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According to the U.S. Energy Information Administration, solar and wind make up over
two-thirds of the 39.7 giga-watts (GW) of new energy capacity added to the grid in 2021. In
addition, wind turbine service technicians and solar panel installers are ranked number one and
number three respectively on the U.S. Bureau of Labors “Fastest Growing Occupations for 2019-
2029”. However, currently solar panels require energy-consuming manufacturing processes, are
limited to inflexible substrates, and only convert around 20-30% of light into electricity. Many
new alternative materials for solar cells emerged with in the past few decades with low-cost
solution processing, the ability to print onto flexible substrates, and the potential to convert higher
percentages of light into electricity. However, most studies focus on the improvements in
performance without studying the impact that changing processing conditions and adding dopants
has on the vertical composition and crystalline structure of the material. Here, we study the
structural characteristics of different photovoltaic materials to determine the impact of different

processing methods and dopants.



First, we investigate the vertical composition in solution processed photovoltaic
semiconductor materials. While solution-processed solar cells offer a low-cost and less energy
consuming manufacturing method, the processing materials and method highly impact the
performance of the solar cell. In Chapter 2, we investigate how changes in processing photovoltaic
thin-films impacts the film morphology and vertical composition of the film. We use glow
discharge optical emission spectroscopy (GDOES) coupled with scanning electron microscopy
(SEM) to analyze changes in film morphology. We look at three types of semiconductor materials:
polymer/quantum dot blends, kesterite, and chalcopyrite. In polymer/quantum dot blends use
GDOES to confirm the depth composition from a three-dimensional reconstruction using discrete
algebraic reconstruction technique (DART) from scanning electron microscopy images. We
discover that a post-deposition ligand exchange directly from the native quantum dot ligands to
shorter, electrically conducting ligands results in damage to film causing cracks and voids.
However, using a solution-based exchange to an intermediary ligand before a post-deposition
ligand prevents damage to the film and results in better device performance. Next, we use GDOES
to show that Ag-doping in kesterite films results in a more homogenous composition throughout
the film depth and reduces the voids in the film. Finally, we discover that the selenization copper-
rich under higher pressure allows results in films with fewer voids and Na-passivated defects.
Overall, we see that processing conditions impact the vertical composition and can change the
performance of photovoltaic materials.

In addition to changes from processing conditions, changes in material properties can be
induced by doping the material. In Chapter 3, we investigate how doping changes the structure of
methylammonium lead tribromide (MAPDBT3) single crystals. We observe a shift in the structural

phase transition temperature as a result of bismuth incorporation into the crystal structure. Using



x-ray diffraction, we discover a contraction in the lattice constant with increase bismuth
concentration. We compare the lattice contraction to the effects of applying external pressure to
MAPbBr3 and observe a similar shift to lower temperatures for the phase transition. We use density
functional theory (DFT) simulations and determine the likely defect species to be Bipy*.

In our final chapter, we investigate the impacts of a remote outreach activity on student
knowledge and attitudes towards science. We use pre/post-activity surveys to evaluate changes in
student understanding of Next Generation Science Standards (NGSS) aligned content about the
relationship between energy production and the environment. We also use 5-point Likert-scale
surveys to measure student attitudes towards STEM/STEM careers. We use quantitative statistical
analysis methods such as Welch’s t-test, Mann-Whitney U test, and Wilcoxon Signed Ranked test
to determine the significance of changes between pre/post-activity surveys. We find an increase in
the probability of students identifying wind, hydropower, and nuclear energy as renewable
resources on the post-survey. Similarly, for non-renewable resources we find an increase in the
probability that students identify fossil fuels, gas, and nuclear on the post-activity survey. We
observe no changes in student attitudes towards STEM/STEM careers between pre/post survey.
However, we determine that teachers over-estimated the changes in student attitudes from the
outreach activity. We also observe an interesting result in the post-activity surveys with a higher
mean response for “I enjoyed this [outreach] activity” and compared to the mean response for “I
enjoy science and engineering activities”. This discrepancy in student attitudes should be further
studied, however this provides insight in how we can improve student attitudes towards science

and engineering activities.
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Chapter 1. Introduction

1.1 Importance of Vertical Composition and Structure in
Photovoltaic Devices

Solar cells are vertical devices in which the middle layer, also called the active layer,
contains a photovoltaic material that absorbs the energy from light converts it into electrons and
holes.}? The electrons and holes generated by the active layer are extracted at electrodes on the
top and bottom of the device stack creating an electrical current. Additional layers between the
active layer and the electrodes can be added selective conduct charges towards the electrodes
adding in charge seperation.' Figure 1.1 shows a generic device structure for a solar cell.

Metal Electrode
(Electrons)

Electron Transport Layer

Hole Transport Layer @

Transparent Hole Electrode

Transparent Substrate

Figure 1.1: Generic solar cell device architecture showing electron and hole extraction electrodes.

However, the process of extracting charges from the solar cells is in competition with the
attraction between the negatively charged electrons and the positively charged holes which have
the potential to recombine before extraction from the solar cell. The competition between charge
extraction and recombination means that the morphology and composition of the different layers
of the device influence the overall power conversion efficiencies of the device.?

Understanding the structure and composition through the photovoltaic device is of
particular importance for solution-processed semiconductor materials. Solution-processed solar
cell materials include organic photovoltaics, mixed organic-inorganic polymer/quantum dot
blends, perovskites, kesterite, and chalcopyrite. These third-generation solar cell materials are of
interest due to the potential for higher power conversion efficiencies, tunable bandgap, potential
for use in tandem solar cells, and ability to print onto flexible substrates.>*5 For these emerging
solar materials, control over the material structure is traded for lower cost, less energy consuming
manufacturing processes.>® Film morphology and composition in solution processed solar cells
can be altered through precursor materials, solvents, additives, solvent temperature, deposition
spped parameters, thermal annealing, and post-deposition treatments.”*! However, often research
on these devices focuses on changes in device performance, electronic properties, or surface
structure and composition.
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This thesis explores the structural properties of different photovoltaic materials including
nanocrystals, single crystals, and thin films. First, this thesis investigates three different types of
photovoltaic materials using a technique called glow discharge optical emission spectroscopy
(GDOES) to analyze the composition as a function of film depth. More details on this technique
can be found later in this chapter. Second, this thesis explores how Bi-doping alters the structural
phase transitions in methylammonium lead tribromide (MAPDbBTr3) single crystals and uses the
observed lattice contraction to help identify potential doping species. Finally, this thesis examines
the impact of outreach activities on the knowledge of the relationship between energy and the
environment and attitudes towards science for the next generation of scientists.
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Chapter 2. Investigating Structural Characteristics of
Various Solution Processed Semiconductors

2.1 Overview

Solution processed semiconductor materials require lower energy consumption for production than
other materials such as silicon solar cells which require prolonged periods of heating to high
temperatures.>? However, the easier processing conditions are accompanied by a decrease in the
control over composition.>” Understanding the morphological consequences of processing
conditions for semiconductor materials is critical for developing these materials for the next
generation of solar cells. In this chapter we investigate how processing conditions affect the
formation of three different semiconductor candidates for next generation solar materials:
quantum-dot (QD)/polymer blends, kesterite films, and chalcopyrite films. For each of these
materials, we use optical glow discharge emission spectroscopy (GDOES) to investigate the
compositional depth profile of the films to understand how changing processing conditions and
precursor materials affects the film quality and device performance.

2.2 Introduction to Glow Discharge Optical Emission Spectroscopy

Glow discharge optical emission spectroscopy (GDOES) provides depth profiles of solids
and thin film materials by eroding the sample through ion sputtering and measuring the intensity
of emission at different wavelengths.®* Similar techniques include auger electron spectroscopy
(AES), X-ray photoelectron spectroscopy (XPS), and secondary ion mass spectrometry (SIMS).
Table 1 shows a comparison of these different methods.®**

Table 1: Comparison of Depth Profiling Techniques
Minimum Maximum . - .
Area Depth Detection Limit Advantages Disadvantages
ili No bulk insulat
AES 100 nm 1 um 0.1 atomic % Local depth profiling obu |r.15u ators .
Preferential sputtering
GDOES Works with Insulators Poor lateral resolution
2 mm 100 um 10ue/e Preferential sputtering
SIMS Very fast No lateral resolutions
1um 1 um 0.1 atomic % Low lon energy Impacted by crater profile
Works with Insulators
XPS o Surface sensitive No bulk insulators
Lum 1um 0.1 atomic % Lateral resolution Mass interference

Compared to other elemental analysis, GDOES allows for fast analysis of the sample over a large
area and depth. The measurement time for GDOES stays on the order of minutes per sample
making it a very fast method for analyzing vertical compositions.®!* Additionally, GDOES can be
used to profile the composition of insulating materials which can not be resolved through AES or
SIMS.! The large measurement area and ability to work well with both conductive and insulating
materials makes GDOES a good measurement tool for analyzing thin-film semiconductor
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materials. However, GDOES measurements are impacted by the uniformity of sputtering across
the measurement area and are unable to provide lateral resolutions of elemental compositions.® !
In blended semiconductor materials, the sputtering rate can vary as a function of composition
making quantitative analysis difficult as changes in composition can impact the sputtering rate
through the sample.®

Here, we use GDOES to qualitative compare how the composition changes through the
film thickness and at the film interfaces. We use the relative emission intensities to compare the
elemental ratios as a function of depth for three different semiconductor materials. In our first
study, we use the compositional depth profile to confirm the results of a three-dimensional
reconstruction of the film from transmission electron microscopy (TEM) images. In the second
study, we investigate how Ag-doping in kesterite films changes film morphology by reducing the
formation of voids in the active layer and preventing blending of layers at the interfaces of the
film. Finally, we show that higher selenization pressure in copper-rich chalcopyrite
semiconductors reduces Cu,xSe defect formation and allows for Na passivation of active layer
defects such as grain boundaries, Incy interstitials, and Se vacancies.

2.3 Morphological Consequences of Ligand Exchange in Quantum
Dot — Polymer Blend Solar Cells

The first system we examine combines conductive organic polymers with inorganic
quantum dots (QDs). Fully organic solar cells created from of blends of donor and acceptor
polymers lag in performance compared to silicon solar cells which allow for better charge
transportation through the active layer due to the more conductive nature of the materials.*?2°
However, the ability to create solution processable solar cells remains attractive due the lower cost
of fabrication, ability to process at lower temperature without high vacuum environments, and the
potential to create flexible solar cell devices. Combining inorganic QDs with electrically
conductive polymers theoretically would allow for solution processable solar cells with more
tunable band gaps, increased thermal stability, and reduced carrier recombination.6-2° However,
in practice these hybrid organic/inorganic devices only achieved a maximum power conversion
efficiency (PCE) of 5.5%,%! performing worse than QD-only solar cells and organic photovoltaics
with record PCEs of over 10%.12-1522

The reduced power conversion efficiency is attributed in part to poor transfer of the
electrons between the polymer and the quantum dots due to the long electrically inactive
hydrocarbon chains on the native oleic acid (OA) ligands on the surface of the quantum dots.?®
Ligand exchange improves power conversion efficiency by replacing bulky organic OA ligands
with shorter more electrically active ligands such as butylamine (BA), ethanedithiol (EDT), or
mercaptopropionic acid (MPA).2-26 While it is possible to exchange the ligands on the quantum
dots directly before combining with the polymer, the BA, EDT, and MPA ligands are more polar
than the OA which leads to poor miscibility with the non-polar polymer solution. Colbert and co-
workers report a better device efficiency and high external quantum efficiencies (EQE) in
QD/polymer devices following a two-step ligand exchange procedure. In the first ligand exchange,
OA ligands on PbS QDs are exchanged in solution with BA ligands resulting in BA-capped PbS
QDs. The BA-capped QDs are then mixed with a the polymer poly((4,8-bis(octyloxy)benzo(1,2-
b:4,5-b’)-dithiophene-2,6-diyl)(2- ((dodecyloxy)carbonyl)thieno (3,4-b)-thiophenediyl)) (PTB1)
and the solution is then deposited onto a substrate to form a thin film. Following deposition, the
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BA-ligand is replaced with MPA by exposing the film to a MPA solution and spincoating off
excess solution.?’

To better understand the improved device performance of two-step ligand exchange
processes, we investigate the morphological consequences of different ligand exchange protocols
specifically looking at the differences between a single step ligand exchange from OA-capped PbS
QDs to MPA-capped PbS QDs versus a two-step ligand exchange using a BA-capped PbS QDs as
an intermediary for film processing before exchanging the BA for MPA. Figure 2.1a shows a
schematic of the two different ligand exchange processes we employed in this study. Experimental
methods for quantum dot synthesis, QD/polymer film preparation and ligand exchange procedures
are described in detail in Appendix A.

a) Single-Step Ligand Exchange
| Substrate | Substrate

OH ‘ ~_OH
//\—\—\_\_\JJJ—"CH?’ (”)
[e)
- Mercaptopropionic
Oleic acid Acid

b) Two-Step Ligand Exchange
Step 1:

o CH3 @N\GB
V4
O\—\’\_\_\JJJ’I
o Butylamine
Oleic acid

Step 2:

| Substrate | | Substrate |

@/\/\CHa ‘AgOH

. Mercaptopropionic
Butylamine Acid

Figure 2.1: Schematics of different ligand exchange procedures: (a) One-step post-deposition
ligand exchange from oleic acid to mercaptopropionic acid and (b) Two-step ligand exchange with
step (1) a solution based ligand exchange on the QDs from oleic acid to butylamine and step (2) a
post-deposition ligand exchange from butylamine to mercaptopropionic acid.
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To better understand how the polymer and QD morphology changes throughout the bulk
of the film as a function of ligand exchange, we employ high annual dark field electron tomography
(HAADF-ET) and use discrete algebraic reconstruction technique (DART) to create a 3-
dimensional reconstruction of the film. More details about the HAADF-ET and DART
reconstruction methods can be found in the following publication by Hickey co-workers.?® Here,
we briefly summarize the finding of the 3D reconstruction of films as a result of the two ligand
treatment schemes discussed in Figure 1. Figure 2.2 shows 20 x 20 x 20 nm volume DART
reconstruction of the films with Figure 2.2A and 2.2B showing the film before and after the single
step ligand exchange with MPA and Fig. 2.2C and 2.2D showing the films resulting from the two-
step ligand exchange procedure.

Figure 2.2 Three-dimensional DART reconstruction of the PbS phase in PbS/PTB1 blend films
with different ligand treatments: (a) as-cast OA-capped PbS QDs (b) post-deposition MPA ligand
exchange treatment of OA-capped PbS QDs, (c) as-cast BA-capped PbS QDs, (d) post-deposition
MPA ligand exchange treatment of BA-capped PbS QDs. The negative space represents mixed
PbS/PTB1 phase and voids in the film. Adapted with permissions from Organic Electronics 2018,
54, 119-125, DOI: 10.1016.j.0rgel.2017.12.018 Copyright © 2017 Elsevier B.V.

