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PREFACE

Bil; is a non-toxic solar absorber material that is well matched for tandem-
junction photovoltaic devices. We synthesized single-crystal samples via
chemical vapor transport and physical vapor transport in evacuated am-
poules to yield Bil; flakes with mm?-to-cm? terraces and explored the effect
of various oxidizing atmospheres. Oxidation methods included immersion
in degassed water, ultraviolet illumination under an oxygen ambient, and a
sequence of ultraviolet illumination under oxygen and subsequent water im-
mersion. X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
quantified the chemical changes as a function of oxidative treatments. Spec-
tra reveal that water immersion of Bil; yields BiOI(102) reflections that are
thicker than photoelectron probe depths. Ultraviolet illumination under an
oxygen ambient forms bismuth oxide that subsequently converts to BiOI(001)
upon water immersion. We discuss the implications of these surface chemi-
cal transformations for the long-term atmospheric stability of Bilz-containing
solar energy conversion devices.
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CHAPTER 1

INTRODUCTION

As the climate and environmental impact of fossil fuel consumption becomes
more evident, creative means of harvesting energy from more environmen-
tally sustainable sources increases in importance.! Among viable renewable
energy sources available, photovoltaic energy conversion remains one of the
most promising.> The focus of intense research into solar energy conver-
sion has fueled an impressive increase in the energy efficiency of this tech-
nology with a present focus on tandem-junction devices both from similar
lattice-matched and from dissimilar materials.®> Unfortunately, the majority
of lattice-matched materials are highly expensive. Other inexpensive yet
highly efficient materials of recent interest contain biologically harmful ma-
terials such as heavy metals such as Cd and Pb that pose health hazards
for installation workers and include high risks of deleterious environmental
impacts as the devices break down.*”> The challenge of finding environ-
mentally friendly, inexpensive, and non-toxic solar absorbers drives research
into straightforwardly synthesized, underexplored materials with band gap
energies that might complement silicon in a tandem-junction solar absorber.

Among non-toxic alternatives to the heavy-metal-containing perovskites that
currently dominate the high efficiency dual junction solar field, researchers
consider bismuth triiodide (Bil3) as a top-absorber-candidate material.*~® The
bulk of energy-conversion research with Bil; has included room-temperature
gamma ray'’"1* and X-ray detection material,'>~'® but recent applications
have extended to solar energy,'*~?’ and particularly to hole-transport layers
for organic solar cells.?! =22 Reports on Bil; indicate an indirect band gap® with
energy values between 1.67-1.82 eV,%*72¢ which represents an ideal range for
an absorber material to serve as the top junction in a tandem-junction absorber
configuration.?”

Oxidation of Single-Crystal Bismuth Iodide.... 1
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2 INTRODUCTION

Motivated by the non-toxicity and favorable band gap energy of Bils, re-
searchers have synthesized Bilz and probed its solar energy performance.
Bil; may be synthesized from inexpensive precursors to yield nanoplates,?~3°
nanotubes,? 3 vertically oriented nanoflake films,* and single crystals®~3¢
based on growth method or deposition substrate. In recent years Bilz-based
devices have demonstrated significant improvements in performance in pho-
tovoltaic applications including one experiment which yielded a short-circuit
current density of 12.6 mA cm™2,% and a separate study utilized iodization of
BiSI to achieve a 1.33% power conversion efficiency with a fill factor of ~40%
and an open-circuit voltage exceeding 600 mV.>” Despite promising results
for solar energy conversion, Bils appears to suffer from reduced performance
from crystalline defects as well as issues relating to long-term instability un-
der exposure to ambient environments.*® While research has addressed the
atmospheric stability of other non-traditional solar absorber materials,® few
studies have explored the environmental and oxidative stability of Bils,?4°
and questions remain regarding its degradation mechanisms as a function of
specific oxidant. One report of Bil; thin films notes its oxidative breakdown
in an air ambient in a reaction that may yield Bi, O3, but that manuscript did
not focus on this oxidation reaction.?’ Conversely, in studies that quantify
oxidation processes and products, the primary chemical reaction appears to
be conversion to bismuth oxyiodide, BiOI, which some reports suggest it is
actually beneficial to the carrier transport dynamics of devices constructed of
Bil;.2022 Literature reports highlight two independent reaction pathways for
the transformation of Bil; to BiOl. Hydrolysis of Bilz in water to yield BiOI
is documented in published literature dating back to the late 19" century.!
Reports further present a second pathway, the decomposition of Bil; in pure
oxygen, that only occurred at elevated temperatures.*? Critically, few reports
probe oxidation in Bil; that is facilitated both by chemical oxidants and by re-
active free carriers resulting from above-band-gap illumination. Thus, signif-
icant knowledge gaps remain in the solar-PV-relevant atmospheric stability of
Bil3, and addressing such stability gaps motivates the present investigation.

