growth
method to grow high quality perovskite thin films. In this modified approach, we can
easily grow the perovskite thin film layer with thicknesses over 400 nm and grain sizes
over 2 um by the controlled solvent-assist annealing (SAA) technique. We used an
inverted solar cell planar structure and selected PEDOT:PSS as the hole-transport
material (HTM) at the beginning. Then we focused on the simple PTAA-based planar
perovskite solar cell without using a complicated surface passivation technique. We
proposed a sequential method to dope the PTAA thin film in order to reduce the solar
cell’s series resistance. The impact of PTAA’s doping concentration on the solar cell’s
PV performance is investigated. The I-V measurements of the solar cell under 1 sun
illumination was conducted to test the performance of the solar cell. The external
guantum efficiency (EQE) measurements were performed to investigate the spectral
photo-current contribution. The surface and cross-section SEM images of the solar cell

device demonstrated the high quality of the grown perovskite films and of the interfaces.



Hysteresis effect of the perovskite solar cell in the 1-V characteristics was observed.
We were able to significantly reduce it by optimizing the perovskite film quality and
by selecting the appropriate electron transport material (ETM). Compared to our
conventional PEDOT:PSS based perovskite solar cell, we observed an improvement in
both the open-circuit-voltage (Voc) and the short-circuit current (Js), resulting in a
power conversion efficiency enhancement from 12.7% to 15.3%. Further work on
realizing the tandem perovskite-CIS solar cell is in process. The aim is to achieve the
monolithic integration of perovskite with CIS structure and produce a PCE approaching
30%. Other application of perovskite material such as perovskite-based laser cavity
was also investigated. Photoluminescence (PL) measurement of the perovskite thin
film was performed and showed a strong spontaneous emission peak around 780 nm.
We proposed a Fabry-Perot cavity comprising of a gain medium of perovskite layer
and a protecting layer of PMMA and a spacing layer of SiO2 between a high reflectivity
dielectric mirror and a silver metal mirror. A pulsed laser optical pumping
configuration was used to minimize thermal effect in the gain material.

Another topic of this thesis is the study of the intermediate band challenges in
InAs/GaAs quantum dot solar cell (QDSC) at cryogenic temperatures. Previously we
have reported high optical saturation intensity of the quantum dot resonance at room
temperature for an ensemble of un-doped quantum dots (QDs). We have proposed a
physical model to explain the non-linearity of the light-generated-current under
resonant excitation from the valence band to the intermediate band. It was shown to be
made up of two components: a background two-photon absorption (2PA) term and a

resonant optical saturation term. It is argued that the solar intensity is much lower than



the saturation intensities involved for the first and second transition in the intermediate
band solar cell under 1-sun illumination and therefore prevent exciting an appreciable
amount of population in the terminal level that can be ionized to the continuum.
Operating at cryogenic temperatures leads to a reduction of the saturation intensity but
it might not be sufficient for increasing the energy conversion efficiency, unless
concentrated sun light, and/or high density of quantum dots and/or quantum dots with
a lifetime more comparable to the radiative lifetime, are used. We acquired a closed-
cycle liquid-helium cryo-cooler system to support the on-resonance photocurrent
measurement of the InAs/GaAs QDSC at cryogenic temperatures. In order to determine
the on-resonance excitation energy of our QDSC system, we measured the temperature
dependent PL of the QDSC to extract the QD energy at various temperatures from
293K to 8K. We modified the z-scan set-up with the cryo-cooler to measure the on-
resonance photocurrent versus temperature to evaluate the saturation effects of the
quantum dots. We studied the photocurrent response and extracted the saturation
intensity of the QD ground state (GS) from room temperature to 170K. We observe a
substantial decrease of the saturation intensity as the temperature is decreased, but this
intensity is still much higher than one-sun intensity and is about 0.82 times as the sun
intensity at maximum concentration at 170K. The intermediate band two photon
absorption contribution to the photocurrent enhancement is extremely small even at
170K, even though it has been claimed to be observable under cryogenic temperature.
By cooling all the way down to liquid helium temperatures, it should be possible to

further reduce the saturation intensity.



1. 2 Dissertation Outline

In my PhD work, I am involved with two projects. One project is the study of
perovskite solar cell, the other is related to understanding the potential of intermediate
band solar cells based on InAs/GaAs quantum dots. In the first part of Chapter 2, I will
introduce the background of the perovskite material in photovoltaic application. | will
review some state-of-art perovskite solar cell structures, the interfacing materials and
the fabrication techniques. After that, I will summarize my work on the perovskite
solar cell fabrication and characterization. In the second part, | will introduce the basic
concept of intermediate band solar cell (IBSC), and then focus on the InAs/GaAs
quantum dot solar cell since it has been the most practical way to implement IBSC. |
will discuss the physical limitation of this system and the key requirement to achieve
the intermediate band functionality. Then I will present some previous findings from
our group, such as the physical model that explains the non-linearity of the light-
generated-current under resonant excitation from the valence band to the intermediate
band. | will then summarize my personal work on the PL measurement and on-
resonance z-scan measurement at cryogenic temperatures.

In chapter 3, | will demonstrate my work on the project of perovskite solar cell in
five sections. In section 3.1, I will overview the perovskite material properties, such as
crystal structure and compositions, the tunable bandgap when changing halide ratio,
etc. I will also introduce the two dominant structures of perovskite solar cell and their
current status. Different growth techniques of perovskite film are also discussed. Then

I will demonstrate our proposed method to grow high efficiency perovskite solar cell.



Section 3.2 shows the fabrication details of our perovskite solar cell in 4 subsections.
I will list the chemical materials and equipment used in our fabrication process with
their vendor information. Then I will demonstrate the fabrication process flow of our
perovskite solar cell, I will try to include all the details, tips and tricks in the fabrication
procedure. After that I will discuss some key factors for the device optimization. At the
end | will summarize the characterization techniques and tools we used on our
completed perovskite solar cell.

In Section 3.3, | will demonstrate the main characterization results from the
perovskite solar cell, including the solar cell structure, surface and cross-section SEM
images, AFM images on the PTAA surface, the solar cell performance dependence on
the PTAA’s doping level, solvent-assisted annealing condition, and the external
quantum efficiency results. Hysteresis effect of perovskite solar cell is also discussed.

Section 3.4 discusses other applications of perovskite material, one is the perovskite-
based tandem cell, we propose the design of 4-terminal and monolithic perovskite/CIS
tandem solar cell. The other application is the perovskite material based laser cavity. |
will show the design and PL results of the perovskite-based laser cavity, the difficulty
of realizing the perovskite laser cavity is also discusses. And lastly, section 3.5
summarize the works I’ve done in the project of perovskite solar cell.

In Chapter 4, 1 will focus on my second project, the intermediate band solar cell based
on InAs/GaAs quantum dots. In section 4.1, | will demonstrate the basic techniques
and the process flow for bulk GaAs solar cell fabrication. The final solar cells are

electrically isolated with different size mesa-area on the same wafer.



In section 4.2, I will overview some previous findings in our group on the InAs/GaAs
quantum dot solar cell. One is the existence of the extended Urbach tail into the
quantum dot energy state region, and the derivation of this tail energy from the below-
bandgap external quantum efficiency measurement. Another finding is the ultrahigh
quantum dot saturation intensity at room temperature extracted from the non-linear
photocurrent responses of on-resonance z-scan measurement, which leads to extremely
small transition rates between inter-band states.

In section 4.3, I will emphasize my work on the InAs/GaAs quantum dot solar cell. I
will introduce the key equipment in my project, the closed-cycle liquid helium
cryocooler system. Then I will show the set-up and results of low-temperature
photoluminescence measurement, the quantum dot ground state energies at different
temperatures are extracted from the PL data. After that, I will demonstrate the modified
on-resonance z-scan measurement set-up implementing the cryocooler system, and
show the non-linear photocurrent responses from the low temperature measurements. |
will also discuss the feasibility of implementing the IBSC model on InAs/GaAs
quantum dot solar cell at cryogenic temperature regions. Section 4.4 will briefly
summarize the chapter 4.

Based on all the research and experimental works and results I have achieved, I
summarize the main findings in Chapter 5. In the project of perovskite, we have
proposed the sequential doping method to fabricate PTAA based perovskite solar cell
with simple inverted planar structure. A modified inter-diffusion method is adopted to
improve the perovskite film quality. Compared to conventional PEDOT:PSS based

perovskite solar cell, we observe an improvement in both the open-circuit voltage and



the short-circuit current, resulting in a power conversion efficiency enhancement
from 12.7% to 15.3%. In the project of Intermediate band solar cell, a modified on-
resonance z-scan measurement technique is used to extract the quantum dot saturation
intensity from room temperature to 170K. The saturation intensity is appreciably
decrease with temperature but is still 0.83 times as the sun intensity at maximum
concentration. This implies that the energy conversion efficiency of this QDSC, even
at 170 K, cannot be enhanced by invoking the concept of an intermediate band solar

cell.



Chapter 2 Introduction

2. 1 Background on Perovskite Solar Cell and Current

Status

Organolmetalic halide perovskite solar cells have already demonstrated remarkable
power conversion efficiency (PCE) enhancement from 3.8% [1] in 2009 to 23.7% [2]
in late 2018. The active perovskite material has evolved from methylammonium lead
iodide to the complex mixed halide compound (Csl)x(FAI)1xPbBryl1y following the
discovery of improved light absorption and stability when using formamidinium (FA)
based perovskite materials [3]. On the other hand, methylammonium (MA) lead halide
is still the dominant material being used today in most perovskite solar cell research
since their active layer has remarkable properties, such as long carrier diffusion length
[4], large carrier mobility [5], tunable band-gap [6] and low-temperature solution
processability. Lead-free perovskite materials such as CHsNHasSnl3 [7] have recently
attracted attention, but the low power conversion efficiency (< 10%) and poor stability
are the main challenges for this material. There are two dominant structures for the
perovskite solar cell: the meso-porous (n-i-p) structure and the inverted (p-i-n) planar
structure. The meso-porous structure usually requires a high-temperature-annealing
condensed base layer to minimize the leakage paths from the perovskite layer to the
conducting layer [8-11]. Yang et al. from UNIST achieved 22.1% PCE with the
conventional TiO2 based structure in 2017 [11]. On the other hand, the inverted planar

perovskite structure simplifies the fabrication procedure without sacrificing too much
8



the PCE. Recently, Luo et al. reported 21% PCE with an inverted structure using a
mixed-cation lead mixed-halide perovskite material [12]. In contrast with the
conventional TiO2 based mesa-porous perovskite structure, there are many candidates
for the base hole-transport material (HTM) in an inverted planar structure. Inorganic
materials such as NiOx [13-14] and Cul [15-16] have been considered as the HTM in
planar perovskite solar cell. Recently, doped NiOx has attracted attention, Chen has
focused on the doping technique in NiOx and has reported ~20% PCE using different
dopants such as Cu and Cs [17-19]. Compared with inorganic HTMs, organic HTMs
are widely adopted for better film coverage and easier control of doping levels.
PEDOT:PSS is a popular HTM for its high conductivity and low cost, but its relatively
lower work function, which leads to a band mismatch with the perovskite material,
usually results in smaller open-circuit voltages (~0.9V) [20-24]. Various organic HTMs
have been extensively studied for better band alignment, however many of them are
not compatible with the inverted structure. For example, the Spiro-MeOTAD cannot
be used as the base HTM because of its high solubility in DMF and DMSO (general
solvent for perovskite). It is easy to be washed away when spin-coating a perovskite
precursor solution on it. Conducting polymers like poly [N,N’-bis(4-butylphenyl)-
N,N’-bis(phenyl)benzidine] (poly-TPD) [25-27] and poly(triaryl amine) (PTAA) [28-
30] are good candidates because of their resistance to DMF and DMSO wash. But the
non-wetting nature of their surfaces is the main challenge for top perovskite film
growth, resulting in poor perovskite film coverage, increased pin-hole density and
relatively small perovskite grain size. It has been demonstrated that the perovskite grain

size is highly dependent on the hydrophobicity of the bottom layer surface [28], and



that larger grain size can be obtained on better hydrophilic HTM surfaces. Recently
there have been several breakthroughs in the conducting polymer HTM studies. Xu et
al. have reported that poly-TPD based inverted planar perovskite solar cell can have a
PCE exceeding 18% [27]. They resolved the problem of the non-wetting nature of poly-
TPD by using ultraviolet-ozone surface modification. Huang et al. have proposed to
use doped PTAA thin film as the base HTM to reduce the series resistance and recently
they boosted the efficiency from 17.5% [29] to 20.6% [30]. In their approach, PTAA
solution is mixed with F4-TCNQ as the doping material and m-MTDATA is used as
the surface modification material.

In our study, we focus on the simple PTAA-based planar perovskite solar cell without
using a complicated surface passivation technique. We propose a sequential method to
dope PTAA in an easier and more stable way. Considering the conventional
polymer:F4-TCNQ blend solution, it is observed that this doping material often results
in drastically reduced solubility of polymers. As a result of this, the mixed solutions
must be kept at high temperature and diluted concentrations to avoid rapid aggregation
[31]. In addition, we observe the rapid degradation of F4-TCNQ in a mixed PTAA
solution with an obvious color change within a few days, which definitely induces more
uncertainties in device performance and solution preparation. To minimize the above-
mentioned drawbacks, we propose a sequential method to dope PTAA by exposing
PTAA film to the doping solution in an orthogonal solvent system, i.e. toluene for
PTAA and 2-propanol for F4-TCNQ. It is found that the PTAA doping level can be
tuned by the concentration of the doping solution. This sequential method improves the

device’s reproducibility and long-term sustainability. In our work, we have also
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modified the inter-diffusion method [32] with a controlled solvent-assisted annealing
approach to grow high quality perovskite thin film with large grain size (over 2 um).
The optimized recipe guarantees the successful formation of a perovskite layer with
average thickness greater than 400 nm without any Pbl> residue. In this work, we
demonstrate a perovskite solar cell with a simple planar structure of
FTO/PTAA/CH3NH3Pbls/PCBM/Ag and we achieve a champion PCE of 15.3% based
on the sequentially doped PTAA thin film without using a complicated surface

passivation technique.

2.2 Background on Intermediate Band Solar Cell and
Current Status

The world record for the power conversion efficiency (PCE) of a single-junction
GaAs solar cell has now reached 29.1% [33], which is close to the Shockley-Queisser
limit of 33.5% for a single-junction solar cell under one-sun illumination [34]. To
potentially break the fundamental limit, many new concepts have been proposed and
one of the most pursued paths has been to utilize nano-scale structures. More than 20
years ago, Luque and Marti have introduced the concept of intermediate band as a way
to enhance the conversion efficiency of solar cells beyond the Shockley-Queisser limit
[35]. In this approach, another pathway exists for generating additional photocurrent,
beyond what can be generated using single junction solar cells. Lower band gap
photons can be used to take electrons from the valence band to the intermediate band
and then from the intermediate band to the conduction band. The intermediate band
solar cell (IBSC) model suggests taking advantage of a two-step absorption within the
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forbidden band with two longer wavelength photons so that a larger photocurrent can
be generated at the same time maintaining a high open circuit voltage. Lower energy
photons can thus be utilized which will reduce the transmission loss. Quickly after, it
was suggested that 111-V quantum dots (QDs) could form the intermediate band and
enhance the efficiency of the single-junction solar cell. In such a system, it is predicted
that, the non-concentrator efficiency can be 30.2%. Under concentration, the
intermediate band solar cell efficiency in this material system increases to 51.6%, as
compared to 36.7% for bulk GaAs solar cells, under a 1000 sun concentration.

The InAs/GaAs QDs are formed in the self-assembled growth mode. During the
epitaxial growth of highly strained material, under the Stranski-Krastanov growth
mode, three-dimensional islands are formed following the creation of a two-
dimensional wetting layer. The resulting strained nanoscale islands are pyramidal in
shape. The intermediate level arises from the confined states of the electrons in the
potential well created by the conduction band offset between the dot and the matrix
material. The intermediate state forms a band due to the overlapping wavefunctions if
the quantum dot spacing is 10 nm or less. But severe line dislocations will appear in
such high-density quantum dots system that would degrade the device’s performance.
Consequently, individual energy levels are formed within the quantum dots instead of
a band. In this model, one below-bandgap photons will be absorbed and pump the
electron from the valence band to the QD ground states and subsequently another
below-bandgap photons will functionally pump the electron from the QD ground states
to the conduction band. Therefore, an extra path is allowed for an electron to make the

transition from the valence band to the conduction band by absorbing two lower energy
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photons. The photocurrent should be enhanced, and the voltage given by the conduction
and valence band quasi-Fermi levels at the n- and p-contacts, respectively, is expected
to stay the same. There is a key requirement for the operation of the IBSC, no extra
photocurrent should be detected in the outside circuit from the single photon absorption
process acting alone from the valence band to the intermediate band, which is a very
difficult condition to realize in practice.