In Figure 2.2 the blue regions represent the PbS QD only phase of the films with the
negative spaces representing the mixed PTB1/PbS phase as well as any void present in the film.
We see that after the MPA ligand exchange the PbS regions get larger when exchanging the OA
ligand to MPA and remain approximately the same size when exchanging from BA to MPA. It is
also important to note that when exchanging from OA to MPA, the film after ligand exchange
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shows evidence of voids forming along the surface of the film as shown in both the AFM and SEM
images of the film as seen in Supporting Information Fig S1 and Fig S2. Hickey and co-workers
quantified by determining the volume fraction and surface area to volume ratio of PbS QD domains
in the 3D reconstructions as summarized in Table 1.2 These measurements confirm the
observation that the PbS regions of the films become larger as a result of ligand exchange, but the
ratio of PbS QDs on the surface of the film decreases during the ligand exchange process.
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Figure 2.3: Depth profile of Pb concentration in film composition; the top of the film is 0 % and
the bottom of the film is 100%. (a) Normalized Pb concentration as determined through DART
reconstruction (b) Normalized Pb concentration as determined through GDOES. Adapted with
permissions from Organic Electronics 2018, 54, 119-125, DOI: 10.1016.j.orgel.2017.12.018
Copyright © 2017 Elsevier B.V.

We use (GDOES) as a physical measurement of the vertical composition of the QDs in the
film to confirm the distribution of PbS determined from the DART reconstructions. Figure 2.3
shows the normalized concentration of Pb through the depth of the film as determined by DART
reconstruction (Fig. 2.3A) and GDOES (Fig. 2.3B). We use the Pb concentration as a proxy for
PbS concentration because the both the PTB1 and the MPA contain sulfur atoms and would not
be able to distinguish between the polymer, ligand, and quantum dots. Overall, there is good
qualitative agreement between the DART and GDOES measurements. The OA PbS film without

18



MPA treatment shows a larger concentration of PbS on the surface of the film compared to the
other films agreeing with the larger PbS volume to surface area ratio calculated from DART
reconstructions. When the OA is exchanged for MPA, the amount of PbS at the surface decreases
and the concentration of PbS throughout the film is inconsistent with higher concentrations
towards the top and bottom of the film with lower concentrations in the center. We suspect that
this is due to the ligand exchange which exposes the top of the film first, creating voids as the long
OA chains are replaced with much shorted MPA ligands.

In the BA PbS films, we see that the QD phase in both the as-cast film and the MPA-
exchanged film appears to be concentrated in the center of the film as shown in Fig. 2.3A. We
suggest that this results from the difference in larger difference in polarities between the BA QDs
and the PTB1 polymer preventing better mixing. We attribute the differences between the DART
and GDOES concentrations towards the bottom of the film to the difference in sputtering rate
between the polymer and the PbS which causes uneven etching of the film.
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Figure 2.4: GDOES compositional profiles for Pb, S, C, and In for each sample. (A) OA as cast,
(B) OA-MPA treated, (C) BA as cast, (D) BA-MPA treated.

This can be seen in Figure 2.4 which shows the GDOES data of the films tracking Pb, S,
C and In. The In signal is used to determine the interface with the indium tin oxide (ITO) on the
substrate. In all four films, the normalized intensity for carbon, which would largely come from
the polymer, decreases in intensity before the Pb and S indicating the polymer sputters at a faster
rate than the PbS QDs. We suspect the uncertainty in the ratio of Pb in the film increases towards
the bottom of the film as the PTB1 has been etched away and the remaining signal comes from the
unetched quantum dots. Despite these physical limitations of the GDOES measurement, we find
the results supports the qualitative data from the reconstructed volumes.

19



In summary, we used GDOES to verify the tomographic reconstruction of blended
PbS/PTB1 films with different ligand exchange methods. In the single step ligand exchange, the
film showed defect formation and voids form as a result of replacing the long hydrocarbon chains
from the OA ligands with the shorter chains from MPA. Films made from a two-step ligand
exchange procedure, where OA was replaced with BA before making films, there was no formation
of voids or defects in the film upon MPA ligand exchange. In addition, films using the two-step
ligand exchange method showed a more uniform distribution of PbS QDs throughout the film
which may explain in part the better performance of devices made using this protocol.
Understanding the morphological consequences of solution processing provides critical
information for device performance.

2.4 Kesterite Solar Cell Morphology and Performance Improved Via
Ag Doping

The second semiconductor material group we study are kesterite semiconductors including
Cs2ZnSnSs (CZTS), CuxZnSnSes (CZTSe), and the sulfur/selenium alloy CuZnSn(S,Se)s
(CZTSSe). These materials offer a less toxic alternative to copper indium gallium selenide (CIGS)
semiconductor solar cells made with earth-abundant elements.**>* However, the power conversion
efficiency (PCE) of kesterite solar cells currently remains at 12.6%°*% which lag behind the
performance of CIGS solar cells at 23.35% PCE. One potential cause of the poor device
performance for kesterite solar cells is the large open-circuit voltage deficit (Vocder) Which is
attributed to many factors including deep intra-band defect levels, recombination of charges at the
interface, alternative crystalline phase formation, and band tailing.>**! In this section we
investigate the morphological consequences of incorporating Ag into CZTSSe in order to decrease
the Voc,def-
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Figure 2.5: a) Current density-voltage (J-V) curves for CZTSSe and ACZTSSe-n (n=5, 10, 15,
30) solar cells. b) Box plots of device parameters for CZTSSe and ACZTSSe-5 based on 20
devices. ¢) External quantum efficiency (EQE) curves of CZTSSe and A-CZTSSe-n devices. d)
Bandgap and e) Urbach energy determined from EQE measurements. Adapted with permissions
from Adv. Funct. Mater. 2021, 2101927, DOI: 10.1002/adfm.202101927 Copyright © 2021
Wiley-VCH GmbH
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In order to investigate the impacts of Ag incorporation into CZTSSe on the Voc,def, OUr CO-
workers made CZTSSe devices with varying concentrations of Ag* in the precursor solution.
Figure 2.5 shows the device structure, current-voltage curves, and EQE for the various
compositions created.*> From the device measurements, we see that devices with 5% Ag
(ACZTSSe-5) in the precursor solution show the best improvement in device performance
compared to the undoped CZTSSe devices. Figure 2.5D shows the comparison between Voc,
short-circuit current density (Jsc), fill factor (FF), and power-conversion efficiency (PCE) for the
CZTSSe and ACZTSSe-5 samples. As shown in Fig 2.5D, the sample with Ag doping shows
improvements in the Vo, FF, and PCE with comparable Jsc performance.
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Figure 2.6: Morphology characterization of CZTSSe and ACZTSSe-5 films. CZTSSe film: a)
SEM, b) cross-sectional SEM, c) compositional depth profile. ACZTSSe-5 film d) SEM, e) cross-
sectional SEM, f) compositional depth profile. Adapted with permission from Adv. Funct. Mater.,
2021, 2101927, DOI: 101002/adfm.202101927 © 2021 Wiley-VCH GmbH

To understand why Ag incorporation improves device performance, we use GDOES to
investigate the changes in vertical composition as Ag incorporates into the film. Figure 2.6A and
Fig. 2.6D shows the SEM of the CZTSSe and ACZTSSe-5 films respectively. Both films have
large grains on the scale of a few micrometers, but the film without Ag-doping shows evidence of
voids (circles in red) while the ACZTSSe film show a more uniform film without voids on the
surface of the film. The cross-sectional SEM profile of the films, Fig. 2.6B (CZTSSe) and Fig.
2.6E (ACZTSSe), show a tri-layer structure common in CZTSSe films that we attribute to a
bidirectional grain growth resulting from using a Sn**-based DMSO precursor solution.*® The
thinner middle layer of the ACZTSSe-5 film compared to the larger middle layer of the CZTSSe
film results from faster grain growth that we attribute to the Ag incorporation. Comparing the grain
size and middle layer in higher Ag concentration films, shown in Supporting Information Figure
S3, we observe an increase in grain size and a decrease in the thickness of the middle layers with
higher Ag doping in the films.
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We use glow discharge optical emission discharge spectroscopy (GDOES) to compare the
vertical composition of the CZTSSe (Fig. 2.6C) and ACZTSSe-5 (Fig. 2.6F). Figure 2.6C and
Fig. 2.6F shows the vertical depth profile of Cu (brown), Zn (pink), Sn (blue), S (purple), Se
(black), Ag (red), Cd (yellow), and Na (green). At the top interface of the film, we observe Cd
infiltrating into the active layer of CZTSSe film instead of remaining on top of the active layer as
seen in the ACZTSSe-5 film. The Cd comes from a post-treatment of the films with a chemical
bath deposition of CdS. The absence of Cd in the ACZTSSe-5 film supports the observation that
Ag prevents the formation of voids in the film through which CdS can penetrate the CZTSSe layer.
Comparing the active layer of the films, we see the ACZTSSe-5 film has a more even distribution
of Cu, Sn, and Se throughout the active layer suggesting that Ag incorporation aids in grain growth
allowing for more uniform vertical composition. The bottom interface of the films shows a higher
concentration of sulfur in the ACZTSSe-5 film compared to the CZTSSe film which we attribute
to faster grain growth resulting from the Ag incorporation. The formation of the
ACZTSSEICZTSSe absorber materials proceeds via a two-step process as shown in Eg. 1 and Eq.
2 below:*

2xAg(Tu)aNO3z + 2(1-x)Cu(Tu)3Cl + Zn(Tu)2(OAC)2 + Sn(DMSO0)2Cls — (1)
(Ag,Cu)2ZnSnSs4
(Ag,Cu)2ZnSnSs+ 4 Se — (Ag,Cu)2ZnSn(S,Se)4 (2

With the introduction of Se in the second step, the absence of Se at the bottom interface for the
ACZTSSe-5 film suggests that the grains have already begun forming before the precursor film is
exposed to selenium. This supports the hypothesis that Ag incorporation promotes crystal growth
in the film, improving film quality and allowing for better charge transport through the film.

Overall, we observe that doping CZTSSe films with Ag improves device performance
compared to undoped films prepared using the same synthetic method. The ACZTSSe films show
a smaller Vocder With higher PCE, FF, Voc and comparable Jsc to the CZTSSe films. We attribute
the improved device performance to better film morphology due to the lack of void formation and
more uniform vertical composition observed in the ACZTSSe-5 films.

2.5 High Selenization Pressure Improves Film Homogeneity and
Morphology.

The final semiconductor material we investigate is the chalcopyrite absorber copper indium
sulfoselenide CulnSSe (CISSe). The formation of CISSe films requires selenization which exposes
the precursor film to elemental Se or H>Se and results in the formation of several liquid byproducts
such as Cu2xSe, InsSes, or InSe.***> Excessive Cu,~Se byproducts in the film can result in the
formation of recombination centers and shunt paths in the absorber. To prevent these defects,
CISSe films have been fabricated under copper-poor conditions to reduce the amount of Cuz.xSe
formed.**® However, both experimental and theoretical calculations indicate that copper-rich
films have the potential to achieve higher efficiencies due to higher carrier concentrations and the
potential for lower defect concentrations. Jiang and co-workers previously reported the
suppression of CuxxSe defects in Cu-poor films processed using a dimethylformamide (DMF)
molecular solution under pressures above 1 atm.**=2 In this work, we investigate the impact of
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various copper concentrations at pressures above 1 atm and below 1 atm on device performance
and film morphology.

To investigate the morphological consequences of copper concentration under pressures
above 1 atm, CISSe precursor films were synthesized using the following [Cu]/[In] ratios in a
DMF solution: 0.85, 0.95, 1.05, and 1.20. These films were subsequently selenized under two
different pressures with films selenized under a lower pressure of 0.10 MPa (condition A) and a
higher pressure of 0.16 MPa (condition B). Figure 2.7 shows the performance of solar cell devices
made from the resulting films.>* The current density-voltage (JV) curves shown in Figure 2.7A
show that increasing [Cu]/[In] ratio from 0.85 to 1.05 improves the device performance for both
selenization conditions. However, for [Cu]/[In] ratio of 1.20 both selenization conditions show a
significant deterioration in device performance. Additionally, we observe that for all [Cu]/[In]
ratios the higher pressure selenization devices perform better than the lower pressure selenization
devices. Additional device characterization parameters such as PCE, Jsc, Voc, FF, are detailed in
Table 1 of the supporting information.

Figure 2.7B shows similar external quantum efficiencies through the visible and near-
infrared region for all devices except for devices with a [Cu]/[In] ratio of 1.20. Figure 2.7C, D
extrapolate the bandgap from the EQE for the low pressure and high pressure selenization
respectively. We see an increase in bandgap for the copper-rich devices synthesized under higher
selenization pressures, with the except of [Cu]/[In] ratio of 1.20 which have lower bandgaps.
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Figure 2.7: Device characterization of CISSe films under different Cu/In ratios and different
processing pressures. (a) JV curves, (b) EQE, (c,d) band gap estimation of top performing CIS
solar cells under each processing condition. Adapted with permission from Nano Energy, 2020,
69, 104438, DOI: 10.1016/j.nanoener.2019.104438 © 2019 Elsevier Ltd.
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Figure 2.8: (top) SEM and (bottom) Cross- sectlonal SEM 1mages of CISSe ﬁlms with various
Cu/In ratios under lower pressure, 0.10 MPa (condition A), and higher pressure, 0.16 MPa
(condition B). Adapted with permission from Nano Energy, 2020, 69, 104438, DOI:
10.1016/j.nanoener.2019.104438 © 2019 Elsevier Ltd.

To understand the improvement in device performance, we look at the film morphology
and composition for the different processing conditions. Figure 2.8 shows the film and cross-
sectional SEM images of all films. For the films processed under low pressure, we find that
increasing the copper concentration results in denser films with less voids. However, we see that
the corresponding compositions under high selenization pressure have no voids and are more
densely packed. Additionally, the cross-sectional images show that the high pressure selenization
films have smoother surfaces than the low selenization pressure films which show several grains
growing above the surface.

While the SEM indicates that the high pressure helps form denser films with fewer voids,
we use GDOES to investigate the differences in copper-poor versus copper-rich devices selenized
under high pressure. Figure 2.9 shows the depth composition profiles for the CI1S-0.85 (Fig 2.9A)
and CIS-1.05 (Fig. 2.9D) [Cu]/[In] films. We compare the Cu/In and (Cu+In)/(S+Se) ratios for the
two films in Fig. 2.9B and Fig. 2.9E respectively. As expected, we find higher ratios for the CIS-
1.05 [Cu]/[In] film due to the higher amount of copper in the precursor solution. Both films show
uniform distribution throughout the depth of the films. However, we observe that the amount of
copper on the surface of the CI1S-0.85 film is approximately half the amount of copper in the bulk
of the film. We observe the opposite trend with the Na in Fig. 2.9C, where Na concentration is
higher at the surface for the CI1S-0.85 film. In the CIS-1.05, we observe lower amount of Na present
at the film surface and higher amounts in the middle of the active layer.
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Figure 2.9: Compositional depth profiles measured through glow discharge optical emission
spectroscopy CISSe films. (a, d) show depth profiles of selected elements for CIS-0.85B (a) and
CIS-1.05B (d) and (b, c, e, and f) show the selected ratios of ions in CIS-0.85B (blue) and CIS-
1.05B (red): (b) Cu/In, (c) Na/Se, (d) (Cu+In)/(S+Se) and (e) S/(S+Se). Adapted with permission
from Nano Energy, 2020, 69, 104438, DOI: 10.1016/j.nanoener.2019.104438 © 2019 Elsevier
Ltd.