Herein, we synthesize single-crystal Bil3(001) via high-temperature, in vacuo
chemical vapor transport, and characterize the interplay between chemical
oxidants, above-bandgap illumination, and the subsequent interfacial chem-
ical species. Oxidants include degassed water, a UV illumination under an
oxygen ambient, and sequential exposures of O,+UV and then water. For
each treatment, X-ray photoelectron spectroscopy and X-ray diffraction re-
spectively quantified the interfacial chemical speciation and the crystalline
phases resulting from the oxidation process. The resulting processes and
oxidative products yield a significantly more detailed picture of the stability
and reactivity of Bil; materials relevant to energy conversion and detection
devices.



CHAPTER 2

EXPERIMENTAL SECTION

2.1 Materials and Chemicals

All water requirements utilized 18 M(Q) cm resistivity water from a Milli-
pore Milli-Q system. Synthesis procedures for single-crystal bismuth iodide
utilized either single-source Bilz (99%, Sigma-Aldrich, used as received),
or a combination of elemental Bi (99.5%, Alfa Aesar, as received) and I
(99.99%Alfa Aesar, as received). Growth ampoules utilized quartz fused sil-
ica tubing (19 mm O.D., 1 mm wall, 4" long, Technical Glass Products, Inc.,
Painesville, Ohio). Quartz tube cleaning utilized NaOH (98.5%, Acros Organ-
ics). Prior to chemical loading, stock quartz tubes were cut to ~40 cm lengths,
sealed at one end under an oxy-propane flame, and submerged in a 10 wt
% KOH,q) bath for at least one week. Following this base-bath submersion,
tubes were rinsed copiously with water and stored in a >100 °C oven until
use. Gases included oxygen (ultrahigh purity, Airgas) for oxidation studies,
and argon (ultrahigh purity, Airgas) for sample drying and for degassing
water.

2.2 Growth of Single-Crystal Bismuth lodide

Physical-vapor deposition (PVD) or chemical-vapor deposition (CVD) yielded
single-crystal bismuth iodide samples in sealed, evacuated quartz ampoules
respectively from either single-source Bils, or from a combination of elemen-
tal bismuth and molecular iodine. Production of ampoules involved reagent
loading and sealing as described previously.**"# Here, reagent loading to-
taled approximately 2.0 g of either Bil; for PVD or Bi+l, for CVD. CVD
syntheses utilized a range of Bi:l ratios from 30% deficient to 36% excess
of iodide relative to an ideal Bil; stoichiometric ratio. Qualitatively, CVD

Oxidation of Single-Crystal Bismuth lodide.... 3
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4 EXPERIMENTAL SECTION

growth with an iodine deficiency of approximately 15% consistently yielded
large crystal growth and served as the source for all material under study.
Each loaded tube was individually attached in a vertically oriented rotary
evacuator, and the bottom of the tube with the reagents was submerged
in an ice bath to lower the iodine vapor pressure for five minutes prior to
evacuation. Connection to a diffusion-pump-equipped Schlenk line with a
base pressure below 1 x 1073 torr afforded evacuation of the test quartz test
tube while sealing with an oxy+natural gas flame produced each evacuated
ampoule.

Synthesis of Bil; within the evacuated, sealed ampoules proceeded in a two-
zone tube furnace. A typical growth sequence followed an initial 1 °C min™!
temperature ramp and a 2 h soak with the reagent zone at 250 °C and a higher
temperature of 330 °C in the deposition zone to clean out the deposition side of
theampoule. Growth proceeded during a 72 h soak step with the reagent zone
at 330 °C and 250 °C in the deposition zone. We selected these temperatures
based on reports of 0.1-1.0 torr Bilz(g) vapor pressures in this temperature
range,® as well as remaining below both the 570 °C breakdown temperature
of Bil; in inert environments,* and its >400 °C melting point. Such growth
recipes yielded numerous mirror-like Bil; flakes with up to 1 cm? terraces in
the deposition zone. Typical polycrystalline silver-to-orange remains in the
reagent zone are likely a combination of Bil, BiOl, and possible Bi,O3 due to
reaction with any trace oxygen remaining in an ampoule following sealing
and are not analyzed herein.

2.3 Oxidative treatments

Mentioned above, we explored two pathways for oxidation of Bil single crys-
tals including immersion in degassed water. The selection of these two spe-
cific sets of treatments was initially guided by the work of other researchers
utilizing similar conditions to probe the atmospheric stability of methylam-
monium lead triiodide perovskite materials for photovoltaic applications.*
We additionally explored a third pathway involving sequential exposures to
UV irradiation under an oxygen ambient followed by immersion in degassed
water. For all oxidation reactions, flakes were cleaved immediately prior
to treatment using double-sided consumer adhesive tape to provide a fresh
surface for reactivity and analyses.

