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Abstract

Decarbonizing energy and electricity sources is critical to keeping anthropogenic global
warming below 1.5 °C. Photovoltaics are a scalable technology that can meet global electricity
demands without emissions of greenhouse gases while operating. Over the past decade,
photovoltaics have benefited from a combination of significantly decreasing manufacturing costs
and ca. 50% improvements to power conversion efficiencies, and are now less expensive sources
of electricity than fossil fuels in many markets. As a result, most new installations of electricity
generation capacity are solar.

As photovoltaic module efficiencies reach their practical limits, there is an opportunity for
drastic improvements using tandem photovoltaics. By stacking a photo-absorber with a wider
bandgap on top of existing modules, power conversion efficiencies greater than each module alone
may be achieved, and experimentally this has demonstrated power conversion efficiencies above
the Shockley-Queisser limit for single junction modules. This thesis explores binary metal sulfides
as materials for top cells in tandem photovoltaics. Binary metal sulfides comprise several
promising photo-absorbers with appropriate bandgaps and optoelectronic properties for use in top
cells, and often benefit from close-space sublimation and chemical vapor deposition as inexpensive
and scalable routes to fabrication. In this thesis, deposition and properties of zirconium(IV) sulfide
and germanium(ll) sulfide are described.

In chapter 2, zirconium(lV) sulfide (ZrSz) thin films are deposited from the reaction of
tetrakis(dimethylamido)zirconium(1V) (Zr(NMez)4) and H2S. This method allows for deposition
of stoichiometric ZrS; films between 150-350 °C, the lowest reported range for CVD of crystalline
films of this material. Deposition is demonstrated at rates of >100 nm/min, but films suffer ligand

incorporation and low crystallinity. Films deposited at high growth rates also transition from



smooth and compact morphologies to loosely assembled plates at growth temperatures of >250 °C.
Decreasing the Zr(NMez)4 flux and growing in an excess of H2S suppresses the growth of plates,
increases crystallinity, and reduces ligand incorporation. The resulting films have morphologies
suitable for photovoltaics and resistivities within 1-3 orders of magnitude of single crystals.

In chapter 3, chemical vapor deposition of ZrS; thin films is extended to polymer
substrates. The low processing temperatures demonstrated in chapter 2 are taken advantage of to
accommaodate thermal budgets of <200 °C for many polymers typically used in flexible electronics.
Growth of continuous and crystalline ZrS; films is demonstrated at 200 °C on Kapton and
polyether ether ketone substrates. Growth on polydimethylsiloxane substrates at 200 °C is believed
to be complicated by outgassing of the polymer and leads to non-uniform growth. Continuous but
amorphous ZrS; films can be deposited at 150 °C on polyethylene terephthalate substrates.

Finally, in chapter 4 thermal evaporation and annealing of germanium(ll) sulfide (GeS)
thin films is explored. GeS is conveniently deposited with low source and substrate temperatures
below 300 °C, but the resulting films are amorphous and highly resistive. Annealing films under
vacuum was briefly explored but resulted in re-sublimation of GeS due to its high volatility.
Annealing under H>S atmospheres was then explored at 320-355 °C and may have initiated
crystallization when dilute mixtures were used, but otherwise partially oxidized films to GeSa.
Annealing under Ar at 375-400 °C was explored last and was able to produce highly crystalline
GeS films. Initially, the nucleation kinetics of GeS were poor, leading to discontinuous films.
However, the number of defect sites on as-deposited films was increased using seed layers or

substrate roughening, which afforded nearly continuous films of crystalline GeS from annealing.
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Chapter 1. Introduction

1.1. Context: Decarbonization of Electricity through Photovoltaics

The world faces an existential crisis: energy and electricity sources must be decarbonized
to prevent irreversible damages from climate change. Emissions of greenhouse gases, mainly COa,
from the combustion of fossil fuels are the greatest contributor towards global warming.
Production of electricity accounts for ca. 33% of these emissions.! The International Panel on
Climate Change (IPCC) estimates that anthropogenic global warming has increased the average
global surface temperature by 1.1 °C since the Industrial Revolution,? and with an estimated rate
0.1-0.3 °C warming per decade at the turn of the century, an increase in global temperature to >1.5
°C is projected between 2030-2052.%3 Decarbonization of existing and new electricity generation
capacity will be critical to reducing emissions, as electricity demand is projected to increase from
ca. 27,000 to 55,000 terawatt hours (TWh) between 2023-2050.% ° If emissions are not curtailed,
resulting damages from rising sea levels, drought and other natural disasters will be irreversible,
even if goals of net zero emissions are achieved within the century.’

Harnessing solar energy is a viable and sustainable method to meet global electricity
demands. Indeed, enough solar flux strikes the Earth’s surface in one hour to meet the current
global electricity consumption of ca. 30,000 TWh.% 7 While all incident light cannot be captured
and converted to electricity, it is possible to estimate the fraction of global surface area required to
meet current electricity demands. Assuming an average insolation of 1000 W/m?2, a capacity factor
or 0.2, and that photovoltaics operate at 20% efficiency (currently available Si and CdTe modules
operate at efficiencies of 20-22% and 19.7%, respectively® °) only 0.06% of available land area

would be required (equations 1, 2 and 3).° For comparison, ca. 44% of all habitable global land



area is used for agriculture,!! and the estimated surface area available on rooftops across the globe

is as high as 2.86 x 10 m? .12

1

1) Installed capacity for 30,000 TWh = (3 x 10" Wh) x (‘0 28760

)= 17 TW

2) Land area = (3 ¥10'° Wh) x (————)x———x —L_=86x 10" m’
0.2 x 8760 h 1000 Wm~—2 20% PCE

8.6x 1010 m2

Tse a0 06%

3) Percent of available land area = 100% x

Decreasing costs of photovoltaic modules has enabled rapid deployment of these
technologies, but solar energy only supplies a fraction of total electricity generation capacity.
Between 2010 and 2023, the global average cost of electricity generated from solar (non-
concentrated) photovoltaics decreased from 0.46 $/kWh to 0.04 $/kWh, and is now less expensive
than electricity produced from fossil fuels, which cost between 0.05 $/kWh-0.2 $/kWh.® This
decrease in price in is driven mostly by a combination of reductions in manufacturing costs and
improvements in performance of silicon-based modules, which represent ca. 95% of new
installations of photovoltaics in the world.** Indeed, from 2010 to 2024, the cost of Si module
fabrication decreased 10-fold from 2.11$/ Wac to 0.2 $/Wqc while the PCE increased over 50%
from 14.0 to 22.5%.% Such decreases in prices have afforded large increases in adoption of
photovoltaics, which represented an impressive 93% of new global capacity installations in 202416
In the United States newly installed electricity generation capacity increased from only <5 % solar
between 2010-2014 to a projected 71% in 2025.1" However, as of 2023 only 240 of 4300 terawatt
hours (TWh), or 5.6% of electricity generated in the United States were produced by

photovoltaics.® By comparison, 2510 TWh or 58% of this electricity was produced by burning of



fossil fuels. Thus, there remains a need to continue deployment of photovoltaic installations on the
order of Terawatt hours to reduce reliance on fossil fuels. More efficient modules will expediate

this monumental task.

1.2. Operating Principles of Photovoltaics

Thin film photovoltaic devices extract charge carriers using a potential difference arising
from photoexcitation. The generic architecture of a thin film photovoltaic device includes a
supporting substrate, a p-n heterojunction, and supporting metal electrode. The heterojunction is
formed by a visible bandgap semiconductor, often a p-type material, and a wide band gap (ideally
>3 eV to avoid parasitic absorption of visible light), n-type semiconductor as the electron transport
layer. For devices utilizing n-type absorber layers, a p-type hole transport layer is used as the
partner material. Some photovoltaic devices, such as those based on halide perovskite photo-
absorbers, use a p-i-n junction, where the photo-absorber is intrinsic and surrounded by an n-type
electron transport layer and p-type hole transport layer.'® Figure 1.1 illustrates the working
principles of photovoltaic based on a p-type photo-absorber. In the dark, the Fermi levels (Ef) of
the devices equilibrate as charge carriers flow between the adjacent layers to establish
electrochemical equilibrium (Figure 1.1b).*® But, when the absorber layer is struck by incident
photons with energies above its band gap, electrons are excited from the valence band to the
conduction band. The electrons then flow downbhill in energy and move from the absorber layer
conduction band into the conduction band of the electron transport layer, and then to the Fermi
level of the adjacent metal electrode (Figure 1.1c). Photoexcitation also leaves behind a charge
carrying hole, a quasiparticle representing the absence of an electron, which moves uphill in energy

from the valence band of the absorber layer into the second, adjacent metal electrode. Together,



these processes move the device out of electrochemical equilibrium and the Fermi-levels of the p
and n-type materials junction return to energies near their positions out of electrical contact (Figure

1.1a). The difference in energy between these quasi-Fermi levels is open circuit voltage of the

photovoltaic device.
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Figure 1.1. (a) Positions of the energy bands and Fermi-levels of the component layers of the
device out of contact. (b) The layers of the device are electrically connected in the dark and
electrochemical equilibrium is reached. (c) The device is exposed to light and driven out of
electrochemical equilibrium. The Fermi-level and vacuum energy level are denoted Er and Evac,
respectively. Electrons, holes and the open circuit voltage are represented by e”, h* and Voc,
respectively.



The Shockley-Queisser limit and kinetics of charge carrier propagation limit the power
conversion efficiency (PCE) of single junction photovoltaics. The amount of solar flux that can be
converted to electricity is fundamentally limited by the bandgap of the photo-absorber, as photons
with energies below the bandgap are not absorbed, while thermalization of carriers prevents
extraction of all electrical energy from photons with energies well above the gap.?° The Schottky-
Quiesser limit accounts for these losses, along with the distribution of solar irradiance to define
the optimal band gap for terrestrial photovoltaics as 1.34 eV and the corresponding maximum PCE
as 33.7% (although bandgaps of ca. 1.1-1.5 can afford maximum PCE’s of >32%). Reductions in
device efficiency also arise from kinetic processes controlling recombination of charge carriers
before extraction to the electrodes.?® Useful metrics for predicting the efficiency of charge carrier
collection include the carrier lifetime, diffusion length and absorption coefficient.?! Indeed, to
extract all photoexcited charge carriers, the diffusion length must be greater than or equal to half
of the absorber layer thickness. In this respect, thin film absorbers with high absorption coefficients
(10%-10° cm™) can be advantageous, as charge transport properties do not have to match those

achieved for Si, with absorber thicknesses ca. 100x higher.?°

1.3 Tandem Photovoltaics and Current Candidate Top Cells

The next generation of photovoltaics will be tandem modules. In these modules, two
photovoltaic devices are stacked on top of one another, with the top device (or top cell) utilizing a
wider bandgap photo-absorber than the bottom device (bottom cell).?? In this configuration, high
energy photons are more effectively converted to electricity by the top cell, while photons below
the bandgap of the top cell are transmitted and absorbed by the bottom cell. Thus, with the use of

two photo-absorber layers, efficiencies greater than either absorber alone can be achieved. With



proper matching of photo-absorber bandgaps and spectral efficiencies,?> PCE’s beyond the
Shockley-Queisser limit can be accessed, with predicted PCE’s as high as 45% for tandem
modules.?? 2 Importantly, tandem photovoltaics have already been shown experimentally to
access PCE’s beyond the Shockley-Quessier limit for single junction modules, with I11-V on Si
and perovskite on Si tandem modules achieving impressive record PCEs of 36.1% and 34.6%,
respectively.?* For comparison, the best research scale Si modules have reported PCEs of 26.8%%4,
and the predicted maximum PCE of Si based modules is 29.5%.2% 2° Thus, assembly of tandem
photovoltaics from existing photo-absorber layers offers significant advantages in increasing PCE
gains compared to just optimizing existing technologies. For this reason, there is significant
research underway into candidate top cells for existing, lower bandgap modules such as Si and
CdTe.?