The intermediate band solar cell based on InAs/GaAs and InGaAs/GaAs quantum
dots has been extensively studied in the last 20 years [36-38]. However, no one has
demonstrated any efficiency enhancement over the optimized single-junction solar cell.
The record for an InAs/GaAs quantum dot solar cell (QDSC) is 18.7% [39], which is
still far away from 29.1%. Generally, a slightly enhanced photocurrent is observed in
QDSOC, at the expense of a much lower Vo, which limits the efficiency. Previously we
have reported high optical saturation intensity of the quantum dot resonance at room
temperature for an ensemble of un-doped quantum dots (QDs). We have proposed a
physical model to explain the non-linearity of the light-generated-current under
resonant excitation from the valence band to the intermediate band. It was shown to be
made up of two components: a background two-photon absorption (2PA) term and a
resonant optical saturation term. It was argued that the solar intensity is much lower
than the saturation intensities involved for the first and second transition in the
intermediate band solar cell under 1-sun illumination and therefore prevent exciting an
appreciable amount of population in the terminal level that can be ionized to the
continuum. Operating at cryogenic temperatures leads to a reduction of the saturation

intensity but it might not be sufficient for increasing the energy conversion efficiency,
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unless concentrated sun light, and/or high density of quantum dots and/or quantum dots
with a lifetime more comparable to the radiative lifetime, are used. We acquired a
closed-cycle liquid-helium cryo-cooler system to support the on-resonance
photocurrent measurement of the InAs/GaAs QDSC at cryogenic temperatures. In
order to determine the on-resonance excitation energy of our QDSC system, we
measured the temperature dependent PL of the QDSC to extract the QD energy at
various temperatures from 293K to 8K. We modified the z-scan set-up with the cryo-
cooler to measure the on-resonance photocurrent versus temperature to evaluate the
saturation effects of the quantum dots. We studied the photocurrent response and
extracted the saturation intensity of the QD GS from room temperature to 170K. We
observe a substantial decrease of the saturation intensity as the temperature is decreased,
but this intensity is still much higher than one-sun intensity and is about 0.82 times as
the sun intensity at maximum concentration at 170K. The IB 2PA contribution to the
photocurrent enhancement is extremely small even at 170K, even though it has been
claimed to be observable under cryogenic temperatures [40]. By cooling all the way
down to liquid helium temperatures, it should be possible to further reduce the

saturation intensity.
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Chapter 3  Project of Perovskite Solar Cell

3. 1 Overview of Perovskite Solar Cell Fabrication
Techniques

Organometal halide perovskites have emerged as a very promising material system
for high-efficiency nanostructured devices. Within the last few years, the perovskite
based solar cells have already demonstrated remarkable power conversion efficiency
(PCE) enhancement from 3.8% [1] in 2009 to 23.7% [2] in late 2018. What is
remarkable is that such performance has been obtained in solution processed materials
at temperatures less than 150°C.

A perovskite is any material with the structure of ABXz [41] as shown in the Figure
3.1 (a), which is named after the Russian mineralogist Lev Perovski. In the application
of thin film photovoltaic devices, A is a polyatomic organic cation, usually
methylammonium (CH3NH3"), formamidinium (HC(NH2)2")[14], or

tetramethylammonium ((CHz)sN)* ) . Formamidinium (FA) has a slightly larger

effective ionic radius as compared to methylammonium (MA) and lead to an expansion
of the lattice, a reduction of the bandgap, and a red-shift in the absorption onset. B is a
metal cation, usually lead, tin or Ge. X is an anion, typically a halide, either chlorine,
bromide, iodine, or some combination of the three. A perovskite structure which
incorporates two halides (e.g. iodine with bromide, or bromide with chloride) allows
for the continuous tuning of the bandgap and the optical absorption to cover almost the

whole visible spectrum [42-43]. Figure 3.1 (b) shows the bandgap tuning curve as a
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function of the Br- ratio [43]. Interestingly, no band gap change was observed in the
case of iodo-chloride mixed perovskites, possibly indicating the difficulty of
integrating Cl into the Pble octahedron. The Ge based perovskites show a lower
bandgap than the Sn based perovskites and a lower bandgap than the Pb based
perovskites. The perovskite materials have mostly a cubic crystal structure. Most
precisely, it was found that CHsNH3sPbls (MAPDbI3) goes through a phase transition
from orthorhombic to tetragonal at 161.4K and from tetragonal to cubic at 330.4K [44].
The methylammonium ions are fully disordered in the cubic and tetragonal phases, and

completely ordered in the orthorhombic phase.

(a) (b) Lo
() A=CH\NHy"or _ 2.2 [ CHsNH:Pb(l,Bro; /
HC(NH,)," or 21 Eg(x) = 1.57 + 0.39x + 0.33x2(e9
Cs* g 20f
o welof
e B=Pb* or Sn?* 18F o0
L fr A 8 yo/o
@ C=Halogen' :: ] ?0‘ . . . A A
T00 0.2 0.4 0.6 0.8 1.0
X
Ref 2: Bandgap vs Br - composition
(c) a#*#c
a#b#c
¢ c
a
a a a
b a a
Orthorhombic Tetragonal Cubic
T<161.4K T>330.4K

Figure 3.1(a) Perovskite structure of ABX3, (b) band gap energy tuning with I/Br ratio,

(c) phase transition of CH3sNHzsPbls at different temperatures
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Charge transport in perovskites is ambipolar. These materials can work effectively as
both an absorber and a hole transporter and an absorber and an electron transporter.
Experimental evidences indicate long-range electron-hole diffusion lengths of at least
100 nm in solution processed CHsNHsPblz and more than 1 pum in mixed halide
CH3NH3Pblz«Cly, [45-48], and more than 150 pm in single crystals. Electron-hole
diffusion lengths in perovskites are much longer than those in typical solution
processed materials, which are typically 10 nm. The effective mass of both electron
and hole in MAPbI3 are small and calculated to be me = 0.23 mo and mn = 0.29 m, [49],
thus providing validation for their long-range ambipolar charge transport property.
Recent spectroscopy measurements have indicated low monomolecular (from trap or
impurity-assisted recombination) and bimolecular carrier recombination rates (even
lower than in GaAs). However, Auger recombination rates were found to be of order
102° cm®s™! [49] and comparable to those of strongly confined colloidal quantum dots.
For comparison purpose, Auger recombination in GaAs and 1.3 um InGaAsP is about
7 x 103 cmbst and 2-3 x 10?° cm?®Vv-is, not very different as compared to the
perovskites. A lower bound value of carrier mobilities in CH3NH3PblzxClx and
CH3NH3Pbls were determined to be 11.6 cm?V1s® and 8 cm?V-1s?, respectively [49].
The origin of the long electron-hole diffusion lengths is a result of low charge
recombination rates and high charge carrier mobilities in the perovskites. A high
absorption coefficient of over 5 x 10° cm™ was observed just above the band gap with
a very sharp onset. Below the bandgap, the absorption is exponential over more than

four decades with an Urbach energy as small as 15 meV, which suggest a well-ordered
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crystal structure [50]. For instance, the Urbach energy in undoped GaAs is about 7 meV
and 15 meV in highly doped GaAs material. Very high open circuit voltage (Voc) has
been observed in solution processed perovskite solar cells [50]. The Voc/Eg ratio is
comparable to the best single-crystal GaAs thin film solar cell and outperforms the ratio
obtained in high efficiency polycrystalline thin-film solar cells such as CIGS and CdTe.

Two dominant structures have emerged for perovskite solar cells. In the meso-
structure, the perovskite crystal infiltrates a metal oxide scaffold, which is either an n-
type TiOz layer or an insulating dielectric scaffold, and form an absorptive layer on top
of the scaffold. The meso-porous structure usually requires a high-temperature-
annealing condensed base layer to minimize the leakage paths from the perovskite layer
to the conducting layer [8-11]. Yang et al. from UNIST achieved 22.1% PCE with the
conventional TiO2 based structure in 2017 [11]. The second structure is a planar
perovskite film which is sandwiched between n- and p- type interfacial materials. To
ensure high performance, the photoactive layer in the planar heterojunction should be
a pinhole-free and compact film with uniform coverage and good crystallinity. Several
methods have been developed for making thin film perovskites in a planar
configuration. As demonstrated in Figure 3.2, they include one-step solution coating,
two-step sequential deposition, vapor phase deposition solvent engineering, precursor
composition engineering or any combination thereof. Several techniques have been
introduced to improve the perovskite thin film morphology by introducing additives to
the precursor solution to tune the crystallization Kinetics. For example, small ratio of
HCI/HI additives in the Pbl> or mixed perovskite precursors will significantly enhance

the solution solubility, thereby greatly improving the uniformity of the perovskite thin
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films. The perovskite crystallinity can be finely controlled and optimized with a
solvent-assisted annealing technique, the solvent vapor (DMF or IPA) environment
will assist the crystallization of the perovskite film during the annealing, result in large

perovskite grain sizes.
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Figure 3.2 Different growing method of perovskite layer, (left) One-step methods,

PbL/PbCly+ MAI

(right) two step methods

The inverted p-i-n structure is dominant in planar perovskite solar cell configuration.
This structure simplifies the fabrication procedure without sacrificing too much PCE.
Recently, Luo et al. reported 21% PCE with an inverted structure using a mixed-cation
lead mixed-halide perovskite material [12]. Unlike conventional TiO2-based meso-
porous structure, there are many candidates for the base p-type material in an inverted
planar structure. As mentioned in the Introduction Section, inorganic materials such as
doped-NiOy [13-14] and Cul [15-16], organic material like PEDOT:PSS, PTAA and

Poly-TPD have been considered as the hole transport material (HTM) in the planar
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perovskite solar cell. PEDOT:PSS is a popular HTM for its high conductivity and low
cost, but its relatively lower work function, which leads to a band mismatch with the
perovskite material, usually results in smaller open-circuit voltage (~0.9V) [20-24].
Conducting polymers like poly [N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine]
(poly-TPD) [25-27] and poly(triaryl amine) (PTAA) [28-30] are promising
replacement of PEDOT:PSS for better valance band alignment with perovskite
material, which in turns expand the quasi-Fermi level difference and increases the VVoc.
But the non-wetting nature of their surfaces is the main challenge for top perovskite
film growth, resulting in poor perovskite film coverage, increased pin-hole density and
relatively small perovskite grain size. Recently there have been several breakthroughs
in the conducting polymer HTM studies. Xu et al. have reported that poly-TPD based
inverted planar perovskite solar cell can have a PCE exceeding 18% [27]. They
resolved the problem of the non-wetting nature of poly-TPD by using ultraviolet-ozone
surface modification. Huang et al. have proposed to use doped PTAA thin film as the
base HTM to reduce the series resistance and recently they boosted the efficiency from
17.5% [29] to 20.6% [30]. In their approach, PTAA solution is mixed with F4-TCNQ
as the doping material and m-MTDATA is used as the surface modification material.
In our study, we focus on the simple PTAA-based planar perovskite solar cell without
using a complicated surface passivation technique. We propose a sequential method to
dope PTAA in an easier and more stable way. Considering the conventional
polymer:F4-TCNQ blend solution, it is observed that this doping material often results
in drastically reduced solubility of polymers. As a result of this, the mixed solutions

must be kept at high temperature and diluted concentrations to avoid rapid aggregation
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[31]. In addition, we observe the rapid degradation of F4-TCNQ in a mixed PTAA
solution with an obvious color change within a few days, which induces more
uncertainties in device performance and solution preparation. To minimize the above-
mentioned drawbacks, we propose a sequential method to dope PTAA by exposing
PTAA film to the doping solution in an orthogonal solvent system, i.e. toluene for
PTAA and 2-propanol for F4-TCNQ. It is found that the PTAA’s doping level can be
tuned by the concentration of the doping solution. This sequential method improves the
device’s reproducibility and long-term sustainability. In our work, we have also
modified the inter-diffusion method [32] with a controlled solvent-assisted annealing
approach to grow high quality perovskite thin film with large grain size (over 2 um).
The optimized recipe guarantees the successful formation of a perovskite layer with
average thickness greater than 400 nm without any Pbl> residue. In this work, we
demonstrate a perovskite solar cell with a simple planar structure of
FTO/PTAA/CH3NH3zPbl:/PCBM/Ag and we achieve a champion PCE of 15.3% based
on the sequentially doped PTAA thin film without using a complicated surface
passivation technique. In the following section, | will demonstrate the fabrication

details of the perovskite solar cell.

3.2 Fabrication Details of Perovskite Solar Cell

In this section, I will present the detail recipe of the fabrication of our perovskite solar
cell, including the materials and vendor information, process flow and the optimization
tips. I hope this section will be helpful as the guideline for the fellow colleagues who

work on the same or similar project.
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3.2.1 Material, Equipment and Vendors

The raw materials and equipment used in the fabrication procedure of perovskite

solar cell are listed in the table 1.

TABLE |
MATERIAL, EQUIPMENT AND VENDORS IN PEROVSKITE SOLAR CELL
FABRICATION
Name Vendor Purity/Specification
FTO-coated glass Sigma Aldrich 7 ohm/sq sheet resistance
PEDOT:PSS Heraeus Clevios Al 4083
PTAA Lumtec, tw Molecule weight ~20K-30K
F4-TCNQ, Lumtec, tw Sublimed, >99%
m-MTDATA Lumtec, tw Sublimed, >99%
Pblz (1) Sigma Aldrich >99,99%
Pbl: (2) Lumtec, tw Anhydrous, perovskite grade
Methylammonium- Lumtec, tw >99.5%
iodide (MAI)
Formamidinium- Lumtec, tw >99%
iodide (FAI)
Formamidinium- Lumtec, tw >99%
bromide (FABr)
Methylammonium- Sigma Aldrich 0.18M in 2-propanal
bromide (MABT)
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(6,6)-phenyl-C61- Lumtec, tw >99.99%
butyric acid methyl
ester (PCBM)
N,N- Alfa Aesar 99.7+%, spec grade
Dimethylformamide
(DMF)
2-propanal Alfa Aesar 99.7+%, spec grade
Chlorobenzene Alfa Aesar 99.9%, spec grade
Toluene Alfa Aesar 99%, spec grade
Dimethyl Sulfoxide Alfa Aesar 99.9+%, spec grade
SCK-300 Spin | Instras Scientific 500-6000 rpm
Coater Kit
Neoprene dry-box | Sigma Aldrich size 9, port size 6 inch
gloves (1-pair)
Compact Glove Box Changshu Willfo, CHN Size:550Wx440Dx410Hmm

3.2.2 Fabrication Process Flow

The perovskite solar cell fabrication procedure is shown in Figure 3.3 (a). FTO glass
substrate is first cleaned in succession with acetone, methanol, isopropanol (IPA) and
deionized water in an ultra-sonicated bath in a clean room. It is critical to have an ultra-
clean surface for the substrate FTO, otherwise any dust or grease on it will cause a non-

reversible patterned area after spin coating the next layer. Prior to any device
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fabrication, the cleaned substrates undergo an ultraviolet-ozone (UVO) exposure
treatment for 20 minutes to remove any organic residues.

In the case of preparing PEDOT:PSS based solar cell, the dried FTO substrate is pre-
heated on a 120°C hot plate for 10 minutes. It is observed and proved that hot substrate
surface will lead to better coverage of PEDOT:PSS layer. The pure PEDOT:PSS was
mixed with IPA to improve the interface between PEDOT:PSS and FTO surface, the
best performing device is obtained by using a 1:0.5 volume ratio PEDOT:PSS/IPA
solution with a spin rate of 3750 rpm for 35s. Then the substrate is annealed on the
120°C hot plate for 15 minutes. After that, it is transferred into a nitrogen filled glove
box with precaution to avoid any surface contamination [51].

In the case of preparing PTA A-based perovskite solar cell, the substrate is transferred
into the nitrogen filled glove box after the UVO treatment and preheated at 100°C on a
hot plate. 20uL hot PTAA solution (2 mg/mL in toluene with 10wt% ratio of m-
MTDATA additive) is spin-coated on the hot substrate at 3250 rpm for 45s, followed
with 10 minutes drying at 100°C. After cooling down the substrate to room temperature,
the F4-TCNQ solution (1 mg/mL in 2-propanol) is dropped on the PTAA surface and
left for 30s before spin-drying at 4500 rpm for 45s. The doped PTAA film preparation
is completed after 10 minutes annealing at 100°C.

The modified inter-diffusion method is utilized here to grow the perovskite layer.
Specifically, high-concentrated Pbl, solution (550 mg/mL in DMF) is pre-heated on an
85°C hot plate along with the substrate for 10 minutes. Hot Pbl solution (~53°C) is
spin coated at 3000 rpm on the hot substrate for 35s, a 10-minute post annealing at

85°C is required to dry out the DMF solvent and form a smooth Pbl> crystal film. Then
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a hot MAI solution (75 mg/mL in 2-propanal, ~58°C) is sequentially spin-coated on the
Pbl, layer at 2000 rpm for 2 minutes. The color changes from shiny yellow to dark
brown immediately when MAI reaches the Pbl, surface. Due to the high concentration
and low spin-rate of MAI solution, plenty of MAI residue is found to deteriorate the
perovskite surface which is detrimental to the formation of the next layer, 30uL
Toluene is dropped for the last 30s of the MAI spin-coating period to wash away the
MAI residue and passivate the perovskite surface. The pre-crystallized perovskite layer
is then moved into a self-built vapor environment for solvent-assisted annealing at
150°C for 1 hour. The same amount of solvent (DMF) is dropped on the 4 coverslips
and the solvent vapor stays inside the larger beaker. The small beaker is located on the
4 coverslips which leave some space at the bottom to allow vapor exchange. The
precisely controlled amount of solvent vapor which could be DMF or IPA will infiltrate
the perovskite film and assist the formation of pin-hole less crystal with large grain size.
Considering the 1 cm? size of substrate, the optimized solvent amount is 10uL, noting
that an oversupply of solvent will generate more pin-holes which will be discussed in
the following result analysis.