For the water-only oxidation pathway, we immersed single-crystal Bil; sam-
ples in degassed water immediately after cleaving. Degassing involved
sparging with argon for 20 min prior to use as well as maintaining a pos-
itive argon flow for the duration of water exposures. Water immersion du-
rations at ambient temperature ranged from 10 to 90 min. Following water
exposure, samples were dried under argon and directly analyzed via XRD
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or stored until XP spectroscopy in a recirculating glovebox with an oxygen
partial pressure below 1 ppm as measured at a commercial oxygen sensor.

For the oxidation pathway utilizing a sequential O,+UV and subsequent
water exposure, freshly cleaved single Bilz crystals were first sealed in a
vacuum-flask. The flask was then evacuated on a Schlenk line and backfilled
with pure oxygen to a pressure slightly above the ambient atmosphere. Under
the oxygen ambient, the sample was placed for 48 h under illumination from
a 36 W, 395 nm consumer LED lamp that delivered an irradiance of 90 +9 mW
cm™2 as measured at a silicon photodiode (FDS100, Thorlabs). Following the
48 h UV exposure, the sample was removed from the flask and immersed in
argon-sparged water as above. Samples were immersed for times ranging
from ten to ninety minutes to match exposure conditions for the water-only
oxidation. Following water exposure, samples were dried under argon and
directly analyzed or stored in a recirculating glovebox until analysis.

2.4 X-ray Diffraction

Diffraction experiments utilized a Bruker D8 Advance powder X-Ray diffrac-
tometer with Bragg-Bentano geometry and Cu Ka radiation. Double-sided
tape affixed individual flakes to amorphous glass slides. Scans were con-
ducted for each sample over the 5-42° angular range at 0.01° steps and a
two-second dwell time per increment.

For the products of Bil; oxidation, the Scherrer equation yielded an estimated
crystallite size from the Gaussian component of each peak.” While the de-
fault value of 0.9 for K is common, Garg et al. uses a value of 0.94 specifically
for analysis of Bil; that we employ herein.*® A LabVIEW-based, in-house-
developed, peak-fitting program fit pseudo-Voigt peak shapes to 2:1 area
doublets as appropriate for the Cu Ko radiation. Equation 2.1 subsequently
deconvolved the Gaussian contribution to peak width, fg, due to crystal-
lite particle size from the Lorentzian-shaped instrumental-line-broadening
widths, fi, based on interpreting experimentally quantified fwhm values as
pseudo-Voigt peak widths, fy.*

fv = 0.5346f; + 4/0.2166f2 + f2 2.1)

We determined Lorentzian-shaped instrumental-line-broadening widths, fi,
based on the width of the (003), (006), (009), etc. features in an XRD trace of
a freshly cleaved Bilz single crystal sample. For the freshly cleaved single-
crystal sample, a fit of the (003) reflection at 20 = 12.9° revealed a fwhm of
0.0351°, while fwhm values of 0.0373° and 0.0412° well fit the (006) and (009)
features, respectively. A quadratic extrapolation of the single-crystal fwhm
values established eq 2.2 throughout the 26 range under consideration.
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fi = 0.034613° + —2.6205 x 107°(26) + 4.9577 x 107°(20)*(1°)* (2.2)

2.5 Photoelectron Spectroscopy

A Physical Electronics (Phi) 5600 system with a third-party data acquisition
system (RBD Instruments, Bend, Oregon) analyzed surface states and sto-
ichiometry as described previously.#3~#% Monochromatic Al Ka radiation
was incident at 45° vs the sample surface and 90° relative to the take-off angle
for detection. Peak quantification utilized an in-house-developed program™
based on published spectral shapes®! and corrected for instrument specific
sensitivity factors,”® and background energy loss functions. Background-
energy-loss functions include a Shirley-type background,® or the integration
of a Tougaard-style energy-loss function based on B = 2900 eV? and C = 1643
eV? within a universal function that is scaled to the height of the photoelec-
tron data.>*™° Pseudo-Voigt functions, GL(x), describe all spectral shapes as
a non-linear product of Gaussian (x = 0) and Lorentzian (x = 100) functions.
Throughout the presented results, fits to the Bi 4f region utilized GL(70) func-
tions above a Shirley-type background, I 3ds,; fits utilized GL(70) functions
above a Tougaard background, and both C 1s and O 1s fitted features were
well described by GL(30) functions above a Tougaard background. In the
case of multiple fitted features within a particular chemical region, fits were
constrained to have identical fwhm values.

Beyond the as-grown nascent samples and the chemical treatments described
above, a vacuum cleaving process yielded one additional surface for compar-
ison with the ambient results. Vacuum cleaving utilized an air-free transfer
suitcase that mounts on the Phi 5600 load lock with a transfer arm that is
aligned directly above a sample puck within the load lock chamber. For vac-
uum cleaving, the end of the suitcase transfer arm was coated with double-
sided-adhesive carbon tape to align atop the Bil; sample on the analysis puck.
Once the load lock and vacuum suitcase were evacuated to high vacuum un-
der turbomolecular pumping, the suitcase transfer arm was lowered to apply
the carbon tape to the Bil; sample, lifted off to reveal an in-vacuo-cleaved sur-
face, and the sample was expeditiously transferred to the ultrahigh vacuum
chamber for XP spectroscopy.