Halide perovskites are of significant interest as top cells for tandem photovoltaics due their
tunable bandgaps and potential for inexpensive and scalable processing. The perovskite structure
is ABXs, where A and B are either metallic or organic cations, and X is a halide. By tuning the
composition of these components, the bandgap of halide perovskites can be varied from 1.2 to 2.3
eV.??2 Bandgaps of 1.7-1.8 eV provide the maximum theoretical PCE of 45% for top cells paired
with Si.?% 23 Typically, increasing the bromine to iodine ratio is used to tailor the bandgap of mixed
halide perovskites to the desired range of 1.7-1.8,23 however doing so often leads to lower carrier
lifetimes and segregation into bromide and iodide rich phases under illumination.? 26 Efforts are
underway to use surface passivation and cation substitution to prevent phase segregation in these
materials.?” 2 Regardless, mixed halide perovskites across several compositions benefit from

potentially scalable solution processing methods with low thermal budgets, such as blade coating,



slot-die coating, spray coating, and ink jet coating.?>?° For this reason, several startups are working
to commercialize tandem photovoltaics utilizing perovskite top cells.*°

I11-V semiconductors offer superior performance for tandem and multijunction
photovoltaics, but deployment of these technologies is inhibited by high manufacturing costs. Of
particular interest as a top cell from this family is GalnP, and with a bandgap of 1.8 eV,*! can
provided maximum theoretical PCE’s of 45% and 42% for Si and CdTe bottom cells,
respectively.??> 111-IV materials are often used to fabricate multi-junction modules, with
GalnP/GaAs/Ge often used in space applications,?® and GalnP/GaAs/GalnAs demonstrating a
PCE of 39.5%, the highest of any non-concentrator module.?* However, epitaxial growth of 111-V
films is required to obtain materials with crystallinity enabling the desired carrier transport
properties.®? Low throughput and high costs of wafers and equipment necessary for epitaxial
growth have raised the cost of 111-VV modules as high as 150 $/W, which is ca. 400x higher than
for commercially available Si and CdTe modules. Direct deposition of 111-V onto Si is possible
and can lower manufacturing of tandem modules, but heteroepitaxial growth reduces device
efficiency due to worse material quality.>* To preserve material quality, 111-V semiconductors can
be deposited onto epitaxial substrates and lifted off to transfer to Si modules,® which adds

complexity to manufacturing and lowers throughput.®

1.4. Metal Sulfides as Top Cells for Tandem Photovoltaics
1.4.1. Criteria for Selecting Top Cells

Binary, ternary, and complex metal chalcogenides span a multitude of promising and
realized photo-absorbing materials. Most notable are cadmium telluride (CdTe), the transition

metal dichalcogenides (such as molybdenum disulfide), chalcogenide perovskites, and quaternary



or complex chalcogenides such as copper indium gallium selenide (CIGS) and copper zin tin
sulfide (CZTS). For brevity and relevance to materials focused on in later sections of the thesis,
this review will focus on binary metal sulfide photo-absorbers. In selecting these materials as
candidate top cells for existing technologies, the bandgap should be 1.6-2.1 eV to maximize the
efficiency of existing Si and CdTe modules.?? This lead to the selection of germanium(ll) sulfide,
cubic phase tin(11) sulfide, antimony(l11) sulfide, zirconium(lV) sulfide, and hafnium(IV) sulfide
for review, although several other binary metal sulfides exist with direct bandgaps between 1.6-
2.1 eV, including but not limited to, copper(l) sulfide (ca. 1.8 eV),**" mercury(ll) sulfide (ca. 2
eV),%" 38 and beta phase indium (l11) sulfide (ca. 2.1 eV).2>*! Finally, while this review will focus
only on binary sulfides, a plethora of reviews are available on ternary*>** and quaternary*>-’
sulfide absorbers.

Vacuum deposition methods may enable rapid deployment of top cells for tandem
photovoltaics and have been demonstrated at commercial scale for other metal chalcogenides. Of
particular note is close-space sublimation, which is used to deposit CdTe absorber layers in
photovoltaics at rates as high as 10 pm/min.* 8 Continued improvements to CdTe manufacturing
has allowed these modules to account for almost half of the United States production capacity.*®
Chemical vapor deposition (CVD) has also been scaled industrially, and is used deposit fluorine
doped tin(IV) oxide (FTO) on glass.>® For many tandem module architectures, the top and bottom
photovoltaic devices can be fabricated separately, which adds flexibility to manufacturing and
loosens temperature constraints. To utilize 2T tandem architectures without wafer bonding (i.e.,
direct deposition of top cell layers onto the bottom cell),?® close-space sublimation and CVD
substrate temperatures should be minimized, ideally to <500 °C, which is the maximum

temperature most Si modules can withstand.??



1.4.2. Germanium(ll) sulfide

Germanium(ll) sulfide (GeS) is a promising 2-D semiconductor with closely spaced direct
and indirect bandgaps in the range of 1.6-1.8 eV and with a absorption coefficient of >10* cm™*.5%
52 The minority carrier mobility is reported as high as 86-90 cm?V-1s 354 and photoexcited carrier
lifetimes are 120-565 ps.>**® Some reports indicate that GeS has high resistivity, with single
crystals showing values of either 10%-10° or 10°%-107 Q-cm.>" 8 Establishing low resistance ohmic
contact between GeS and metal contacts has been proven to be difficult due to Fermi-level
pinning.*

GeS photovoltaics have recently been reported,>? 8°-52 with the first demonstration in 2021
still holding the record efficiency of 1.36%.%2 The champion GeS devices were fabricated using
close-space sublimation of GeS at a temperature of 480 °C. Differences in thermal expansion
coefficients of GeS and the underlying substrate resulted in film delamination, but this issue was
resolved using a MoSe: interfacial layer.

GeS films can be deposited by thermal evaporation and close-space sublimation.
Conveniently, GeS evaporates under vacuum between 300-400 °C as the molecular species, %%
allowing for congruent evaporation of films.5? This sublimation mechanism enables close-space
sublimation of stoichiometric films, with substrate temperatures of 200-390 °C® and 480 °C®2
reported. Vapor transport has also been used to deposit GeS films,%% 57 as well as simple thermal
evaporation.®®"° When depositing GeS using physical vapor deposition, substrate temperatures of
>350 °C are typically required to obtain crystalline films.%2 667

There are limited reports of CVD and ALD of GeS films. CVD has been reported once
using [Ge"Bus(S"Bu)] as a single source precursor at 600 °C and producing polycrystalline films

of orthorhombic GeS.”* The films were slightly Ge rich and micrographs show the films are
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discontinuous. ALD using rac-1,3-Di-tert-butyl-4,5-dimethyl-1,3-diaza-2-germacyclopentane-2-
ylidene and H>S at 50-200 °C has been shown to deposit highly conformal and continuous GeS
films,’? but the material was amorphous. No other reports of either CVD or ALD of GeS are

known, however, CVD and ALD of congeners GeSe’® *> and GeTe’® ’® ’" have been explored.

1.4.3. Cubic Tin(Il) sulfide

Tin(I1) sulfide has received significant attention as photo-absorber layer for its earth
abundant and non-toxic elements. Most efforts on this material have focused on the lower band
gap, ca. 1.1-1.3 ev,’® "® orthorhombic phase of SnS, which has resulted in photovoltaics with PCEs
of up to 4.4%7® 8% However, the direct gap of orthorhombic SnS is too low for use as a top cell
with either Si or CdTe.?? Instead, the cubic phase of SnS is more appropriate, with a reported band
gap of ca. 1.7 eV88 and absorption coefficient of >10* cm™.8! The electrical properties are also
promising, with films fabricated with mobilities as high as 66 and 75 cm?Vs 8% 84 and carrier
concentrations on the order of 10'°-10% cm2% 8 although lower values of 10*2-10% are also
reported.® Resistivities as low as 3.1 Q-cm have been reported,® but films often suffer from high
resistivities, typically on the order of 10%-10° Q-cm 8% 83,858

Although SnS can be deposited by close-space sublimation, there are no reports of purely
cubic phase films obtained by this method. Instead, SnS films deposited by close-space
sublimation are orthorhombic,®”# likely due to the high substrate temperatures of 450-500 °C.
This is likely related to the metastable nature of cubic SnS,*° with some studies showing conversion
of the cubic phase to the orthorhombic phase with temperatures of >350 °C .2 8+ 9 |ndeed, lower
temperature syntheses by chemical bath deposition®? & 8 and ALD®" 892 have been shown to

preferentially form cubic SnS.
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Few ALD and CVD routes are known to deposit cubic SnS films. Of available methods for
obtaining cubic SnS by ALD, the most common is by the reaction of tin(Il) acetylacetonate and
H>S at 120 °C. In these studies, it was found that increasing H.S purge times and use of substrates
with strong interactions with the acetylacetonate ligand promote growth of cubic phase films.& %2
% Photovoltaics have been prepared from 35 nm thick films of cubic SnS deposited by this recipe
and demonstrate a maximum PCE of 0.24%.8% The reaction of bis(N,N'-
diisopropylformamidinato)tin(ll) and H2S produces cubic SnS films at temperatures of 70 and 80
°C, but increasing film temperatures and thicknesses promote formation of the orthorhombic
phase.?% % Photovoltaics prepared from these cubic SnS layers have low short circuit current
densities and a PCE was not reported. CVD of cubic SnS films is less common, with one report
demonstrating growth at 300 °C using (dimethylamido)(N-phenyl-N’,N’-

dimethylthiouriate)tin(11).%

1.4.4. Antimony(l11) sulfide

Antimony(l11) sulfide (Sb2Ss) and congener antimony(l11) selenide (Sh2Ses) show great
promise as photo-absorbers. The record PCE’s for SboS3 and Sh»Ses photovoltaics are 8% and
10.1% respectively.® % Due a higher bandgap of ca. 1.7-1.8 eV,°" %8 Sh,S; is of particular interest
as a top cell. The optoelectronic properties of Sbh.Ssz are highly favorable, with an absorption
coefficient of 10%-10° cm™,%"- *8 carrier mobility of 10 cm?V-1st,% diffusion length of ca. 1 um,'®
and lifetime of 23 ns.%

Close-space sublimation can be used to deposit Sb2Ss at low growth temperatures. Typical
parameters for these depositions are source temperatures of 500-580'°11% and substrate

temperatures of 300-400 °C.%%%-1%2 Growth temperatures as low as 240 °C have been reported, but
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produces films with significantly smaller crystallites than at 340-380 °C under the same
conditions.*® Film morphology can also be controlled by source temperatures, with faster growth
rates encouraging larger grain growth in some instances.’®® Grain growth has also been
demonstrated by deposition of an Sb»Ss seed layer prior to close-space sublimation, and enabled
fabrication of photovoltaics with PCE’s as high as 4.78%,'% which remain the record for Sb2Ss
cells processed using close-space sublimation.