After 1 hour of solvent-assist annealing, the diluted methylammonium bromide
(MABr) solution (4 mg/mL in 2-propanal) is dropped on the room temperature
perovskite surface for 30s post passivation treatment, before spin-drying at 3500 rpm.
During another 10min annealing at 150°C, this extra thin MABr layer will penetrate
the perovskite film and will reduce the defects inside. To grow the electron-transport
layer, a 20pL hot PCBM solution (20 mg/mL in chlorobenzene) is spin-coated at 4000

rpm for 30s, followed by 10 minutes annealing at 100°C. The last step is to deposit
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patterned contacts to build the cathode and anode. Before transferring the sample to the
Angstrom e-beam deposition machine, a corner of the perovskite layer is wiped out to
reveal the bottom FTO layer. The cathode contact will be deposited directly on the
exposed FTO layer, while the anode contact will be deposited on the PCBM with a
chosen pattern. 150 nm Ag contact is deposited at a vacuum pressure of 3x10° torr.
The effective device area is defined by the anode contact area which could be varied
from 0.01 cm?to 0.8 cm?. The Figure 3.3 (b) shows the completed perovskite layer and

the completed perovskite solar cell with a device area of 0.6 cm?.
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Figure 3.3 (a) The process flow chart of perovskite solar cell fabrication, including the
PTAA process and PEDOT:PSS process, (b) The completed perovskite layer and solar

cell
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3.2.3 Optimization Techniques

There are several optimization techniques in the fabrication of high-performance
perovskite solar cell. Here | will summarize some worth-to-know tips based on my
experience.

First of all, our glove box is a simple compact dry-box, which has no pressure control
system. Manually adjusting the chamber pressure is required to take on/off the gloves.
It is crucial to maintain a dry N2 environment. | suggest every 5 days to routinely
evacuate and refill the main chamber. Most of the precursor solutions such as Pblo,
MAI, PTAA are sensitive to air and light, it is suggested to store all the chemical
solutions in the glove-box to minimize the natural degradation. We use high
concentration Pbl> and MAI solution in our fabrication recipe, the saturated solutions
are suggested to be kept warm at 50°C on a hotplate in order to avoid recrystallization
and precipitation. Some organic materials will degrade naturally in solution within days,
such as PTAA and F4-TCNQ, the degrading nature of these organic materials is a
struggling issue in our recipe optimization works, | suggest preparing small amount of
these solutions (1-2 mL) each time and refresh the solution every 5-7 days.

The optimization of the fabrication recipe follows the controlled-parameter rules. We
only change one or two parameters and keep the rest the same for each batch of samples.
For example, when tuning PTAA’s doping level, we select the best growth recipe of
perovskite layer and PCBM, and keep the base PTAA thickness the same for each
sample, the only tuning factor is the concentration of the doping solution, while the
exposure time and the spin-rate for the doping solutions are kept the same for all the
samples. The optimization work of the whole device fabrication is complicated and
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time consuming, here | will summarize some key tuning factors in Table 2 that play

significant roles in the device fabrication procedure.

TABLEII
OPTIMIZATION PARAMETERS IN PEROVSKITE SOLAR CELL FABRICATION
Name Tuning Range Effect
PEDOT:PSS spin rate 3000 — 5000 rpm Film thickness and coverage
PTAA spin rate 3500 — 5000 rpm Film thickness and uniformity
F4-TCNQ concentration 0.1 - 2.5 mg/mL PTAA’s doping level
Pbl> concentration 450 — 550 mg/mL | PbI2 film thickness
Pbl spin-rate 3000 — 4000 rpm Film thickness and roughness
Pbl solution temperature | 50 — 55 °C Film roughness and coverage
Pbl, stacks 1 — 3 layers Film thickness
MALI concentration 75 — 85 mg/mL Perovskite film quality
MAI spin-rate 1750-2500 rpm Perovskite film quality
MAI solution | 55-60°C Perovskite film quality
temperature
Perovskite annealing 140 -150 °C Perovskite film quality
temperature
Solvent Amount in SAA 4 —-24 mL Perovskite grain sizes
MABTr exposure time 0—30s Perovskite film passivation
PCBM concentration 15 -20 mg/mL PCBM film thickness and
coverage
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PCBM spin rate 2500- 4500 rpm PCBM film thickness and
coverage
Carbon  coating on 1 — 3 stacks Perovskite film passivation
PCBM
Metal contact material Ag, Au, Ti/Al Work function alignment

We also made several attempts to replace the organic interfacial layers with more
stable inorganic materials. We tried to use ZnO nanoparticles as the n-type material in
the perovskite solar cell structure, but the results are negative since we fail to control
the ZnO particle sizes during the synthesis procedure. We tried to use sputtering system
and ALD to deposit thin film ZnO on the FTO substrate as the n-type base material.
We applied the best perovskite recipe on this conventional n-i-p structure. It works as
a solar cell but performs poorly with low PCE. I think it is mainly due to the poor hole-
blocking ability of the ZnO film grown by sputtering or low temperature ALD. More
meticulous work to optimize the ZnO recipe is required.

The inorganic material NiOx is a good candidate to replace the p-type organic
material used in our perovskite recipe, i.e. PEDOT:PSS and PTAA. Some great
breakthroughs have been reported, Chen has focused on the doping technique in NiOx
and has reported ~20% PCE using different dopants such as Cu and Cs [17-19].
However, we don’t have experience of making high quality NiOx layer within our
perovskite solar cell using a solution process. We must learn the state-of-art techniques

from the literature or find our own recipe of the physical deposition methods.
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3.2.4 Characterization Techniques and Tools

To evaluate the performance of perovskite solar cell, we use the [-V measurement to
extract the power conversion efficiency (PCE) of the solar cell. The Newport Model
91159 Full Spectrum 150 W Solar Simulator produces power equivalent to about 1 sun
which was calibrated by a KG-5 Si diode, one Air Mass 1.5 filter is included to adjust
the light spectrum. I-V characteristics of the perovskite solar cell were measured in
ambient with a Keithley 2400 source-meter. To study the hysteresis phenomenon, the
device was measured alternatively in the forward scanning direction (0V to 1V, 60 ms
per data point) and in the reverse scanning direction consecutively (1V to 0V, 60 ms
per data point). To better understand the crystal composition of the perovskite layer
after annealing. X-ray diffraction (XRD) measurements were taken on a Bruker D8/C2
Discover Parallel Beam Diffractometer using Cu Ka radiation. The Scanning Electron
Microscope (SEM) images were acquired by a Hitachi SU-70 Schottky Field Emission
Gun Scanning Electron Microscope. We used the software “Image)” to measure the
grain sizes of the perovskite crystals from the obtained SEM images .The Atomic Force
Microscope (AFM) images were obtained from an MFP-3D Origin™ AFM (Asylum
Research). The software “Gywddion” was used to analysis the AFM data. The External
Quantum Efficiency was measured with a self-build photo-spectrometer set-up by
illuminating the sample area with a modulated monochromatic light beam (Xenon light
source), and amplifying the photo-current with a Stanford Research Systems SR570
pre-amplifier connected to a Stanford Research Systems SR830 lock-in amplifier. The

Photoluminescence measurement used the similar set-up of EQE measurement, the
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pumping laser light hit on the sample with a confocal lens system. The PL is collected

by the focal lens and guided in to the spectrometer with two-mirror system.

3.3 Results and Analysis

3.3.1 Solar Cell Structure and Perovskite Crystal Quality

My work on this project has achieved high performance inverted planar perovskite
solar cell with the sequentially doped PTAA hole-transport layer. Figure 3.4 (a) shows
the solar cell structure of FTO/PTAA:F4-TCNQ/CH3NH;Pbl;/PCBM/Ag and Figure
3.4 (b) is the corresponding energy band diagram. We choose PTAA as the base HTM
instead of PEDOT:PSS (which we previously used) to enhance the solar cell
performance mainly by increasing the open-circuit voltage (Vo). PEDOT:PSS is
widely used as a high conductivity and low-cost HTM in the inverted planar perovskite
solar cell. However these solar cells usually suffer from low Vo (~0.9V) due to energy
level mismatch between PEDOT:PSS and perovskite [52]. This issue can be solved by
replacing PEDOT:PSS with an appropriate HTM, which has a better energy band
alignment such as poly-TPD or PTAA. As can be seen in the band diagram, the valance
band (VB) energy level of PTAA (-5.2 eV) is closer to the perovskite VB level (-5.4
eV) compared with that of PEDOT:PSS (-5.0 eV). This results in a larger quasi-Fermi
level separation and a smoother pathway for the hole transport, which in turns increase
the Voc.

In this project, we also propose a modified inter-diffusion method to grow the

perovskite film. The fabrication details can be found in the previous section. We
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modified the conventional method by spin-coating hot, high-concentration, MAI
solution on Pbl to initiate the reaction and this lasts for 2 minutes to pre-crystalize the
perovskite film before the solvent-assisted annealing. There is a trade-off between the
perovskite layer thickness (over 400 nm) and the thickness of the Pbl, residue in the
conventional method [32]. We have devoted much effort to optimize the recipe of the
modified inter-diffusion method in order to overcome the difficulty of fully consuming
Pbl, layer. Fig. 3.4 (c) shows the XRD pattern of the grown MAPbI; film on an FTO
substrate after annealing. The red curve is the XRD pattern of Pbl, film, which has a
strong peak on its (001) plane. The black curve indicates the XRD pattern of the
MAPDI; film. There are no Pbl, peaks present compared with the red curve, which
reveals the full consumption of the Pbl, layer. We note that there are some common
peaks to both Pbl, and MAPDI;, which belongs to the FTO substrate. Figure 3.4 (d)
illustrates the cross-section SEM image of a single perovskite thin film grown on
FTO/PTAA surface. The average thickness of the perovskite layer is about 450 nm

with clear tight grain boundaries and lateral grain sizes over 1.0 um.
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Figure 3.4 (a) Perovskite solar cell planar structure, (b) energy band diagram, (¢) XRD
pattern of Pbly film and annealed perovskite film, (d) cross-section SEM image of

FTO/PTAA/perovskite

The perovskite layer is grown directly on the PTAA thin film. The small amount of
m-MTDATA additive (10wt% ratio of PTAA) in the PTAA solution plays an important
role to modify the non-wetting PTAA surface, enabling full film coverage of the Pbl,
layer. On the other hand, it is found by Huang that the grain size of perovskite is highly
dependent on the hydrophobicity of the bottom layer surface [28]. With the help of
surface modification by m-MTDATA additive, the PTAA based perovskite grain size

is greatly enlarged compared with that of PEDOT:PSS based perovskite. Figure 3.5
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shows the SEM images of perovskite crystals grown on PEDOT:PSS and PTAA
separately, and their corresponding grain sizes distribution histogram. It can be clearly
seen that the perovskite grain sizes in Fig 3.5 (a) are smaller than in Fig 3.5 (b). The
average grain size is 528 nm for the PEDOT:PSS based perovskite crystals , and 850

nm for the modified PTAA based perovskite crystals using the same growth conditions.

AVG = 528nm AVG = 850nm

Counts
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Figure 3.5 (a) SEM image of the perovskite thin film grown on PEDOT:PSS and its
grain size distribution histogram (b) SEM image of the perovskite grown on PTAA

base and the corresponding grain size distribution histogram
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3.3.2 Solar Cell Performance Analysis

Previously we used PEDOT:PSS as the HTM in the perovskite solar cell, and we
suffered from the low Voc. The average Vo we observed for PEDOT:PSS based solar
cell is ~0.9V, this significantly limit the PCE. The best performance of this solar cell is
only 12.7% with 0.92V V... Conducting polymers like poly-TPD and PTAA are
promising replacement of PEDOT:PSS for better valance band alignment with
perovskite material, which in turns expand the quasi-fermi level difference and
increases the Voc.

In this project, we replace the PEDOT:PSS with PTAA as the base HTM to enhance
the solar cell performance mainly by increasing the V... Huang et al. have proposed to
use doped PTAA thin film to further reduce the series resistance. They have reported
to use a PTAA:F4-TCNQ blend solution with different doping ratios from Owt% to
10wt%, and claimed that the 1wt% doping ratio performs the best with a lower series
resistance [29]. While it has been reported that polymer: F4-TCNQ blend solution
requires diluted concentration and high temperature to suppress the doping particle
aggregation [31], we also observed the degradation of F4-TCNQ in blend toluene
solution. These drawbacks deteriorate the reproducibility and stability of the device
performance. It is important to re-prepare the blend solution frequently to avoid using
degraded/aggregated solution. Even though we may exclude any uncertainties for each
blend solution preparation such as the doping ratio and the solution concentration
variation, the dosage of PTAA, m-MTDATA and F4-TCNQ increases remarkably. The
cost of solar cell fabrication is greatly raised since the unit prices of PTAA and F4-
TCNQ are more than 10 times the price of gold. In our study, we propose a sequential
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method to dope PTAA thin films in order to minimize the drawbacks of PTAA:F4-
TCNQ blend solutions. We find that F4-TCNQ is soluble in 2-propano but that the
PTAA’s solubility is very poor. Thus we prepare the PTAA and the m-MTDATA in
toluene and the F4-TCNQ in 2-propanol. We then spin-coat the PTAA first and then
expose the PTAA thin film in a F4-TCNQ solution for 30 second before spinning the
rest of the solution away. The PTAA’s doping level can be tuned with the concentration
of F4-TCNQ solution. We varied the PTAA’s doping level using the sequential doping
method and investigated their corresponding solar cell’s performance. We also
prepared a reference sample based on Huang’s best recipe of PTAA blend solution (1wt%
doping ratio). Table 3 summarizes the results obtained from five samples with
sequentially doped PTAA and the reference sample. The corresponding series
resistances are extracted by fitting their I-V curves with the following equation for each

sample:

3.1

=1, — Iy exp (q(V+IRS)) _ V+IRg

nkT R
We can see that the series resistance decreases as the doping concentration increases
from 0 to 1 mg/ml. It is attributed to the increased doping level in PTAA thin film,
which minimizes the PTAA’s sheet resistance. The AFM images of PTAA surface
exposed with different doping solutions are shown in Figure 3.6. We can clearly see
the aggregated doping dots on the sample surface from Figure 3.6 (c), (d), (e), but the
root-mean-square (rms) roughness of the corresponding PTAA films is almost the same
and is around 13 nm. The dot size is increasing with the doping concentration. For

PTAA doped with 2.5 mg/ml doping solution, enormous doping clusters are observed

which result in larger effective sheet resistance of the PTAA film. This explains the
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abnormal increase of the series resistance of the solar cell sample exposed with 2.5
mg/mL doping solution. For the reference sample, we observed a slightly smaller V.
of 0.98V but much smaller photocurrent of 18.8 mA/cm?. While the FF and series
resistance are comparable to our best sample with sequential doped PTAA, it turns out
the sequential method could also achieve the optimized doping level of PTAA using

the pristine blend PTAA solution.

TABLE Il
THE PARAMETERS OF PEROVSKITE SOLAR CELL SAMPLES USING PTAA
EXPOSED WITH VARIOUS DOPING CONCENTRATIONS

Corll:zgﬁi?a%ion Voe (V) (mAf/s(C:mZ) FF (%) PCE (%) (ohmR*Scmz)
0 0.91 20.7 52.4 9.9 11.6
0.1 mg/mL 0.97 21.6 67.6 14.2 6.2
0.5 mg/mL 0.96 21.4 70.5 145 5.2
1.0 mg/ mL 1.00 22.1 68.8 15.3 4.8
2.5mg/ mL 0.94 19.7 58.5 10.9 9.8
Reference 0.98 18.8 68.8 12.7 5.1
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Figure 3.6 AFM image of PTAA surface exposed with (a) 0 mg/mL, (b) 0.1 mg/mL,
(c) 0.5 mg/mL, (d) 1.0 mg/mL, (e) 2.5 mg/mL and (f) the summarized doping size and

density chart of corresponding PTAA surface.

Larger grain sizes reduce the grain boundaries and the interface traps, and long carrier
diffusion lengths of the perovskite material enable better carrier transfer within the
perovskite grains. As a result, larger perovskite grain sizes will improve the solar cell
performance. In our study, the perovskite grain size and the pin-hole density can be
finely controlled by tuning the solvent amount during the solvent-assisted annealing
(SAA). Figure 3.7 shows the set-up for the SAA that can precisely control the solvent
vapor amount. Specifically, the same amount of solvent (DMF) is dropped on the 4

coverslips inside the large beaker, and the small beaker stands on the coverslips and
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leaves some space at the bottom to allow slow vapor exchange. The device is annealed

inside the small beaker.