We propose that the Na is located at different defect sites in the two films. In the CI1S-0.85
copper-poor film, we believe the Na occupies copper vacancies towards the surface of the film.
However, in the CI1S-1.05 film, we propose that the Na primarily passivates defects within the film
such as grain boundaries, Incy interstitials, or Se vacancies leading to an increase in the hole
concentration and improvement in the power conversion efficiency.>®> Overall, we determine
that a higher selenization pressure and a [Cu]/[In] ratio of 1.05 yields the best devices due to
optimized morphology with reduced Cu.xSe defect formation and passivated active layer defects.

2.6 Conclusion:

We used GDOES to characterize the vertical composition for three different semiconductor
materials and found improvements in film morphology lead to improvements in device
performance for all three systems studied. In polymer/quantum dot blend films, a single-step ligand
exchange from native oleic acid ligands to MPA results in the formation of cracks and voids
through the film surface. However, using a 2-step ligand exchange procedure with a solution-based
exchange to butylamine before deposition prevents damage to the film during the second ligand
exchange procedure and yields better device performance. In CZTSSe, we found that Ag-doping
lead to faster grain growth and prevented void formation. In CISSe, we find that using a higher
selenization pressure prevented void and Cuz.xSe defect formation. The resulting films showed
denser active layers with fewer voids and Na-passivated grain boundaries.
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Chapter 3. Bismuth Doping Alters Structural Phase
Transitions in Methylammonium Lead Tribromide Single
Crystals

Adapted with permissions from Jedlicka, E.; Wang, J.; Mutch, J.; Jung, Y.-K.; Went, P.;
Mohammed, J.; Ziffer, M. Z.; Giridharagopal, R.; Walsh, A.; Chu, J,-H.; Ginger, D. S. Bismuth
Doping Alters Structural Phase Transitions in Methylammonium Lead Tribromide Single
Crystals. J. Phys. Chem. Lett. 2021, 12, 2749-2755, DOI: 10.1021.acs.jpclett.1c00334 Copyright
© 2021 American Chemical Society

3.1 Overview

We study the effects of bismuth doping on the crystal structure and phase transitions in single
crystals of the perovskite semiconductor methylammonium lead tribromide, MAPbBr3;. By
measuring temperature-dependent specific heat capacity (C,) we find that, as Bi doping increases,
the phase transition assigned to the cubic to tetragonal phase boundary decreases in temperature.
Furthermore, after doping we observe one phase transition between 135 and 155 K, in contrast to
two transitions observed in the undoped single crystal. These results appear strikingly similar to
previously reported effects of mechanical pressure on perovskite crystal structure. Using X-ray
diffraction, we show that the lattice constant decreases as Bi is incorporated into the crystal, as
predicted by density functional theory (DFT). We propose that bismuth substitutional doping on
the lead site is dominant, resulting in Bip," centers which induce compressive chemical strain that
alters the crystalline phase transitions.

3.2 Introduction

Halide perovskites have emerged as promising semiconductor materials for applications including
solar cells, light-emitting diodes, photodetectors, and lasers.}* They exhibit unique and tunable
optoelectronic properties via facile tailoring of the chemical composition of the structure. In the
archetypal perovskite ABXs crystal structure, A represents a monovalent cation species (A = Cs®,
CHsNHs" (MA"), or (NH2)2.CH3* (FA")), B represents a divalent cation (B = Pb*2, Sn*?), and X
represents a halide (X = CI', Br’, I'). Diverse electronic and structural motifs are thereby accessible
by modification of the chemical composition and the dimensionality of the material.> Doping
provides an additional lever for changing the properties of lead halide perovskites by substituting
a selected impurity into the crystal at low concentrations. Several dopant species, including Bi®*,
Cd?*, K*, Mn?*, Ce*, Yb®, and Eu® > have been studied regarding their effects on the
optoelectronic properties of the lead halide perovskites. However, there have been relatively fewer
studies of how doping, defects, and impurities affect the structural properties of halide perovskites
crystals and nanocrystals. Doping and defects can affect temperature-dependent phase transition
behavior and can alter of the lattice constant and strain.'*'> Understanding these phenomena is
important for tailoring materials properties, and for engineering materials with improved stability
in varying operational conditions.

In this work, we study the effects of dopant inclusion on the crystal structure in a series of single
crystals of the hybrid organic-inorganic lead halide perovskite, methylammonium lead tribromide
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(MAPDBT3) with various amounts of bismuth doping. We chose this system for several reasons.
First, the optoelectronic properties of bismuth-doped perovskites have been well characterized,
among many other dopants, e.g. quenching of visible photoluminescence with corresponding near-
infrared (NIR) emission, increasing conductivity, increased free carrier concentrations, and
increased carrier lifetimes.®191316 Secondly, recently developed crystallization methods for
MAPbDBTr3 report rapid growth of high purity macroscopic mm-sized single crystals with bismuth
doping®1%1"18 which offer an ideal platform to study the intrinsic dopant effects on the crystal
structure without the complication of extrinsic influences such as surfaces or grain boundaries.*°
Finally, a number of studies on the crystal structure and phase transitions of undoped MAPbBr3
are available, under both atmospheric conditions and under external pressure, providing a firm
literature basis for further analysis.?-26

Here, we investigate the effects of Bi doping on the phase transition behavior of MAPbBr3
single crystals using specific heat capacity measurements (Cp). We show that as the Bi-doping
level increases the temperature decreases for the phase-transition assigned to the cubic to
tetragonal phase of MAPbBrs. Additionally, upon incorporation of bismuth into the MAPbBr3
crystal lattice we observe a single phase transition between 135 K and 155 K instead of the two
phase transitions in that temperature range observed in the undoped MAPDbBTr3 crystal. These
changes in phase-transition behavior occur alongside a lattice contraction induced by the Bi
substitutional doping at the Pb site. We compare the lattice contraction observed in X-ray
diffraction (XRD) to first-principles predictions at the various doping levels for both Bipy’ and
Bipy" defect sites. We propose the incorporation of Bi occurs through a Bip,™ defect site, which
induces compressive chemical strain, resulting in a lattice contraction and the changes in the phase
transition behavior.
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Figure 3.1: Characterization of MAPbBr3 single crystals with various levels of bismuth doping.
(a) MAPDBTr3; single crystals, (b) ratio of Bi to total amount of Pb and Bi in single crystals verses
the growth solution, (c) single crystal X-ray diffraction patterns, (d) powder X-ray diffraction
patterns.

34



3.3 Bismuth doping in MAPDbBTr3 single crystals

We grow single-crystal MAPbBr3 that incorporate various concentrations of bismuth
following the inverse temperature crystallization method reported by Nayak and coworkers.®
Detailed growth methods are provided in Supporting Information. Figure 3.1a shows as-prepared
MAPbDBr3 single crystals with increasing bismuth concentration. As previously reported, we
observe that bismuth doping induces strong changes in color for MAPDbBr3 single crystals, from
translucent orange (undoped) to an increasingly darker red color (from 0.1% to 1%), then to opaque
black at the highest Bi-doping (10%) levels.®® This color change has been attributed to an
increasing number of sub-band-gap states with increasing Bi-doping level.®

To quantify the bismuth-doping level in our single crystals, which can differ from the
amount of Bi added to the growth solution,®’ we use inductively-coupled-plasma optical emission
spectrometry (ICP-OES) to determine the ratio of bismuth to lead in our single crystals. Figure
3.1b shows a plot of the ICP-OES measured Bi concentration in the final crystal, as a function of
the Bi concentration in the growth solution. As shown in Fig. 3.1b, we observe increasing bismuth
concentration for crystals grown with higher bismuth concentrations in solution and confirm no
detectable bismuth concentration in our undoped samples. We report final bismuth concentrations
of 0.17%, 0.36%, and 2.0% for the 0.1%, 1%, and 10% bismuth solutions, respectively. In
agreement with previous reports, we find that, at high concentrations of bismuth in the growth
solution, the concentration of bismuth incorporated into the crystal is lower than the concentration
of bismuth in the growth solution.®”’

Figures 3.1c and 3.1d show the XRD patterns, intensity normalized to the (001) plane, on
both MAPbBTr3 single crystal and crushed powders, respectively. Both XRD show that the
diffraction patterns after Bi-doping agrees with the undoped MAPDBTr3 reference pattern reported
by Jaffe and co-workers?’ and consistent with previous reports.6® We note that the (002) plane
diffraction intensity increases, with respect to (001), as the bismuth level in the crystal increases.
Such an increasing trend in (002) to (001) intensity in bismuth-doping level can be found in the
XRD patterns in other literature reports,®® though the effect was not discussed or explained. We
propose that the observed increasing (002)/(001) ratio upon Bi-doping indicates increasing lattice
disorder in the Bi-doped single crystals. Previous studies on undoped crystals have similarly
correlated increases in the (002)/(001) intensity ratio with increasing long-range disorder as
verified by far-infrared reflection (FIR) spectroscopy.?® More ordered MAPbBr3 crystals, those
with less stacking faults or dislocations as quantified by a higher far-infrared reflectance intensity,
also exhibit higher (001) diffraction peak intensities with respect to their (002) planes. This result
is also consistent with the optical microscopy images (Fig. S1), where we clearly resolve hillock-
like crystalline growing fronts in the undoped crystal. We observe fewer such growth fronts on the
0.17% Bi-doped crystal, and no such front on the 0.36% and 2.0% Bi-doped crystals suggesting
less long-range order.

3.4 Altered structural phase transition behavior in bismuth doped
MAPDBF3

Next, to understand the potential impact of the Bi-doping on the phase transition behaviors,
we perform temperature-dependent specific heat capacity measurements as a function of bismuth-
doping concentration. Specific heat capacity measurements have been applied to study the
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temperature-dependent phase transition behaviors of lead halide perovskites, which have been
demonstrated to depend both on the A-site alloying (FA, Cs) and X-site halide selection,?%%
however the effects of B-site doping and substitution are less explored. Recently, Ma and co-
workers showed that replacing Pb** with Ni?* on the B-site in CsPbCls nanocrystals altered the
local structure of the doped regions and inhibited the cubic to orthorhombic phase transition.®
Here we expect that heterovalent B-site doping, such as Bi** on Pb?", might also alter the phase
transition behavior.
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Figure 3.2: Temperature-dependent specific heat capacity (C,) for various levels of bismuth
doping. Phase transitions are color coded as: Red: cubic phase (a); Green: tetragonal phase I (B);
Gray: tetragonal phase II (y); Blue: orthorhombic (9).

Figure 3.2 shows the heat capacity as measured using a Physical Properties Measurement
System (PPMS) Dynacool™ (Quantum Design) for four MAPbBrs samples with different Bi-
doping levels. Additionally, we show a reference Cpvs. T plot with phase assignments as reported
by Onoda-Yamamuro and co-workers.?° In Fig. 3.2, the baseline represents the normal part heat
capacity as a result of different vibrational modes, whereas the transitional peaks correspond to the
MAPDBr; phase transition temperatures.?® We observe three phase transitions in our undoped
MAPDBT3 crystals, which we determine from where the first derivative of the specific heat capacity
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equals zero. The peaks we measure for the undoped sample agree well with those measured by
Onoda-Yamamuro et. al.

Following the previous phase transition assignments,®>®* we identify them as: (1) the
transition between a-MAPbBr3, cubic (Pm3m), and B-MAPDBr3, tetragonal (14/mcm), at 228 K;
(2) the transition between B-MAPDBTrs3, tetragonal (I4/mcm), and y-MAPDBr3, tetragonal
(P4/mmm), at 153 K; and (3) the transition between y-MAPDBr3, tetragonal (P4/mmm), and o-
MAPbBr3, orthorhombic (Pnma), at 144 K. We assign space groups for the cubic and tetragonal
phases according to studies by Poglitsch and Weber.% For the low temperature orthorhombic
phase, we follow the assignment from Swainson and co-workers,®! in which they suggest that
Pnma space group yields more satisfactory refinement without missing symmetry, compared to
previously reported Pna2; assignment. For the convenience of the reader, we have included the
detailed crystal structure information for the different phases of MAPbBTr3 in SI Table 1. After Bi
doping, we observe a few additional features: (1) the temperature of the phase transition between
the cubic phase (o) to the tetragonal phase (B) shifts to lower temperatures, as seen by the
expansion of the cubic phase in Figure 2, represented by the red-shaded region of the plot for the
bismuth-doped samples; (2) only one low-temperature phase transition between tetragonal and
orthorhombic, as seen by the disappearance of the doublet peaks near 150K likely indicating the
loss of the lower temperature tetragonal phase (v);?® (3) at the doping level increases, phase
transition peaks become less definitive but turn to gradual bumpy transition features. We note that
the highest doping level (2%) crystals show greater sample-to-sample variations, as seen in Figure
S2, which yet all follow the above trends qualitatively. We attribute these variations to the wider
range of crystallization temperatures we observed for the 2% Bi doped single crystals. We
speculate that the 2.0% Bi single crystals thus have more variation in local crystallinity which
could alter the C, behavior between samples with the same nominal concentration of bismuth.

3.5 Bismuth doping induces lattice compression.

To understand the origin and implication of these observations, we compare them with
similar behaviors found on the undoped MAPDBT3 single crystal phase transition under external
pressure. Onoda-Yamamuro et. al. have shown that (Fig. 3.3a, dashed lines w.r.t. top axis), for
undoped MAPDBr3 single crystals, as the external mechanical pressure increases, (1) the transition
between the cubic phase and the tetragonal phase shifts to lower temperatures, and (2) the doublet
peaks corresponding to the two tetragonal phases near 150K disappear.?* The cause of the pressure-
induced behavior is understood to be due to the unit cell volume reduction through tilting and
shrinking of the PbBrs octahedra.®? The presence of two tetragonal phases, I4/mcm (B) at higher
temperature and P4/mmm (y) at lower temperature, is unique to MAPDBr3, contrasting with
MAPDBCIz and MAPbIz which each have only one tetragonal phase. Onoda-Yamamuro and co-
workers mention that the lower temperature tetragonal (y) phase for MAPbBr3 corresponds to the
P4/mmm tetragonal phase of MAPDCI; and the higher temperature tetragonal () phase
corresponds to the 14/mem tetragonal phase of MAPDIs.2° Khanal and co-workers attributed the
formation of either P4/mmm or 14/mcm tetragonal phase to the B-X bond. In P4/mmm, the smaller
octahedral volume prevents the free rotation of the MA* ions that can occur with larger octahedra
in the 14/mcm space group, thus MAPDI3 with a larger Pb-1 bond length forms 14/mcm tetragonal
phase while MAPDCIs; with a shorter distance for the Pb-Cl bond length forms the P4/mmm
tetragonal phase.®® When MAPDBT; crystals are subjected to pressure, the volume of the unit cell
and the Pb-Br bond length decreases.®* This results in the disappearance of the P4/mmm (y) phase
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in pressures above 43.2 MPa.?! Chemical doping with Bi causes similar strain as the effective ionic
radius of Bi®* (1.03A) is smaller than Pb?* (1.19A),3* and should lead to a reduction of the lattice
constant/volume, mimicking the effect of external strain, hence also inducing the disappearance of
the P4/mmm (y) phase. By closely examining the single crystal XRD data (Fig. 3.3b & 3.3c, zoom-
in of Fig. 3.1c), we observe that the diffraction plane positions shift to a higher angle, indicating a
contraction of the crystal with increasing doping concentration. Notably, we only observe such a
shift to higher diffraction angles on doping when performing XRD on single crystals. For the Bi-
doped crystals, after crushing them into powders and performing XRD again, we observe that the
diffraction planes return to the same position as the undoped crystals (Fig. S3), implying that strain
builds up in the Bi-doped single crystal, and relaxes (possibly to the surface) after grinding.
Previous studies also report that strain exists in Bi-doped MAPbBr3 single crystals, where a
broadening of the diffraction peak is observed instead of the shifting to a higher angle.® This result
implies that a homogeneous strain exists in their system rather than the dominant compressive
strain in our sample series, which might be due to subtle growth differences in the single crystals.