Sh>Ss films can be deposited by both CVVD and ALD, although the latter requires annealing
to yield crystalline films. ALD of Sh,Ss has only been demonstrated using
tris(dimethylamino)antimony(I11) and HS, typically at temperatures of 120-130 °C,05-107
although temperatures of 60-225 have been explored.!® In all cases amorphous films were
obtained, and required annealing at 300-330 °C to crystallize.1%1% The highest reported PCE of
Sh,S3 photovoltaics deposited using ALD is 5.77%.1% More routes are available to Sh,Ssby CVD,
notably with the reaction of SbClz and H»S producing continuous films at 300 °C and atmospheric
pressure.l®  Several single source precursors for Sb;Ss are known, including
tris(thiobenzoato)antimony(111),11° antimony(I11) tris(t-butylthiolate) and antimony(I11) tris(2,2,2-
trifluoroethanethiolate,''* and several antimony dithiocarbamates.''? However, films deposited by
these precursors tend to have discontinuous morphologies due to the formation of either large

platelets or rods.

1.4.5. Zirconium(IV) sulfide
Zirconium(1V) sulfide is an n-type photo absorber with attractive optoelectronic properties
for use as a top cell. The indirect bandgap is typically reported between 1.7-1.8 eV** 114 although

there is less certainty in the direct bandgap, with a range of 2.1-2.4 eV.'%1® The absorption
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coefficient is on the order of 102 cm™ at the direct bandgap .*** 14 Like for many transition metal
dichalcogenides (TMDCs), most attention has been paid to monolayer and few layers variants of
ZrS; for predicted carrier mobilities of >1200 cm?V-1s.117. 118 Recently, mobilities as high as 1250
cm?V-1s were demonstrated for 5 nm thick ZrS; films obtained by a combination of sputtering
and sulfur annealing.!*® Carrier transport is also favorable in the bulk material, with mobilities of
1-5 cm?Vist in films,?9122 and as high as 61 cm?V-s? in single crystals.!?®> The carrier
concentration typically falls between 1017-10* cm3,122 124125 hyt has been reported as high as
10%-10%° cm3.% Only one demonstration of ZrS; photovoltaic device exists to date, which used
drop-cast nanobelts to fabricate a Schottky solar cell with a PCE of 1.2%.%

High temperature CVD is typically used to deposit ZrS; films, although lower temperature
methods have been reported. The most common precursor for ZrS; CVD are ZrCls and sulfur, with
temperatures of >800 °C promoting growth of highly crystalline films.120-122 127.128 7S, films
deposited under these conditions tend to have smooth grains with diameters on the order of 1 um
lying parallel to the substrate surface, particularly those grown epitaxially on sapphire
substrates,*?? 127: 128 Flakey morphologies have been obtained on Si/SiO2.1% Lower temperature
CVD of ZrS; has been achieved using alternative precursors, including ZrOCI; and thiourea at 430
°C,1%0 and single-source zirconium dithiocarbamates at 400 °C.%3! Perhaps most notable is the
CVD reaction of ZrCls with H2S instead of sulfur, which decreases the growth temperature as low
as 450 °C.1%

Reports of ALD of ZrS; films are limited compared to CVD. The first report of ALD of
ZrS; films investigated growth using either ZrCls or Zr(NEtMe)s and H2S.** It was found that
replacing ZrCls with Zr(NEtMe)s lowered the minimum temperature for deposition of crystalline

films from 350 to 200 °C. Films grown from ZrCls and H.S are moderately crystalline and have
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compact grains under 100 nm in diameter. The only other report of ZrS, ALD explored growth
using Zr(NMez)s and HS at 75-300 °C.™* Films were amorphous at deposition temperatures of
75 °C and show diffractions associated with ZrsSs or ZrSz as the temperature is increased to 200
and 300 °C.

Close-space sublimation has not been demonstrated for ZrS; films. References on the vapor
pressure of ZrS; are scarce, with only one report suggesting ZrS, decomposes during evaporation

and that sulfur constitutes the majority of the gas phase above ZrS;.1%

1.4.6. Hafnium(1V) sulfide

Hafnium(IV) sulfide may have appropriate optoelectronic properties for use as top cell.
The indirect bandgap is typically reported as 1.9-2.1 eV, 1% 137 with an absorption coefficient
on the order of 10° at this energy. The direct gap is reported between 2.6-2.7 eV, 38140 put as low
as 2.1 eV.*! Typical values of the direct gap of HfS; are outside the optimal bandgap of top cells
for Si and CdTe.?? There are few reports on the electrical properties of bulk HfS, with an early
report offering a discouraging resistivity of 10%-107 Q-cm.® Instead, the electrical properties of
monolayer and few layer HfS; are predicted to be far superior, with estimated carrier mobilities of
>1500 CmZv—ls—l_lﬂ, 118

Most reports of vapor deposition of HfS; use HfCls and Sz as CVD precursors at growth
temperatures of 800-1000 °C.13 142147 Films are typically highly crystalline and oriented in the
(0001) plane, particularly on sapphire substrates, where epitaxial growth has been demonstrated.**°
CVD at 400-450 °C has been demonstrated using Hf(S.CNEt,)4 as a single source precursor.*3!
The growth temperature can be lowered even further using ALD, with growth by this method first

reported from either HfCla, Hfls, or Hf(NEtMe)s and H,S.1* The minimum temperatures required
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for growth of crystalline films using HfCls, Hfls, or Hf(NEtMe)s were 350, 300 and 200 °C,
respectively. Plasma-assisted ALD has also been attempted using Hf(NEtMe)s and H.S, but the
crystallization threshold temperature was raised to 350 °C, possibly due to significant oxygen
incorporation in films. Amorphous HfS; films can be deposited at temperatures as low as 60 °C
from Hf(NMez)s and H2S.'8 1 Finally, like for ZrSy, there are no reports of close-space

sublimation of HfS,. Photovoltaics have not been reported with HfS; absorber layers.

1.5 Conclusions

Anthropogenic global warming presents a fundamental threat to humanity and requires
decarbonization of energy and electricity sources to prevent permanent damages. Photovoltaics
are promising alternatives to fossil fuels, and through sustained efforts the cost of electricity from
these technologies is now lower than fossil fuels in some markets.*® Accordingly, photovoltaics
represent the majority of new installations of electricity capacity in the United States,!” however,
the majority of electricity is still generated by fossil fuels.

Tandem photovoltaics can rapidly increase the power conversion efficiencies of available
modules and can help generate a greater fraction of electricity from renewable sources. Although
mixed halide perovskites and I11-V semiconductors have seen success as top cells,?* these
technologies have not been deployed at scale terrestrially. Metal sulfides are an attractive class of
materials with photo-absorbers exhibiting appropriate bandgaps for use as top cells with existing
Si and CdTe moduless.?? Of particular interest are the binary sulfides, due to available and scalable
vacuum deposition techniques of close-space sublimation and chemical vapor deposition. This

dissertation presents ZrS, and GeS as candidate photo-absorbers for top cells, and demonstrates
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low temperature, vacuum assisted preparation of each. It is our hope that this work will inspire

further investigations into binary sulfides as top cells for tandem photovoltaics.
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Chapter 2: Low-Temperature Chemical Vapor Deposition of

Zirconium(1V) Sulfide Thin Films

2.1. Contributions

The work presented below is derived from a manuscript in progress. | deposited ZrS; thin
films and characterized them using scanning electron microscopy, energy dispersive X-ray
spectroscopy, X-ray diffraction, and four-point probe. Daniela Chavez and Abigail D. Berube
measured the composition of ZrS; films using XPS and fit the spectra. Professor Luke M. Davis
supervised the project and assisted in writing and editing the manuscript. | also wrote and edited
the manuscript, along with Daniela Chavez and Abigail D. Berube. The authors thank Shao-Liang
Zheng for assistance with pXRD measurements. This project is funded by Tufts University and

the National Science Foundation (DMR-2224949).

2.1. Abstract

Transition metal dichalcogenides like zirconium disulfide absorb visible light, and
monolayers can have exceptionally large carrier mobilities. Integrating these materials into wafer-
based devices will likely require deposition methods operating below 400 °C. Chemical vapor
deposition (CVD) may offer one such route, because it is suitable for large substrate areas and
complex substrate geometries. However, current CVD methods deposit ZrS, above 400 °C,
typically from ZrCls and sulfur. Guided by thermochemical calculations that suggested the reaction
between hydrogen sulfide and tetrakis(dimethylamido)zirconium(IV) would be more favorable,
we demonstrate low-temperature CVD using these compounds. Film deposition proceeds rapidly

at 150-350 °C, producing stoichiometric, polycrystalline ZrS; films. Films can grow at rates >100
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nm/min, although slower growth increases the film crystallinity and decreases C and N impurities.
At substrate temperatures above 250 °C, the film morphology transitions from densely packed
small grains to larger, more loosely packed vertical sheets. In an excess of H,S, decreasing the
Zr(NMey)4 partial pressure can suppress the growth of these plates. Resistivities of product films
are within 1-3 orders of magnitude of single crystal data. Optical properties are consistent with
previously reported films of ZrS,, suggesting this route may offer a method for integrating ZrS;

into thermally sensitive devices.

2.2. Introduction

Chalcogenide semiconductors represent some of the earliest known and most useful
semiconducting materials. From Faraday’s first report of the characteristic decreasing resistance
with increasing temperature in silver sulfide,! through Smith’s discovery of photoconductivity in
selenium,? to Braun’s observation of rectification in lead sulfide,® elements and compounds of
group 16 critically enabled the development of the semiconductor field. The utility of this family
of compounds continues in the modern day, with zinc sulfide serving as an important inorganic
phosphor, especially when activated by silver or copper.* Tin selenide and related chalcogenides
represent the best thermoelectric materials.> ® Cadmium telluride remains the most important thin-
film photovoltaic material, retaining a 5% share of the fast-growing solar market.”

Two exemplar classes of the next generation of chalcogenide semiconductors are transition
metal dichalcogenides (TMDCs) and perovskite-structured complex chalcogenides. The transition
metal dichalcogenides are layered materials that have computed or measured monolayer mobilities
exceeding 1200 cm?V1s1 810 These superior carrier transport properties have made TMSC’s
attractive candidates for optoelectronic devices,! 2 gas sensors,!® supercapacitors,'* and

piezoelectrics.®™ 6 Chalcogenide perovskites have garnered substantial interest in the last decade
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as optoelectronic materials.t’?! Barium zirconium sulfide (BaZrSs), for example, has charge
carrier lifetimes of 50-100 ns,?* 2 and charge carrier diffusion lengths near 5 um.?®> Simulations
predict single-junction photovoltaics based on BaZrSs could reach efficiencies as high as 28%.2

Zirconium(1V) sulfide is an n-type TMDC with favorable optoelectronic properties. The
bulk material absorbs visible light, with an indirect bandgap of 1.7-1.8 eV % and a direct
bandgap in the range 2.1-2.4 eV.?5-28 The absorption coefficient is on the order of 10° cm™ at the
direct bandgap.> %® Majority carrier transport properties are also promising, with a carrier
concentration on the order of 10*—10'® cm3,2-3! and a carrier mobility of up to 61 cm?V-1s? in
single crystals,®? and 1-5 cm?V-1s? in films.?% 33 3 As a monolayer and few-layer material, ZrS;
has drawn interest for predicted® ° and realized® carrier mobilities in excess of 1200 cm?V-1s™,
Combined, these properties have enabled fabrication of photodetectors,?® 3% 35 % field effect
transistors,® 34 37 and photovoltaics® based on ZrS; films or exfoliated crystals.