Large Beaker

Small Beaker

e

I
| I_O_
Solvent Drop /EG_I L/

Solvent Vapor

150°C Hot Plate

Figure 3.7 The two-beaker set-up of solvent-assisted annealing

It 1s observed that the solvent amount can affect the grain size of the perovskite
crystals. Figure 3.8 (a), (b) demonstrates the SEM images of the perovskite crystals
annealed with different SAA conditions. Without solvent vapor, the average grain size
of the perovskite crystals is 0.85 um as previously shown in Fig 3.5(b), while it is
enlarged to 1.5 um with 4 uL. DMF SAA condition, and above 2.0 um with 10 uL DMF
SAA condition. We also observed the saturation effect of SAA on the grain size

enhancement. Too much solvent during SAA will not improve the perovskite crystal
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quality, since the pin-hole density will keep increasing with the solvent amount. The
optimization of the SAA condition is required to obtain high quality perovskite crystals
with a low pin-hole density and large grain sizes. The dependence of the solar cell
performance on the SAA condition was investigated. Figure 3.8 (c) shows the I-V
performances of three perovskite samples with 0, 4 uL and 10 uL solvent amount
during SAA. The 10 uL SAA sample performs the best and exhibits the largest fill
factor (FF) and short circuit current (Js¢). Figure 3.8 (d) shows the external quantum
efficiency (EQE) of these samples and the integrated photocurrents are consistent with
their [-V performances. The better performance of 10 pL SAA sample also corresponds
to the observed best perovskite crystal quality. Larger perovskite grain sizes provide
better carrier transport within the perovskite layer with less recombination trap states.
As a result, a larger photocurrent and EQE are observed in this sample. It is interesting
to notice that the FF of the 4 uLL SAA samples is even less than that of the 0 ul SAA
sample. It is due to the increase of the pin-hole density that trades-off the benefit of
grain size enhancement, which provides more shunt-paths within the perovskite layer

and reduces the shunt resistance of the device.
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Figure 3.8 SEM images of perovskite grains annealed with (a) 4 uL solvent and (b) 10
uL solvent during solvent-assisted annealing; (c) the I-V performances of solar cells

with No SAA, 4 uL SAA and 10 uL SAA; (d) the EQE comparison of the

corresponding solar cells.

Figure 3.9 (a) shows the solar cell performance comparison between the PTAA and
the PEDOT:PSS based champion cell. The PTAA based solar cell demonstrates an
increase of the Jsc from 19.8 mA/cm? to 22.1 mA/cm? and the Vo from 0.91V to 1.0V,
Though the FF decreases from 71% to 69%, the PCE of the PTAA based solar cell
reaches 15.3% compared with 12.7% from the PEDOT:PSS based solar cell. The

improved V. is still less than the expected 1.1V, which indicates the imperfect energy
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band alignment in our solar cell system. We thought that the defects at the
PTAA/perovskite interface will introduce some trap states within the energy band,
which in turns will lower down the work function of PTAA so that the electron-hole
quasi-Fermi level separation decreases and V. drops as a consequence. Further work
is required to investigate this assumption and solve the issue. We also measured the
EQE of the champion solar cells based on PTAA and PEDOT:PSS respectively. As
shown in Figure 3.9 (b), the EQE of the PTAA based solar cell remains above 90% for
the spectral range from 380 nm to 600 nm and then slowly drops to 80% at 680 nm,
while the EQE of the PEDOT:PSS based solar cell decays faster to 70% from 400 nm
to 680 nm. The integrated photocurrent is 21.7 mA/cm? for the PTAA based solar cell
and 19.4 mA/cm? for the PEDOT:PSS based solar cell, which are in good agreement
with their measured short circuit currents. The relatively low EQE in the region from
600 nm to 750 nm indicates the insufficient perovskite thickness for both devices. We
should further optimize our recipe to grow a thicker perovskite layer for a larger

photocurrent and a higher power conversion efficiency.
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Figure 3.9 (a) the photovoltaic performance comparison between champion cells with
PTAA and PEDOT:PSS base, (b) the EQE comparison between PTAA based solar cell

and PEDOT:PSS based solar cell
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3.3.3 Hysteresis Issue and Solution

Hysteresis effect has been observed in most perovskite devices using metal oxide as
the carrier transport layer. As can be seen in Figure 3.10 (a), the I-V curves measured
when using opposite scan directions, do not overlap. Recently, the most convincing
explanation for hysteresis effects is the ion migration hypothesis [53-54]. Figure 3.10
(b) illustrates the ion migration and energy diagram of the device before and after the
light-soaking. The ions within the perovskite will move to the interface with an applied
external voltage or photo-voltage. The formed dipoles will affect the carrier extraction
then cause hysteresis effect. The favorable solution for hysteresis free perovskite solar
cell is to use an inverted structure and use PCBM as the top electron transport layer.
Compared with metal oxide material, the PCBM particles can easily diffuse into the
perovskite film through grain boundaries. The moving ions will be captured by PCBM
particles and form a PCBM halide radical [55], which reduces the density of interface
dipoles and suppress the hysteresis. In our studies, the hysteresis effect is suppressed
by using PCBM as the top electron transport layer. Figure 3.10 (d) shows the
performance of a typical perovskite solar cell with 14.6% PCE in the forward and
reverse scanning directions. The hysteresis effect is mostly suppressed. The thickness
dependence of the PCBM film to the perovskite solar cell performance was also
investigated. Although a thinner PCBM layer is preferred to reduce the series resistance,
it will lead to poor coverage and electrode penetration and enable more shunt paths and

current leakage.
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Figure 3.10 (a) The hysteresis effect in the I-V measurement of perovskite solar cell,
(b) ion migration and the band diagrams of the perovskite solar cell device before and
after the light soaking, (c) PCBM molecule passivates the Pb-I anti-site defects at the
perovskite surface to suppress the 1on migration, (d) our typical I-V curves without

hysteresis after applying PCBM on top of perovskite layer.

3.4 Other Application of Perovskite Material

3.4.1 Perovskite Tandem Cell

The relatively wide and tunable bandgaps make perovskite highly attractive for use
in multijunction solar cells on top of narrower bandgap absorbers, such as silicon,

copper indium gallium selenide and Sn-containing (CIGS) perovskites [56-58].
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Among all the PV technology, silicon (Si) solar cells take the dominant market
share due to the high efficiency, excellent stability, and relatively low manufacturing
costs at the module level [59]. The construction of perovskite/silicon tandem solar cell
is an ideal approach consisting of two or more sub-cells that have the potential to further
improve the efficiency of the Si PV without extensive manufacturing cost
increase [60]. Qiu, et al. from Peking University reported a perovskite/Si tandem solar
cell with 1.69 eV bandgap for the perovskite absorber which delivers a PCE of 22.22%
[61]. And Bush, et al. from Stanford improve the efficiency of monolithic
perovskite/silicon tandems to 23.6% by combining an infrared-tuned silicon
heterojunction bottom cell with the recently developed cesium formamidinium lead
halide perovskite [62].

In our group, we have already demonstrated mature techniques of fabricating CIS
solar cell and perovskite solar cell. We propose to implement both mechanically
stacked and monolithic Perovskite/CIS tandem solar cells. In the mechanically stacked
approach, the two sub-cells operate independently with separate sets of terminals,
which avoids electrical crosstalk and eliminate constraints associated with current
matching and the need for a tunnel junction. A transparent and electrically insulating
material serves as the interface layer in the tandem. Fig.3.11 shows the proposed
structure with four terminals. The bottom sub cell uses exactly the same structure as
the stand-alone CIS cell that we have developed in our laboratory. For the Perovskite
top sub cell, we have to use transparent electrodes for both side of it. Here, ITO is
chosen. The two sub cells have slightly different size, where the top cell is relatively

smaller. This is designed to have the Al/Ni contact recessed. Then, with our excellent
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alignment technique and electrical expertise, we will get high performance tandem
solar cell by optimizing our existing high-quality Perovskite and CIS solar cells by

reducing optical losses in the structure.

ITO top contact
for Perovskite ITO back contact
for Perovskite

|

Transparent electrically
insulating interface layer

—
Perovskite  —p

CIS w——
Mo back contact

for CIS

—

Recessed AUNi
top contact for CIS

Figure 3.11 Four-terminal mechanically stacked Perovskite/CIGS tandem

Another tandem solar cell design is to adopt a monolithic two-terminal architecture.
Sophisticated optimization of a number of elements is required in this architecture, such
as current matching, development of an appropriate recombination/tunneling layer.
Figure 3.12 shows the band diagram of the proposed monolithic perovskite/CIS tandem
cell: transparent conducting electrode (ITO)/PCBM/CH3NH3Pbls/PEDOT:PSS/ITO
(or AZO)/CdS/CIS/Mo/Soda lime glass. In this case, the tunnel junction consists of a
PEDOT:PSS layer as a p recombination layer and an ITO or AZO layer as n
recombination layer. In order to make the current matched between both sub cells, we

will explore the following approaches. First, we will adjust the CH3;NH3Pbl; thickness;

48



second, we will adjust the Perovskite band gap by sweeping from CH3NH;3Pblsz to
CH3NH3PbBr3 to include a small proportion of Br in our perovskite structure; third, we
will reduce the thickness of ITO, PEDOT:PSS and PCBM to decrease the losses and
increase the short circuit current of CIS by letting more photon being absorbed in the

bottom cell.
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Figure 3.12 Band diagram for monolithically integrated Perovskite/CIS tandem cell

3.4.2 Perovskite Based Laser Cavity

Due to the remarkable property that the bandgap can be adjusted [5], solution-
processed, high charge-carrier mobility [4] and high photoluminescence (PL) quantum
efficiencies [63], the perovskite materials enable the possibility of realizing low-cost

solution-cast tunable laser diode.
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We proposed a planar structure for optically pumping a perovskite-based laser cavity.
The active material and spacing layer are sandwiched between the two mirrors,
forming a Fabry-Perot gain cavity as shown in Figure 3.13. The broadband dielectric
mirror is purchased from Thorlabs (BB1-E03). It has a high reflectivity region between
750 nm to 1100 nm, which will cover the PL wavelength region of perovskite. We use
the solution process to grow the perovskite layer on top of the mirror. The mirror is
cleaned with acetone, methanol, isopropanol and DI water alternatively. The hot Pbl>
solution (400 mg/mL) is spread out on the hot surface of the dielectric mirror with 200
rpm spin-rate, then the spin-rate is rapidly increased up to 5000 rpm in 0.01s. After 10
minutes of 90°C annealing, the high concentrated MAI solution (75 mg/mL) is spin-
coated at 3000 rpm for 2 minutes. The perovskite surface is washed by toluene during
the last 30s of MAI spin-coating. Then 30 minutes post-annealing at 150°C hot plate is
required for perovskite crystallization. A thin layer of A3 PMMA is spin-coated at 4000
rpm to encapsulate the perovskite. This will protect the perovskite film from
degradation in ambient and from e-beam damage when depositing SiO>. The Fabry-
Perot cavity length is precisely defined by controlling the SiO layer thickness by e-
beam deposition and a thickness monitor. Finally, a 150 nm Ag is deposited on the top

surface of the sample as the metal mirror of the cavity.
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Figure 3.13 Layer structure of perovskite Fabry-Perot Cavity and self-build pulsed laser

pumping PL measurement system

We use a self-build system to measure the PL response of the sample, as shown in
the Figure 3.13. The pumping source is a 638 nm laser diode in a pulsed current driven
mode (25ns pulse width and 0.025% duty cycle). We use a confocal lens to focus the
laser beam and collect the PL signal. We measured the PL of perovskite with and
without a resonant cavity respectively. As shown in Figure 3.14, the black line
represents the PL spectrum of a bare perovskite film on a mirror. It produces a wide
spectrum from 730 nm to 810 nm. The yellow line shows the PL spectrum of the
perovskite film from a resonant cavity with 5 times magnification. The Fabry-Perot
cavity length was designed to excite a resonance peak within the PL spectrum range of
the bare perovskite film (730 nm to 810 nm). We observed two peaks from the PL
spectrum of the perovskite cavity located at around 750 nm and 790 nm. Previously we

thought that these two peaks may be the resonance peaks due to the Fabry-Perot cavity,
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but their positions were fixed when we changed the cavity length. Later we convinced
ourselves that these two peaks were just the transmitted PL signal through the mirror.
We used a halogen light source with a broad-spectrum range to measure the reflectance
of the E03 coating mirror. From the reflectance spectrum curve in Figure 3.14, we
observed two dips in the high reflecting region (>720 nm) which are at 750 nm and 790
nm. The identical location of the EO3 coating mirror reflection dips and the perovskite
PL peaks demonstrated to us that the measured PL peaks around 750 nm and 790 nm
were not the resonance peaks of the cavity, but were the transmitted PL spectrum of

the perovskite film through the E03 coated mirror.
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Figure 3.14 PL spectrum of bare perovskite film (black line), and PL spectrum of
perovskite Fabry-Perot cavity (orange line, magnitude x 5), and reflectance of E03

coating mirror (blue line)
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We believe that the missing excitation peaks of the resonance cavity is due to the lack
of optical gain. The resonance peaks are potentially buried in the transmitted PL signal.
More optical gain is required to compensate the high loss caused by the high absorption
coefficient and surface roughness of the perovskite film. Increasing the pumping power
density is an effective way to improve the optical gain. We use a single mode 638 nm
diode laser with 170 mW maximum optical power (HL63133DG from Thorlabs) to
pump a ~24.5 um? spot on the perovskite film. After a beam splitter and coating on the
mirror, the maximum pumping power density on the perovskite film is

170mW x 0.6x 0.7 +24.5um? = 291.4kW / cm? 3.2

The factor of 0.6 and 0.7 are due to the beam splitter and coating respectively. We also
tried to cool down the perovskite sample to further increase the PL signal intensity. The
peak wavelength is red shifted from 775 nm to 782 nm and the integrated PL intensity
is increased by a factor of 1.5 when the sample temperature is cooled down from 298K
to 250K (the lowest temperature we can reach with our TE cooler system). Figure 3.15
showed the PL spectra from the same spot on the perovskite film inside a resonance
cavity with various pumping power at room temperature and 250K respectively. As the
pumping power increases at room temperature, we could only see the transmitted PL
profile at ~785 nm which is increasing linearly, no other obvious resonance peaks
observed. At 250K, the PL intensity is increased by a factor of 1.5 at the same pumping
intensity, we potentially observed a resonance peak at 788 nm. However, this peak is
very close to the 785 nm transmitted PL peak profile and is not a sharp peak. We need
to keep increasing the pumping power or PL intensity equivalently till we observe the

laser effect (the intensity of the resonance peak should increase non-linearly, and the
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line-width should narrow) before we can confirm that this peak is truly a resonance
peak. However, we are reaching our maximum pumping power and the lowest sample
temperature that we can reach; we cannot prove the existence of an optically pumped
laser using our present perovskite laser cavity. But for many samples that we have
measured, we have observed some potential resonance peaks both at room temperature
and 250K. What we need to do next is to keep enhancing the optical gain inside the
cavity. There are three approaches to obtain more optical gain inside the cavity:
utilizing more powerful laser to directly increase the pumping power on the perovskite
film; cooling the sample down to lower temperature (160K) to enhance the PL intensity;
optimizing the perovskite film with smoother surface and higher PL quantum efficiency.
We currently have the cryo-cooler system that can reach 8K. Future work will integrate
the current PL. measurement system with the cryo-cooler and will measure the low
temperature PL from the laser cavity. Potentially we may observe the laser excitation

peaks within the appropriate wavelength region.
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Figure 3.15 PL spectrums from perovskite Fabry-Perot Cavity with various pumping

power, measured at room temperature and 250K respectively.

3.5 Summary of the Perovskite Solar Cell Project

In this project, I first summarized the material properties, solar cell structures and
fabrication techniques of perovskite solar cell. And I briefly reviewed some state-of-
art perovskite solar cell with different features. Then 1 discussed in detail with the
proposed sequential doping method to fabricate PTAA based perovskite solar cell using
simple inverted planar structure without any complicated surface passivation
techniques. Compared with conventional PEDOT:PSS, PTAA increases the electron-
hole quasi-Fermi separation so that the open circuit voltage is remarkably improved.

The sequential method provides an easier and more stable way to dope PTAA with F4-
55



TCNQ in an orthogonal solvent base. The PTAA’s doping level is tunable with the
doping solution’s concentration. It changes the PTAA film’s sheet resistance and
improves the solar cell’s performance. We have modified the inter-diffusion method
for perovskite thin film growth in a controllable solvent-assisted-annealing set-up. We
are able to grow high quality perovskite crystals with grain sizes over 2 um and
thicknesses around 450 nm. The highest power conversion efficiency of 15.3% is
obtained under AML1.5 irradiation. The measured photocurrent is consistent with the
integrated photocurrent from the measured EQE data. However, the open-circuit
voltage of 1.0 V is still below our expectation. We assume that the interface traps
between the PTAA and the perovskite layers are the main cause for low Vo.. More
optimization is required to further improve the solar cell’s performance.