Fig. 3.3a plots the sample phase transition temperatures as a function of the lattice
constants extracted from XRD. Here the top and bottom axis are registered following a previous
study on undoped MAPbBTr3 lattice constants under external pressure.®* The shift to a lower
temperature of the cubic to tetragonal phase transition, as well as the disappearance of two
tetragonal phases upon Bi doping, closely resembles the structural effects induced by an external
pressure. The tetragonal to orthorhombic phase transition temperature, however, stays relatively
unchanged.
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Figure 3.3: (a) Phase transition temperatures for pure MAPbBr; as a function of increasing
pressure (blue lines, Ref. 21) and for increasing levels of Bi doping as a function of the lattice
spacing. The lattice constant (bottom axis) and pressure (top axis) are registered according to a
pressure-dependent MAPbBT3 lattice constant study, Ref. 34 (b, ¢) Single crystal X-ray diffraction
(XRD) showing shifts in (001) and (002) peaks to higher diffraction angles.
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3.6 Density-functional-theory calculations of defect induced lattice
compression

Finally, we perform density-functional-theory (DFT) calculations to examine the effects of
the Bi dopant type on the lattice. Bi can be incorporated through a substitution on the Pb site by
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either Bi®* (Biry™), which donates an electron into the lattice, or an effective Bi?* species that would
result with a neutral defect species (Birn®). Hence, we decided to consider two different charge
state of Bi on Pb site. Fig. 4a shows the optimized supercell and octahedral structures. The
calculated volume of the [BiBrs]*~ (Biry") octahedron is 10% smaller than the [PbBrs]*~ octahedron
in the MAPbBT3 lattice, while the [BiBr6]*” (Bipy?) octahedron has similar volume to the [PbBre]*".
This indicates that shorter length of Bi-Br bonding compared to Pb-Br bonding can induce the
lattice shrinkage. Since it is computationally demanding to model dilute defect concentration
within DFT framework, we employed 2 x 2 x 2 supercell of cubic MAPDbBTr3 that contains 96
atoms and adopted the thermodynamic model of defect pressure.®® Based on the model, we
calculated the change of the lattice spacing (a,) as functions of Bip," and Bip,’ concentration
following

1
ag = ao(1+nvy)3 )
where a, is the lattice constant of the pristine cell, n is the defect concentration (defect/cm™), and
v, is the volume of the defect (A%/defect).® The defect volume v, is derived according to

*V/
vy = deO 0 (2)
and
B A(Edefect(v) _ Ehost(V))
Pa = —< AV ) 3)

where V, is the volume of the pristine cell (A%atom), B, is the bulk modulus (18.18 GPa), and p,
is the defect pressure (GPa) calculated from eq 3 using E%®¢t and E"°t | which are the DFT total
energy of the defective and pristine cell (in eV), respectively
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Figure 3.4: (a) Optimized structure of MAPbBr3 2 x 2 x 2 super cell geometry of octahedra in
MAPDBr; lattice depending on center ions; (b) Lattice constants determined through DFT
calculation (red and blue lines) and XRD (black markers); (¢) Temperature-dependent conductivity
measurements for single crystals.
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Figure 3.4b shows the predicted lattice constant as a function of doping concentration. We
find that the Bipy* dopant type exhibits a negative slope, similar to our experimental results, while
the Bipp? dopant type suggests an almost invariant (slightly negative) lattice constant. Here, we
note that the use of relatively small supercell with uniform Bipy distribution does not take into
account gradual strain change near defect sites, which could account for some of the quantitative
discrepancy with actual experiment. However, the qualitative trend of lattice compression
predicted for increasing Bipy* concentration is indeed consistent with the results from experiment.
In addition, we note that Bipp™ could interact with the native negatively charged defects, of which
the most probable site are MA vacancies (V,;,) and bromine interstitials (Br;"), forming overall
neutral-charged defect pairs, i.e. Bipo-Vma and Bipy-Bri.>® We find that both V;;, and Br;~ exhibit
an increasing formation energy under pressure (Fig. S4), which implies that they have positive
defect pressure that expands the lattice, i.e. they will mitigate the lattice contraction should there
exist any bound pairs of Bipb-Vma Or Bips-Bri.

The conductivity measurements (Fig. 3.4c) show that the electrical conductivity increases
orders of magnitude upon Bi doping, consistent with literature reports.®® This provides
circumstantial evidence that Bip,* does indeed form as a donor. From the conductivity
measurements, and previous reports on carrier mobility as a function of Bi doping,®’ we estimate
the electron carrier concentration to be ~1x10*® cm3, 2x10® cm3, and 1x10'® cm for the undoped,
0.36% bismuth-doped, and 2.0% bismuth-doped samples, respectively. The doping efficiency, as
defined by the ratio between carrier density and Bi dopant number, is therefore low (0.1~1%),
which is a common feature of halide perovskites owing to efficient charge compensation
mechanisms. When a charged donor is added, the system can respond by either increasing the
electron carrier concentration or by forming compensating acceptor defects, for example, through
methylammonium loss (Vwma), lead loss (Veb) or iodine gain (li). These compensating species could
be distributed in the crystal or form bound complexes with Bi. The lack of quantitative agreement
between the measurements and predictions for the lattice constants changes with Bipp™ in Fig 4b
is likely due to the nature of these compensating species, which are unresolved at present and will
be the subject of further investigation.

3.7 Conclusion

In summary, we have demonstrated how doping can influence the structure and phase
transitions of halide perovskites. We use specific heat capacity measurements to determine the
transition temperatures for various levels of Bi-doped MAPbBTr3 single crystals. Bi-doping alters
the phase transition behavior in MAPbBr3 single crystals. Comparing with the effects of external
pressure on the phase transition behaviors, we note that the resemble the effects of external
pressure. This observation is consistent with the experimentally observed lattice contraction upon
bismuth doping. We further compare DFT calculations with experimental data and suggest a
charged bismuth species replacing Pb by forming Bipy* defects. These results provide new insight
into how doping affects both the lattice structure and order in halide perovskites.
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Appendix B

Supporting information for Chapter 3 including detailed single crystal growth, characterizations
(XRD, ICP-OES, Microcalorimetry, conductivity), and DFT calculations.
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Chapter 4 Evaluating the Effectiveness of Virtual STEM
Outreach in Improving Student Attitudes Towards Science
and Understanding of the Relationship Between Energy and
the Environment

4.1. Overview

We study the impact of a virtual outreach activity on fifth-grade students’ attitudes towards science
and understanding of solar energy using pre/post-activity surveys. We compare the changes in
student attitudes towards science to post-activity teacher surveys to determine the accuracy of
teacher assessments. We find no change in student attitudes between surveys, however students
report more positive attitudes towards the outreach activity then for science and engineering
activities. Student knowledge of the relationship between the environment and energy improves
after participating in the outreach activity with quantifiable differences in student understanding
of renewable and non-renewable energy. We find that teacher surveys overestimated the changes
in students’ attitudes towards science. Overall, we determine that virtual outreach can be effective
at helping students learn about the relationship between energy and the environment and has the
potential to improve student views on science and engineering activities.

4.2 Introduction

Rapid advances in science and inclusion of technology into society has resulted in the increased
desirability of science, technology, engineering, and math (STEM) backgrounds for the incoming
workforce. According to the National Science Foundation, science and engineering jobs now make
up 5% of all jobs in the United States (The State of U.S. Science and Engineering 2020) and the
U.S. Bureau of Labor Statistics report 16 of the 20 fastest growing occupations fall into STEM
related fields (U.S. Bureau of Labor Statistics, Occupational Outlook Handbook, Fastest Growing
Occupations, 2019-2029).12 However, according to a 2014 National Center for Education
Statistics (NCES) report, only 28% of bachelor degree and 20% of associate degree students chose
to pursue a STEM degree. In addition, STEM degrees have high attrition rates with the same study
reporting a 48% and 69% attrition rate for bachelor degree and associate degree students,
respectively.® The low percentage of students pursuing STEM degrees coupled with high attrition
rates has sparked concerns of an upcoming “STEM crisis” resulting in increased demand for
interventions to encourage students to pursue STEM degrees and careers.*®

A recent study attributed the intent to major in STEM to three factors — (1) 12th grade math
achievement, (2) exposure to math and science in high school courses, and (3) math self-efficacy
beliefs.® Exposure to math and science courses in high school can be attributed to previously
developed attitudes towards science and self-efficacy beliefs.” In a study looking at the motivations
for taking elective science courses in secondary school, Cleaves found that lack of confidence in
students’ ability to do well in science could be a power factor in their choosing not to take
additional science classes.® This observation is supported by many additional studies which
establish that positive attitudes towards a science leads to increased engagement and desire to
pursue science based classes and careers.58-24
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However, studies by Yager and Yager found that attitudes towards science decline as
students’ progress through primary and secondary education. By comparing responses from third,
seventh, and eleventh grade students, they found that student attitudes towards science decreased
over time with 60% of third grade students, 40% of students in seventh grade, and 25% of students
in eleventh grade describing science class as “fun”. A similar trend was seen when asking students
about self-efficacy beliefs with 56% of third grade students, 38% of seventh graders, and only 28%
of eleventh graders reporting positive self-efficacy views towards science.?® More recent studies
support these observations showing decreases in positive attitudes towards science during
secondary education.®262° The decline in positive attitudes and self-efficacy beliefs has been
attributed to many factors including the increasing complexity of subject material and shift in
teaching methods from activity-based learning towards a traditional lecture-based class.?>28

STEM outreach activities serve as one method to address declining attitudes towards
science by providing students with an opportunity to engage with science and scientists.*® Types
of STEM outreach activities vary widely in duration, design, teaching style, and objectives. Some
popular methods of STEM outreach include workshops, summer camps, classroom visits, and
mentorship programs.®® Several studies show that these STEM outreach activities improve
student attitudes and motivation towards STEM.>17-20.2223.30 However, as Vennix and co-workers
show, the impact of these activities on attitude and motivation depends on the characteristics of
the activity.'® For example, activities that showed a personal connection between students and the
science topic being explored resulted in increased autonomous motivation among students.*®
While many studies have investigated the benefits from STEM programs, these studies show the
results of in-person interactions and the impact of virtual based STEM activities remains unknown.

The shift to remote learning during the COVID-19 pandemic created a demand for virtual
outreach activities and for a better understanding of virtual learning environments. School shut-
downs resulted in K-12 instructors struggling to rapidly adapt their curriculum to remote learning
environments, often resulting in a reduction in the amount of curriculum taught and the number of
student assessments.®33 While the full impact of COVID-19 shutdowns on student learning can
not be determined yet, Middleton predicts that inequities such as the opportunity gap will likely
increase as a result of the loss in student instructional time.3® The school closures and limited
capacity operations that have persisted through academic year 2020-2021 resulted in a loss of
opportunities for in-person STEM outreach activities. Designing a virtual outreach activity
provides and opportunity to continue to engage with K-12 students and promote interest and
positive attitudes towards STEM.

In this study we investigate the impact of a virtual science activity to determine the extent
of the impact this has on student knowledge of content and attitudes towards science. Specifically,
we investigate two research questions:

Research Question 1 (RQ1): To what extent does a virtual outreach event impact student
understanding that energy and fuels are derived from natural resources and their use
impacts the environment?

Research Question 2 (RQ2): To what extent do teacher evaluations accurately reflect the
impact of an outreach activity on student’s attitudes towards STEM and STEM careers?

We use pre/post-activity surveys to measure the impact of the virtual activity and quantitative
analysis methods to determine the extent of change in knowledge and attitudes. We also use post-
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activity surveys with teachers to determine if teachers accurately predict the impact of the activity
on student attitudes towards STEM/STEM careers.

4.3 Methods

We conducted a 45-minute virtual outreach activity simultaneously for three fifth grade classes,
totaling 75 students. The virtual outreach activity included a 15-minute presentation on energy
production and the relationship to the environment followed by 20-minute guided solar car design
and race experiment. Finally, the last 10 minutes were left for a recap of the lessons from the
experiment with an opportunity for students to ask questions. To evaluate the effectiveness of our
outreach activity we conducted voluntary student surveys before and after the outreach activity.
Students were able to participate in the outreach activity regardless of whether they completed the
survey. Additionally, we asked the three classroom teachers to complete a post-activity survey to
evaluate the outreach activity in terms of impact on student attitudes towards STEM/STEM
Careers.

4.3.1 Student Surveys

We used the same questions on the pre/post-surveys activity to make a direct comparison between
student knowledge and attitudes towards STEM/STEM careers before and after the outreach
activity. Surveys included knowledge-based questions and Likert-scale questions to determine
student attitudes towards STEM/STEM careers. Knowledge based questions were developed to
align with Next Generation Science Standards (NGSS) 4-ESS-1. To understand attitudes towards
science, we created questions using the “My Attitudes Towards Science (MATS)” survey as a
guide.®* The survey questions used are provided in the Supporting Information Survey
Instruments.

Prior to starting the outreach activity, we explained the purpose of our surveys and provided a link
to a google survey for the pre-activity assessment. A total of 39 students completed the pre-activity
survey. Following the outreach activity, we reminded students who participated in the first survey
to fill out the post-activity survey and provided a new google survey link for those students. In
total, 27 students completed the post activity survey.

4.3.2 Teacher Surveys

We use previously developed teacher surveys, detailed in Supporting Information Survey
Instruments, that have been used for the last 3 years and were developed for feedback on the
outreach activities. We match four questions between the student surveys and the teacher surveys
to compare how accurately teachers predict the impact on student interest in science and
engineering, (2) knowledge of jobs, (3) confidence, and (4) student enjoyment of the outreach
activity. All three teachers responded to the survey, however, there is a response missing on two
of the questions regarding student attitudes.

48



4.4 Results and Discussion

4.4.1 Impact on Student Knowledge

We determine the impacts of the outreach activity on student knowledge about the relationship
between energy and the environmental using three open response questions, summarized in Table
1.

Table 1: Open Response Questions to Evaluate Student Knowledge

of Relationship Between Energy and the Environment

Topic Question
Environmental Impacts What are some of the environment impacts of energy production?
Renewable Energy Sources List methods of energy production that use renewable resources.
Non-Renewable Energy Sources List methods of energy production that use non- renewable resources.