CHAPTER 3

RESULTS

3.1 X-Ray Diffraction

3.1.1 Oxidation via Water Immersion Only

Figure 3.1 displays representative XRD traces of freshly cleaved single-crystal
Bil; subject immersions in degassed water for 10-90 min. Figure 3.1 presents
the y-axis counts on a logarithmic scale to highlight small contributions from
oxidation features that emerged during prolonged water immersions. Freshly
cleaved (nascent) flakes with no water exposure as in Fig. 3.1A demonstrate
sharp peaks at 13, 26, and 39° consistent with the (003), (006), and (009)
faces of bismuth iodide. Immersion in degassed water for 10 min yields
XRD features in Fig. 3.1B at 32° that is consistent with BiOI(110) reflections
and a 29.7° reflection that reasonably corresponds to BiOI(003) or BiOI(102).
Recalling that the BiOI unit cell contains one whole covalent layer in the c axis,
the presence of a BiOI(003) reflection should further contain a reflection at
9.7° for BiOI(001) and 19.5° for BiOI(002). The lack of features at lower angles
indicative of BiOI(001) or (002) suggests that the observed feature at 29.7° is
a reflection from a (102) face rather than a (003) face. A 30 min immersion
in degassed water as in Fig. 3.1C yields a more prominent reflection at 29.7°
that we ascribe to the (102) face relative to the 10 min water immersion
oxidation. Following immersion for 90 min, Fig. 3.1D reveals a BiOI(001)-
ascribable feature at 9.7°. Considering the significantly larger fwhm for the
29.7° reflection as compared to the 9.7° reflection, we continue to ascribe the
29.7° reflection to a BiOI(102) face for samples subject to a 90 min oxidation
in degassed water.

Interestingly, nearly all samples quantified by XRD including those in Fig. 3.1
demonstrated reflections at angles that are proportionally below the (003),

Oxidation of Single-Crystal Bismuth Iodide.... 7
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Bil4{006}
BiOI{102}
BiOI{110}
Bil,{009}

©

BiOI{001}

D 90 min

C 30 min

Log Counts

B 10 min

A Nascent

10 15 20 25 30 35 40
26 ()
Figure 3.1 Sequential pXRD traces of freshly cleaved bismuth iodide flakes as
a function of degassed water immersion time. Among features that appear with
increasing water exposure, the BiOI(102) reflection dominates the oxidation features

as compared to the (001) and (110) reflections. Features marked with club symbols, &,
have 20 reflection angles that scale with the (003), (006), (009) reflections, respectively.

(006), (009), etc. family that we denote with a &. These &-denoted features
at 11.7, 23.4 and 25.3° are well described by reflections from Bil3(003)-family
faces but for a unit cell that is ~10.5% larger in the c-axis, or 2.285 nm in
length rather than 2.067 nm. The minute intensities of &-denoted features
relative to the primary (003), (006), and (009) reflections indicate that only
a nominal number of unit cells that are affected by this phenomenon. A
model that fits the data for a small fraction of unit cells that are expanded
by ~0.2 nm includes the intercalation of molecular iodine during the iodine-
mediated vapor-transport crystal growth. Such intercalation-driven shift in
diffraction features is well precedented for 2-D layered materials.”®~> With a
present focus on interfacial oxidation rather than bulk chemistry and the small
contribution of such features to the overall diffraction trace, the dynamics of
such intercalation processes remain the subject of ongoing study.

3.1.2 Oxygen Pre-Treatment followed by Water Inmersion

Figure 3.2 displays representative XRD traces of single-crystal Bilz subject to
a 48-hour exposure to UV light excitation under an oxygen ambient followed
by immersions degassed water for up to 90 min. As with Figure 3.1, Figure
3.2 presents the y-axis counts on a logarithmic scale to highlight small con-
tributions from features that emerged due to oxidation. Flakes exposed to
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Figure 3.2  Sequential pXRD traces of freshly cleaved bismuth iodide flakes
subjected to two days under UV irradiation in an oxygen ambient and subsequent
water immersion for (A) 0 min, (B) 10 min, (C) 30 min, and (D) 90 minutes.
Among oxidation-ascribable features that appear with increasing water exposure,
the BiOI(001) reflection dominates the oxidation features as compared to the (110)
reflection that is observed with the longer exposures. As with the traces in Fig. 3.1,
features marked with club and diamond symbols, ® and ¢, have 20 reflection angles
that scale with the parent Bil3(003), (006), (009) features.