I have also initialed the studying of the perovskite tandem solar cell. Currently people
have successfully demonstrated high efficiency monolithic perovskite/Si tandem cell
based on mixed-cation perovskite material. Our group has the capability to fabricate
high efficiency CIGS solar cell and perovskite solar cell. We propose to implement
both mechanically stacked and monolithic Perovskite/CIGS tandem solar cells. Other
application of perovskite material such as perovskite-based laser cavity was also
investigated. Photoluminescence (PL) measurement of the perovskite thin film was
performed and shows a strong spontaneous emission peak around 780 nm. We
proposed a Fabry-Perot cavity comprising of a gain medium of perovskite layer and a
protecting layer of PMMA and a spacing layer of SiO, between a high reflectivity
dielectric mirror and a silver metal mirror. A pulsed laser optical pumping

configuration was used to minimize thermal effect in the gain material. Currently we
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did not observe the laser effect due to the insufficiency optical gain inside the cavity.
Pumping the cavity at cryogenic temperature may significantly enhance the
photoluminescence and we may potentially observe the excitation peaks with current

cavity structure.
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Chapter 4 Intermediate Band InAs/GaAs

Quantum Dot Solar Cell

4.1 GaAs Solar Cell Fabrication Techniques

This section will summarize the fabrication techniques used to make GaAs based

solar cell.

4.1.1 Cleaning, Etching and Electrode Contacts

The surface of GaAs must be cleaned before any follow up steps like etching in order
to achieve a surface free of organic and inorganic contamination. The wafer should be
cleaned with boiling acetone, methanol, and isopropanol for 10 minutes respectively to
remove any organic grease. To remove the inorganic contamination, the following
procedure is recommended: 1) rinse the wafer in diluted HCI (1:10) for 30s, 2) rinse
with DI water for 30s, 3) immerse the wafer in diluted NH4OH (1:10) solution for 1
minute, 4) rinse with DI water and dry with N> flow. The HCI treatment will result in
an As-rich surface, the NHOH solution will restore the Ga/As ratio by removing the
excess As atoms on the surface. After the cleaning, the oxide-free GaAs surface should
be hydrophobic.

Device patterning is mainly achieved by etching. There are two main etching
methods—dry etching and wet etching. Dry etching is much more desirable than wet
etching for defining mesa area. We have used a Fluorine-Induced Coupled Plasma (F-

ICP) etcher from Oxford to define the SisN4 hard mask. and Chlorine-Induce Coupled
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Plasma (CI-ICP) for the sequential etching into the GaAs. In our recipe, BCIz/Cl;
mixture tend to produce smoother surfaces than Cl, only plasmas.

While dry etching is preferred over wet etching for its better profile control and
etching uniformity, it could seriously degrade the electronic properties of the surface.
Wet etching is free of physical bombardment, so it is preferred when surface quality
needs to be preserved. In our devices, the top layer of GaAs is generally 20 nm to 50
nm, where high-energy photons are first absorbed due to the high absorption coefficient.
An AlosGao2As window layer is beneath the GaAs top contact layer. Selective etching
can’t be used here since AlosGao2As will oxidize quickly once exposed to air. To
minimize the photon loss, we use wet etching to thin down the top layer to about 5 nm.
We have used citric acid etchant with an etching rate or 5 nm/min. The solution is
prepared fresh every time for a uniform etching rate.

The electrode contact patterns are usually formed by lift-off technique. In order to
achieve a good lift-off film, the surface cleanness is critical, and a good undercut profile
sometimes is required. The p-type electrode contact is Ti/Pt/Au (30/80/100 nm). Ti is
for adhesion purpose, Pt is to provide an Ohmic contact work function with p-type
GaAs. A thick Au layer is for the wire-bonding process. The n-type electrode contact
is Au/Ge/Ni/Au (5/30/20/100 nm)., the Au and Ge with the chosen thickness ratio will
melt at the eutectic temperature after a 1-minute rapid thermal annealing process at
400°C. The Ni layer is used to provide the right work function. The last layer of Au is

to provide a layer for bonding and for packaging purpose.
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4.1.2 The Process Flow of GaAs Solar Cell Fabrication

Here | will summarize the standard GaAs solar cell fabrication process flow in the

order of Figure 4.1.

1. Clean the wafer with acetone, methanol and isopropanol in an ultra-sonic bath for
10 minutes respectively. Then make sure the n-type GaAs is facing up and immerse
the wafer in diluted NH4OH (NH4OH:H>0=1:10) for 1 minute. After cleaning,
quickly transfer it into the e-beam evaporator to minimize the surface oxidization.
Deposit Au/Ge/Ni/Au (5/30/20/100 nm) when the pressure is under 5x10° Torr.
After the contact deposition, load the sample in the RTA610 and purge the N for
10 minutes. Anneal the sample in N2 environment for 1 minute at 400 <C. The
backside electrode is completed. .

2. Then we need to generate the hard mask to protect the designed mesa-area from
etching. First, clean the sample as mentioned before, then deposit 500 nm SisN4 on
p-type side GaAs surface with PECVD. Calibration of the SisN4 film thickness is
suggested before the deposition. Then follow the standard AZ5214 photoresist
recipe to pattern the wafer with the right mesa areas. After that, load the wafer in
the Fluorine-based ICP etcher and use SFe gas to etch into SisNs. To avoid PR
burning effect during the etching, attach some thermal conducting grease on the
backside of the wafer and keep the processing temperature below 5°C. Aim for a
little bit over-etch to remove all the SisN4 without PR protection. After the SizN4
etching, the hard mask is completed by cleaning the residual PR. Follow the basic

cleaning process to fully remove the PR.
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3. With the protection of a SisN4 hard mask, the mesa-area is protected during the
chlorine-based ICP etching. While the CI-ICP will also etches into SisNs with a
slow etching rate, make sure the hard mask is thick enough to survive through the
Cl-etching. Calibration of the etching rate is important in this step, we aim to etch
slightly deeper than the active region to electrically isolate each device and
minimize the ion bombardment. So for each device, based on the device structure,
you need to calculate the etching depth before etching the device. After this step,
use the F-CIP to remove the residual SisN4, then the mesa area of each device is
defined.

4. The last step is to deposit p-type electrode contact. First, pattern the top mesa area
with negative PR, then rinse the device in diluted NH4sOH:DI water (1:10) and DI
water for 30s respectively to create a fresh clean p-type GaAs surface. Load the
sample into the e-beam evaporator as soon as possible to minimize the surface re-
oxidation. When the chamber is pumping down to 10 Torr, deposit Ti/Pt/Au with
30/80/100 nm thickness. Providing enough cooling time between each metal
deposition, especially between Pt and Au, the substrate will be heated up to 60°C.
After the metal deposition, follow the basic lift-off process to remove the PR and
generate the contact pattern.

5. Package and wire bond the sample on chips for further test.
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Figure 4.1 Tllustration of the process flow of GaAs device: 1. Deposit Back contact

Au/Ge/Ni/Au, 2. Grow Si3Ng hard mask, 3. Spin-coat photoresist (PR), 4. Develop PR
pattern, 5. Etch Si3N4 to form mesa area mask, 6. Remove PR, 7. Etch down GaAs
below active region, 8. Etch away SizN4 mask, 9. Develop top contact pattern with
negative PR, 10. Deposit top contact Ti/Pt/Au, 11. Lift-off top contact, 12. Package and

wire bond

4.2 Overview of the Previous Results on InAs/GaAs

Quantum Dot Solar Cell

In this section, I will introduce two main research results previously obtained on

InAs/GaAs quantum dot solar cell by our group. One is the extraction of the extended
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Urbach tail energy in the quantum dot system, another is the ultrahigh quantum dot

saturation intensity obtained at room temperature.

4.2.1 Review of the Concept of Intermediate Band Solar Cell

The concept of intermediate band solar cell (IBSC) was introduced by Luque and
Marti about 20 years ago [35]. The IBSC model aims to exceed the Shockley—Queisser
limit for the energy conversion efficiency of a single junction photovoltaic cell
by introducing an intermediate band energy level within the forbidden band, providing
the possibility of absorbing sub-band gap photons and at the same time maintaining a
high open circuit voltage. This intermediate band process increases the photocurrent
and thereby increases the efficiency. In this theory, two sub-bandgap photon absorption
is involved so that better coverage of the solar spectrum can be achieved to reduce the
optical transmission loss. The limiting efficiency at full concentration in the
intermediate band model was calculated to be 63%, which is much larger than the 41%
theoretical efficiency limit of single junction solar cell at full concentration in the
Shockley-Queisser limit [35].

The essence for the IBSC model is to form a stable intermediate band level to
facilitate the two one-photon absorption processes which will contribute to the
generation of one free electron-hole pair, and maintain the separation of the quasi-
Fermi level of electrons and holes. Figure 4.2 shows the conceptual diagram for the
intermediate band and the photon absorption processes involved. Ideally there will exist
two ways to realize the photon absorption processes that will take an electron from the
valence band and excite it to the conduction band. In one case, photons with above-

bandgap energy excite the electrons from the valance band directly to the conduction
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band. In the second case, two one-photon absorption processes are required: One sub-
bandgap photon excites the electron from the valance band to the intermediate band
level and another sub-bandgap photon sequentially excites the electron from the
intermediate band level to the conduction band. Theoretically the intermediate band
level won’t affect the quasi-Fermi level of electrons and holes so that the open-circuit
voltage remains unchanged. Though theoretically a huge energy conversion efficiency
enhancement can be realized by the IBSC concept, so far no one has been able to
demonstrate any efficiency enhancement using the intermediate band concept
compared with the optimized solar cell with only one-photon absorption process. There
are many limitations for practical application of the IBSC model. The introduced
intermediate band greatly increases the non-recombination mechanism [64] and
provides a carrier leakage path responsible for the open circuit degradation [65], it also
requires partially filling the intermediate band to allow carrier movement to and from

the intermediate band.
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Figure 4.2 Conceptual diagram of the intermediate band model and the photon

absorption process

The most frequent approach to implement the IBSC model is to utilize quantum dot
(QD) confined states as the intermediate band. In our previous study, we use the
InAs/GaAs and InGaAs/GaAs quantum dot systems and achieved 17.8% conversion
efficiency [66] which is very close to the record of 18.7% [39], but it’s still far from
the 29.1% [33] obtained for bulk GaAs solar cell and not even close to the theoretical
limit of 34.5% under 1 sun and 47% under concentration [34]. Generally people
observe a slight enhancement of the short circuit current but with a much lower open
circuit voltage. This phenomenon was successfully explained and proved by us through
a model in which a single photon can be absorbed below the band gap due to the
existence of an extended Urbach tail of states [65]. As shown in Figure 4.3, the
continuum of states within the QDs forms an Urbach tail that allows below band gap
photon absorption and provides a carrier escape path to the conduction minimum which

equivalently lower the quasi-Fermi level of electron and reduce the open circuit voltage.
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Figure 4.3 Energy diagram illustrating the exponential distribution of tailing density of
states in the QDs region, the carriers excited by the sub-bandgap photons can escape

through the extended Urbach tail

4.2.2 The Existence of Urbach Tail and the Derivation of the

Tail Energy

The wave functions of the states in the quantum dot will overlap if the quantum dots
spacing is less than 10 nm, at which case the intermediate states form a band. This is
the key requirement of the implementation of intermediate band solar cell in quantum
dot solar cell systems. On the other hand, we believe that there is another unfavorable
effect that will occur when increasing the quantum dot concentration. The perturbation

of the band energy by the deformation potential and the defect centers at QDs interfaces
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will generate a tail of states extending from the conduction band edge into the band gap
of InAs/GaAs QDs. This extending tailing state is the Urbach tail states[67-68], which
is almost inevitable in the real QDs devices. The presence of InAs/GaAs QDs greatly
disturb the perfect lattice periodicity of the GaAs, and thus lead to a broadening of the
GaAs band edge. The Urbach tail states which superpose with the CB QDs states will
provides a leakage pathway for the electrons that are confined in the QD states to the
GaAs conduction band. This will in effect lower the CB quasi-Fermi level and lower
the open-circuit voltage. This is consistent with the performance of the InAs/GaAs
quantum dots solar cells where people observe the increase of the photocurrent together
with a large reduction of the open-circuit voltage. Technically the Urbach tails also
exist at the Valance Band, but due to the small VB offset between InAs and GaAs, the
VB quantum dots states are thermally connected with the GaAs VB edge, which
effectively lowered the VB.

In our InAs/GaAs QDSC’s system, previously we observed a 5.5% improvement in
the photocurrent density in the QDSC compared to a bulk GaAs solar cell. We have
proven that this extra enhancement of the photocurrent is attributed to the below-
bandgap wavelength photons absorption through the QD and wetting layer energy
states and through the Urbach tail states. An external quantum efficiency measurement
is performed to verify the sub-bandgap photocurrent generation. The absorption
coefficient over a wide wavelength range below the GaAs bandgap is extracted to
elucidate the different absorption mechanisms in the InAs/GaAs QDSC, as shown in

Figure 4.4.
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Figure 4.4 External quantum efficiency of GaAs/InAs quantum dot sample. The

Urbach tail contributions for both devices are shown by the dotted lines. Note that the
Urbach tail arising from the QD region has a much smaller slope than that for the bulk
device, meaning a much higher characteristic width E; for the absorption edge.
Absorption peaks corresponding to different size QDs or QD transition energies are
observed.

The exponential distribution of the Urbach tail states lead to an absorption coefficient

that varies with energy according to the following expression:

_Eg—hw
Oyrbach = %g€ "U 4.1
where Ey is the characteristic width of the Urbach absorption edge, and oy is a scaling

1

parameter in units of cm™ which is proportional to the amount of absorption. The

relation between the EQE and the absorption coefficient can be derived as:

Next = (1- R)(l - 6’_“L)I]mt 4.2
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where ., IS the external quantum efficiency, I];,,; is the internal quantum efficiency,
L is the layer thickness, R is the surface reflectivity, taken to be 0.3. When the
absorption coefficient is sufficiently small as in the case of below-bandgap photon
absorption, the above equation can be further simplified to:

Nexe = (1 — R)(aLl)Nin: 4.3
In general, the absorption process of below-bandgap photons occurs throughout the
entire solar cell region where L is the film thickness. The linear dependence of the EQE
and the below-bandgap absorption coefficient enables the derivation of the width of the
absorption tail, assuming that the internal quantum efficiency is wavelength

independent within the solar cell region.

In Figure 4.4. for a crystalline GaAs bulk device, the tailing energy states within
the band mainly come from the intrinsic lattice disorder introduced by dopants. As
shown by a green (color on-line) dashed line in Figure 4.4, the measured data can be

fit with:

Nexe = 0.037exp[—(1.39 — hw)/0.013] 4.4
An absorption width of 13 meV can be determined, which is consistent with previous

measurements for p-type GaAs[69-70]. Typically a p-type GaAs layer has a higher
absorption width than that of an intrinsic GaAs (~7 meV).

For a QD device, the absorption coefficient is affected by the QDs and WL energy
states along with the Urbach tail energy states. Thus, the below-bandgap photocurrent
is generated from three sources: the Urbach tail absorption and both the QD and WL

absorption:

Nt = Nurbach + Nopawe 4.5
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I, denotes the total measured EQE, which consists of the EQE contributed via Urbach
tail absorption (Iyypecn), QDs and WL absorption (Igpgw). When the incident
photons have a lower energy than the QD ground state energies, they can only be
absorbed via the tailing states that extend further into the mid gap. Therefore Urbach
tail is fitted from 1.065 eV to 1.085 eV. The blue (color on-line) dashed curve
connecting the reading from 1.085 eV to the band edge denotes the contribution of the
Urbach tail in the semi-logarithmic plot of Fig. 4.4. The fitted Urbach tail absorption

coefficient is shown below:

Ayrpacn L = —0.4 x e~ (1:424-1w)/0.050 16

The Urbach tail absorption width is found to be 50 meV, which is much larger than that
for the bulk GaAs film. It is worthwhile to note that 50 meV is an average value of the
local broadening created by InAs QDs, under the condition that the QDs are uniformly

distributed in the 2000 nm intrinsic region of the host material.