We use deductive thematic analysis to evaluate the student responses for each open response
question as described in Supporting Information. We tabulate the number of responses in each
coding category and calculate two separate comparative metrics: percentage of coded response and
probability of coded response. We define percentage and probability in Eq 1 and Eq 2 respectively.

# of responses
Percentage of Responses = x 100 1)
total # of surveys

# of surveys with response

Probability of Responses = (2)

total # of surveys

While percentage of coded response and probability of coded response(x100) are often
equivalent, we note that particularly for the environmental impacts question we see more than one
response per main coded categories resulting in discrepancies between the metrics. We consider
the probability of a coded response appearing on a survey to be a more accurate reflection of
change in knowledge compared to the percentage of responses. Therefore, when running statistical
analysis we compare the probability of coded responses between pre/post-activity surveys to
determine the impacts of participation in the outreach activity on student knowledge of the
relationship between energy and the environment. While the preferred methods of statistical
analysis of pre/post-surveys uses the paired T-test or Wilcoxon test to determine the change for
each study member between surveys, one limitation of this study is the inability to identify which
matching pre/post-activity surveys responses due to the anonymous nature of our online survey.
Instead, we use the Welch’s T-test with a 95% confidence interval to determine if we observe a
measurable change in the mean probability for coded responses between the pre/post-activity
surveys. This limits our ability to compare the impact of our intervention within individual
respondents but allows us to determine if there is an overall effect between the groups.

For environmental impacts of energy production, we code the student responses into four
main categories: (1) general responses, (2) specific responses, (3) uncertain responses, and (4)
miscellaneous responses. Figure 4.1 shows the percentage of responses for the four main
categories on both surveys.
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Figure 4.1: Percentage of student responses for environment impacts of energy production
classified by general, specific, uncertain, and miscellaneous responses. Results for pre-activity
survey (red, n=38) and post-activity survey (blue, n=27).

We observe the following qualitative trends between the pre/post-activity surveys: (1) an
increase in the percentage of both general and specific responses (2) a decrease in the percentage
of uncertain responses. Table 2 shows a summary of student responses for the environmental

impacts of energy production coded into four main
categories and the responses within each category.
As shown in Table 2, we see the largest increase in
the number of specific responses with an additional
5 students identifying “pollution” as an
environmental impact of energy production on the
post-survey. Conversely, we show that the number
of “I don’t know” responses decrease from 18 on the
pre-activity survey to 9 on the post-activity survey.
Due to the fewer number of responses on the post-
activity survey, we use the change in probabilities to
determine if we see a change in the mean probability
between responses in the pre/post-activity surveys.
Table 3 shows a summary of the probability
for coded responses on both surveys along with a p-
value for each category as determined using the
Welch T-Test. We observe an increase in the
probability of general responses and specific
responds along with a decrease in uncertain
responses for the post-activity surveys. We use a p-
value < .05 as a threshold for rejecting the null
hypothesis of equivalent ranked means between the
pre/post-activity surveys. We report p-values higher

Table 2: Summary of Coded Responses for “What are some of the
environmental impacts of energy production?”

Pre-Activity | Post-Activity

Level 1 Coding Lol oy ey

Coding it of # of
Responses Responses

Global Warming 3 9
" Climate Change 3 1
Responses Harmful to the Environment 3 1]
‘Total General Responses 9 10
Pollution 1 6
CO, Emission 2 1
Specific Affects Animals 1 1
) Water Pollution 1 1
‘Total Specific Responses 8 9
I don't know 18 9
Eneemm No Response 1 3
Total Uncertain Responses 19 11
;‘::CP:I:I’::”“ Miscellaneous Response 10 9

Table 3: Probability of Coded Response In Pre/Post-Activity
Surveys and P-value as determined using Welch T-Test

General Responses 0.24 0.33 .307
Specific Responses 0.13 0.22 164
Uncertain Responses 0.50 0.41 468
Miscellaneous 0.21 0.22 .710
Responses
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than .05 for all categories indicating that while we observe qualitative changes in the probability,

the ranked means are equivalent over the 95% confidence interval.

60 -

Percentage of Responses (%)

Solar Wind Hydro

Pre-Activity
Post-Activity

Nuclear | don't know Blank Misc

Figure 4.2: Percentage of student responses for renewable energy sources from pre-activity

survey (red, n=38) and post-activity survey (blue, n=27).

Next, we compare the change in student responses for renewable energy sources between
pre/post-activity surveys. Figure 4.2 shows the percentage of pre/post-activity surveys
corresponding to each category of responses. We observe an increase in the percentage of
responses including solar, wind, hydropower, and nuclear power in the post-activity survey.
Additionally, the percentage of “I don’t know” and miscellaneous responses decreases in the post-
activity survey. Table 4 shows the probability of each response for renewable energy sources on

both surveys and the corresponding p-
value. We report p-values below .05 for
wind power, hydropower, and nuclear
power indicating a higher ranked mean
probability for these three responses based
on a 95% confidence interval. We interpret
this as an improvement in student
knowledge of renewable resources.

Table 4: Probability of Renewable Energy Sources Coded Response In Pre/Post-
Activity Surveys and P-value as determined using Welch T-Test

Solar Power

0.18

0.33

.190

Wind Power

0.11

0.48

.001

Hydropower

0.05

0.33

.008

Nuclear Power

0.00

0.11

.036

I don’t know

0.50

0.30

.104

Blank

0.08

0.15

.383

Miscellaneous

0.21

0.07

137
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Figure 4.3: Percentage of student responses for non-renewable energy sources from pre-activity

survey (red, n=38) and post-activity survey (blue, n=27).

Additionally, we investigate the change in student response for non-renewable energy
methods. Figure 4.3 shows the percentage for each response in the pre/post-activity surveys. We
observe trends similar to the responses for renewable energy sources with a decrease in the
percentage of “I don’t know” and miscellaneous response on the post-activity survey. We also
observe an increase in the percentage of fossil fuel, coal, oil, gas, and nuclear power responses.

We note that nuclear power appears as a
response in both renewable energy sources
and non-renewable energy sources. We do
not interpret this as a correct or incorrect
response for either survey. Table 5 shows
the probability for each response and the
associate p-value. We report an increase in
the mean probability on the post-activity
survey for the fossil fuels and gas response
based on a 95% confidence interval. The
mean probability of an “I don’t know”
response decreases for the post-activity
survey.

Table 5: Probability of Non-Renewable Energy Sources Coded Response In
Pre/Post-Activity Surveys and P-value as determined using Welch T-Test

Fossil Fuels

0.08

0.30

.036

Coal

0.03

0.15

111

Oil

0.03

0.11

214

Gas

0.03

0.22

.029

Nuclear Power

0.05

0.22

066

Solar Power

0.03

0.00

324

Wind Power

0.03

0.00

324

Hydropower

0.03

0.00

.324

I don’t know

0.61

0.33

.030

Blank

0.08

0.11

674

Miscellaneous

0.16

0.07

292

In addition to the asking about the relationship between energy and the environment, we
use multiple choice questions to evaluate whether the students know the relationship between the
energy sources and the amount of CO> emission produced. Here we use two similarly structured
multiple choice questions to ask students to identify the sources of energy that produce the most
and least amount of CO, emission. Additionally, we ask the students to identify the challenges for
using renewable energy sources. The amount of CO2 emission for different energy sources and
information about the challenges in renewable energy sources was presented to the students in the
first part of the activity. We use the chi-square goodness of fit test to determine if the student

responses to these questions deviated from randomness.
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Table 6: Summary of Chi-Square Statistics for Multiple Choice Questions

Pre-Activity Post-Activity
Response Observed Expected N | Residual Chi-Square P-value Observed N Expected N Residual Chi-Square P-value
N

Most CO, Fossil Fuels 5 8.8 3.7 11 6.5 4.5
Emission "\ clear 7 8.8 1.7 8 6.5 1.5

Solar 10 8.8 1.3 4 6.5 -2.5

Wind 13 8.8 4.3 4.200 241 1 3 6.5 3.5 6.308 .098
Least CO; Fossil Fuels 5 8.8 -3.7 4 6.5 -2.5
Emission [, Clear 7 8.8 1.7 4 6.5 -2.5

Solar 13 8.8 4.3 12 6.5 5.5

Wind 10 8.8 %3 4.200 241 | 6 6.5 -0.5 6.615 .085
gﬁ::;;lble Qf::ﬁg:t?idnd changes 6 7.0 -1.0 6 52 0.8
Challenges Storage 9 7 2.0 3 5.2 2.2

Transportation 5 7 2.0 5 5.2 -0.2

All 14 7.0 7.0 11 5.2 5.8

None 1 7 -6.0 13.429 009 | 1 5.2 -4.2 10.923 027

Table 6 shows a summary of the chi-square goodness of fit test statistics for each multiple-
choice question. We report no significant difference between the random responses and the student
responses submitted for the questions asking students to identify the source of energy with the
most carbon emission and the least amount of carbon emission. However, we find students on both
pre/post-activity surveys more frequently selected the correct response of “All of the above” (14
pre, 11 post) over other potential answers for challenges for renewable energy. A chi-square
goodness of fit test determined this response to be significantly more frequent than expected for
random response as determined using a 95% confidence interval. To determine if there was a
difference between the pre/post-activities survey was ran a Welch’s t-test as reported in supporting
information Table S14, however we find no statistical difference in the mean probability of student
responses. We interpret the responses for the multiple-choice questions to indicate that students
did not understand the relationship between quantity of CO2 emission and energy sources.
Additionally, we see no change in student understand of the challenges for renewable energy
sources between pre/post-activity surveys.

4.4.2 Impact on Student Attitudes Towards STEM/STEM Careers

We evaluate the impacts of the outreach activity on student attitudes towards STEM/STEM
careers using the statements shown in Table 7. The post-activity survey included one extra
statement aimed at determining the student attitudes towards the outreach activity. Figure 4.4
shows the comparison in student responses for each statement on both surveys. Overall, the student
attitudes remain largely consistent between pre/post-activity surveys. We find the majority of
students report positive attitudes towards science and engineering, knowledge of science and/or

eng i neeri ng CareerS, and ‘Table 7: Comparison of Survey Attitudes Towards STEM/STEM Careers
C Onfl d ence an d en J Oym ent Of Questions between Student and Teacher Surveys
. . . Student Survey Teacher Survey
science and eng Ineeri ng Inte_rest ip Science and Iam int;restt?d in science My student’s interest in science and engineering
aCtIVI tl es. S'[U de nt att ItU des Engineering and engineering. increased.

towards jobs in science and
engineering show the widest
range and percent of each
response.

Science and Engineering
Jobs

I would like a job in
science and engineering.

N/A

Knowledge of Jobs in
Science and Engineering

I know about jobs in
science and engineering.

My students increased awareness of STEM
careers and academic pathways to those careers.

Confidence in Science
and Engineering

I do well with science and
engineering activities.

My students gained confidence in their ability to
succeed in science and engineering.

Enjoyment of Activity

I enjoyed this activity.

My students had fun and left with a good
impression of the experience.
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Figure 4.4: Responses to Likert Survey on Student Attitudes towards STEM/STEM Careers
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Figure 4.5: Correlation matrix plots for pre-activity (red) and post-activity (blue) survey
responses. We see strong positive correlations between interest, confidences, and enjoyment on
both pre/post surveys.
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We correlate the student responses between these questions on both surveys using Pearson
Correlation Test. The graphic representation for these correlations is shown in Figure 4.5. Table
8 shows the Pearson Correlation values between pre-activity survey categories with moderate and
strong correlations. In the pre-activity surveys we find three strong positive correlations: (1)
interest in science and engineering and confidence in ability to do science and engineering
activities r(36)=.575, p <.001 and (2) interest in science and engineering and enjoyment of science
and engineering activities r(36)=.620, p<.001, and (3) confidence in ability to do science and
engineering activities and enjoyment of science and engineering activities r(36)=.526,p=.001.

Category 1 Category 2 Degree of Correlation r | p-value
Interest Knowledge of Jobs Moderate Positive .498 .001
Interest Confidence Strong Positive 575 <.001
Interest Enjoyment Strong Positive .843 <.001
Knowledge of Jobs | Confidence Moderate Positive 486 .002
Knowledge of Jobs | Enjoyment Moderate Positive .391 .018
Confidence Enjoyment Strong Positive .526 .001

Table 9 show strong positive correlations between four different pairs of questions in the
post activity surveys: (1) interest in science and engineering and confidence in ability to do science
and engineering activities r(25)=.688, p <.001, (2) ) interest in science and engineering and
enjoyment of science and engineering activities r(25)=.786, p <.001, (3) interest in science and
engineering jobs and enjoyment of science and engineering activities r(25)=.606, p .001, and (4)
confidence in ability to do science and engineering activities r(25)=.688, p <.001 and enjoyment
of science and engineering activities r(25)=.650, p <.001. These correlations support that views
that student interest, self-efficacy views, and enjoyment impact their desire to pursue jobs in
science and engineering.

Category 1 Category 2 Degree of Correlation r | p-value
Interest Sci/Eng Jobs Moderate Positive .533 .004
Interest Confidence Strong Positive .688 <.001
Interest Enjoyment Strong Positive .786 <.001
Sci/Eng Jobs Enjoyment Strong Positive .606 .001
Confidence Enjoyment Strong Positive .650 <.001

We investigate the small difference in the student responses between the pre/post-activity
surveys and investigate the significance of three observations from the survey comparison: (1)
small decrease in interest in science and/or engineering, (2) small decrease in interest in science
and/or engineering jobs, and (3) small increase reported knowledge of science and/or engineering
jobs. To determine if these changes reflect changes in student opinions or the shifts represents
artifacts due the decrease in survey respondents between pre/post surveys we use the Mann-
Whitney U test to determine if we can reject the null hypothesis that the mean ranks of two surveys
are equal.
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Question

Mann-Whitney U

p-value

I am interested in science and/or engineering. 494.500 785
I would like a job in science and/or engineering. 482.500 674
I know about jobs in science and/or engineering. 474.000 .588
I do well with science and engineering activities. 507.000 .932
I enjoy science and engineering activities. 462.500 .696

Table 10 shows the Mann-Whitney U scores for each question along with the calculated p-
value. We describe the process for validating and interpretating the results of the Mann-Whitney
U test in supporting information. We find that for all questions, the Mann-Whitney U score
indicates a large overlap between pre/post-activity survey responses, and we cannot reject the null
hypothesis that mean ranks of the pre/post-activity surveys are equal. Therefore, we attribute the
differences in survey responses observed in Figure 4.4 to the decrease in the number of people
who took the post-activity survey and conclude that we do not see changes in student perceptions
towards STEM/STEM careers with the outreach activity.