UV illumination under oxygen with no subsequent water immersion as in
trace A demonstrate sharp peaks at 13, 26, and 39° consistent with the (003),
(006), and (009) faces of bismuth iodide. Immersion in degassed water for
10 min following the O,+UYV treatment yields XRD features in trace B at 9.7,
19.5, and 29.7° that are consistent with reflections from the (001), (002), and
(003) faces of BiOl respectively. A 30-min immersion in degassed water fol-
lowing the O,+UYV treatment as in trace C yields more prominent reflection
at 9.7, 19.5, and 29.7° relative to those in trace B. Further, the trace in Fig.
3.2C demonstrates the appearance of a feature at 32° that is consistent with
a BiOI(110) reflection that is present in several traces in Fig. 3.1. Following
a O,+UV treatment and a 90-min water immersion, trace D shows increased
intensity of each of the aforementioned oxidation-ascribed peaks but reveals
no new features as compared to shorter immersion times. For each trace in
Fig. 3.2B-D, the steadily decreasing amplitude from the 9.7 to the 19.5 to the
29.7° features and their mutually similar fwhm values together suggest that
these arise from the same family of reflections, namely the (001), (002), and
(003) of BiOL
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As with the traces in Fig. 3.1, the pXRD traces in Fig. 3.2 demonstrate families
of reflections ascribable to larger c-axis unit cell sizes. Beyond the &-denoted
features in Fig. 3.2 that align with the positions of &-denoted features in Fig 1,
a set of ¢-denoted features at 10.75, 21.5, and 32.4° well align with reflections
from the (003), (006), and (009) planes if the c-axis unit cell length is 2.480 nm.
An expansion to 2.480 nm represents a ~20% or 0.41 nm increase relative to the
anticipated 2.0676 nm c-axis length. The observed features may also indicate
a higher degree of intercalation in these samples. The traces presented in both
Figs. 3.1 and 3.2 are representative, and it is important to note that a small
fraction of pXRD traces acquired following a water immersion demonstrated
features at the ¢-denoted locations in Fig. 3.1. Specifically, small features at
21.5 and 32.4° in Fig. 3.1A likely correspond to the ¢-denoted peaks present in
the traces throughout Fig. 3.2. As with Fig. 3.1, the presentation of counts on
a logarithmic y axis reinforces the minuscule contribution of these features to
each overall spectrum that may be difficult to observe from non-single-crystal
samples.

3.1.3 Scherrer Analysis for Grain Size

Table 3.1 presents the width values for the BiOI(102) feature at 29.7° shown
in Fig. 3.2D that resulted from a 90 min treatment in degassed water; as well
as for the BiOI(001), (002), and (003) family of reflections shown in Fig. 3.2D
that resulted from exposure to UV under an oxygen ambient followed by a
90 min water exposure. Width values include the peak-fitted pseudo-Voigt
fv values from experimental data, angle-specific Lorentzian instrumental
line-broadening contribution f;, and the resulting Gaussian width values
that should represent the contribution due to crystallite size, fg. A Scherrer
analysis yields the grain sizes for each fg corresponding value. Table 3.1 lists
fwhm values with excess significance that is truncated when presenting grain
sizes.

Values provided in Table 3.1 describe the grain size for oxidative feature
from two specific XRD traces, however these data are representative for the
multiple samples under study. We interpret Scherrer-determined crystallite
sizes in this context to be synonymous with layer thickness above a macro-
scopic 2-D material such as Bils. Thus, XRD results and the Scherrer analysis
demonstrate that exposure of freshly cleaved Bilz to degassed water for 90
min predominantly yields ~50 nm of BiOI(102). In contrast to the water-only
case, oxidation due to a sequential two-day UV exposure under an oxygen
ambient followed by a 90-min immersion in water predominantly yields
~70 nm of BiOI(001) with smaller contributions from other facets such as
BiOI(110). XRD-determined thickness values are valuable in the subsequent
interpretation of photoelectron spectra, as oxidation feature thicknesses in
the tens-of-nm greatly exceed typical photoelectron escape depths.
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Table3.1 Peak widths and the corresponding Scherrer-determined grain sizes for
the major oxidation features observed in the XRD.*

Oxidation treatment Component fwhm (°) Grain
Feature Centroid 26 (°) v fi fc size (nm)
90 min water only
BiOI(102) 29.7 0.2039  0.0382  0.1826 47
O,+UV; 90 min water
BiOI(001) 9.7 0.1295 0.0349 0.1100 76
BiOI(002) 19.5 0.1417 0.0360 0.1213 69
BiOI(003) 29.7 0.1476  0.0382  0.1259 68