4.2.3 Room Temperature On-resonance Z-scan Results

To investigate the intermediate band two-photon absorption contribution to the
photocurrent enhancement, we have previously demonstrated a method to study the
non-linear properties in QDSC for on-resonant excitation which evaluates the 2PA
carrier generation efficiency and the absorption saturation effect of the QDs [71]. The
evaluated sample has 40 layers of InAs/GaAs self-assembled quantum dots grown by
the Stranski-Krastanow method with an inter-dot layer spacing of 50 nm, the in-plane
QD density was measured to be 3.8 x 10'%cm?. The measured absorption profile for

the QDs sample shows a Gaussian line-shape with an inhomogeneous linewidth of 25
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meV, which we believe is due to the slight size variation and change in the environment
of the QDs [65]. As we know, the QDs can play a role as a saturable absorber. In order
to evaluate the sub-bandgap photon-carrier transition and account for the QD saturation,
we have proposed a precisely controlled characterization method to investigate the QDs
absorption saturation effect with an on-resonant excitation condition. The photocurrent
of the QD sample comes from both background two-photon absorption (2PA) process
and one-photon absorption (1PA). As shown in Figure 4.5, the background 2PA process
involves a first transition from a state in valence band to a virtual state below the
conduction band minimum and a second transition to a state in the conduction band as
a hot carrier. The 1PA process involves one transition from a state in valence band to
the ground state of QDs, and then leaks to the conduction band through an extended
Urbach tail without a second photon absorption, the QD saturation effect cannot be
neglected when the on-resonant excitation intensity is close to the saturation intensity

(where the population density in the QD ground state approaches the QD density).
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Figure 4.5 A sub-bandgap photon generates an electron on the energy states within the
gap. 1PA process (left): the free electron leaks to the matrix via continuum Urbach
tailing states. 2PA process (right): the free electron is excited again by a sequential
absorption of another sub-bandgap photon becoming a hot carrier above the conduction

band

Since the QD ground state transition is measured to be around 1.06 um, we used a
single transverse mode pigtailed laser (Thorlabs LPS-1060-FC) with 1.06 pm
wavelength to excite the QD sample. The laser beam was collimated and then focused
to a beam waist of 1.0 um. The output power is calibrated with an unbiased Ge detector.
The quantum dot solar cell is mounted perpendicularly to the beam on a three-
dimensional stage with motorized actuators from Newport Corporation. The
photocurrent is read with a Newport 6487 Pico-ammeter. We introduced the z-scan

technique [72] to evaluate the non-linear opto-electronic measurement and we also
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constructed a 2PA model to support our measurements. The focused laser beam follows

a Gaussian intensity profile:

2 2r?
W, Y
I(r,z)=1,| —2 | e "® 4.7
=1, )
2
w(z) = w, 1+[ij 4.8
ZO

where | is the intensity at z= z;,, W, 1s the beam waist and z; is the Rayleigh range.

The measured intensity dependent photocurrent in our experiments is just simply a sum
of 1PA current or 1SAT current due to QD saturation effect, and a background 2PA

current.

hotat = hisar +lopa 4.9

As the excitation intensity increases, the QDs act as saturable absorber, the dephasing
time of the transition to the ground state quantum dots has previously been measured
to be about 200fs at room-temperature [ 73-74]. This leads to a homogeneous linewidth
of about 6 meV, while a linewidth of 25 meV due to the QD size variation was
previously derived from our external quantum efficiency measurement of the QD
sample [65], we could conclude that the 1PA transition is mostly inhomogeneously

broadened. Thus the Isat term can be expressed as [75]:

2 2r
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hsar (2) = arl (W(Z)) l (VZ)j +1-1 4.11

In equation 4.11, a is a proportionality constant between the generated photocurrent
and a low optical power on the sample. I; is the saturation intensity which is required
to excite half of QD population with an electron that occupies the conduction band QD

ground state, it can be expressed as [75]:

2,2
I, = 4z n°hc A
T/ 23
"
where n is the index of refraction of the sample, h is the Planck constant, ¢ is the speed
of light, A is the wavelength of light, Av is the FWHM of the homogeneous absorption

profile and is given by Av =1/ zT, , where T, is the dephasing time, T, is the radiative

lifetime, and T is the quantum dot lifetime. The background 2PA term has a quadratic

dependence on the beam power, and can be expressed as [76]:

. x 221N
2PA I I(r Z) 27Zrdr—zbw

4.13
where b is a constant to measure the efficiency of 2PA process.

The measured photocurrent vs z-scan direction for 1.06um wavelength on-resonant
excitation under different input optical power is shown in Figure 4.6. As stated before,
the measured photocurrent consists of a background non-resonant 2PA photocurrent
and a 1PA photocurrent due QD absorption saturation on an inhomogeneous broadened
transition. We derived the saturation intensity by fitting the measured photocurrent vs
z plot with the sum of equation 4.11 and 4.13. This fitting yields a saturation intensity

as high as 10 mW/pm2. And by using equation 4.12, taking T1 = 1ns [77], T2 = 200fs,
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n = 3.5, we could extract the quantum dot lifetime T to be 12.9ps which is much less
than the extrapolated value of T at room temperature [78]. We believe this can be
explained by the thermal emission of carriers out of the dots through extended wetting

layer states or Urbach tails [79-80]. The fitted 2PA constant b as 45 nA-pm?*mW?. The

2PA coefficient f,,, can be derived by the following equation:
b=, xLxR 4.14

where L is the effective thickness of the absorption region and R is the responsivity
factor for 1.06 pm (1.17 eV), if assuming 100% internal quantum efficiency, R can be

calculated as:

R=L77im=L=4.27x10Sﬂ 4.15
2x1.17eV 2x1.17eV mw
b 3
Popn =——=5.27x10°cm/GW 4.16
LxR

The factor 2 in the denominator means two 1.06 um photons generate one electron-
hole pair. The background two-photon absorption coefficient of 5.27x10°cm/GW is
about 240 times larger than the reported value for bulk GaAs measured at 1.06 um [81-
82]. In Figure 16, each sub-plots show the original measured photocurrent data with
triangle marks and the fitted i,;,; term with green dashed line and i,,, term with pink
dashed line based on the derived Is and b respectively. The blue line is the sum of fitted
Lsar and i,,, Which perfectly overlaps with the measured photocurrent under different

input optical power. This validates the two main non-linear components (saturate effect

and 2PA component) in the on-resonant QDSC model.
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Figure 4.6 (a) Photocurrent vs z-scan direction for 1.06 um wavelength on-resonant
excitation under different input optical power. (b)(c)(d) A comparison between fitted
curve and measured data with 49.2 mW, 41.0 mW and 32.8mW input power. A

saturation current density of 10 mW/ um? was fitted under all input powers.

The fitted saturation intensity Is is 10 mW/um? = 10° W/cm?, which is about 107 times
larger than the unfocused sun intensity (~0.1 W/cm?) and still much higher than the
maximum concentrated sun intensity (X46,000). For intensity much lower than I, the

amount of excited population in the intermediate state is proportional to I/Is. This means
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that when the solar cell is illuminated under one sun intensity, only 10”7 of the quantum
dot population is excited over a bandwidth corresponding to the homogeneous
absorption linewidth. While the absorption profile is inhomogeneously broadened due
to the quantum dot size variation, and the inhomogeneous linewidth (25 meV) is about
4 times larger than homogeneous linewidth (6 meV), so 4x107 of the quantum dot
population can be excited to the QD ground state. The saturation intensity for the
second transition (quantum dot inter-band transition) has previously been measured to
be about 4x10° W/cm? (4x10° times larger than one sun intensity) [83-84], and if we
consider similar inhomogeneous broadening ratio, then only 4x107!* of the quantum
dot population can be excited to the final state. Previously we’ve evaluated 0.8% of the
band-to-band contribution to the photocurrent comes from single photon transition to
the GD ground state, then the percentage of the photocurrent generated through the
second photon transition through intermediate state compared to the band-to-band
photocurrent is [0.8% + (4 x 10%)] X 4 = 8 X 1077% , which is negligible. Thus we
can conclude that at room temperature and one sun illumination, the transition rates
between inter-band states are extremely small and will definitely not improve the
conversion efficiency significantly. By cooling down to cryogenic temperatures, one
can reduce the saturation intensities of both transitions involved with the intermediate
state, and the dephasing time can approach two times the intrinsic quantum dot lifetime
and might lead to some enhancement of the cell conversion efficiency. The quantum
dot lifetime can be made to approach the radiative lifetime by operating at low

temperatures.

77



4.3 Experiments at Cryogenic Temperatures

In this section, I will introduce our closed-cycle liquid helium cryo-cooler system and
the corresponding set-up for our experiments and then focus on discussing the on-

resonance z-scan measurements of the QDSC sample at different temperatures.

4.3.1 Cryocooler Components and Experimental Set-up

The cryocooler system is from Advanced Research Systems with model number

CS204S1-DMX-1-SS. The system includes the following components:

TABLE IV
COMPONENTS OF ARS CRYOCOOLER SYSTEMS
Item Name Model & Description Qty
Cryocooler DE-204S1, 4.2K-350K 1
Helium Compressor ARS-4HW, water cooled, 208-230 V, 60 Hz 1
CoolPac CP-4, 3.9 kW of Cooling Capacity 1
Helium Hoses HH-SF-5-10, 1set, 10feet long 1
Vacuum Shroud DMX-1-SS, 5 window ports for optical access | 1
Radiation Shield RSD-1-CU, 2 holes, 90 degree apart 1
Radiation Shield RSD-1-CC, 2 holes, 180 degree apart 1
Sample Holder SHE-18, 2-56 tapped hole for sample sensor | 1
mount
Optical Windows W-X1-CAF, Calcium Fluoride 2
Optical Windows, W-X1-HPQ, High Purity Quartz 2
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Feedthroughts length

Electrical W-INST-1, 6 copper wires installed with free 1

Temperature Controller | power

Integrated Lakeshore | LS-335, Two sensor inputs, 75 W total heater 1

Vacuum Pumping | VPS-2(Adixen 2015SD), Two  stage 1

System mechanical pump
Horizontal Stand Prototype STND-204-1, self-made with 1
Aluminum

Here I will briefly introduce the installation of the cryocooler system in our lab:

1.

Unpack and inspect the equipment in case of any shipping damages. Check the Tip-N-
Tell indicator on rear panel of the compressor to determine if the package was tilted too

much.

Check the compressor gas supply pressure gauge. The static pressure should be 200-205
psig (1379 -1413 kPa) @ 19-25°C. If the pressure is only slightly low, it may be an
indication of shipping damage. In that case, let the unit set at room temperature for an

hour and re-check.

If the pressure remains low, but is stable, then add gas per the Maintenance. Monitor the

gauge for any further pressure loss.

If the pressure continues to decrease, contact ARS Inc. for service.

Secure the expander on the self-made aluminum stands and lock the stands on the optical

table as shown in Figure 4.7.
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10.

11.

12.

13.

Figure 4.7 Cryocooler expander secured on the stands

Attach the accessories to the expander (radiation shrouds, sample holders, vacuum

shrouds).

Locate the compressor near the expander, leave enough room for the 10 feet long helium

hoses.
Connect the gas lines to the compressor and expander:
Connect one gas line to the supply gas couplings at the compressor and expander (red)

Connect the other gas line to the return gas couplings at the compressor and expander

(green).

Use two wrenches to hold and turn the gas line coupling (female) where shown. Turn

until tight.
Connect the expander electrical power cable to the compressor and expander receptacles.

Install the CoolPac Cooling System as shown in Figure 4.8. Check Appendix for the

detail installation guide for the CoolPac.

80



The CoolPac switch will turn on/off
the compressor and CoolPac
simultaneously.

Plug compressor power cord
into the switched receptacle on
the CoolPac. See note.

Place the compressor
switch in the "ON" position.

Connect a water line from the CoolPac
"IN" to the Compressor "OUT".

Plug in the CoolPac
(see Specifications page 3)

Connect a water line from the CoolPac
"OUT" to the Compressor "IN".

Figure 4.8 CoolPac system connected to the compressor

14. Verity the compressor on/off switch is turned off. Connect the proper electrical power
to the compressor power cord via a suitable connector. In our case, plug the compressor

power cord into the receptacle on the front of the CoolPac.

15. Connect the vacuum system (capable of achieving < 0.01 torr), isolated by a vacuum

valve, to the pump-out port provided on the expander skirt.

16. Figure 4.9(a) shows the schematic of the final set-up of the cryocooler system, and

Figure 4.9(b) is the image of the real cryocooler systems installed in our lab.
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Figure 4.9 (a). The schematic diagram of the final set-up compressor and expander,
(b) The LH compressor and vacuum pump (left) and the cryocooler expander secured
on the stands (right).
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To operate this system, | summarize the standard procedure of operation as follows:

1.

Verify that the equalization pressure on the compressor pressure gauge meets the
requirement listed on the compressor and/or in the compressor manual. If the
pressure is below the minimum, then add helium gas in the manner described in
the compressor manual (use only 99.999% ultra-pure helium, dew point < -50°C

at 300 psig (2069 kPa)).

Evacuate the expander vacuum shroud or enclosure to < 0.1 torr.

Close the vacuum valve.

Turn on the vacuum pump.

Slowly open the vacuum valve.

The expander can be started with an insulating vacuum pressure of < 0.1 torr.

Turn on the compressor, and turn on the cooling water to the compressor. The
expander will begin to cool down. The noise from the expander should be a
regular beat at a frequency approximately 2X the frequency of the electrical

supply power.

Close the vacuum valve when the vacuum pressure remains < 0.01 torr or the

expander has cooled to 150 - 200K.

After reaching the minimum temperature (7-8K in our case), adjust the required

temperature with the Lakeshore Model 335 Temperature Controller.

10. To stop operation, turn off the compressor and turn off the cooling water.
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4.3.2 Photoluminescence Measurement at Cryogenic
Temperatures

In order to determine the laser wavelength required for on-resonant excitation of the
InAs/GaAs QDSC at cryogenic temperatures, we have measured the
photoluminescence (PL) of the QDSC to extract the quantum dot energy spectra at
various temperatures from 8K to 293K. (The experimental set-up is shown in Figure
4.10. The QD sample is attached in the cryostat expander. A 637 nm laser beam is
collimated and hit on the sample surface through a confocal lens system. The collected
PL is guided into a spectrometer through a two-mirror system. The output PL signal is
phase-locked with a 207 Hz chopper and detected by a Ge photodetector. The
photocurrent is amplified with a Stanford Research SR570 pre-amplifier and read with

a Stanford Research SR830 lock-in amplifier.

cryocooler
chopper
N y/ @D —
\ / Ge
Photodetector
Beam Splitter
Reflecting \\
Mirror
Pair Monochromater
715nm

QD sample
Y Long-
pass

637nm Filter
Laser Pumper

Figure 4.10 The set-up wused for measuring the temperature dependent

photoluminescence
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The measured temperature dependent PL response of the InAs/GaAs QDSC is shown
in Figure 4.11 (a), we have normalized all PL spectra and have plotted them on one set
of axis. It is important to notice that there are several PL peaks in the PL spectra, which
correspond to different carrier relaxation paths, for example from GaAs conduction
band to valance band. What we are interested in is the PL peak centered on the QD
ground state energy. Thus the PL measurement system is tuned to focus on the lower
part of the PL energy range (~1.1 eV to 1.4 eV). We can see from Figure 4.11 (a) that
the PL spectrum shifts toward higher energy with decreasing temperature. The PL
spectrum almost maintains its shape till below 145K, another obvious peak position is
observed at higher energy position. The PL spectra correspond to the carrier relaxation
from QDs ground state and also from higher QD energy states within the quantum dots
with different sizes. At low temperature, the PL line-shape is determined by the
inhomogeneous distribution of QD sizes and the emission of light from higher energy
states within a quantum dot. When the temperature is high enough, the effect of
electron-LO-phonon scattering is progressively becoming dominant, the carriers in the
higher QD energy states can be easily scattered to the QD ground state, thus the second
emission peaks is not significant at higher temperature range.