However, when we compare the post-activity student responses to “I enjoy science and
engineering activities” and “I enjoyed this activity,” we see that students respond more favorability
towards the latter question. Figure 4.6 compares the post-activity responses for the questions that
showed strong correlations with “I enjoyed this activity” as determined using Pearson’s
Correlation test, as shown in Table 9. We use the Wilcoxon Signed Rank Test to determine if the
mean rank between the questions is equivalent. We chose the Wilcoxon Signed Rank Test over
the Mann-Whitney U test because the responses come from the same survey group and we know
which responses correspond to individual students. The details of the assigned ranks for Wilcoxon
Signed Ranks Test can be found in supporting information Table S25. We report a p-value of .082
between to “I enjoy science and engineering activities” and “I enjoyed this activity,” indicating
that the difference is weaker than required to satisfy the 95% confidence threshold but passes on
90% confidence interval test. We compare the post survey results between the other questions and
“I enjoyed this activity,” but we find no statistical difference in student responses. Overall, we
interpret this result to mean that students had more favorable opinions towards the outreach activity

compared their perception of science and engineering activities.

m Disagree a lot Disagree a little Have not Decided W Agreealittle  m Agreealot
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science and engineering.
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I do well with science
and engineering activities.

| enjoy science
and engineering activities.
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Counts

Figure 4.6: Student responses for post-activity attitudes towards STEM/STEM Careers based on

a 5 point Likert-scale.

-20

We find the discrepancy in student perspectives interesting because we designed the
outreach activity to include an engineering-based activity where students are guided through
testing solar car designs to determine what factors influence the speed of the solar car. Possible
reasons for the difference in attitudes include, but are not limited to, difference in interpretation of
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science/engineering activities, STEM anxiety associated with science and engineering. This survey
did not include instruments to look at STEM anxiety or previous experiences with science and
engineering activities, however, we think this could be an interest area to explore in future studies.
Teacher Evaluation of Impact on Student Attitudes Towards STEM/STEM Careers

In RQ2, we wanted to determine if teacher evaluations of student attitudes towards
STEM/STEM accurately reflected the changes in student attitudes due to participation in the
outreach activity. Using teacher surveys to represent student outcomes eliminates the need to
collect consent forms for students and can reduce the number of approvals required. However, a
direct statistical comparison of these two groups using a Welch’s T-test would not produce reliable
comparative information in this case due to the large difference between the number of teachers
and the number of students. Instead, interpret the teachers survey responses as follows:
mean/mode of 1 or 2 would indicate a decline in student attitudes, a mean/mode of 3 indicates no
change in student attitudes, and a mean/mode of 4 or 5 indicates an improvement in student
attitudes.

Table 7 shows the
corresponding questions

‘Table 11: Comparison of Student Survey Results and Teacher Survey Results.

Pre-Activity Post Activity Teacher Survey
between the teacher Surveys |[taterestin scienceand Mean 416 415 567
and the student surveys. Both [~ Mode E 5 1
the student survey and teacher | s emeecine . oo xzﬂ 3“2 ”j 4'02
Survey qUEStlonS Were Confidence in Science and Mean 3.97 4.00 3.5
evaluated using a 5-point Likert | ememe Mode 4 5 34
SC3.|e. Tab|e 11 ShOWS a | Enjoyment of Activity Mean N/A 4.63 4.33
summary of statistics for all Moce A > !

surveys. We interpret the results of the teachers surveys by looking at the mean and mode for each
question and comparing those our analysis of the change between the pre-activity and post-activity
student surveys. Our previous analysis of the student surveys shows no change in the student
attitudes towards STEM as determined by the Mann-Whittney U test for interest in science,
knowledge of job in science and engineering, and confidence in science and engineering. We
would expect the teacher survey to indicate a neutral response with the mean and mode of 3 for
these questions to accurately predict the lack of change in student attitudes. However, as shown in
Table 11, the mean/mode for interest in science and engineering, knowledge of science and
engineering jobs, and confidence in science and engineering of 3.67/4, 4.00/4, and 3.50/3,4
respectively. We evaluate the enjoyment of the activity and we conclude that the teachers
overestimate the change in student attitudes for these categories.

We are unable to determining how accurately teachers predicted whether students enjoyed
the activity. Table 11 shows the mean response for students was 4.63 and the mean response for
teachers was 4.33. While this indicates that teachers predicted that students enjoyed the activity,
we do not know what the difference in these averages mean. We not that the mode for the teacher
surveys (4) is lower than the mode for the student surveys (5). While this could suggest that the
teachers slightly underestimate the impact, we note that our surveys likely contain self-selection
bias which could inflate the student response to this question because people who did not enjoy
the activity were less likely to complete the survey.

57



4.5 Conclusion

In conclusion, we determine that student knowledge of the relationship between energy and the
environment improves after participating in the virtual outreach activity. While most of the
measured improvements in student responses for knowledge fails to show a statistical
improvement, we measure quantifiable differences in students’ ability to identify certain types of
renewable and non-renewable energy sources. Additionally, we determine that student attitudes
towards science remains unchanged between the pre/post surveys. However, we find that teacher
surveys overestimated the changes in students’ attitudes towards science, predicting that student
interest, confidence, and knowledge of jobs increased as a result of the activity. Overall, we prove
virtual outreach has the potential to help improve student knowledge of the relationship between
energy and the environment. In addition, the positive attitudes towards the activity could be helpful
for improving positive attitudes towards STEM activities in the future by encouraging students to
reflect on the how the activity compared to their previous concept of STEM activities.

Appendix C
Supporting information for Chapter 4 containing statistical analysis methods and detailed
statistical results.
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Appendix A

Experimental Method

PbS quantum dot synthesis:

Both the butylamine (BA) and oleic acid (OA) capped PbS quantum dots were prepared using an
adapted version of the Hines and Scholes protocol.! In a 100 mL three-neck round bottom flask,
900 mg (4.0 mmol) of PbO, 28 g of 1-octadecene (ODE)(technical grade, 90%) and 2.4 g (8.5
mmol) of oleic acid were combined and stirred at 100 °C under vacuum for a minimum of 1 h to
dissolve the lead precursor as well as degas and dry the solution. After heating, the solution
changed color from yellow to clear indicating the PbO completely dissolved. The temperature of
the reaction flask was lowered to 90 °C and returned to nitrogen flow while the sulfur precursor
solution was prepared. In a separate three-neck round bottom flask, 8 g of ODE was degassed
under vacuum for at least 30 min prior to the addition of 420 pL of hexamethyldisilathiane
(HMDS). The sulfur precursor was then immediately injected into the hot lead precursor solution
to form the PbS quantum dots.

Successful creation of the PbS quantum dots was evident by the change from a colorless solution
to a black solution following the injection of the sulfur precursor. After the injection the heat was
turned off allowing the reaction to slowly cool down to room temperature. The product was divided
in half prior to being isolated from unreacted precursors via methods previously reported.?
Following isolation and cleaning of the products, one half of the products were treated with
butylamine using a solution-based ligand exchange. To exchange ligands, PbS QDs were dissolved
in ~2 mL of butylamine and underwent 30 min of sonication. This process was performed twice
to ensure full replacement of the native oleic acid ligands. Finally, both the BA treated PbS QDs
and OA capped PbS QDs were dried under nitrogen flow and transferred into a nitrogen glove box.
The QDs were dispersed in ~2 mL of anhydrous 1,2-dichlorobenzene and stored in the glove box
until use.

Preparation of PTB1/PbS films:

PTBL1 polymer solution (10 mg/mL concentration) was prepared in a nitrogen glove box by adding
an appropriate amount of anhydrous 1,2- dichlorobenzene to PTB1 polymer (1-Material) and
heating the solution to 70 °C while stirring until fully dissolved. The polymer/QD blend solution
was prepared to be a 1:9 (w/w) ratio with both the polymer and the PbS solutions filtered using a
0.45 um PTFE syringe filter prior to blending. The blend solution was heated to 70 °C and stirred
for 1 h before filtering and spin coating onto ITO/PEDOT:PSS substrates.

To prepare the ITO/PEDOT:PSS substrates, ITO substrates were cleaned by sonication for 20 min
in the each of following solutions: 2% Micro-90 detergent, DI water, acetone, and isopropanol.
Following cleaning, the substrates were dried with nitrogen gas and plasma cleaned for 5 min
immediately prior to spin coating the PEDOT:PSS layer. Approximately 100 uL of PEDOT:PSS
was deposited onto the substrate before spinning for 1 min at 3000 rpm. Immediately after spin
coating, substrates were placed on a hot plate at 120 °C for 30 min to anneal the PEDOT:PSS
layer.

The blend solution was then spun onto the substrates at 1000 rpm for 90 s. Ligand exchange was
performed as previously described using a 10 mmol 3-mercaptopronic acid (MPA).2 The MPA
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solution was made in acetonitrile to ensure no PEDOT:PSS was dissolved during the ligand
exchange.

STEM imaging and reconstruction:

The films were exposed to DI water to dissolve the PEDOT:PSS layer and release it from the
substrate, and were then collected from the surface of the water on a TEM grid. All STEM images
used for the reconstructions were taken with a JEOL 2100F at 200 kV. The beam convergence
semi-angle was 17.1 mrad and the inner detection semiangle was 70 mrad. Tilt series were obtained
using dynamic focus via a tomography plugin for DigitalMicrograph (Gatan). Images were taken
using a Saxton interval scheme from a minimum range of +65 to —65° and a maximum range of
+70°. The electron dose for each image was ~7 electrons per square Angstrom. Image stack
alignment was performed manually using IMOD,? and 3D reconstructions were created using the
ASTRA Tomography Toolbox. The voxel size of the reconstructions is 0.35 nm.* Final volumes
were visualized using IMOD.

AFM imaging:
AFM images were measured using a Veeco Multimode AFM in tapping mode at 1.0 Hz.

GDOES analysis:

GDOES analysis was conducted on samples using a Horiba GDProfiler-2 with a sampling time of
0.050 s at an applied power of 2.50 W and argon pressure of 4 Pa. The area of analysis was 4 mm
diameter circle roughly centered on a 1 cm by 1 cm sample.

Graph analysis:

Morphology traits like connectivity to electrodes and distance of voxels to interfaces have been
correlated with device performance. We utilized a fast and efficient approach to extracting
morphology traits that consisted of converting the reconstructed morphology into an equivalently
colored and weighted graph.*® This was done by considering each voxel as a graph vertex (with
the color of the vertex determined by the phase of voxel — black vertex for mixed phase and white
vertex for QD). The edges of the graph are just constructed by connecting each vertex (or voxel)
to its neighbors. The weight of each edge is the geometric distance between the voxel centers. The
interface between the pure QD and mixed phase is identified by edges that connect vertices of
different color. Vertices having an interface edge are considered as sites for exciton dissociation.
The electrodes are represented as meta-vertices in the graph, which are directly connected to the
top-/bottom-layer. Connectivity is calculated as the percentage of voxels that are directly
connected to the respective electrode (meta-) vertex. Distance to the closest interface is calculated
using Djikstra's algorithm.
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Figure S1: AFM of PbS-PTB1 blend films: (A) oleic acid as cast film, (B) MPA treated oleic acid
PbS cast film, (C) butylamine as cast, (D) MPA treated butylamine PbS cast film. Inset scale bars
10 nm. Adapted with permissions from Organic Electronics 2018, 54, 119-125, DOI.
10.1016.j.0rgel.2017.12.018 Copyright © 2017 Elsevier B.V.

Figure S2: STEM micrographs showing the morphologies of (A) oleic acid as cast film, (B) MPA
treated oleic acid PbS cast film, (C) butylamine as cast, (D) MPA treated butylamine PbS cast film.
Inset scale bars 10 nm. Adapted with permissions from Organic Electronics 2018, 54, 119-125,
DOI: 10.1016.j.0rgel.2017.12.018 Copyright © 2017 Elsevier B.V.
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Figure S3: (a) Top and (b) cross-sectional view of SEM images with various amounts of Ag-
doping. Adapted with permissions from Adv. Funct. Mater. 2021, 2101927, DOI:
10.1002/adfm.202101927 Copyright © 2021 Wiley-VCH GmbH

65



References

(1) Hines, M. A.; Scholes, G. D. Colloidal PbS Nanocrystals with Size-Tunable Near-Infrared
Emission: Observation of Post-Synthesis Self-Narrowing of the Particle Size Distribution. Adv
Mater 2003, 15 (21), 1844-1849. https://doi.org/10.1002/adma.200305395.

(2) Colbert, A. E.; Wu, W.; Janke, E. M.; Ma, F.; Ginger, D. S. Effects of Ligands on Charge
Generation and Recombination in Hybrid Polymer/Quantum Dot Solar Cells. J Phys Chem C
2015, 119 (44), 24733-24739. https://doi.org/10.1021/acs.jpcc.5b07828.

(3) Palenstijn, W. J.; Batenburg, K. J.; Sijbers, J. Performance Improvements for Iterative
Electron Tomography Reconstruction Using Graphics Processing Units (GPUs). J Struct Biol
2011, 176 (2), 250-253. https://doi.org/10.1016/j.jsb.2011.07.017.

(4) Wodo, O.; Tirthapura, S.; Chaudhary, S.; Ganapathysubramanian, B. A Graph-Based
Formulation for Computational Characterization of Bulk Heterojunction Morphology. Org
Electron 2012, 13 (6), 1105-1113. https://doi.org/10.1016/j.orgel.2012.03.007.

(5) Wodo, O.; Roehling, J. D.; Moulé, A. J.; Ganapathysubramanian, B. Quantifying Organic

Solar Cell Morphology: A Computational Study of Three-Dimensional Maps. Energ Environ Sci
2013, 6 (10), 3060-3070. https://doi.org/10.1039/c3ee41224e.

66



Appendix B

Experimental Methods:

Chemicals
Methylammonium bromide (MABr, Dyesol), lead dibromide (PbBrz, >98% Sigma), bismuth
tribromide (BiBr3, Sigma), N,N-dimethylformamide (DMF, Sigma), formic acid (> 95%, Sigma
Aldrich), lead standard for ICP (Sigma, Tracecert, 1000 mg/L), bismuth standard for ICP (Sigma,
Tracecert, 1000 mg/L). All chemicals and reagents were used as received with no further
purification.

Single Crystal Growth

Solution preparation

A 1 M MAPDBTr; solution is prepared by combining MABr and PbBr; in DMF and stirring until
solids are completely dissolved. MAPbBTr3 solution should be clear and colorless once completely
dissolved. Separately, we prepared a 1 M BiBrz solution in DMF which form a transparent yellow
solution upon once dissolved.

Undoped crystal synthesis

For undoped crystals, we added 30uL of formic acid to 1 mL of 1 M MAPbBr3. Upon addition of
the formic acid to the MAPbBTr3 solution, small orange precipitates formed at the surface of the
liquid. These precipitates were readily dissolved with gently shaking. This solution was filtered
through a 0.2 PTFE syringe filter into 4 mL vial (rinsed with ultra-pure Milli-Q water and dried
for at least 1 hour in a glassware oven) and quickly capped to prevent any dust or debris that might
cause nucleation. After filtering, growth solutions were placed in a 50°C oil bath and allowed to
equilibrate to temperature for 30 minutes. The temperature of the oil bath was slowly increased by
2.5°C approximately every 30 minutes until nucleation occurred. Once bright orange crystals
formed, approximately 62-68°C for 0%, 0.1%, and 1% BiBr3 solutions and 95-100 °C for the 10%
BiBr3 solution, the solution was left at the same temperature for several hours until crystal reached
approximately 2-3 mm in size. The solution was decanted onto kimwipes to collect single crystals
and remove extra growth solution. Crystals were store under atmospheric conditions in the dark.