3.2 X-Ray Photoelectron Spectroscopy

Figure 3.3 presents representative XP spectra for (A) vacuum-cleaved Bil3(001)
and spectra following oxidation treatments. Frames (B) and (C) present spec-
tra following immersion in degassed water for 10 and 90 min respectively.
Frames (D)—(F) contain spectra for samples that were subjected to a 48-h
exposure to 395 nm, 90 + 9 mW UV irradiation under an oxygen ambient
with no subsequent water immersion as in frame (D), as well as subsequent
water immersion for (E) 10 min, and (F) 90 minutes. For all samples under
study, green-shaded I 3ds/, features appear at 619.0-619.5 eV that is char-
acteristic of iodide, and green-shaded Bi 4f;/, features appear at 159.1-159.6
eV that implies interfacial Bi>*. We ascribe red-shaded fitted features within
the O 1s region with centers between 530.0-530.5 eV to contributions from
metal-oxygen bonding.”® Adventitious contamination likely yields the con-
tributions of the blue-shaded fitted features in the O 1s and C 1s regions.
Comparing peak binding-energy locations, the general alignment between
all spectra in Fig. 3.3 demonstrates that the oxidation treatments do not sig-
nificantly change oxidation states relative to the freshly cleaved sample in
Fig. 3.3A. Following an assertion that oxidation will not remove interfacial
bismuth but may deplete iodide and/or add oxygen,?*#! Fig. 3.3 normalizes
all regions for a given sample to the intensity of its Bi 4f7,, feature.

While no oxidation state changes accompany changes in surface chemical
species due to oxidation, changes in photoelectron peak areas are revealing.
Vacuum-cleaved Bil3(001) surfaces as in Fig. 3.3A yield expectedly strong
Bi 4f and I 3d features with only trace adventitious carbon contaminants
denoted with blue-shaded fitted features and no observable oxygen species
within detection limits. As noted in Table 3.2, three vacuum-cleaved Bil;
samples demonstrated a Bi:I ratio of 1:2.8 based on sensitivity-factor-corrected
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Figure 3.3 Representative XP spectra of (A) vacuum-cleaved Bil3(001); samples
subjected to water immersion for (B) 10 min or (C) 90 min; and samples subjected to
UV illumination under an oxygen ambient with (D) no subsequent water immersion,
as well as with (E) 10 min and (F) 90 min of subsequent water immersion. Within the
O 1s and C 1s regions we ascribe blue-shaded features to adventitious contaminants
and the red-shaded O 1s feature to metallic oxides due to sample oxidation.
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Table3.2 Sensitivity-factor (SF) corrected XPS ratios for each oxidation treatment.”

Pretreatment ~ H,O Immersion Number of SF-corrected peak areas

time (min) samples Bi=1 O I

Vacuum Cleaved nja 3 1 <0.2 2.8
None 10 2 1 0.8 0.9
None 30 1 1 1 0.9
None 90 1 1 1 1.0

2 days O,+UV 0 3 1 0.8 0.3
2 days O,+UV 10 3 1 0.9 0.6
2 days O,+UV 30 2 1 0.9 0.9
2 days O,+UV 90 1 1 1.2 0.9

# All ratios are normalized to bismuth and represent averages from at least two samples.

photoelectron-peak-area ratios, which agrees well with the material’s bulk
stoichiometry. As one of the three vacuum-cleaved Bil; samples under study
demonstrated trace O 1s features, Table 1 bounds the oxygen contribution to
<0.2 for these otherwise pristine surfaces. For water-oxidized samples as in
Fig.3.3B-C, the O 1sregion demonstrates metal-oxygen states in red as well as
significantly suppressed I 3ds, areas relative to the vacuum-cleaved sample
spectra in Fig. 3.3A. Interestingly, the Bi:O:I ratios in frames B and C strongly
resemble each other, which is further reflected in the Table 3.2 values that
demonstrate XPS-derived stoichiometries for Bi:O:I of nearly 1:1:1 for water-
immersed samples. In concert with the XRD data above and with previous
studies of BiOI from our group,* the XPS results support the presence of
interfacial BiOI due to oxidation in water. The general similarity between
Bi:O:I ratios throughout the water-immersion times in Table 3.2, and the
similarity of spectra between frames B and C in Fig. 3.3 cumulatively suggest
that water-driven oxidation yields layers of BiOI on Bil; that are thicker than
the several-nm sampling depth in XPS even before the first 10 min of water
immersion.