New approaches are needed for depositing ZrS; films because current methods preclude
integration with thermally sensitive substrates and devices, or lack scalability. Chemical vapor
deposition (CVD) from ZrCls and sulfur is the most utilized method for preparing ZrS> films;
although high-quality films can be obtained from this chemistry, growth temperatures >800 °C are
typical. 2 33:3439.40 Eqrlier reports of CVD of ZrS; demonstrate that replacing sulfur with hydrogen
sulfide allows film growth as low as 450 °C,** and CVD from ZrOCl, and thiourea has been
demonstrated at 430 °C.*? CVD of ZrS;, films from single-source zirconium dithiocarbamates
occurs as low 425 °C.** Although temperatures as low as 50 °C have been utilized for synthesis of
ZrS; quantum dots,** *® and ZrS, nanostructures prepared at higher temperatures can be transferred
to other substrates through methods such as drop casting,3® ¢ these methods may not scale as well

as all-vapor methods. Because the synthesis of chalcogenide perovskites like BaZrSz often
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proceeds via reaction of BaS (or a relative like BaSs*') with ZrS;, new methods to prepare ZrS;
films may ultimately also enable the synthesis of chalcogenide perovskite films.

The use of more reactive precursors may lower the CVD growth temperature of ZrS..
Beyond replacing sulfur with HS, replacing ZrCls in the typical ZrS; reaction should also be
beneficial, as significant precedent exists for lowering growth temperatures by replacing metal
halides with metal amides in CVD of other materials, including in closely related TiS.43-%°
Although the mechanisms of CVD and atomic layer deposition (ALD) can be different, owing to
different precursor dosing strategies, it is relevant that in ALD of ZrS,, substituting ZrCls with
tetrakis(ethylmethyl)zirconium(1V), Zr(NEtMe)s, decreased the minimum growth temperature for
crystalline films from 350 to 200 °C.%® ALD of amorphous ZrS; has been reported at temperatures
as low as 75 °C using tetrakis(dimethylamido)zirconium(IV), Zr(NMey)s, and H2S.>! Replacing
the reaction of ZrCls and sulfur with the reaction of a zirconium dialkylamide and H>S changes
the mechanism of CVD from reduction-oxidation chemistry to acid-base chemistry. The nitrogen
of the dialkylamide should be protonated readily by HS, as similar chemistry is known to occur
on surfaces for weaker acids such as H20 or HzN.50 %2

We now report CVD of ZrS; from Zr(NMez)4 and H2S at temperatures below 400 °C.
Reactions of these precursors deposit stoichiometric, polycrystalline films at temperatures as low
as 150 °C, the lowest reported temperature for CVD of ZrS,. Growth rates exceeding 100 nm/min
are possible, although very rapid depositions afford amorphous films. Above 250 °C, fast growth
leads to sheets of ZrS, arrayed vertically out of the substrate. Slower growth in an H,S-rich
environment allows control over the morphology of ZrS; films, suppressing the formation of flakes
at 250-300 °C. The optical properties of the product films are consistent with typical values for

films of ZrS». The electrical resistivity of the best films lies within 1 order of magnitude of single
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crystals and high-temperature CVD films; enhancing the crystallinity and grain size of low-

temperature CVD films may be a direction for future improvement.

2.3. Experimental

2.3.1 Deposition of ZrSz Thin Films

Materials. Tetrakis(dimethylamido)zirconium(lV), 99%, was purchased from Strem
Chemical Co., stored in an Ar-filled glovebox, and used without further purification. Hydrogen
sulfide (99.5%) was purchased from Matheson Tri-Gas and purified to <1 ppb H20 using an ARM
acid gas purifier (AG-301-150330-V04-F). Argon gas was purified (nominally to <0.1 ppb H20,
0., CO, CO) using an Entegris GateKeeper gas purifier (GPUS35FHX04R00CA). Quartz
substrates were purchased from Chemglass Life Sciences (CGQ-0640-01). c-Plane sapphire
substrates were purchased from SPI Supplies (502SS25-4-AB). Glass slides coated with indium
tin oxide (ITO) were purchased from MTI Corporation (ITO252507R15HFT115nm). SEMI-grade
acetone and isopropanol were purchased from VWR and used as received. For instrument
calibration,®® single crystals of ZrS, (>99.9995%, flux zone grown) were purchased from 2D
Semiconductors.

Vapor pressure measurements. We constructed a simple apparatus to measure the vapor
pressure of Zr(NMez)s, in a similar environment to our deposition chamber (Figure 2.1). The
measurement apparatus is built around a VCR cross, connected to two VCR bellows valves and
two pressure gauges. VVapor pressure measurements were recorded using a Baratron pressure gauge
(range of 0.01-10 Torr) and the base pressure of the system was measured with a Pirani gauge
(0.1-760 Torr). One VCR bellows valve isolates the Zr(NMez)4 precursor, contained in a vapor-

draw style bubbler, from the pressure gauges. The second bellows valve isolates the cross—and

40



thus the gauges and bubbler—from vacuum. All metal connections on the apparatus are %" VCR,
made using 316L stainless steel gaskets. The glass bubbler bottom (Kurt J. Lesker) is identical to
that used on the CVD reactor and heated using the same custom heated jacket, although the bubbler
top is of the vapor draw style (one feedthrough) rather than the carrier gas style (two feedthroughs).
The rest of the apparatus was heated using heating tape controlled with PID temperature controllers
(HTS/Amptek Company). Vacuum is provided by a roughing pump (Agilent TriScroll 300 dry
vacuum pump), through a leak valve and a turbomolecular pump (Leybold TurboVac 50)
connected to a residual gas analyzer (Inficon Transpector 2.0, TSPTT200, 0-200 amu); only the
dry scroll pump was in use during these measurements.

To measure the absolute vapor pressure of (ZrNMe2)s, we first loaded 1 g of this compound
into the glass bubbler in an Ar-filled glovebox, with the bellows valve (BV2) attached. With this
valve closed, the bubbler was connected to the VCR cross, and the apparatus evacuated. The valve
on the bubbler was then opened, and the bubbler evacuated to remove Ar. After evacuation at room
temperature, the bellows valve on the bubbler (BV2) was closed, and the system was ready for
measurements. A similar sequence of evacuating atmosphere and residual gases was followed on
each new day of measurements.

Individual vapor pressure measurements were collected by heating the apparatus under
vacuum. To make each individual measurement, after the room-temperature evacuation sequence
described above, the bubbler and the measurement system were heated to the set temperature. The
apparatus was pumped down to a base pressure of <3 mTorr. Then, the bellows valve isolating the
apparatus from vacuum (BV1) was closed, and the bellows valve isolating the bubbler from the
apparatus (BV2) was opened. The vapor pressure of (ZrNMe>)s was allowed to stabilize over 2

minutes and then measured using either the Baratron or the Pirani pressure gauge. Trials were
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repeated 3-5x at temperatures between 35 and 65 °C, with the bubbler and body of the apparatus

heated to the same temperature.

Baratron
gauge

Headspace
valve

Leak

valve
BVv1 To vacuum
system

q

4L VCR bellows valves

Pirani
gauge

CF flange to male VCR adapter

| I Bubbler bottom with CF flange top

Figure 2.1. Schematic diagram of the apparatus used to measure the vapor pressure of
Zr(NMey)s.

CVD reactor. All ZrS; films were deposited in a custom-built, hot walled CVD reactor. A
piping and instrumentation diagram is shown in Figure 2.2, a reactor schematic is shown in Figure
2.3, and a photograph of the reactor is provided in Figure 2.4. The CVD reactor was assembled
and operated inside of a walk-in fume hood as a safety precaution in the event of an H»S leak. As
an additional precaution in working with HS, all components in the reactor are constructed of
stainless steel (304, 316, or 321) or quartz, and elastomer seals are EPDM, EPR, or Buna-N.>*

The CVD reactions are conducted in a quartz tube (25 mm OD, 20.5 mm ID, 450 mm
length; MTI Corp). heated by a Lindberg Blue M Mini-Mite tube furnace (TF55035A-1). The
quartz tube is connected on either side to 316 stainless-steel quick connect to KF25 adapters (High
Vac Depot, AD-QC-KF25X100) which are supported by laboratory jacks. The internal and

external O-rings on the adapter are EPDM (with dash sizes of -214 and -320, respectively). A 316
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stainless-steel tray is used as a substrate holder (12" length, 0.625" width, 0.075" thick) and is used
to insert or retrieve samples from the reaction zone. Precursors are delivered to the reaction zone
through a 304 stainless steel KF25 blank with two 0.25” OD 304 stainless-steel feedthrough tubes
(Ideal Vacuum Products, LLC; P104211). The vacuum side of the feedthrough tubes are cut to
3.5" long so that they extend to 1" past the start of the heated coils in the tube furnace. On the air
side, the feedthrough tubes are cut (one each) to 1” and 3" and adapted to 0.25"” VCR fittings using
316 stainless steel ferrule to VCR adapters (Swagelok, SS-4-VCR-6-400).

Precursors are delivered to the reaction zone through separate delivery lines. To deliver
Zr(NMe2)s, Ar carrier gas is supplied to the bubbler via an MFC. The bubbler is assembled from
two pieces: the bottom is domed 7052 borosilicate glass, 4.75” long and 1.5" in diameter, adapted
to a Kovar 2.75"” CF flange (Kurt J. Lesker). The bubbler top is a 304 stainless-steel 2.75" CF
flange with two '4" tube feedthroughs, with male VCR connections on the air side. The
feedthroughs are each bent 90° on the air side, 180 ° to each other, and offset by 1.5”. Upstream
of the bubbler is a 12" 321 stainless-steel bellows tubing with VCR fittings, and downstream of
the bubbler is a braided 36" 321 stainless-steel bellows tubing with VCR fittings. The braided
tubing is connected to the air side one of the 304 stainless-steel feedthrough tubes on the reactor.
H>S gas is supplied to the reaction zone through the second feedthrough tube using another braided,
36" 321 stainless-steel hose with VVCR fittings. A VCR tee is installed on the upstream side of this
braided hose; this tee is connected via two 6” lengths of 321 stainless-steel flexible bellows tubing
with VCR fittings to the H.S MFC and a second Ar MFC, allowing for H>S to be diluted before
reaching the reaction zone.