Bismuth-doped crystal synthesis

For bismuth-doped crystals, we combined 0.1, 1, and 10% of 1 M BiBrz solution with 1 M
MAPDBTr3 solution for a total volume of 1 mL. Upon addition of 30uL of formic acid, small red
precipitates formed at the surface. Precipitates were redissolved through gentle agitation before
filtering the solution through a 0.2u PTFE syringe filter into a clean 4 mL scintillation vial. The
solution was capped to prevent dust or other impurities and placed in a 50°C oil bath for 30
minutes. The oil bath temperature was raised by 5°C every half hour until nucleation occurred.
Once crystals were observed, the oil bath was left at the same temperature to prevent excess
nucleation. Crystals were grown to approximately 2-3 mm before they were removed from
solution, dried, and stored.

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES)
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To prepare crystals for ICP-OES measurements, we digested samples in concentrated nitric acid
and diluted to parts per billion (ppm) concentrations. We prepared a single stock solution of 50
ppm Pb and 5 ppm Bi using 1000 ppm Pb and 1000 ppm Bi ICP standard solutions (Sigma-
Aldrich). We used the stock solution to prepare calibration standards ranging from 125 ppb Pb to
50 ppm Pb and 12.5 ppb Bi to 5 ppm Bi. We measured calibration standards and samples in a
continuous run using Perkin Elmer 8300 ICP-OES unit with lower detection limits of 1 ppb for Pb
and 1 ppb for Bi.

X-ray Diffraction:
To quantify the change in lattice spacing, we primarily fit the XRD peaks to a pseudo-Voight
function to find the 20 peak and extract the d-spacing for each crystal using Bragg’s equation
(Equation S1). In this equation, dy; represents the distance between parallel planes in the crystal
lattice or d-spacing, n represents an integer, A represents the wavelength of the x-ray source, and
0 represents the incidence angle of the x-rays on the crystal.

ni

= S1
hkl ™ 9sind (51)

Equation S2 shows the relationship between the d-spacing and lattice constant, a. The h, k, and [

terms in this equation show the orientation of crystal lattice.
a

dpp = ———
SN e

Microcalorimetry Measurements:

We measure specific heat capacity using a Dynacool Physical Property Measurement System
(PPMS, Quantum Design). Equation S3 describes the heat capacity measured by this system. In
this equation C;,:o; represents the total heat capacity of the sample and the sample platform, K,
is the thermal conductance of the supporting wires, T, represents the temperature of the sample
holder, and P(t) represents the applied power from the heater as function of time t. (Reference 1)

dT
Crotar * E = —K, * (T - Tb) + P(t) (83)

(S2)

To determine heat capacities for each crystal, we conduct background measurements prior to
loading the crystal. We then cool samples at a rate of approximately 10 K/min and allow the
temperature to stabilize until a temperature drift of less than 1% of the temperature rise was
achieved. Once stabilized at the measurement temperature, we apply a heat pulse to generate a
0.5% - 2% rise in the sample temperature. We fit the cooling decay to an exponential decay
function and extract out a time constant, T, that equals Cyy:q;/K. (Reference 1) We repeat
measurements twice at each temperature to ensure repeatability.

Conductivity Measurement:

Conductivity measurements were performed by cleaving the crystals to expose a freshly cleaved
surface. Gold contacts were sputtered to this surface in a standard four-point matchstick geometry.
Current was applied through the crystal by applying a voltage triangle wave to the outer two
contacts and measuring the current response. The voltage response of the inner two leads was
measured with a high input impedance voltmeter, usually a Keithley 6514 with an input impedance
of 200TQ.
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The linearity of the 1V curves usually deviated from perfect linearity at low temperature, at which
point the measurement was terminated. For higher temperatures, the 1V relationship was usually
ohmic enough to determine a resistance by a linear fit of the data.

Density Functional Theory:

All calculations were based on Kohn-Sham density-functional theory?. The Vienna Ab Initio
Simulation Package (VASP)3# was used where projector augmented-wave (PAW)>® pseudo-
potentials is implemented. The valence states of H, C, N, Pb, Bi, and Br are treated explicitly by 1
(1s1), 4 (2522p?), 5 (2522p?), 14 (5d'°6s%6p?), and 15 (5d'°6s526p3), and 7 14 (4s24p°®)
electrons, respectively. Structure optimization calculations were performed employing the
Perdew-Burke-Ernzerhof exchange-correlation functional revised for solids (PBEsol)’ with the
plane-wave kinetic cutoff energy of 700 eV. Convergence criteria of 1076 eV for total energy in
unit cell and 10~3 eVA~ for forces on each atom were set. 2 x 2 x 2 super cell of cubic MAPbBTr3
(96 atoms) was employed to model charged point defects. For 1 X 1 x 1 primitive cell I'-centered
k-point grid of 8 x 8 x 8 was applied, while I'-centered k-point grid of 4 X 4 x 4 was used for
2 X 2 X 2 supercells.

Supporting Information

Fig. S1, Optical microscopy images for single crystals with varying levels of bismuth doping.
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Table S1, Summary of reported temperature-dependent MAPbBr3 Crystal Structure

Temperature (K)

Fig. S2, Temperature-dependent specific heat capacity (Cp) measurements for different 2.0% Bi
single crystals.

Phase | Temperature Crystal System | Space Lattice Reference
(K) Group (pm)

a > 236.9 Cubic Pm3m a=590.1 |38
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Fig. S3, Comparison XRD spectra between single crystal (solid lines) and crushed powders
(dashed lines) for varying Bi-doping level.
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Fig. S4, DFT calculated formation energy vs. lattice pressure for negatively charged defects: MA
vacancy and Bromine interstitial.
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Appendix C

Statistical Analysis Methods:

We note the preferred method for statistical analysis for pre/post survey design to be
the paired T-test, however this requires knowledge of which surveys responses are
matched. Due to the school districts preference for anonymous surveys and the
limitations with issuing online surveys in an expedient manner, we are unable to match
responses between surveys. Therefore, we use the mean or ranked mean between the
pre-survey group and the post survey group to determine the impact of the intervention.
This limitation prevents us from learning if the was a change in individual responses
between pre/post survey.

Open-ended Response Questions:

We use the Welch’s T-test to determine the difference in mean probability of coded
responses between pre-activity and post-activity surveys. Before running Welch’s T-
test, we test for normality using Shaprio-Wilk test. We use p-values < .05 to reject the
null hypothesis that the distributions are normal. We determine the mean probabilities to
be different if p < .05 for the t-test.

Multiple Choice Questions:

For multiple choice questions we use the chi-squared goodness of fit test to determine if
student responses deviated from the probability of randomly choosing an answer. We
define the probability of randomly choosing a response in Eq S1 below:

1

Probabilt Random R = —
robabilty of Random Response ¥ of answers

(S1)

We use a p-value < .05 to reject the null hypothesis that there is no preferential
response and that the responses do not deviate significantly from randomness.

For questions that show a preferential response, we use the Welch'’s T-test to determine
the difference in mean probability of the preferred response between pre-activity and
post-activity surveys. We determine the mean probabilities to be different if p < .05 for
the t-test.

Likert-scale Questions:

Due to the potential for skewed results, we first test for normality using Shaprio-Wilk
test. We use p-values < .05 to reject the null hypothesis that the distributions are
normal. We use the Mann-Whitney U test instead of Welch’ T-test because of the
parametric distribution. The Mann-Whitney U test requires that the data be skewed in
similar manners. We test for a statistical difference between the variations using a
Levene test with a threshold of p-value < .05 to signify a difference in the variances. A
large Mann-Whitney U score indicates a larger overlap of the ranked mean between the
two groups, a small score indicates a small overlap between groups, and score of 0
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indicates no overlap between groups. We use a p-value < .05 to indicate a difference in
the ranked means of the two groups.

Comparison Between Post-Survey Responses:
We chose the Wilcoxon Signed Rank Test over the Mann-Whitney U test to analysis
how students responded between post-survey questions. The responses within the
same survey group are matched and we can compare how student responses change
between the questions. We use a p-value < .05 to indicate a difference in the ranked

averages between the two groups.

Table S1: Shapiro-Wilk Test for Normality of “What Are Some Environmental Impacts of
Energy Production?” Level 1 Coding Categories

Tests of Normality

Kolmogorov-Smirnov? Shapiro-Wilk
|dentifier Statistic df Sig. Statistic df Sig.
Pre-Activity Suvery  # of General Responses 472 38 .000 528 38 .000
# of Specific Responses A1 38 .oon 400 38 .oon
# of Uncertain .338 38 .000 637 38 .000
Responses
# of Misc Responses 454 38 .0on 487 38 000
Post-Activity Survey  # of General Responses A11 27 .000 651 27 .000
# of Specific Responses 115 27 .0on &34 27 000
# of Uncertain .385 7 .0oa G26 7 .0oo
Responses
# of Misc Responses 433 27 .00o0 450 27 .0oo

a. Lilliefors Significance Correction

Table S2: Independent Samples T-test Results for “What Are Some Environmental
Impacts of Energy Production?” Level 1 Coding Categories

Independent Samples Test

Levene's Test for Equality of

Variances ttestfor Equality of Means
95% Confidence Interval of the
Mean Std. Error Differznce
F Sig. t df Sig. (2-tailed) Difference Difference Lawer Upper

General Repsonse Equal variances 2.663 108 -.848 63 400 -.086 114 -.324 131
assumed

Equal variances not -.833 52226 408 -.096 116 -.329 136
assumed

Specfic Response Equal variances 3583 063 -.952 63 345 -.091 095 =281 100
assumed

Equal variances not -919 48425 363 -.091 099 -.289 108
assumed

Uncertain Reponse  Equal variances 1.308 257 730 63 468 093 127 - 161 346
assumed

Equal variances not T31 56.560 468 083 127 -161 346
assumed

Misc Response Equal variances 049 825 =111 63 912 -.012 105 LX) 198
assumed

Equal variances not =111 55274 912 -012 106 -.223 200

assumed

*Welch’s T-test results are equal variances not assumed.
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Table S3: Shapiro-Wilk Test for Normality for “List Methods of Energy Production That
Use Renewable Resources”

Tests of Normality

Kolmogorov-Smirnov? Shapiro-Wilk
\dentifier Statistic df Sig. Statistic df Sig.
Pre-Activity Suvery # of Solar Responses 4496 38 oo 473 38 oo
#of Wind Responses 527 38 000 355 38 000
# of Hydro Responses 538 38 oo 237 38 oo
#of Muclear Responses 38 38
# of | don't know 338 38 .000 637 38 .ooo
Responses
#of Mo Responses 535 38 oo 302 38 oo
#of Misc Responses 484 38 .0oo 502 38 .0oo
FPost-Activity Survey  # of Solar Responses 423 27 oo 5a7 27 oo
#of Wind Responses 346 27 000 638 27 000
# of Hydro Responses 423 27 oo 5a7 27 oo
#of Muclear Responses 525 27 000 368 27 000
# of | don't know 4432 27 .000 576 27 .ooo
Responses
#of Mo Responses A1 27 oo 427 27 oo
#of Misc Responses 535 27 000 284 27 000

a. Lilliefors Significance Correction

Table S4: Independent Samples T-test Results for “List Methods of Energy Production
That Use Renewable Resources”
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Independent Samples Test

Levene's Test for Equality of

Variances t+test for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difiernce
F 5ig t df Sig. (2-tailed) Differsnce Difference Lower Upper

#of Solar Responses Equal variances 6.982 010 -1.374 63 AT4 -149 109 -.366 068
assumed

Equal variances not -1.328 48.833 190 -149 112 -.378 .77
assumed

# of Wind Responses Equal variances 42926 000 -3.693 63 .0oo -.376 102 -.580 -173
assumed

Equal variances not -3.413 30,654 .00 -.376 110 -.599 -153
assumed

# of Hydro Responses Egual variances 54120 000 -3.150 63 002 -.281 089 -.459 -.103
assumed

Equal variances not -2.822 34.247 .oos -.281 099 -.483 -.079
assumed

#of Nuclear Responses Equalvariances 24053 .0oo -2.146 63 036 =111 052 -.215 -.008
assumed

Equal variances not -1.803 26.000 083 =111 062 -.238 016
assumed

#of | don't know Equal variances 7.330 009 1.651 63 04 204 123 -.043 450
Responses assumed

Equal variances not 1.676 58.802 099 204 a22 -.040 447
assumed

#of No Respanses Equal variances 3120 082 -.878 63 383 -.069 079 -.227 088
assumed

Equal variances not -.838 46.016 406 -.068 .0a3 -.235 .0a7
assumed

# of Misc Responses Egual variances 10.853 002 1.506 63 137 136 081 -.045 318
assumed

Equal variances not 1616 62.529 A1 136 084 -.032 305

assumed

*Welch’s T-test results are equal variances not assumed.
Table S5: Shapiro-Wilk Test for Normality for “List Methods of Energy Production That
Use Non-Renewable Resources”
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Tests of Normality

Kolmogorov-Smirnov? Shapiro-Wilk
|dentifier Statistic df Sig. Statistic df Sig.
Pre-Activity Suvery # of Fossil Fuel 535 38 .000 302 38 000
Responses
# of Coal Responses 538 38 .oon 152 38 .oon
# of Qil Responses 538 38 .000 152 38 .000
# of Gas Responses 538 38 .0on 152 38 000
# of Muclear Responses 34 38 .0on 237 38 oo
# of Solar Responses 538 38 .0oo 152 38 .0oo
#ofWind Responses A3a 38 .0on 162 38 oo
# of Hydro Responses 538 38 .0oo 152 38 .0oo
#of | don't know 383 38 .0oo 621 38 000
Responses
#of Mo Responses 535 38 .0oo 302 38 .0oo
# of Misc Responses ADa 38 .oon 438 38 .oon
Post-Activity Survey  # of Fossil Fuel 442 27 .000 76 27 000
Responses
#of Coal Responses AN 27 .000 A27 27 000
# of Qil Responses 525 27 .000 368 27 .000
# of Gas Responses 478 27 .0on A16 27 000
# of Muclear Responses ATa 27 .0on B16 27 .0on
# of Solar Responses 27 27
#ofWind Responses 27 27
# of Hydro Responses 27 27
# of | don't know 423 7 .0oa 587 7 .00o
Responses
#of Mo Responses 525 27 .0oo 368 27 .0oo
# of Misc Responses A345 27 .oon 264 27 .oon

a. Lilliefors Significance Correction
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Table S6: Independent Samples T-test Results for “List Methods of Energy Production
That Use Renewable Resources”

Independent Samples Test

Levene's Test for Equality of

Variances ttest for Equality of Means
95% Confidence Interval of the
Maan std Error Difference
F Sig. t df Sig. (2-tailed) Difference Difference Lower Upper

#ofFossil Fuel Equal variances 25.345 .ooo -2.366 63 .0 =T .09z -.401 -.034
Responses assumed

Equal variances not -2.175 38673 036 -217 100 -.420 -.015
assumed

#of Coal Responses Equalvariances 15.710 .0oo -1.836 63 071 -122 066 -.254 011
assumed

Equal variances not -1.636 33470 111 -122 074 -.273 030
assumed

#of Oil Responses Equalvariances 8.556 005 -1.40 63 166 -.085 061 -.206 036
assumed

Equal variances not -1.265 35518 214 -.088 067 =] .051
assumed

#of Gas Responses Equal variances 37.251 000 -2.601 63 012 -.196 075 -.346 -.045
assumed

Equal variances not -2.287 31.458 029 -186 086 =37 -0
assumed

# of Nuclear Responses Egualvariances 20.343 0oo -2.088 63 041 =170 081 -.332 -.007
assumed

Equal variances not -1.887 36.554 {066 =170 .0ag -.351 012
assumed

# of Solar Responses Egual variances 2.988 089 841 63 404 026 031 -.036 089
assumed

Equal variances not 1.000 37.000 324 026 026 -.027 .og0
assumed

#of Wind Responses Equalvariances 2.988 089 841 63 404 026 031 -.036 .0ag
assumed

Equal variances not 1.000 37.000 324 026 026 -.027 080
assumed

#of Hydro Responses Equalvariances 2.988 088 841 63 404 028 03 -.036 nag
assumed

Egualvariances not 1.000 37.000 324 026 026 -.027 080
assumed

#of | don't know Equal variances 1.037 32 2.208 63 03 272 123 026 A18
Responses assumed

Equal variances not 2.220 57.189 030 272 122 027 517
assumed

#of No Responses Equalvariances 756 .388 -.435 63 665 -.032 074 -.180 A16
assumed

Equal variances not -424 50.385 674 -.032 076 -85 A20
assumed

# of Misc Responses Equal variances 4.444 039 1.006 63 318 084 083 -.083 250
assumed

Equal variances not 1.062 62.971 .292 084 079 -074 .242

assumed

Table S7: Chi-Squared Test for Pre-Activity Survey “Which emits the most CO, gas per
kilowatthour of energy?”
Test Statistics

Response
Fesponse
Observed M Expected M Residual Chi-Square 1200°
Fossil Fuels 13 B.A 43 i 3
Asymp. Sig. 24
Muclear 10 g8 1.3 2.0 calls (0.0%)
h ted
Solar 7 8.8 -1.7 frz\[;iee:gfecseless
Wind 5 8.8 -37 man 5. The
Total 35 expectad cell

frequency is 8.8.