Oxidation due to a two-step treatment of UV irradiation in oxygen followed
by water immersion demonstrates unique spectra relative to a one-step oxi-
dation in degassed water. For the sample spectra in Figure 3D with only the
0,+UV treatment and no subsequent water immersion, the iodide peak area
is significantly attenuated as compared both to the vacuum-cleaved sample
spectra in Fig. 3.3A, as well as to spectra following water immersion as in
Fig. 3.3B-C. Peak areas presented in Table 2 support a suppression of iodide
with average Bi:O:I stoichiometries of 1:0.8:0.3 that may point to a thin film
of interfacial oxide due to the O,+UYV treatment. Frames E and F from sam-
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ples with a O,+UYV treatment and either 10 or 90 min in water show larger
Bi-normalized I 3ds/, peak areas as compared to a O,+UV treatment and no
water immersion. Interestingly, the Bi-normalized I 3ds/, peak areas in Fig.
3.3E-F strongly resemble such I13ds/, peak areas in Fig. 3.3B—C that arise from
only a water treatment. Table 3.2 further supports the relative changes in sto-
ichiometries where the O,+UV treatment with subsequent water immersion
yielded Bi:O:I stoichiometries that vary somewhat but more closely resemble
the 1:1:1 ratio observed following a water-only oxidation.



CHAPTER 4

DISCUSSION

The tendency of Bil; to oxidize under an air ambient to species including bis-
muth oxyiodide has been documented as far back as the nineteenth century.*!
Deeper elucidation of oxidation and photooxidation reactivity herein eluci-
dates the presence of multiple oxidative mechanisms at play.

The cumulative diffraction and photoelectron spectroscopy data in Figs. 3.1-
3.3 demonstrate that oxidation of Bil; follows reactant-dependent pathways.
Comparing oxidation pathways, photoelectron spectroscopy reveals that
water immersion quickly oxidizes nascent Bil3(001) surfaces, and converts
0,+UV treated samples over a timescale of several minutes. X-ray diffrac-
tion, which has a significantly deeper probing distance than XPS, reveals
increasing peak intensities of BiOl-ascribable features with prolonged wa-
ter immersion. Despite changing XRD peak intensities, peak locations and
apparent fwhm values remain broadly consistent across water-immersion
times. The two notable departures from this consistency are the stoichiom-
etry of the O,+UYV treatment with no subsequent water immersion, and the
specific BiOlI-ascribable XRD reflections between the two types of treatment
as shown in Fig. 3.1 vs Fig. 3.2.

A model consistent with the diffraction and photoelectron results includes
distinct and unique mechanisms at work based on the respective oxidative
conditions. Figure 4.1 presents a cartoon schematic for pathway-dependent
oxidation. Instances in which immersion in degassed water oxidizes Bil3(001)
surfaces as in Fig. 4.1A, XP spectra remain consistent with the formation
of BiOlI for all 10-90 min immersion times under study while XRD traces
strongly support the formation of BiOI(102) shown in Fig. 4.1B. While BiOI
is well precedented as a water-driven oxidation product,?’ a specific obser-
vation of the (102) reflection of BiOl was unexpected in the context of it

Oxidation of Single-Crystal Bismuth Iodide.... 15
By Roy Stoflet Copyright © 2022 Worcester Polytechnic Institute
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not being the lowest-energy facet. However, Su and coworkers observed
BiOI(102) reflections as the dominant XRD feature in direct hydrolyzation of
Bil; nanopowders at elevated temperatures.®® A possible rationale for our ob-
servation of the BiOI(102) reflection lies in structural similarities between that
facet and Bil3(001) layers. Figure 4.1B presents a [001] view of a hypothetical
arrangement of a BiOI(102) adlayer above Bil3(001) with superimposed bis-
muth atoms. In the instance of aligned bismuth atoms, iodine arrangements
in BiOI(102) closely resemble atomic positions in Bil3(001). While the unit cell
spacing between BiOI(102) and Bil3(001) are not completely commensurate,
the similarities suggest that only nominal reorganization may be necessary
for water-driven oxidation. Thus, we predict that the formation of BiOI(102)
during oxidation in water may be guided by the high alignment in atomic
registry between BiOI(102) and Bil3(001). Future computational studies may
further elucidate the adlayer structure of BiOI(102) on Bil3(001), which may
reveal additional insights into the water-driven oxidation dynamics. No-
tably, the longest oxidation time under study does present small quantities
of BiOI(001) as shown in Figure 1D where several-nm thickness of the BiOI
adlayer is no longer influenced by templating effects of the Bil; substrate and
is rather driven by the formation of the lowest energy crystal face, BiOI(001).
The present length scales complement longer term oxidation studies by Wag-
ner et al. that principally observed BiOI(001) following several months of
oxidation under humid air.®