Ar gas is purified before delivery to a manifold supplying the two Ar mass flow controllers,

one used for the bubbler carrier gas and the other for purging and for diluting H2S with Ar. Ar is
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supplied from a size 300 cylinder via a two-stage regulator through 304 stainless steel tubing (0.25"”
OD) bent and fed over the top of the walk-in fume hood. A ferrule to VCR adapter is used to
connect the tubing to an Entegris GateKeeper GPU HX series gas purifier
(GPUS35FHX04R00CA) that is protected on either side by VCR bellows valves (Swagelok, SS-
4BG-V51). The purifier is rated to remove H20O, O,, CO2, and CO impurities to <0.1 ppb. The
purifier is connected to a manifold constructed from a VCR cross. One arm of the cross is capped,
and occasionally used during He leak checking of the reactor. The other two arms of the cross
connect to the two Ar MFCs using 6” 321 stainless-steel flexible bellows tubing with VCR fittings.
MFCs were purchased from Aalborg with 304 stainless-steel bodies, Buna-N internal O-rings and
V/CR fittings (GFCS-011796).

H.S is supplied from a lecture bottle and purified before delivery to a mass flow controller.
Chemically pure grade H>S was purchased from Matheson Tri-Gas (CP, 99.5% purity, G1540275),
with a specified H20 content of <0.01%. A two-stage lecture bottle regulator and 0.25” OD
stainless-steel tubing connects the H»S gas to an ARM acid gas purifier (AG-301-150330-V04-F)
intended to reduce the H2O concentration to <1 ppb. The H2S purifier has two VCR connections
and is protected on either side by 316 stainless-steel bellows valves (SS-4BG-V51). The upstream
side of the purifier is connected to the tubing from the lecture bottle with a ferrule to VCR adapter,
and the downstream side of the purifier is connected to the MFC. The H2S MFC was acquired
from Aalborg and is made of 304 stainless steel with EPR internal seals (GFCS-021183). A VCR
bellows valve is placed immediately downstream of the H.S MFC to prevent trace amounts of gas
from breaking through; when the valve is open 1-2 ppm of HzS can be detected in the reactor,

even when the MFC is unplugged.
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Downstream of the reactor, a KF25 cross connects the reactor to the sample access port, a
pressure gauge, and the vacuum system. The KF25 cross is made of 304 stainless steel and is
connected directly to the quick connect adapter on the outlet of the reaction zone. All O-rings
installed on the KF25 cross are EPDM. Directly across the cross from the reaction zone, samples
can be accessed by removing a 304 stainless steel KF25 blank. On a second arm of the KF25 cross,
a thermocouple gauge with an NPT connection (Kurt J. Lesker, KJL-5311) provides pressure
readout, with a range of 1.0x103-7.6x10? Torr. The pressure gauge is attached to an NPT to KF25
adapter, and the connection is covered with epoxy to enhance the seal. A 304 stainless steel,
manual butterfly valve with KF25 connections (Kurt J. Lesker, KBV0O10MSQF25) separates the
KF25 cross and the pressure gauge. The remaining arm of the KF25 cross connects to a 304
stainless steel KF25 elbow, itself connected to a manual butterfly valve providing isolation from
and access to the roughing vacuum pump.

The pressure in the CVD reactor is maintained by a roughing pump that is protected from
H>S by a foreline trap. A reactor base pressure of 30 mTorr is achieved using an Edwards RV8
direct-drive rotary vane pump (A65401906). Immediately upstream of the vacuum pump is a 304
stainless steel foreline trap (Ancorp, VSHE-L-QF25) with KF25 connections and sealed in the
middle with a Buna-N gasket. To improve the seal, the Buna-N gasket is coated in Krytox grease.
To remove H2S from the gas stream, the foreline trap is filled with SULFURTRAP EX media
(Chemical Product Industries, ST-EX-50-10). Upstream of the scrubbing media in the same
foreline trap, 3A molecular sieves are added to prevent back-streaming of water and pump oil into
the reaction zone. The molecular sieves were added during a troubleshooting phase, but low-

oxygen films were deposited both with and without the sieves. A 20" long and 1" ID 304 stainless-
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steel flexible bellows tube with KF25 fittings connects the foreline trap to the KF25 butterfly valve

isolating the reactor from vacuum.

Ar, UHP
99.9999%
Sample I
Access
H,S, CP
Reactor Furnace 99.5%
Pre_ssure Regulator Mass Flow
Indicator Controller
@ Temperature Temperature Manual
Indicator/Controller Transmitter Valve

)

Trap/Purifier !” Bubbler Gas bottle

Figure 2.2 Piping and instrumentation diagram for the custom-built chemical vapor deposition
reactor used in this work. The entire reactor resides in a walk-in fume hood, supported by a
table constructed of T-slot aluminum framing and 0.25” aluminum sheet.
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Figure 2.3. Schematic of the custom-built chemical vapor deposition reactor used in this work.
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Figure 2.4. Photograph of the custom-built chemical vapor deposition reactor used in this
work.
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Substrate cleaning. ZrS; films were deposited primarily onto quartz substrates, with
additional studies on indium tin oxide (ITO) and c-plane sapphire. Substrates were initially cleaned
by hand-scrubbing with a slurry of Alconox detergent, and rinsed with deionized water. Substrates
were then rinsed with SEMI grade acetone, SEMI grade isopropanol, and blown dry with nitrogen
gas. To remove any remaining organic contaminants, the substrates were exposed to UV/ozone
(Ossila) for 10 min before loading into the CVD reactor.

Substrate positions and analysis. ZrS; films were deposited onto substrates cleaved to 1”
long x 0.5” wide, unless otherwise noted, and placed either 0.5” or 1.5” from the precursor inlets.
For depositions of ZrS; using recipes 1-3 (Table 1), substrates were placed 1.5” from the precursor
inlets. For recipe 1, all substrates were quartz; for recipe 2, quartz was placed closest to the inlets,
followed by ITO, quartz, and ITO. For recipe 3, quartz was again placed closest to the inlets,
followed now by ITO, sapphire, and a second quartz substrate. Depositions using recipes 4-6
(Table 1) used only quartz substrates, with the frontmost sample 0.5” from the precursor inlets. In
all cases, these substrates were placed back-to-back with the 1” side in the direction of precursor
flow. Film samples are identified in the text by the location of the front of the substrate during
deposition, even when data are collected from the middle of the sample.

Because films of ZrS; are air- and moisture-sensitive, separate samples were typically
prepared for each measurement. 1” x 0.5" substrates were scored on the underside, normal to the
precursor flow, into three regions, each 0.33” long x 0.5” wide (Figure 2.5). Starting closest to the
precursor inlets, the scored regions were used for analysis by SEM/EDS, four-point probe, and
pXRD (Figure 2.5). These analysis positions can be combined with the nominal distances to find
exact locations for each measurement; for simplicity, we refer to all samples by the nominal

distance. Reported film compositions from EDS are from the frontmost sample of each deposition.
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For analysis by XPS, a 1 cm? piece of quartz or ITO was placed 3” from the precursor inlets
between the standard 1” long x 0.5” wide substrates. In some cases, 0.5” X 0.5” quartz substrates
for UV-vis measurements were placed at the rear of the reactor, 4” from the precursor inlets. Care
was taken to minimize air exposure; samples were stored under vacuum in the reactor until

analysis.

()
Zr(NMe,),
; l/Sample Du/SampIe Cu/SampIe B“/Sample Au/SampIe Z/A OE)
0.5" H,S
D 2
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location

Figure 2.5. (a) Arrangement of 1” x 0.5” substrates in a typical ZrS, depositions. Samples A—
D are laid back-to-back, with the 1" side in the direction of precursor flow. Sample A is placed
1.5” from the precursor inlets; an additional sample, Z, is sometimes placed upstream of A,
0.5” from the precursor inlets. (b) Schematic showing sample Z placed in front of the precursor
inlets, with zones for each characterization method marked. The underside of the substrate is
scored normal to the precursor flow (dashed lines) and cleaved with wafer clippers after
deposition. (c) Schematic of the sample after cleavage, showing the locations analyzed on ZrS;
samples. EDS data are collected in 5 locations, and 4-point probe and pXRD data are collected
in the center of the sample.

Baking out the CVD reactor. To remove H>O adsorbed to surfaces within the CVD
reactor, bakeouts were routinely performed before depositing ZrS,. After loading cleaned

substrates into the CVD reactor, the quartz tube reaction zone was heated to 400 °C for 2 hours
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under active vacuum with 100 sccm Ar flowing (~815 mTorr). Except for the tubing upstream of
the Zr(NMez)4 precursor bubbler, all precursor-carrying tubing downstream of an MFC was heated
to 110 °C during this time. The KF25 cross, quick flange adapters, and vacuum bellows hose were
heated to 45 °C; the temperature was limited to prevent compression-set failure of the EPDM O-
rings.

General deposition procedure. To start a deposition, the flow set points of the MFCs
were adjusted to implement a recipe, and the precursors were introduced to the reaction zone. First,
the flow rate of the Ar dilution MFC was increased from the bakeout setpoint of 100 sccm to either
109 or 200 sccm, depending on the reaction conditions utilized (Table 1). Next, a butterfly valve
isolating the pressure gauge was closed to protect the gauge from exposure to HzS. To introduce
H.S to the reaction zone, valves were opened sequentially, starting at the lecture bottle main valve,
followed by the valve on the H,S lecture bottle regulator, and then the VCR bellows valves on
either side of the H.S purifier. Before each valve was opened, all connections upstream were
checked for leaks using a portable H>S monitoring device purchased from RAE Systems (range of
0.1-100 ppm, G01-0102-000). The H2S MFC was then turned on and the flow rate was adjusted
for the deposition. Next, Zr(NMe>)s was introduced into the reaction zone by plugging in the MFC
controlling the bubbler carrier gas, adjusting the flow rate, and then simultaneously opening the
valves immediately upstream and downstream of the bubbler.

To stop a deposition, the sequence used to start the reaction was run in reverse. First, the
valves installed on the Zr(NMe2)s bubbler were simultaneously closed and the MFC providing the
bubbler carrier gas was turned off. Next, the H.S MFC was turned off, followed by closing valves
sequentially from downstream to upstream. Breakthrough of H»S at the vacuum pump was checked

by sampling the exhaust; using 800 g of SULFURTRAP EX in our foreline trap geometry, we
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found breakthrough (>0.1 ppm H>S) occurs after delivering a total of 3 L of H>S. We therefore
replace the scrubbing media after flowing 2.5 L, to operate with a safety margin. Note that for
SULFURTRAP EX to work effectively for pure H2S in our flow rate range (up to 100 sccm), the
manufacturer suggests a residence time of >90 s and trap length-to-diameter ratio of >4. The
bubbler heater and heated lines were then turned off and the furnace was set to 20 °C, and propped
open with an aluminum block to speed the cooling process. Once the temperature of the furnace
reached <30 °C, the Ar purge gas flow rate was decreased to 10 sccm.

To vent the reactor, the reaction zone was isolated from vacuum and filled with Ar gas.
Before venting, the Ar purge gas flow rate was increased to 100 sccm and the VCR bellows valve
downstream of the H.S MFC was closed; when open, we find the MFC can let through enough
H>S for us to measure 1-2 ppm of H>S in the reactor. The butterfly valve isolating the vacuum
pump is closed and the clamp securing the KF25 blank access door to the reactor is removed.

When not in use, the reactor is kept at room temperature under active vacuum with 10 sccm
Ar flowing from the purging MFC to act as a protecting gas. These conditions are also used to
store samples in the reactor prior to or between analyses. Additional details on operating the CVD
reactor, changing the scrubbing agent, and other general maintenance guidance can be found in
Appendix 1.