The main PL peak energy position and its FWHM at different temperature are derived
after fitting the PL spectrum with two Gaussian shapes. We choose the lower energy
one as the main peak since it is dominant at high temperatures, indicating the QDs
ground state energy position. Figure 4.11 (b) shows the temperature dependence of
QDs PL main peak positions. The temperature-dependent energy shift follows the

Varshni’s formula:
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E(T) = E(0) — AT?/(T + B) 4.17
By fitting this equation, we can derive A = 0.0005386 eVK2, B =219.9K, E(0) = 1.206
eV. Figure 4.11 (c) presents the temperature dependence of the main peak’s FWHM.
It’s observed that the FWHM decreases slowly from 8K to 150K, and then start
increasing again due to the electron-phonon scattering as the temperature keeps on
increasing. Dai and Lin, et al explained this unusual behavior at low temperature
qualitatively in 1997 [85]. At low temperature range, the exited carriers will be
gradually thermalized in the QDs as the temperature increases. The thermalized carriers
can repopulate in the quantum dots, this repopulation process will occur more
frequently for predominant quantum dot sizes since the dot sizes follow a Gaussian

distribution.
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Figure 4.11 (a) Temperature dependent PL spectral of InAs/GaAs QD solar cell, (b)
Temperature dependence of Main QD PL peak energy and the fit by Varshni’s Equation,

(c) Temperature dependence of the main QD PL peak FWHM
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4.3.3 On-Resonance Z-scan Measurement at Cryogenic
Temperatures and Result Analysis

To investigate the IB 2PA contribution to the photocurrent enhancement, we have
previously demonstrated a method to evaluate the 2PA carrier generation efficiency
and the absorption saturation effect of the QDs at room temperature [71]. The studied
sample has 40 layers of InAs/GaAs self-assembled quantum dots grown by the
Stranski-Krastanov method with an inter-dot layer spacing of 50 nm, the in-plane QD
density was measured to be 3.8 x 10! cm™. The wafer was cleaved in to small size
(2x2 mm?) and fabricated with back side n-type Au/Ge/Ni/Au electrode and top p-type
Ti/Pt/Au interdigitated figure-shaped electrode. In order to observe the nonlinear
optical transitions via the intermediate states, high intensity excitation beams with
different wavelengths were used. We assumed that the QDs can be described as a
saturable absorber. In order to evaluate the sub-bandgap photon-carrier transition and
account for the QD saturation effect at cryogenic temperatures, we upgraded our
apparatus for near on-resonance excitation and for the cooling of our sample using an
ARS-DE 204 closed-cycle liquid helium cryocooler system. As shown in Figure 4.12
(a), the sample is held on the sample holder inside the vacuum shroud of the cryocooler.
The fiber-coupled pigtail laser served as the excitation source and was mounted
perpendicular to the sample on a motorized three-dimensional stage. The laser beam is
collimated and focused down to a 2 um spot size (1/e* diameter) at the focal point. To
minimize the local thermal effect of the QD sample, the laser is modulated using
Newport LDP-3830 pulsed laser driver with 75ns pulse at 0.01% duty cycle. The

detected photocurrent is integrated with an SRS200 series Boxcar Averager and read
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by a Keithley 2400 Sourcemeter. When the laser moves along the light propagation
direction, the incident intensity profile changes accordingly. This modified z-scan set-
up will evaluate the QDSC’s photocurrent dependence on beam intensity at different

temperatures.

a
@ SRS200 Box-Car Averager

cryocoolery .-

1
’ -
’

— || 1060 pigtail laser LDP 3830 Pulsed Laser Driver

==

QD sample  3p translation stage

Electrical Throughout
—1

P (@ |

1~2mm

(b)

FC Pigtail Laser
— [lumination Spot ~ 2um

Sample in Cryocooler

Z direction

Figure 4.12 (a) The modified z-scan measurement system using a cryocooler system,

(b) illustration of the z-scan technique that uses a 2 um spot size on the QDs sample
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Previously we have presented a model to explain the nonlinear optical interaction
with QDs using an on-resonance z-scan measurement technique at room temperature.
The photocurrent of the QDSC comes from both a background 2PA process and a
saturated one-photon absorption process (1sat). The background 2PA process involves
a first transition from a state in the valence band to a virtual state below the conduction
band minimum and a second transition to a state in the conduction band as a hot carrier.
The 1sat process involves one transition from a state in the VB to the GS of the QDs,
and then the excited electron leaks to the CB through an extended Urbach tail [65]
without a second photon absorption. We stress that the saturation effect cannot be
neglected when the on-resonant excitation intensity is close to the QD saturation

intensity. According to our model, the measured photocurrent can be expressed as:

. . . 2 I w 2 T zn2] 22
L= isar + lopa = anls(w(2) <\Ji(FZ)) +1- 1) b 418

In the above equation, a and b are proportionality constants between the generated
photocurrent and the optical power on the sample, w(z), wo and zo are Gaussian beam
parameters, Is the saturation intensity which is required to excite half of QD population
with an electron that occupies the QD ground state.

We selected a 1064nm (1.165 eV) laser to excite the QDSC in our on-resonance z-
scan experiment, covering the temperature range from 293K to 170K. Here I have
measured two quantum dot samples, one that was prepared in 2015 by Dr. Li, named
QD2015, and another one that was recently fabricated in the early 2019 with the same

solar cell structure as for the old sample, named QD2019.

89



x1e-4 293K Data and Fitting x1e-4 250K Data and Fitting

12 22
11 11
1 1
< o9 ZLoo
=)
€ os € 08
o “
07 507
S . ; O
0.6 —i_293K_fit 0.6 —i_250K_fit
0 —8-i_293K 2 —=-i_250K
0.4 0.4
-200 -100 0 100 200 -200 -100 0 100 200
z-axis (um) z-axis (um)
x1E-4 200K Data and Fitting x1E-4 170K Data and Fitting
12 1
1.1
0.9

Current (A)
Current (A)
o

0.6
0.6 ——i_200K_fit —i_170K_fit
0.5 50
0> —-5-i_200K —8-i_170K
0.4 0.4
-200 -100 0 100 200 -300 -100 100 300
z-axis (um) z-axis (im)

Figure 4.13 QD2015’s photocurrent and the fitting curves in the z-scan measurements

at 293K, 250K, 200K and 170K.

Figure 4.13 shows four photocurrent plots of the z-scan measurement at different
temperatures for QD2015. Each plot shows both the experimental data and the fitting
curve base on Equation 4.18. The photocurrent reading is a combined effect of 2PA
photo-generation and absorption saturation based on an inhomogeneous broadened
transition. The saturation intensity was obtained by fitting Equation 4.18 to the
measured photocurrent along the z direction. The fitting curves perfectly match the

experimental data, indicating the accuracy of our physical model at low temperatures.
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The extracted fitting parameters are listed in Table 5. Superscript 1 denotes the fitting

parameters of QD2015, superscript 2 denotes the fitting parameters of QD2019.

Table V
SUMMARY OF FITTING PARAMETERS
Temp at bt Ist a’ b? Is?
(K) (AMW) | (A*cm?/W?) | (mW/m?) | (A/W) | (A*cm?/W?) | (mW/m?)
170 8.57E-6 2.42E-6 0.0857 | 3.88E-06 | 5.13E-07 0.0381
180 9.92E-6 2.06E-6 0.131 4.45E-06 6.02E-07 0.0675
200 1.11E-5 1.39E-6 0.338 5.80E-06 | 5.94E-07 0.174
220 1.08E-5 8.82E-7 0.485 6.30E-06 6.02E-07 0.330
250 1.10E-5 9.65E-7 0.928 6.50E-06 | 4.54E-07 0.901
293 1.10E-5 1.86E-7 2.501 6.66E-06 1.05E-07 2.905

Superscript 1 denotes the fitting parameters of QD2015, superscript 2 denotes the

fitting parameters of QD2019.

As the QD GS transition energy is close to the excitation laser energy at low
temperature, we observed that the lsar coefficient is slowly decreasing with
temperature for both QD2015 and QD2019 samples, while the 2PA coefficient is
enhanced rapidly when the temperature drops since the first transition virtual state is
approaching the QD GS. The saturation intensity is an important parameter for
describing the QDSC in a realistic model of the intermediate band solar cell. It indicates
the light intensity that is required to excite half of the QD ground state with electrons,

it can be expressed as:

__4m®n?hc

s = (T/T1)113 4.19

where Av is the FWHM of the homogeneous absorption profile and is given by Av=

1/xT2 , where T is the dephasing time, T is the radiative lifetime, and T is the
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quantum dot lifetime. Table 6 lists the temperature dependent quantum dot lifetime
measured by Heitz, et al in 1999, the radiative lifetime measured by Harbord, et al in
2009 and the dephasing time data by Bayer, et al in 2002 [86-88], and the extracted
dephasing time from our measured temperature dependent saturation intensities. We
used the data from the references to extract the dephasing time at low temperature in
QD2015 and QD2019 samples. It turns out the extracted dephasing times are
decreasing with an increase of temperature, which is consistent with the decreasing
trend in Bayer’s measurement. However, the extracted T> values of QD2015 are ~ 3
times less than the T data from Bayer’s measurement in 2002 at each temperature
region, while the extracted T> values of QD2019 are closer to the reference data at
lower temperature. We assume it may due to the relatively smaller radiative lifetime
in our quantum dot system since it’s sandwiched between p-type GaAs and n-type
GaAs, which provide effective charge extraction paths, as well as the different
quantum dot densities compared with the self-assembled quantum dot sample that
Bayer measured in 2002. The smaller quantum dot saturation intensity of QD2019 as
compared to QD2015 at lower temperature region might indicate the enhanced role of
surface state in the QD2015 sample as it ages, we believe that the freshly made QD

sample has relatively longer QD lifetime as represented by T.
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TABLE VI
EXTRACTED DEPHASING TIME

Temp T (s) T1(s) T2 (s) T2t T2
(K) (Ref 86) (Ref 87) (Ref 88) (Extracted, s) | (Extracted, s)
170 1.58E-9 2.08E-9 1E-12 3.94E-13 8.87E-13
180 1.55E-9 2.15E-9 9E-13 2.72E-13 5.27E-13
200 1.44E-9 2.30E-9 6E-13 1.21E-13 2.36E-13
220 1.22E-9 2.65E-9 4E-13 1.16E-13 1.7E-13
250 7.46E-10 3.00E-9 3.2E-13 1.11E-13 1.15E-13
293 2.92E-10 3.10E-9 2E-13 1.09E-13 9.36E-14

Superscript 1 denotes the fitting parameters of QD2015, superscript 2 denotes the

fitting parameters of QD2019.

In our previous report, we measured high Is at room temperature and evaluated the
percentage of the photocurrent generated through the intermediate state compared to
the VB to CB photocurrent to be 8 x 107%, which is negligible and will not improve
the efficiency of IBSC in a significant way [71]. We suggested that by going to
cryogenic temperatures, one could reduce the Is of both transitions involved with the
intermediate state. In this work, we demonstrate that I is appreciably reduced when the
temperature is decreased. However, I is still as high as 3810 W/cm? at 170K, which is
38100 times larger than the unfocused sun intensity and 0.828 times the maximum
concentrated sun intensity. This means that under one sun illumination at 170K, only
around 1.05 x 10~* (= 4x0.1/3810) of the QD population is excited over a
bandwidth corresponding to the inhomogeneous absorption line-width (we have
previously observed a 4 times larger inhomogeneous line-width of the QD GS
transition than the homogeneous line-width [65]). By assuming a similar saturation
intensity for the second transition from the QD GS to the CB, and a similar

inhomogeneous broadening coefficient, only 1.1 x 1078 (=(1.05 x 10™%)2) of the
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QD population can be excited to the final CB, which is still negligible for improving
the solar cell efficiency. From current results, we believe that the saturation intensity
can be further reduced by reducing the temperature all the way down to liquid helium
temperatures. I am planning to replace the 1064nm excitation laser source to 1015 nm

laser to scan the lower temperature range with the same on-resonance z-scan set-up.

4.3.4 Thermal Effect in On-resonance Z-scan Measurement

Thermal effect of this quantum dot system under high-intensity excitation is observed
at room temperature. The measured photocurrent responses cannot be explained by our
established physical model. Figure 4.14 (a) shows the photocurrent response using a
continuous wave (CW) laser source exciting the QD sample at room temperature (R.T.).
The abnormal two-step broadening waveforms are observed when exciting the sample
at high intensity (>45 mW), this kind of curve cannot be fitted with our physical model.
We assume that the high laser intensity appreciably increases the temperature of the the
quantum dot, introducing more fluctuation in the quantum dot sizes and more electron-
phonon scattering, affecting the quantum dot absorption rate consequently. Modulating
the laser with short pulses can appreciably reduce the thermal effect, Figure 4.14 (b)
presents the photocurrent responses of QD sample excited by a 0.1% duty cycle (DC)
pulsed laser source at R.T. No abnormal two-step broadening waveform is detected at
high excitation intensity, and these photocurrent curves can be fitted with our 1sat and

2pa physical model.
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(a) CW Measurement at R.T.
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Figure 4.14 On-resonance z-scan photocurrent responses of quantum dot solar cell
sample with (a) the continuous wave laser and (b) the 0.1% duty cycle pulsed laser at

room temperature.

When the sample temperature is cooled down to cryogenic temperatures, the
localized thermal effect in the QD region cannot be ignored in the low temperature z-
scan measurement since the laser beam is focused to a small spot size (2 pm diameter)
on the QD sample and since the specific heat of the sample also goes down. Even

though the on-resonance laser source is modulated with 0.01% duty cycle pulses, the
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thermal effect exists when varying the laser pulse width. To investigate the thermal
effect in pulsed laser mode, I’ve fixed the laser power at 13.7 mW to avoid the potential
thermal effect induced by high intensity excitation, and measured the photocurrent
responses from R.T. to 170K with 75ns and 150ns excitation pulses. The extracted
fitting parameters are listed in Table 7. Compared with the 1sat and 2PA parameters,
they are close at each temperature range for 75ns and 150ns pulse measurements. The
extracted saturation intensities are almost the same for both case above 220K, while
the saturation intensities extracted from 75ns pulse measurement is about 0.8 times as
that of 150ns pulse measurement when temperature is below 200K, which indicates
that this on-resonance measurement is more sensitive to thermal effects at cryogenic
temperatures, even the longer excitation pulses can introduce some measurable thermal
effects. I must mention here I cannot apply shorter excitation pulses in this
measurement to prove that the 75ns pulse measurement is free of thermal effect at
cryogenic temperature, since the rise time of the quantum dot solar cell is about 50ns.
Therefore in the future measurement at 8K with 1015nm laser, the main challenge will

be to minimize thermal effects with limited excitation pulse width and duty cycle.

TABLE VII
FITTING PARAMETERS FOR THE 75NS AND 150NS PULSE
EXCITATION MEASUREMENT

Temp a (75ns) b (75ns) Is(75ns) | a(150ns) | b (150ns) | Is(150ns)
(K) (A/W) | (A*cm?W?) | (mW/m?) | (A/W) | (A*cm?/W?) | (mW/m?)
170 3.88E-6 5.13E-7 0.0381 | 3.70E-06 | 7.50E-07 0.0500
180 4.45E-6 6.02E-7 0.0675 | 4.20E-06 | 8.00E-07 0.0800
200 5.80E-6 5.94E-7 0.174 | 5.10E-06 | 4.00E-07 0.220
220 6.30E-5 6.02E-7 0.330 | 5.70E-06 | 5.50E-07 0.330
250 6.50E-5 4.54E-7 0.901 | 6.00E-06 | 4.50E-07 0.900
293 6.66E-5 1.05E-7 2905 | 6.52E-06 | 1.00E-07 3.000
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4.4 Chapter Summary

In this chapter, I introduced the concept of the Intermediate band solar cell. The main
physics of this concept is utilizing the intermediate band to absorb below-bandgap
photons, generating extra photocurrent without sacrificing the open circuit voltage. The
practical implementation of this concept is by using a quantum dot solar cell. I showed
the basic fabrication procedure for implementing bulk GaAs solar cells. And then I
demonstrated two main previous findings on our InAs/GaAs quantum dot solar cell.
One is the existence of an extended Urbach tail into the quantum dot energy state region,
and the derivation of this tail energy from the below-bandgap external quantum
efficiency measurement. Another finding is the ultrahigh quantum dot saturation
intensity at room temperature extracted from the non-linear photocurrent responses of
on-resonance z-scan measurement, which results in extremely small transition rates
between the inter-band states. By cooling down to cryogenic temperatures, the
saturation intensities of both transitions involved with the intermediate state can be
effectively reduced.

In this project, my work is to update the on-resonance z-scan measurement system
with a closed-cycle liquid helium cryocooler system and measure the quantum dot
saturation intensities at cryogenic temperatures. The assembly of the cryocooler system
is described, and the operation procedure is demonstrated. I measured the
photoluminescence of the InAs/GaAs QDSC to extract the quantum dot energy spectra
at various temperatures from room temperature to 8K. I have modified the on-
resonance z-scan measurement system with the cryocooler to investigate the optical

saturation of the on-resonance first photon transition to the intermediate band in
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InAs/GaAs QDs. The established physical model involved with background 2PA
process and saturated 1PA process can still explain the photocurrent generation in the
on-resonance experiments at low temperatures. We derived the QD saturation
intensities from room temperature to 170K, and observed a saturation intensity 76 times
smaller at 170K as compared to room temperature. The significant decrease of the
saturation intensity is still impractically higher than one-sun intensity. The
photocurrent generated from the QD ground state to the conduction band under one-
sun illumination is negligible and will not improve the solar cell conversion efficiency.
The thermal effect in this on-resonance measurement at cryogenic temperature range
is investigated. Much smaller saturation intensity is expected to be observed when

cooling to 8K with a 1015nm pulsed-laser excitation.
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Chapter 5 Dissertation Summary

In the perovskite solar cell project, we have studied the material properties, solar cell
structures and fabrication techniques for realizing perovskite solar cells and we have
reviewed some state-of-art perovskite solar cells. We have proposed the sequential
doping method to fabricate PTAA based perovskite solar cell with simple inverted
planar structure without any complicated surface passivation techniques. Compared
with conventional PEDOT:PSS, PTAA increases the electron-hole quasi-Fermi
separation so that the open circuit voltage is remarkably improved. The sequential
method provides an easier and more stable way to dope PTAA with F4-TCNQ in an
orthogonal solvent base. The PTAA doping level is tunable with the doping solution
concentration. It changes the PTAA film’s sheet resistance and improves the solar cell’s
performance as a consequence. We have modified the inter-diffusion method for
realizing perovskite thin film growth in a controllable solvent-assisted-annealing set-
up. We can grow high quality perovskite crystals with grain sizes over 2 um and
thicknesses around 450 nm. The highest power conversion efficiency of 15.3% is
obtained under AM1.5 irradiation. The measured photocurrent is consistent with the
integrated photocurrent from the measured EQE data.