In contrast to the water-driven oxidation of Bils to BiOl, reactions driven by
above-band-gap illumination under an oxygen ambient yields a strong sup-
pression of I 3ds;, photoelectron features that indicates oxide formation. The
formation of a few-nm thick film of Bi,Oj is consistent with the photoelectron
data in Fig. 3.3D, where the thickness of that film does not completely obscure
contributions from the underlying Bil; substrate. Conversely, an incomplete
suppression of the I 3ds,, XPS feature may also result from the growth of an
oxide layer with incomplete coverage that leaves Bil3(001) regions exposed,
or the conversion may yield bismuth oxyiodides of other stoichiometries such
as BisO0,1.%° In each scenario, a thin oxide layer would be consistent with the
absence of Bi,Os-ascribable or BisO;I-ascribable features in XRD traces as in
Fig. 3.2A, which presents challenges for determining the crystallinity or exact
composition of this oxidized layer. That the thickness of this oxidized layer
remains smaller than a photoelectron sampling depth following two days of
the O,+UV treatment suggests that this oxidation may be self-passivating,
or very slow. A slow oxidation rate complements observations of Hamdeh
et alii observed where yellow films grew on Bil; following one week under
illumination in a reaction they ascribed to the formation of bismuth oxides.?
A lack of oxide-ascribable features in Fig. 3.2A does not necessarily preclude
the possibility of a crystalline layer that may be too thin to yield diffraction
features above the background. Investigations in to the crystallinity or amor-
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phous nature of the interfacial oxide resulting from a O,+UYV treatment merit
future study.

Subsequent water-driven oxidation of O,+UYV treated samples yields BiOI(001)
instead of BiOI(102) that follows direct oxidization in water of tape-cleaved
Bil3(001). The observation of two different crystal faces of BiOI upon water-
driven oxidation suggests a strong influence from the structure of the un-
derlying substrate. For O,+UV-treated samples with a thin layer of bismuth
oxide, the growth of the low-energy, (001) facet of BiOl may be facilitated by a
lack of atomic arrangement between the newly forming BiOl layer and the bis-
muth oxide on the substrate. This model of oxidation is further supported by
the consistent observation of BiOI(001) inFig. 3.2B-D for successively longer
immersions in water. Zhang et alii demonstrate the conversion of a surface
layer of bismuth oxide to bismuth oxyiodide via water-driven iodide-capture
in environmental contexts via chemisorption.” A chemisorption mechanism
may be plausibly extended to the present water-driven conversion of interfa-
cial oxides on Bils, considering that the water-only oxidation of Bil; to BiOI
must liberate interfacial iodide species. Whether water intercalates between
the Bilz and interfacial oxides or simply reacts at interfacial defects remains
unclear from the present results, but the net result is BiOI(001) adlayers on
Bilz whose orientation is strongly influenced by the interfacial oxide itself. In
the case of a Bi,O; interfacial oxide, its insolubility in neutral water precludes
a possibility that water is simply dissolving the oxide prior to oxidizing the
Bil3,%° which we would expect would have yielded BiOI(102) as observed in
the water-only oxidation pathway.

Studies of oxidation reagents, products, and reaction pathways have impor-
tant implications for the use of bismuth-based materials for solar energy
conversion. Two aspects of the divergent oxidative pathways discussed
above may be fertile arenas for future study relevant to photovoltaic de-
vice applications. Firstly, the predominance of distinct crystal faces observed
in the two independent oxidative pathways likely correlates to different in-
terfacial conditions between the substrate and its adlayer including surface
defects. Future studies may be able to quantify the influence on carrier
lifetimes, formation of trap-states, and other critical semiconductor parame-
ters imposed by the particular interfacial characteristics resulting from these
distinct oxidative mechanisms. Secondly, if the presence of ultrathin Bi;O3
on the substrate surface after O,+UV exposure is indeed self-passivating or
slow-growing, additional research is warranted to determine the relationship
between oxide-based passivation of the underlying crystal substrate and the
subsequent longevity of devices constructed of these materials. While a na-
tive oxide forms on the surface of crystalline silicon in approximately 24 h
of ambient exposure,®’ many perovskite materials currently being evaluated
for photovoltaic applications degrade in oxidizing conditions similar to those
of our study in minutes.*® The timescales established herein suggest that the
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best pathway to minimal oxidation of Bil; materials lies in processing in the
absence of water but may not necessitate oxygen-free environments.






CHAPTER 5

CONCLUSIONS AND FUTURE WORK

In vacuo vapor transport methods yielded single crystal Bil; that we sub-
jected to a variety of oxidizing treatments. Oxidation due to immersion in
degassed water yielded interfacial BiOI(102) of thicknesses of at least several
nm following a 10 min immersion that grew in thickness with increasing
immersion times. Oxidation due to exposure to above-bandgap UV illumi-
nation under an oxygen ambient yields oxidation that is consistent with an
ultrathin layer of Bi;O3. Subsequent water immersion of the O,+UV treated
sample slowly converts the interfacial oxides to BiOI(001) over the course
of several minutes. Future research on this material may focus on the evo-
lution of the oxidative effects at shorter time scales as well as the role of
step edge reactivity and passivation in preventing oxidation and maximizing
environmental stability. While others have implicated some oxidation prod-
ucts as advantageous hole-blocking layers for Bil;,?° future studies should
further correlate oxidation results to the carrier dynamics that are related to
photovoltaics and other energy-conversion applications.

Oxidation of Single-Crystal Bismuth lodide.... 21
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