Specific deposition conditions. We explored several deposition settings during the course
of this work, particularly flow rates and precursor heating temperatures. These settings are

summarized in Table 1.
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Table 2.1 Precursor delivery conditions used for CVD of ZrS; films.

Deposition Recipe | 1 2 3 4 5 6

Bubbler Temperature (°C) | 65 55 45 35 35 35

Bubbler Carrier Gas Flow Rate (sccm) | 40 20 10
H2S Flow Rate (sccm) | 10 5 1 1 5 1

Purge Gas Flow Rate (sccm) | 0 95 109 | 200 | 200 | 200

(6]
(6]
N

2.3.2. Characterization of ZrS2 Thin Films

Morphology and thickness. The morphology and thickness of ZrS; films were examined
using field-emission scanning electron microscopy (FE-SEM), in plan view and cross-section. This
imaging was performed with an AMRAY 1845 FE-SEM with SEMView8000, refurbished and
installed by SEMTech Solutions (North Billerica, MA). Select samples were characterized at the
Harvard University Center for Nanoscale Systems (CNS) using a Zeiss Gemini 360.

Crystallinity. The crystallinity of ZrS; films was assessed using powder X-ray diffraction
(p-XRD) at the Harvard University Department of Chemistry and Chemical Biology Center for
Crystallographic Studies. X-ray diffractograms were recorded using a Bruker D2 PHASER X-ray
diffractometer using Cu Ko radiation (A = 1.542 A) and a 626 scan. Unless otherwise indicated,
scans were performed in the 26 range of 10°-60° with an increment of 0.05° and a dwell time of
1s. XRD data are plotted with standard reference patterns, generated from CIF files using Match.>®
The following reference patterns from the Crystallography Open Database®® were used: ZrS,,
5910006; Zr3Ss, 1530167; ZrOS, 9009070; and ZrN, 1539259.

Composition. Energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) were calibrated with ZrS; single crystals, and then used to determine the
composition of ZrS; thin films deposited by CVD.

EDS data were collected using a Thermo Scientific Noran System 6 with UltraDry silicon

drift detector. The EDS detector is mounted normal to the imaging beam, so the sample stage was
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tilted 20° toward the detector during analysis to increase the X-ray counts arriving at the detector.
Samples were analyzed with a 10 kV imaging voltage, and a working distance of 20-28 mm. EDS
maps were collected for at least two locations from each film sample. Single crystal samples were
placed on a carbon sticky and exfoliated using Scotch tape before loading into the SEM, and thin
films were loaded into the SEM without further modification.

During the course of experiments, the UltraDry detector was damaged; subsequent EDS
experiments were conducted at Harvard CNS. At Harvard, EDS was performed using a Zeiss
Gemini 360 with Oxford Instruments Ultim Max EDS. Samples were analyzed with a 10 kV
imaging voltage and a working distance of 8-10 mm.

Purity. X-ray Photoelectron Spectroscopy (XPS) data were collected in a mu-metal
SPECS Ultrahigh Vacuum (UHV) chamber equipped with a PHOIBOS 100 MCD-5 hemispherical
analyzer, a non-monochromated dual Al and Mg X-ray source, and SPECS IQE 12/38 ion gun for
sputter-cleaning samples. This instrument was refurbished and installed by 3E8 Scientific
(Tewksbury, MA). The system contains a custom-built, turbo-pumped load-lock for fast sample
introduction and removal. The sample stage can be biased £30 V, and can be heated to ca. 500 °C.

Samples were mounted in a standard SPECS sample holder and loaded for XPS analysis.
Immediately after deposition, samples on pre-measured 10 mm x 10 mm substrates (ITO for recipe
2 and 3 depositions at <300°C, quartz for all others) were placed into a sample holder and secured
with titanium clips to electrically ground the sample. The sample was then placed in the loadlock
of the UHV system, typically with under 8 min of exposure to atmosphere. The samples were
introduced into the main analysis chamber after ca. 40 min of pump-down time.

Films were characterized by XPS to determine the composition, including both the

stoichiometry and incorporation of impurities from air, moisture, or ligand decomposition. We
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have recently reported calibration data and experimental parameters for XPS of a ZrS> single
crystal in our UHV chamber.>® Data were collected using our non-monochromated Al K, X-ray
source. Samples were cleaned with Ar ion etching, with the ion sputter current monitored using a
picoammeter connected to the sample stage. Samples were characterized first on the as-deposited,
air-exposed surface (dp 0), and then a compositional depth profile consisting of three etch levels
was collected. The first etch was 30 min at 1500 V with 30 nA sputter current (dp 1). This first
etch aims to remove carbonaceous contaminants from exposure to ambient air. The next two etch
etches aim to access the bulk of the film; the subsequent scans were collected after etching at 3000
V for 30 min with 500 nA sputter current (dp 2), and then for 2 h at same conditions (dp3).
Different settings were used for survey scans (5 to 1300 eV binding energy; 50 eV pass energy;
100 ms dwell time; 0.5 eV step size; 2 scans/sample) and high-resolution scans of characteristic
regions (50 eV pass energy; 100 ms dwell time; 0.1 eV step size; 10 scans/sample). Spectra were
collected in the following order: full spectrum survey, C 1s, O 1s, Zr 3d, S 2p, and N 1s.

Fitting and Interpretation of XPS Data. Our spectrometer was calibrated to a clean silver
foil. A silver foil was cleaned by sputtering with Ar* until no C or O appeared in the high-resolution
C 1s and O 1s spectra. The foil was heated to 100 °C over 30 min to remove implanted Ar. Then,
the separation between the Ag 3ds2 and Ag MsNN peaks was used to perform a gain calibration of
our energy scale. Finally, the 3ds. peak location was used to reference our spectra. After gain
correction, a shift of —4.69 eV brings the Ag 3ds;2 peak binding energy into alignment with the
literature value of 368.21 eV.*’ In our system, the FWHM of the Ag 3ds/2 peak is 1.41 eV.

Appropriate fitting parameters for Zr 3d and S 2p were determined by measuring and fitting
a single crystal of ZrS; in our instrument.> All fitting was performed using CasaXPS version

2.3.22PR1.0.% Spectra were referenced to measurements of the sputter-cleaned silver foil collected
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under identical instrument settings. Then, the peak positions for stoichiometric ZrS, were
confirmed by high-resolution scans of the appropriate binding energy regions for zirconium and
sulfur. Our measurements were close to, but not identical with, previously reported high-resolution
spectra using a monochromated X-ray source, but without a detailed description of the instrument
calibration or sample oxygen content.®® Peak positions are detailed in our recent paper,> with
binding energies of 181.5 eV for the Zr 3ds/> peak with spin-orbit splitting of 2.4 eV to the Zr 3da
peak, and 161.5 eV for the S 2ps;2 peak with spin-orbit splitting of 1.16 eV to the S 2pu..

With the peak positions determined, iterative fitting was performed to derive appropriate
fitting parameters for the Zr 3d and S 2p spectra of the single crystal. On the freshly exfoliated
single crystal, the Zr 3d peaks of ZrS, were best fit with a pseudo-Voigt line shape generated as a
sum of 55% Gaussian and 45% Lorentzian functions, sGL(45), with an exponential tail modifier
1.5. During this fitting, a Shirly background was applied, and the FWHM was restrained to 1.4-
1.8 eV for both of the spin-orbit split Zr 3d peaks, which were constrained to be separated by 2.4
eV. The exponential tail modifier was necessary to obtain satisfactory fits for the Zr 3d region, and
is well precedented for conductive Zr-containing samples.®® A similar procedure for the S 2p peaks
provided satisfactory fits with an sGL(30) line shape with no tailing. A Shirley background was
used, and the spin-orbit components were constrained to be separated by 1.16 eV, while the
FWHM of each peak was restrained to be 1.5-1.9 eV.

To assist in fitting oxide present in ZrS, films, we also collected data on the oxidized
surface of a zirconium foil. A coupon of zirconium foil was cleaned with SEMI-grade solvents
and introduced into the UHV chamber; we intended to clean the foil with Ar* sputtering and use
the Zr metal as a reference for the Zr 3d line shape and fitting parameters. However, a very thick

oxide layer on the foil was difficult to remove entirely, and we were able to obtain good fitting
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parameters from a single crystal of ZrS,. Nonetheless, the sputter-cleaned surface provided a good
reference set for deriving fitting parameters for the Zr 3d lines of ZrO,. Drawing on this experience,
the zirconium oxide components present in the Zr 3d region of ZrS; films with surface or bulk
oxide were fit with an sGL(45) line shape without a tail modifier, and with the same FWHM and
spin-orbit splitting constraints as the sulfur-associated Zr 3d peaks.®® 5! In more heavily oxidized
films, the oxygen-associated Zr 3d peak forms a well-defined shoulder on the high binding energy
side of the Zr 3d envelope; this shoulder was used to assign the peak position of the Zr 3d oxide at
~183.3 eV. This position agrees well with our foil data and with the literature.®?

Carbon, nitrogen, and oxygen were fit in a similar fashion. The adventitious carbon was fit
with two peaks in the C 1s region, one for C-C species at 285.3 eV and C-O constituents at 288.5
eV; the FWHM of each was constrained to 1.5-2.5 eV. When present, the N 1s peak was fit with
a single component, with FWHM of 1.5-2.0eV. The O 1s peak was fit with two components
corresponding to zirconium(1V) oxide and surface hydroxyls. All components were constrained to
a FWHM of 1.5-1.9 eV. For all three 1s regions, sGL(30) line shapes provided good fits, although
the spectra were often noisy because these contaminants were typically present in low
concentrations.

Electrical properties. The sheet resistance of select ZrS; films was measured using a
Signatone S-302-4 four-point probe, with a probe spacing of 1 mm. Measurements were collected
on samples exposed to atmosphere for no more than 20 minutes.

Optical properties. The optical properties of ZrS, films were measured using UV-Vis
spectroscopy. Reflectance and transmittance were measured from 250-850 nm on a Jasco V-570
UV/VIS/NIR Spectrophotometer equipped with an integrating sphere. Measurements were

collected on regions of ZrS; exposed to atmosphere for no more than 20 min. The reflectance and
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transmittance of a duplicate quartz substrate were measured to correct for substrate reflection using

the method of Cesaria,®® and the resulting absorption coefficients were plotted in the Tauc fashion.

2.4. Results and Discussion
2.4.1 Precursor Selection

We designed the ZrS, deposition to proceed rapidly at temperatures below 400 °C. Because
the heats of formation of zirconium disulfide®* and several volatile zirconium(1V) compounds®
have been measured, we used thermochemical calculations to select suitable precursors. Based on

our experience with low-temperature CVD, we considered the acid-base reactions:

ZrLs + 2 HaS — ZrSz + 4 HL 1)

where L is a ligand chosen from CI, iPrO°, Me:N", EtzN", and the alkyls PhCH>", tBuCH:’, and
MesSiCH2. As shown in Figure 2.6, these reactions are enthalpically favorable at room
temperature for the amido and alkyl compounds, but not for the chloride and alkoxide compounds.
Because all of the reactions are entropically favorable, they can be induced to proceed through
heating. Given our goal of lowering the substrate temperature, selecting chemistry favorable at
room temperature offered the best chance of low-temperature CVD. Although the thermodynamic
driving force is largest for the alkyls, the amido compounds are generally less thermally sensitive
than the alkyl compounds of group 4. Considered alongside the literature precedent for ALD of
Zr02* and ZrS;* and CVD of TiS2,*® Zr0,,%% and ZrsN4,> these thermochemical data suggested

using zirconium(1V) amido compounds as the zirconium source for low-temperature CVD.
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Figure 2.6. Plot of the enthalpies of the reactions of zirconium(IVV) compounds with hydrogen
sulfide to form ZrS,. The data are shown in four columns; the outer columns are the standard
heats of formation of the individual reactants and products, and the inner two columns are the
sums of the heats of formation of the reactants and products. AHxn is favorable (-) for the alkyl
and amido compounds, but not the alkoxide or chloride compounds.