78



Table S8: Chi-Squared Test for Post-Activity Survey “Which emits the most CO, gas
per kilowatthour of energy?”

RESPOHSE Test Statistics
Observed N Expected N Residual Response
Chi-Square 6.308°
Fossil Fuels 11 6.5 45 of 3
Muclear 8 6.5 1.5 Asymp. Sig. 098
a. Ocells (0.0%)
Solar 4 6.5 -25 have expected
frequencies less
wind 3 6.5 -35 than 5. The
minimum
Total 26 expected cell

frequencyis 6.5,

Table S9: Chi-Squared Test for Pre-Activity Survey “Which emits the least CO, gas per
kilowatthour of energy?”

Regponse Test Statistics
Response
Observed M Expected M Residual Chi-Square 1.200°
Fossil Fuels ] a.8 -37 df 3
) Asymp. Sig. 241
Hucleal 7 L “Le a. 0 cells (0.0%)
Saolar 13 o 43 have expected
frequencies less
Wi than 5.Th
Wind 10 8.8 1.3 m?n’}mume
Total 35 expected cell

frequency is 8.8.

Table S10: Chi-Squared Test for Post-Activity Survey “Which emits the least CO, gas
per kilowatthour of energy?”

RESPOHSE Test Statistics
Response
Observed M Expected M Residual Chi-Square AL
Fossil Fuels 4 6.5 -2.5 df 3
8 Asymp. Sig. .0as
Hueleal 4 6.5 i a. 0 cells (0.0%)

] have expected
Solal 12 s 9.5 frequencies less
ind 6 e -5 :":?nr}ri.ume
Total 76 expected cell

frequencyis 6.5.
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Table S11: Chi-Squared Test for Pre-Activity Survey “What is a challenge for using
more renewable energy sources?”

Q9

Observed M Expected M Residual
Amount of Sunlight'Wind 3] 7.0 -1.0
Changes
Staring energy 9 7.0 2.0
Transporting energy i} 7.0 -2.0
All 14 7.0 7.0
MNone 1 7.0 -6.0
Total 35

Test Statistics
Qa
Chi-Square  13.429?
df 4
Asymp. Sig. 009

a. 0cells (0.0%)
have expected
frequencies
less than 5. The
minimum
expected cell
frequencyis 7.0,

Table S12: Chi-Squared Test for Post-Activity Survey “What is a challenge for using
more renewable energy sources?”

Q9 Test Statistics
Obsemved M Expected M Residual Q8
Amount of SunlightWind g 5.2 8 Chi-Square 10823
Changes df 4
Storing energy 3 5.2 -2.2 Asymp. Sig. 027
) X X a.0cells (0.0%)
Transporting energy L] 5.2 -2 have expectad
.""\.” 1-1 5 2 5 8 fI'EC]UEI']CiES
: : less than 5. The
Mone 1 5.2 -42 minimum
expected cell
Total 26 frequencyis 5.2.

Table S13: Shapiro-Wilk Test for Normality for “What is a challenge for using more

renewable energy sources?”

Tests of Normality

Kolmogorow-Smirnov® Shapiro-Wilk

|dentifier Stafistic df Sig. Statistic df Sig.

Pre-Activity Suvery  A_Achall 08 38 oo 434 38 oo
B_Chall AT2 38 .0on 528 3s .aon
C_Chall A18 38 .0on 400 3s .aon
D_Chall A0B 38 .0oo 612 as .0on
E_Chall 538 38 .0on 152 3s .0on

Post-Activity Survey  A_Achall A38 a7 .0on 183 27 .aon
BE_Chall 478 27 .0on 16 27 .aon
C_Chall 525 27 .0on 368 27 .0on
D_Chall 485 27 .0on ATE 27 .oon
E_Chall .385 27 .0on 626 27 .aon

a. Lilliefors Significance Correction
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Table S14: Independent Samples T-test Results for “What is a challenge for using more
renewable energy sources?”

Levene's Test for Equality of
Variances

Independent Samples Test

ttestfor Equality of Means

95% Confidence Interval of the

Mean Std. Error Difference
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
A_Achall  Equalvariances 11.801 o001 1.654 63 125 12086 07778 -.03457 27628
assumed
Equal variances not 1.715 58.507 .09z 12086 07047 -02017 26188
assumed
B_Chall Equal variances 074 i1 138 63 8oz 01462 A0770 -.20061 .22084
assumed
Equal variances not 38 56.727 892 01462 0738 -.20045 22969
assumed
C_Chall  Equalvariances 24 625 244 63 .Bo8 02047 08395 -14730 18823
assumed
Equal variances not 247 58.356 .BOG 02047 .08299 - 14563 18656
assumed
D_Chall  Equalvariances 11.948 0o 1.608 63 13 18324 1397 -.04451 41098
assumed
Equal variances not 1.666 61.847 A0 18324 10997 -.03659 40306
assumed
E_Chall Equal variances 168.800 .0o0 -4.390 63 000 -38109 .0eesa0 -.55455 -.20764
assumed
Equal variances not -3.815 20.906 001 -.38109 08938 -.585812 -17706

assumed

Table S14: Levene Test for Homogeneity of Variance for “| am interested in science

and engineering.”

Test of Homogeneity of Variance

Levene
Statistic df df2 Sig.
| am interested in science  Based on Mean A07 1 A3 526
LG =i Based on Median 001 1 63 975
Based on Median and .0 1 G2.435 875
with adjusted df
Based on trimmed mean 282 1 63 A47

Table S15: Mann-Whitney U Test for Difference of Ranked means between Pre/Post
Surveys for “I am interested in science and engineering.”

Test Statistics”

lam

interested in

science

andior
engineering.
Mann-Whitney U 494 500
Wilcoxon W 1235.500
Z -.273
Asymp. Sig. (2-tailed) 785

a. Grouping Wariable: Randon 1D
two specific Pre/Post
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Table S16: Levene Test for Homogeneity of Variance for “I would like a job in science
and engineering.”

Test of Homogeneity of Variance

Levene
Statistic df df2 Sig.
['would like a job in Based on Mean 1.261 1 63 266
science andfor )
engineering. Based on Median 1.301 1 63 258
Based on Median and 1.301 1 G2.999 258
with adjusted df
Based on trimmed mean 1.256 1 63 26T

Table S17: Mann-Whitney U Test for Difference of Ranked means between Pre/Post
Surveys for “l would like a job in science and engineering.”

Test Statistics®

['would like a
jobin science
andfor
engineering.
Mann-VWhitney LI 482.500
Wilcoxon W 260.500
£ -420
Asymp. Sig. (2-tailed) 674

a. Grouping Variable: Randon 1D
two specific Pre/Post

Table S18: Levene Test for Homogeneity of Variance for “I know about jobs in science
and engineering.”

Test of Homogeneity of Variance

Levene
Statistic dfi df2 Sig.
| know ahout jobs in Baszed on Mean 422 1 63 A18
science andfor )
engineering Based on Median 212 1 63 G46
Based on Median and 22 1 62722 G468
with adjusted df
Based an trimmed mean A03 1 63 A1
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Table S19: Mann-Whitney U Test for Difference of Ranked means between Pre/Post
Surveys for “I know about jobs in science and engineering.”

Test Statistics®

| know about

jobsin

science

andior
engineering
Mann-VWhitney L 474.000
Wilcoxon W 1215.000
Z -542
Asymp. Sig. (2-tailed) 588

a. Grouping Variable: Randon 1D
two specific Pre/Post

Table S20: Levene Test for Homogeneity of Variance for “I do well with science and
engineering activities.”

Test of Homogeneity of Variance

Levene
Statistic df df2 Sig.
| do well with science and Based on Mean 038 1 63 846
engineering activities. Based on Median 013 1 63 909
Based on Median and 013 1 61.881 8049
with adjusted df
Based on trimmed mean 010 1 63 822

Table S21: Mann-Whitney U Test for Difference of Ranked means between Pre/Post
Surveys for “I do well with science and engineering activities.”

Test Statistics®

| do well with

science and

engineering

activities.

Mann-Whitney LI 507.000
Wilcoxon W a85.000
Z -.085
Asymp. Sig. (2-tailed) 832

a. Grouping Variable: Randon 1D
two specific Pre/Post



Table S22: Levene Test for Homogeneity of Variance for “| enjoy science and
engineering activities.”

Test of Homogeneity of Variance

Levene
Statistic df1 df2 Sig.
| enjoy science and Based on Mean .023 1 61 880
engineering activties. Based on Median 026 1 61 871
Based on Median and (026 1 60.923 B71
with adjusted df
Based on trimmed mean .00z 1 61 961

Table S23: Mann-Whitney U Test for Difference of Ranked means between Pre/Post
Surveys for “I enjoy science and engineering activities.”

Test Statistics”
| enjoy
science and
engineering
activities.
Mann-Whitney L 462.500
Wilcoxon W 1128.500
Z -.380
Asymp. Sig. (2-tailed) (696

a. Grouping Variahle: Randon ID
two specific Pre/Post

Table S24: Pearson’s Correlations for Pre-Activity Survey Questions

Correlations

Pre-Survey: |
Pre-Survey: | Pre-Survey: | know about Pre-Survey: | Pre-Survey: |
am interested would like a jobsin do well with enjoy science
in science jobin science science science and and
andior andior andior engineering engineering
Engineering. Engineering. engineering activities. activities.
Pre-Survey: | am FPearson Correlation 1 294 498" 575 843"
interested in science i i
e e Sig. (2-tailed) 074 001 000 000
M 38 38 38 38 36
Pre-Survey: | waould like a Pearson Correlation 204 1 .285 o4 1498
jobiin science andfor . .
engineering. Sig. (2-tailed) 074 .083 807 248
M 38 38 38 38 36
Pre-Survey: | know about  Pearson Carrelation 408" 285 1 486 391
jobs in science andfor - -
engineering Sig. (2-tailed) 001 083 .002 .018
M 38 38 38 38 36
Pre-Survey: | dowellwith  Pearson Correlation 575 041 486 1 526
science and engineering i i
activities. Sig. (2-tailed) .00o 807 .00z .om
M 38 38 38 38 36
Pre-Survey: | enjoy Pearson Correlation 2437 198 391 526 1
science and engineering - -
activities. Sig. (2-tailed) 000 248 .018 .001
M 36 36 36 36 36

** Correlation is significant atthe 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).



Table S24: Pearson’s Correlations for Post-Activity Survey Questions

Correlations
Post-Survey: |
Post-Survey: | Post-Survey: | know about Post-Survey: | Post-Survey: |
am interested waolld like a jobsin do well with enjoy science
inscience job in science science science and and Post-Survey: |
andior andior andior engineering engineering enjoyed this
engineering. engineering. engineering activities. activities. activity.
Post-Survey: | am Pearson Correlation 1 5337 097 688" 786 582"
interested in science ) )
andior engineering, Sig. (2-tailed) .004 629 .0o0 .0o0 001
il 27 27 27 27 27 27
PostSurvey: Iwould like  Pearson Correlation 533" 1 -.056 184 606" 319
ajobin science andfor ) )
engineering. Sig. (2-tailed) .004 781 359 .001 104
M 27 27 27 27 27 27
Post-Survey: | know about  Pearson Correlation .087 -.056 1 375 268 e
jobs in science andfor ) )
enginesring Sig. (2-tailed) 629 781 054 76 106
M 27 27 27 27 27 27
Post-Survey: | dowellwith  Pearson Correlation 688" 184 375 1 6507 562
science and engineering ) )
activities. Sig. (2-tailed) .0o0 .359 054 .0o0 002
K] 27 27 27 27 27 27
Post-Survey: | enjoy Pearson Correlation 786 606 268 650" 1 5417
science and engineering ) )
activities. Sig. (2-tailed) .0o0 001 176 .0o0 004
M 27 27 27 27 27 27
Post-Survey: | enjoyad Pearson Corelation 582" 319 318 5627 5417 1
this activity. ) )
Sig. (2-tailed) .001 105 106 .002 .004
M 27 27 27 27 27 27

**. Correlation is significant atthe 0.01 level (2-tailed).

Table S25: Wilcoxon Signed Ranks Test for “I enjoy science and engineering activities”
and “I enjoyed this activity.”

Ranks
Sum of
N Mean Rank Ranks
Post-Sumvey: | enjoyed MNegative Ranks 27 4.00 8.00
this activity. - Post-Survey: " b
| enjoy science and Positive Ranks 7 529 3r.oo
engineering activities. Ties 18t
Taotal 27

a. Post-Survey: | enjoyed this activity. < Post-Survey: | enjoy science and engineering

activities.

b. Post-Survey: | enjoyed this activity. = Post-Survey: | enjoy science and engineering

activities.

c. Post-Survey: | enjoyed this activity. = Post-Survey: | enjoy science and engineering

activities.

Test Statistics®

Post-Survey: |
enjoyed this

activity. - Post-
Survey: | enjoy

science and

engineering

activities.
z -1.741"
Asymp. Sig. (2-tailed) naz2

a. Wilcoxon Signed Ranks Test

h. Based on negative ranks.
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