We have also considered the potential of realizing perovskite tandem solar cell.
Currently people have successfully demonstrated high efficiency monolithic
perovskite/Si tandem cell based on mixed-cation perovskite material. Our group has

the capability to fabricate high efficiency CIGS solar cell and perovskite solar cell. We
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proposed to implement both mechanically stacked and monolithic Perovskite/CIS
tandem solar cells. Other application of perovskite material such as perovskite-based
laser cavity was also investigated. Photoluminescence (PL) measurement of the
perovskite thin film was performed and shows a strong spontaneous emission peak
around 780 nm. We have also proposed the realization of a Fabry-Perot perovskite laser
comprising of a gain medium of perovskite layer and a protecting layer of PMMA and
a spacing layer of SiO. between a high reflectivity dielectric mirror and a silver metal
mirror. A pulsed laser optical pumping configuration was used to minimize thermal
effect in the gain material. Currently we did not observe the laser effect due to the
insufficient optical gain inside the cavity. Pumping the cavity at cryogenic temperature
may significantly enhance the photoluminescence and we may potentially observe the
excitation peaks and lasing with the current cavity structure.

In the project of InAs/GaAs quantum dot solar cell, we introduced the concept of the
intermediate band solar cell and the practical implementation as InAs/GaAs quantum
dot solar cell. The main physics behind this concept utilizes the intermediate band to
absorb below-bandgap photons, generating extra photocurrent without sacrificing the
open circuit voltage. We previous discovered the existence of the extended Urbach tail
into the quantum dot energy state region, and the ultrahigh quantum dot saturation
intensity at room temperature, which explains the difficulty of implementing the IBSC
concept in this quantum dot system at room temperature. By cooling down to cryogenic
temperatures, the saturation intensities of both transitions involved with the
intermediate state can be effectively reduced. In this case, we have modified the on-

resonance z-scan measurement system that we previously used by adding a closed-
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cycle liquid helium cryocooler system and we have measured the quantum dot
saturation intensities at cryogenic temperatures. We have also measured the
photoluminescence of the InAs/GaAs QDSC to extract the quantum dots energy spectra
at various temperatures from room temperature to 8K. We have investigated the optical
saturation of the on-resonance first photon transition to the intermediate band in
InAs/GaAs QDs. The established physical model involved with a background 2PA
process and a saturated 1PA process can still explain the photocurrent generation in the
on-resonance experiments at low temperatures. We have derived the QD saturation
intensities from room temperature to 170K, and have observed a decrease by a factor
of 76 time of the saturation intensity at 170K. The significantly decreased saturation
intensity is still impractically higher than the maximum concentrated sun intensity. The
photocurrent generated from the QD ground state to the conduction band under one sun
illumination is negligible and will not improve the solar cell conversion efficiency. We
expected to observe much smaller saturation intensity when cooling down to 8K with

a 1015 nm laser excitation.
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Chapter 6 Appendices

A. The Assembly Procedure for the CoolPac System

The CoolPac is designed to provide a closed loop water: air cooling system for the
ARS-4HW compressor. A pump in the CoolPac sends cooled water to the compressor
through an external water line where it is circulated through the compressor, removing
the heat. The heated water is returned to the CoolPac through another external water
line and then enters the cooling coils. Heat is removed from the water as ambient air is
forced through the cooling coils by an electric fan. The cooled water leaves the cooling
coils, enters the pump inlet, and the process continues. An internal water reservoir is
provided to collect any overflow water via a relief valve when the system warms up,
and to return that water via a check valve when the system cools down.

Below I will provide the detail assembly procedure for the CoolPac system:

1. Unpack the equipment and inspect it for shipping damage

2. Position the CoolPac on the floor in the service corridor, near lab. Use a 50 feet
long extended cable (FLEXTREME 10/3 Bulk Cable 50feet- SIOOW jacket,

30Amp, 300V,3 Wire) to connect with the compressor.

3. Connect a 3/8 in (9.53 mm) O.D. water tube from the water “Out” connection on
the CoolPac to the water “In” connection on the compressor. Connect a 3/8 in
(9.53 mm) O.D. water tube from the water “Out” connection on the compressor

to the water “In” connection on the CoolPac. Since the CoolPac is in the service
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corridor, make sure the water tube is long enough, suggested 50 feet long for each

tube.

Disconnect the tube at the water “In” port on the CoolPac and connect a

temporary tube about 6 ft (~ 2 m) long to this “In” port.

. Make sure the CoolPac power cord is not plugged in. Remove the top cover from

the CoolPac.

. Regarding the algae inhibitor, prepare 4-gallon 50/50 propylene glycol mixed

water.

See Figure 6.1. Remove the snap-fit cap from the reservoir. Use a funnel to
carefully fill the reservoir Y4 to % full of mixed water. Replace the cap on the

reservoir. Then close the shutoff valve in the tubing run from the reservoir to the

pump.
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10.

Resenvoir T

-]

Shutoff Valve
| open

% — closed

Figure 6.1 Inside look of the CoolPac

Fill a clean, 5-gallon bucket at least 1/2 full of mixed water. Elevate bucket (not
on top of compressor or CoolPac) so the water level is above the CoolPac
reservoir. See Figure 6.2. Put the free end of a temporary CoolPac “In” tube under
the water in the bucket and hold the compressor “Out” tube over the surface of

the water.

Install the CoolPac top cover, without screws at this time. Plug the CoolPac power
cord into an electrical outlet. Do not plug in the compressor power cord into either

the CoolPac or any other electrical outlet at this time.

Turn on the CoolPac. The compressor should not be running at this time. Water
will be drawn into the CoolPac “In” port and air in the CoolPac and compressor

will be expelled into the bucket from the compressor “Out” tube.
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1.

12.

13.

A steady stream of water coming out the compressor “Out” tube indicates all the
air has been purged from the system. After the air is purged, put the open end of
the compressor “Out” tube under the water in the bucket and continue to run the

CoolPac for an additional few minutes.

If either tube comes out of the water during the final circulation period, repeat

this filling procedure.

Turn off the CoolPac with the tubes still under water. Seal off the end of the
compressor “Out” tube by placing the finger over the open end while keeping it
under water. Disconnect the temporary hose from the CoolPac “In” port. Quickly
connect the compressor “Out” tube to the CoolPac “In” port minimizing the loss

of water from the system.
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Connect a temporary water line to
CoolPac "IN". Keep open end under

water in bucket.
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Figure 6.2 The illustration of adding cooling water into the CoolPac-Compressor

dual system

14. Unplug the CoolPac from the electrical power.

Remove the top cover and check the level of the water in the reservoir. It should

15.
be about 2 to % full of clean tap water. Open the shutoff valve between the

reservoir and the pump.

16. Install the top cover with screws.

17. Make sure the CoolPac on-off switch is in the “OFF” position.
Plug the compressor power cord into the receptacle on the front of the CoolPac.

18.

Re-plug the CoolPac power cord into its electrical outlet.
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19. Switch the compressor to “ON”. It will not start until the CoolPac is turned on.

The compressor and CoolPac are now interlocked for operational safety.

B. Hot-point Probe Method

Our InAs/GaAs quantum dot solar cell sample is grown on an n-type doped GaAs
wafer, and has a structure as shown in Figure 6.3. The wafer has a n-type doped
backside and p-type doped front side. During our solar cell fabrication procedure, the
first thing is to determine the backside of the wafer, i.e. the n-type doped side. There’s
a simple way to distinguish the n-type and p-type semiconductor wafer by simply using

a soldering iron and a multimeter, which is called the hot-point probe method.

Front electrode Front electrode
p-GaAs50 nm 2 x 109 /em® | p-GaAs50 nm 2 x 107 /cm? |
p-Aly g Gag, As 30nm 5 X 1018 /cm? p-Aly g Gag, As 30nm 5 X 1018 /cm®
p-GaAs 30 nm 5 x 108 /cm® p-GaAs 30 nm 5 x 108 /cm®

layer spacing
} 50 nm;
repeated

i-GaAs 2000 nm background
40 times

doping of 4 X 10 /cm®

i-GaAs with 40 layers of un-doped QDs

n-GaAs base 200 nm 5 X 1013icma | n-GaAs base 200 nm 5 X 1018icm3 |

back side electrode back side electrode

(a) (b)
Figure 6.3 (a) Bulk GaAs solar cell structure diagram and (b) the InAs/GaAs quantum

dots solar cell structure diagram.

This simple experiment is performed by contacting the wafer with a "hot" probe and
a "cold" probe, and both probes are wired to a sensitive current meter. In our case, the

“hot” probe is connected to the positive terminal of the meter while heated by a
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soldering iron, and the “cold” probe is connected to the negative terminal. When
applying the probes to n-type material one obtains a positive current reading on the
meter, while the p-type material yields a negative current. The experimental set-up is

shown in the figure below.

_I_ -

Multimeter
Heat Source

e

/ Cc Tlow
® >
Thigh

| n-type wafer

Figure 6.4 Experimental set-up of the "hot-probe" experiment.

If we try to explain it with a drift mechanism, the carriers within the semiconductor
will move from the hot probe to the cold probe due to the build-in electrical potential.
The band diagram in Figure 6. 5 shows a linear change of conduction band energy
caused by the temperature variation. The effective density of states decreases with the
temperature, results in a decrease of the conduction band energy at the low temperature
end. This build-in electrical field will drift the electrons from the high temperature end

to the low temperature end, and vice versa for the holes.
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Figure 6.5 Energy band diagram corresponding to the "hot-probe" experiment

It may be more straightforward to understand it by the carrier diffusion mechanism.
The heat source will cause the charge carriers (electrons in n-type semiconductor, and
holes in p-type) to move away from the hot end. The heat from the hot probe creates
an increased number of higher energy carriers that then diffuse from the contact point.
Thus the multimeter will read a positive current or a voltage for an n-type wafer, and a
negative reading for a p-type wafer.

This simple hot-point probe method is very effective to distinguish our quantum dot
wafer, since the doping level is as high as 5x10'%/cm?® at both n-type side and p-type
side, we can easily determine the doping type by reading the sign of voltage/current on

the multimeter.
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C. Simulation of Perovskite Laser Cavity

The design of a laser is not complicated, the key concepts are gain medium, pumping
source and optical cavity. Ideally, a laser consists of a gain medium within an optical
cavity. The gain medium will be energized by some other source optically or
electrically to produce light, this process is called pumping. To enable stimulated
emission by the gain medium, this requires a positive optical feedback mechanism.
Typically the positive feedback is provided by the optical cavity, which is usually build
of two mirrors between the gain medium. The light then bounces between the mirrors
and pass through the gain medium, it will be amplified by stimulated emission. Based
on the design of the optical cavity, a specific wavelength of the light is selected to
escape the cavity and emitted as the laser light. Most practical lasers contain additional
elements that affect the properties of the emitted light, such as the polarization,
wavelength, and shape of the beam.

From the basic laser principles introduced above, the gain medium selection and
optical cavity design are the main factors for realizing a good laser device. In our
previous work on perovskite solar cell, the remarkable performance of solar cells can
be attributed to the high absorption coefficient, the large carrier mobility, the long
carrier lifetime and the low non-radiative recombination rate of the perovskite material.
These physical properties are also ideal for the realization of an optically pumped laser.
The low temperature solution-processed growth method for realizing good quality
perovskite materials will dramatically lower the overall cost of laser fabrication. The
tunable bandgap of perovskite materials allows the realization of a tunable laser.

Recently, the perovskite materials have been used to demonstrate a relatively low laser
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threshold by using an optical pumping [89-91] and have been used to realize efficient
light-emitting diode [92].This raises the hope of soon being able to produce a solution-
processed tunable diode laser. Based on our experience of growing high-quality
perovskite materials, we are working at the realization of quasi-CW optically pumped
perovskite-based lasers.

As mentioned at the very beginning, once an appropriate gain medium is selected, it
is critical to properly design the optical cavity of the laser. The light with a specific
wavelength will bounce, will be amplified and will eventually escape the cavity as a
laser beam. The lasing wavelength is directly determined by the optical cavity. In our
work, we are using a high reflecting multi-layer dielectric mirror and a parallel plate
silver mirror to form a high finesse optical cavity. It follows the rules of the Fabry-
Perot interferometer to select the resonance frequency or wavelength of the laser light.

Most Fabry-Perot interferometers are made of two identical dielectric mirrors. The
symmetric Fabry-Perot interferometers will provide a high finesse and 100%
transmission at specific wavelengths if the cavity losses can be neglected. Figure 6.6.
shows a schematic drawing of an asymmetric Fabry-Perot interferometer, with mirror

reflectivity R1 and R2, and a cavity spacing of d.
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Figure 6.6 Schematic drawing of an asymmetric Fabry-Perot interferometer

For dielectric mirrors made of lossless materials, the intensity reflection coefficients

and transmission coefficients can be written [75]

T o 1-R)A-R,)
T 1-RR,)?* +4RR, sin*(p) 61

n _ (R—JR) +4JRR, sin’(9)
" @-JRR)*+4RR;sin’*(g) 62

where R1 and R2 are the mirror reflectivity, and the phase @ is given by

20=0+p +p, 6.3

_4znd

o = 2kd

6.4

Here, pl and p2 are the phase shift of the reflections from mirror 1 and 2, 8 is the

physical round-trip propagation phase shift inside the cavity. It is noticed that for
lossless medium and mirrors, it can be easily shown that

Tp, +Rep =1 65

It turns out that for our application of perovskite laser, we have to consider the

absorption in Fabry-Perot cavity due to the scattering loss in the cavity or due to the
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mirror and material absorption in the mirror, and the gain medium between the mirrors
which has high absorption coefficient at the desired wavelength region. Once the
pumping power is above the threshold, stimulated emission will dominate, the gain in
the medium will overcome the loss, and the amplified light will escape the cavity and
form the laser light.

If we consider the gain coefficient as g and attenuation coefficient as o, the modified

intensity transmission and reflection coefficients should be written as

_ (1-R)A-R,)e
(1_ Rlee_aLl+gL2)2 +4 RiRze—aL1+gL2 S|n2(¢)

FP

6.6
B (\/ﬁ_ﬁe—aLﬁng )2 +4 F\>1R2e—ozL1+gL2 Sin2(¢)
T (1-JRRe )2 14 [RR,e 9 sin?(g) 6.7

where L is the length of the medium in which the intensity attenuation is present, L2
is the length of the gain medium.

In our proposed design, an optically pumped Fabry-Perot cavity is made up with the
gain layer of the perovskite material, a spacing layer of PMMA and SiO> between a
multi-layer dielectric mirror and the Ag metal mirror. From equation 6.6 and 6.7, we
notice that the Trp is a periodic function of ®, which is a linear function of the
wavenumber k (see equation 6.3 and 6.4). We built a simulation model based on the
material’s dispersive information and the equation 6.3 to equation 6.7 to predict the
resonance peak of the Fabry-Perot cavity. The cavity consists of the perovskite film as
the gain layer and PMMA and SiO: as the spacing layer. The wavelength dependent
refractive indices and absorption coefficients of each layers are included in the

simulation. For the two mirrors, the wavelength dependent reflective coefficients and
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the phase shift of the Ag metal mirror and the light penetration depth of the multi-layer
dielectric mirror are also taken into account [93]. To sum up all these information, we
can locate the resonance peak of the Fabry-Perot cavity provided the thicknesses of

perovskite, PMMA and SiO layers are given.
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Figure 6.7 (a) Lossless and (b) lossy transmission spectrum of a Fabry-Perot cavity

with 460 nm perovskite, 200 nm PMMA and 500 nm SiO>

Figure 6.7 (a) shows the lossless transmission spectrum of a Fabry-Perot cavity with
a 460 nm perovskite layer and a 200 nm PMMA and 500 nm SiO.. The sharp resonance
peaks are located at 777 nm, 900 nm and 1108 nm, and only the 777 nm peak falls into
the photoluminescence region of the perovskite material CH3NH3Pbls. Figure 6.7 (b)
presents the lossy transmission spectrum of the same Fabry-Perot cavity. We can
clearly see that the resonance peaks remain at the same position as the lossless case
except for the dramatic reduction of its amplitude and the associated line-width
broadening. The peak at 777 nm is greatly damped and broadened due to the large

absorption coefficient of perovskite layer, i.e. high cavity loss. As the pumping power

114



is increased, the light emission will be dominated by the stimulated emission and the
gain in the cavity will increase to compensate the loss and will lead to a sharp
transmission peak again. We have introduced a Gaussian distributed gain coefficient
which is correlated with the PL spectrum of the perovskite material (peak at 777 nm,
FWHM as 50 nm) in the simulation model to account for the loss. Figure 6.8 (b) shows
the transmission spectrum of a lossy Fabry-Perot cavity below and at threshold. The
transmission peak at 777 nm is 0 dB loss with very narrow line-width as the gain
increases to the threshold level, while the other two transmission peaks at 900 nm and
1108 nm remain the same since there’s no gain at their wavelengths. These modified
simulation results indicate that the transmitted laser light intensity will increase
significantly and its line-width will be narrowed once the gain is close to or above the

threshold.
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Figure 6.8 Transmission spectrum of the Fabry-Perot cavity when (a) below gain

threshold and (b) at gain threshold
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