To select delivery conditions, we performed simultaneous thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC) studies on Zr(NMe2)s and measured its
vapor pressure at up to 65 °C. We first sought to identify the thermal stability of Zr(NMe2)s using
TGA/DSC, and found that when heated using a linear ramp mode with a rate of 10 °C/min,
Zr(NMez)s shows evaporation behavior typical of a single mass-loss event (presumably
evaporation) but 20 wt.% residue suggests precursor decomposition. Differential scanning

calorimetry (DSC) obtained concurrently shows an endothermic peak at 60 °C, an exothermic peak
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that appears by 76 °C and persists to at least 100 °C, and a second exothermic peak present above
160 °C (Figure 2.7). We attribute the first two features to the melting point and decomposition of
Zr(NMe2)s, which aligns well with values previously identified as 60 and 80 °C, respectively, from
TGA %2 Together, our data suggest decomposition of Zr(NMez)s may occur as early as just above
the melting point, which should limit our delivery temperature to ca. 65 °C. Vapor pressure
measurements indicate that at 65 °C the vapor pressure of Zr(NMe2)s is ca. 1 Torr (Figure 2.7),

and we selected this temperature for our first experiment.
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Figure 2.7. (a) Simultaneous TGA/DSC of Zr(NMe)s acquired when heating with a linear
ramp rate of 10 °C/min ramp rate. The black dashed lines represent the sample mass in mg and
the solid blue line represent the heat flow in mW. (b) VVapor pressure of Zr(NMez)s as a function
of bubbler temperature at 30-65 °C. Data points represent the average pressure over 3-5
replicate measurements and error bars represent the standard deviation of these measurements.
Black squares represent measurements made with a Baratron absolute pressure gauge, and red
circles represent measurements made with a Pirani gauge.

2.4.3 Screen of Deposition Conditions
We constructed a CVD reactor to test our hypothesis that judicious precursor selection
could allow lower deposition temperatures in CVD of ZrS,. This reactor is described in section

2.3.1. We designed the reactor to safely handle H,S,>* by constructing it of H,S-compatible
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materials and placing it inside a fume hood. Having selected a highly reactive zirconium amido
precursor, Zr(NMez)s, we then sought to identify the conditions necessary to deposit
stoichiometric, impurity-free, crystalline films of ZrS..

Preliminary depositions were conducted at 200 °C to identify suitable precursor delivery
parameters. We selected an initial reactor temperature of 200 °C, drawing on ALD of ZrO; and
ZrS; using Zr(NMez)s and H,0 and H.S at this temperature.®® 5 %2 Although the simultaneous
presence of both precursors may enable additional reactions in CVD compared with ALD, the
ALD precedent at this temperature suggested both that Zr(NMez)4 could be used despite being
above its decomposition temperature, and that the surface reactions of Zr(NMez)s and H.S, and
their chemisorbed fragments, could proceed rapidly. We used 40 sccm of Ar as a carrier gas to
transport the amido precursor vapor. We delivered H>S at 10 sccm, without a carrier gas. Under
these conditions, the H2S should be in at least 5-fold excess of the stoichiometry required for
Reaction 1.

These precursor delivery parameters (recipe 1) afforded extremely high growth rates.
Under reaction conditions, dark films appeared in under 5 min. The bubbler was completely
exhausted during this deposition, and ultimately films grew thick enough to delaminate from the
quartz substrates.

To slow the growth of ZrS; films, we decreased the delivery rates of Zr(NMe:)s and H>S.
The details of delivery conditions 2 and 3 are listed in Table 1; we adjusted the deposition
parameters in steps. In each step, we lowered the flux of Zr(NMez)s by decreasing the bubbler
temperature by 10 °C and halving the Ar carrier gas flow rate. The vapor pressures of Zr(NMe2)a
were then 0.65 Torr (55 °C, recipe 2) and 0.2 Torr (45 °C, recipe 3). We also lowered the H,S flow

rate from 10 sccm to 5 sccm and then 1 sccm, keeping the HS in at least 2-fold excess. Finally,

61



we added argon to dilute the H»S, seeking to achieve more uniform deposition down the length of
the reactor. Cross-sectional microscopy of the films placed 1.5” downstream from the precursor
inlets revealed growth rates of 180 nm/min (recipe 2, Figure 2.8) and 35 nm/min (recipe 3, Figure

2.9). The Zr(NMez)4 bubbler was refilled between recipe 2 and recipe 3.

Figure 2.8. Micrographs of samples deposited on quartz for 10 min at 200 °C using recipe 2.
Samples were placed (a) 1.5", (b) 3.5", and (c) 3.5" from the precursor inlets. The scale bars in
the cross-sections are 1 um, and the plan-view scale bare is 200 nm.
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Figure 2.9. (a) X-ray diffractograms of ZrS; films deposited on quartz for 10 min at 200 °C
using fast growth recipe 3. Films at the front of the reactor are amorphous and the film at the
rear is weakly crystalline. Plan-view and cross section micrographs of samples placed (b) 1.5”,
(c) 5", and (d) 8.5” from the precursor inlets. The scale bar in each micrograph is 200 nm.
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2.4.4. Initial Study of Deposition Temperature—Fast Growth Recipe 3

Having obtained some control over the deposition by decreasing the flux of each precursor,
we explored the impact of temperature on the CVD reaction. We tested substrate temperatures
from 200-350 °C using recipe 3. The growth rate increases with temperature, with the largest
apparent increase occurring between 200 and 250 °C, as film morphology transitions from dense
with small, compact grains to porous, with vertically aligned sheets (Figure 2.10). ZrS; films with
flakes are fragile and scratch off easily when handled with forceps. For all deposition temperatures,

the growth rate is highest at the front of the reaction zone, where the partial pressure of each

precursor is highest.
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Figure 2.10. Plan-view micrographs of ZrS; films deposited 1.5” from precursor inlets using
fast growth recipe 3 at (a) 200 °C, (b) 250 °C, (c) 300 °C, and (d) 350 °C; scale bars represent
2 um. (e) Diffractograms for these films and a bare quartz substrate, plotted above the reference
pattern for ZrS, (COD 5910006).
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ZrS; films deposited at 200 °C in 10 min using recipe 3 comprise continuous, small-grained
films that increase in crystallinity down the length of the reaction zone. Figure 2.9 shows films of
tightly packed, approximately spherical grains with diameters of ~50 nm. Down the length of the
reactor, film roughness increases slightly and film thickness decreases from 400 nm (implied
growth rate: 40 nm/min) at 1.5” from the precursor inlets to 130 nm at 8.5”. These films also
transition from amorphous near the front of the deposition zone to weakly crystalline near the rear,
with a single broad peak emerging in powder diffractograms that corresponds to the (001) plane
of ZrS; in the 1T phase. The films appear to grow preferentially with ZrS; layers parallel to the
substrate surface. The domain size calculated by the Scherrer equation is ca. 10 nm, smaller than
the grain size observed by SEM. By EDS, the films appear approximately stoichiometric, with
compositions (neglecting the 8-10 at.% Si detected from the substrate): 36-37 at.% Zr, 60-63 at.%
S, and 1-3 at.% O. For comparison, EDS of a freshly exfoliated single crystal of ZrS, provided:
37-40 at.% Zr, 59-62 at.% S, and 0-1.5 at.% O (Figure 2.11, Table 2). Along with 50.1 at.% Zr,
36.0at.% S, 4.7 at.% O, XPS detects 6.5 at.% C and 2.8 at.% N, suggesting the growth incorporates
some ligand fragments (see section 2.4.8). The composition of a freshly exfoliated single crystal

measured by XPS in our UHV chamber is 33.4 at.% Zr, 63.4 at.% S, 0.0 at.% O, and 3.2 at.% C.5®
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Figure 2.11. Composition of a ZrS, single crystal (S.C). and films deposited at various
temperatures using (a) fast growth recipe 3, (b) recipes 4-6, and (c) slow growth recipe 6. Scatter
plots show the S:Zr ratio of a ZrS; single crystal and films deposited at various temperatures
using (d) fast growth recipe 3, and (e) slow growth recipe 6. Films used for EDS were deposited
1.5” and 0.5” from the precursor inlets for fast and slow growth recipes, respectively.

Table 2.2 EDS compositions of ZrS; films deposited with the fast growth recipe 3 at 200-

350 °C. Averages of five locations are listed, + 1 standard deviation.

Sample %Zr %S % O % Si S:Zr
S.C 31.7+0.9 51.0+1.7 0.7+0.5 0.0+£0.0 1.61+0.08
200 °C 254+1.7 43.8+26 | 9.3+05 215+ 4.4 1.73 £ 0.05
250 °C 40.9+ 1.3 56.7+06 | 21+1.8 0.3+0.1 1.39+0.04
300 °C 30.0+ 2.3 495+29 | 7.7+0.8 12.8+4.5 1.65 +0.05
350 °C 34.9+0.7 535+20 | 9.1+0.9 2.7+2.7 1.53 + 0.06
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Table 2.3. EDS compositions of ZrS; films deposited at 300 °C using recipes 4-6. Averages
of five locations are listed, + 1 standard deviation.

Recipe %Zr %S % O % Si S:Zr
S.C. 31.7+0.9 51.0+1.7 0.6+05 0.0+0.0 1.61 +0.08
4 366+1.1 539+1.1 7.8+1.3 16+1.1 1.47+0.03
5 322+1.0 52.0+0.5 145+1.7 1.3+0.6 1.61+0.04
6 343+14 493+2.2 7.7+0.8 87+3.0 1.44 +0.01

Table 2.4. EDS compositions of ZrS; films deposited with the slow growth recipe 6 at 150-
350 °C. Averages of five locations are listed, + 1 standard deviation.

Sample %Zr %S % O % Si S:Zr
S.C. 31.7+0.9 51.0+1.7 0.6+0.5 0.0£0.0 1.61+0.08
150 °C 38.0+ 0.6 59.8 £ 0.9 1.7+0.8 05+1.0 1.57 £0.05
200 °C 36.0 + 0.6 56.2+0.9 52+0.1 25+1.3 1.56 +0.02
250 °C 36.7 £ 0.3 61.3+0.7 1.7+1.0 0.3+£0.2 1.67 £0.01
300 °C 35.8+1.2 55.0+ 0.5 58+1.0 35+1.9 1.54 £0.05
350 °C 37.3+0.7 56.0 £ 0.7 56+0.6 1.2+0.9 1.50 +0.04

ZrS; films deposited using recipe 3 at 250 °C in 16 min are weakly crystalline, and largely
made up of sheets of ZrS, growing perpendicular to the substrate. Micrographs of ZrS; films
deposited 1.5” from the precursor inlets show clumps of platelets (Figure 2.10); down the reactor,
the plates appear less aggregated into clusters, until they disappear at rear of the deposition zone
(Figure 2.12). Films decrease in thickness down the reactor, from 6000 nm (implied growth rate:
375 nm/min—Dbut note that these plate-like films are not fully dense) at 1.5” from the precursor
inlets to 200 nm (12.5 nm/min) at 4.5”. Diffractograms of the front films show low intensity peaks
corresponding to the (001), (100), and (110) planes of ZrS, (Figure 2.10), indicating less
preferential orientation than at 200°C. The 100 and 110 reflections arise from flakes of ZrS;
growing vertically out of the substrate. The intensity of these diffractions decreases down the
length of the reactor (Figure 2.13), reversing the trend observed at 200 °C, but consistent with the

decrease in areal density of flakes. An impurity phase with a broad diffraction peak at 20 = 35.1°
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appears in films deposited at the front of the reaction zone (Figure 2.13). Unambiguously
identifying this phase from a single broad diffraction peak is not possible, although phases like
ZrOS, Zr3Ss, and ZrN all have diffraction peaks near 26 = 35°. The composition data do not fully
resolve this question, with EDS measuring: 39-42 at.% Zr, 56-57 at.% S, and 0.5-4 at.% O (Figure

2.11, Table 2.2). XPS detects 38 at.% Zr, 53 at.% S, 6.3 at.% O, and 2.8 at.% C (see section 2.4.8).

68



Distance from Precursor Inlets

>
L.5" 25" 3.5" 4.5"

250 °C
(scale bar =1 pm) §

300 °C
(scale bar =1 pm) RIS

350 °C
(scale bar =1 pm)

Figure 2.12. Plan-view and cross-sectional micrographs of ZrS; films in locations 1.5"-4.5"
from the precursor inlets in depositions at 250-350 °C using fast growth recipe 3. Scale bars
are 1 pm.
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Figure 2.13. Powder X-ray diffractograms of ZrS> films deposited 1.5"—4.5" from the precursor
inlets using fast growth recipe 3. The substrates were quartz (1.5”), ITO (2.5"), Al203 (3.5"),
and quartz (4.5”). Films were deposited at (a) 250 °C, (b) 300 °C, and (c) 350 °C. (d)
Comparison of known diffraction patterns of several reference compounds to a sample located
1.5" for the precursor inlets in a deposition at 250 °C.
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ZrS; films deposited using recipe 3 at 300 °C in 15 min comprise larger, better separated
flakes, with similar crystallinity as at 250 °C. The flakes are largest at 2.5” down the reactor; they
are clustered more near the front of the reactor, and smaller and more uniformly distributed near
the rear of the reactor (Figure 2.12). Films decrease in thickness down the reactor, from 1000 nm
(ca. 66 nm/min) at 1.5” to 240 nm at 3.5". Diffractograms of the front films show similar texturing
to the films at 250 °C, but with enhanced 110 reflections near the inlet (Figures 2.10, 2.13). The
impurity phase at 20 = 35.1° appears in the front film, but more weakly than at 250 °C. Films
appear to contain more oxygen, with compositions by EDS (neglecting 7-19 at.% Si): 33-35 at.%
Zr, 56-58 at.% S, and 7-11 at.% O (Figure 2.11, Table 2.2). The oxygen incorporation may result
from a small oxygen source during deposition (e.g., residual adsorbed water), or air exposure of
the porous, high surface area film before analysis. XPS detects 5.9 at.% O, suggesting the measured
oxygen is present in the films (not solely from the quartz substrate). No C or N is detected, while
the composition of the film is 38.9 at.% Zr, 55.2 at.% S, and 5.9 at.% O (see section 2.4.8).

ZrS; films grown using recipe 3 at 350 °C in 15 min contain a thick, porous network of
flakes, with similar crystallinity to 250-300 °C. Films rapidly decrease in thickness down the
reactor, from 3000 nm (ca. 200 nm/min) at 1.5” to 275 nm at 3.5" (Figure 2.12). Diffractograms
of the front films show similar texturing to the films at 250 °C (Figures 2.10, 2.13). The impurity
phase at 20 = 35.1° appears in the front film, similar to 250 °C. Like at 300 °C, films contain up
to 10 at.% oxygen, with EDS providing: 34.3-35.9 at.% Zr, 49.8-54.9 at.% S, and 7.6-10.1 at.%
O. Here, the Si signal is 0.6-7.0 at.%, suggesting the oxygen is within the film (Figure 2.11, Table
2.2). Consistent with this view, XPS detects 12.6 at.% O. No N is detected, but 2.4 at.% C is

present along with 37.4 at.% Zr and 47.7 at.% S (see section 2.4.8). XPS studies on samples
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deposited on ITO substrates show 9.1% In, possibly indicating a reaction with the substrate, and
prompted us to pursue all further XPS studies on quartz substrates.

Overall, these results show rapid deposition of the layered TMDC ZrS,. At 200 °C, this
recipe deposits material at the front of the reactor faster than ZrS; can crystallize. The crystalline
material grows initially with ZrS; sheets parallel to the substrate surface, as revealed by pXRD
patterns textured in the [001] direction. As deposition temperature increases, nucleation appears
to randomize, allowing fast growth in the in-plane directions for ZrS; to produce sheets or flakes
of ZrS, growing perpendicular to the substrate surface. Although this type of high surface area
growth can be useful for devices like supercapacitors,'* ¢ we sought to suppress this growth and

maintain smooth, compact film growth more typically used for optoelectronic devices.

2.4.5. Experiments to Suppress Flake Growth and Enhance Crystallinity

We next explored new precursor delivery conditions, seeking to improve the crystallinity
and control the morphology of ZrS; films deposited at higher temperatures. We explored whether
slower growth rates and higher partial pressures of H.S might encourage compact film growth
throughout the reactor. We investigated an additional 3 precursor delivery conditions, recipes 4-6
(Table 1), which lowered the vapor pressure to 0.1 Torr (35 °C, recipes 4-6) and halved the flow
of Ar carrier gas for Zr(NMez)s twice (recipes 4 and 6) to the reduce the growth rate of ZrS; at 300
°C. We also studied the effects of adding 5% more H»S (recipe 5). Due to differences in film growth
rates, deposition times were set to 1 h for recipes 4 and 5, and to 4 h for recipe 6.

Decreasing the flux of Zr(NMe2)s using recipe 4 increased the crystallinity of ZrS; films,
with divergent morphologies based on local precursor partial pressures. In samples deposited at

the front of the reaction zone, recipe 4 affords films with more intense diffractions, textured
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somewhat towards the (001) plane compared with recipe 3 (Figure 2.14). Down the length of the
reaction zone, the intensity of the 001 diffraction remains relatively constant despite film thickness
decreasing from 3500 nm (60 min deposition, growth rate of ca. 58 nm/min) at 1.5” to 300 nm at
4.5", again suggesting increasing film crystallinity (Figure 2.15). The impurity phase at 20 = 35.1°
is no longer present. Film morphology is comparable to recipe 3, with clustered flakes at the front
of the reaction zone; larger, more uniformly distributed flakes 2.5"-3.5" from the precursor inlets;
and a compact morphology with scattered platelets at the rear (Figures 2.14 and 2.16). Films grown

via recipe 4 have similar compositions to recipe 3 films, 36-38 at.% Zr, 53-55 at.% S, and 7-9 at.%

O (Figure 2.11, Table 2.3).
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Figure 2.14. Plan-view micrographs of ZrS; films deposited 1.5” from precursor inlets at 300
°C using (a) recipe 3, (b) recipe 4, (c) recipe 5, and (d) recipe 6; scale bars represent 2 um. (e)
Diffractograms for these films and a bare quartz substrate, plotted above the reference pattern
for ZrS; (COD 5910006).
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Figure 2.16. Plan-view micrographs of ZrS, films deposited 1.5"—4.5" from the precursor
inlets using recipes 3, 4, 5, and 6 at 300 °C. Substrates for samples deposited using recipe 3
are quartz (1.5"” and 4.5"), ITO (2.5") and c-plane sapphire (3.5"). All substrates for recipes 4—
6 are quartz. The scale bar in each micrograph is 2 pm.

Importantly for our understanding of the plate growth, we also found a gradient of
morphologies normal to precursor flow on the front substrates. As shown in Figure 2.17, a dense

forest of plates grows in front of the Zr(NMe)s inlet, transitioning to smooth and compact films
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in front of the H.S inlet. Cross-sectional micrographs across this morphology gradient reveal a
layer of ZrS; flakes that decreases in height towards the H,S inlet, atop a dense layer of nearly
constant thickness until flakes are absent. This gradient suggests fast growth of plates is stimulated
by high partial pressures of Zr(NMey)s, although it leaves open whether the absolute partial
pressure or the partial pressure relative to the partial pressure of H.S (or both) controls flake

growth.

A B

matte

border

location (mm)

Figure 2.17. Changes in morphology across the sample in a film deposited 0.5” from the
precursor inlets at 300 °C. (a) Photograph of the sample showing the transition from matte
to shiny appearance. (b) Plan-view micrographs corresponding to the matte, border, and
shiny regions labeled in (a). (¢) Microscopic cross-sections of the film taken with increasing
distance from the left edge of the substrate; the matte region in front of the Zr(NMey)s inlet
corresponds to the vertical plates, whereas the shiny region in front of the HS inlet
corresponds to the compact film. All scale bars represent 1 pm.
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Growing ZrS; in a larger excess of HaS (recipe 5) did not suppress the formation of flakes
but did improve crystallinity at the front of the reaction zone. To test whether higher H2S partial
pressure can suppress the formation of flakes, we increased the HzS delivery rate from 1 sccm to
5 sccm while keeping all other parameters the same (Table 2.1). In Figure 2.14, microscopy reveals
clumps of small flakes at the front of the reaction zone, which are similar in appearance to those
on films deposited at 250 °C using recipe 3 (Figure 2.12). Films deposited farther downstream
have comparable morphologies to the front of the reaction zone, with smaller flake sizes compared
to recipes 3 and 4 (Figure 2.16). Interestingly, we found that the intensity of the 001 reflection in
the frontmost sample increases relative to recipe 4 despite films being thinner, but down the
reaction zone the intensity of all diffractions decreases sharply (Figure 2.15). This decrease in
intensity down the reactor matches the change in thickness, from 1700 nm (60 min growth, growth
rate ca. 28 nm/min) at 1.5” to 400 nm at 3.5". Films grown via recipe 5 suffered from oxygen
incorporation, containing, 31-33 at.% Zr, 51-53 at.% S, and 12-16 at.% O (Figure 2.11, Table 2.3).

In contrast, further lowering the flux of Zr(NMez)s eliminated the formation of flakes at
the front of the reaction zone. For these depositions, our slow growth recipe 6, we returned the
H>S flow to recipe 4, and lowered the Ar carrier gas flowrate from 5 to 2 sccm to decrease the flux
of Zr(NMe2)s (Table 2.1). Plan view microscopy of films deposited 1.5"-2.5" from the precursor
inlets show the absence of flakes, with films comprising small, compact grains similar in
appearance to those obtained at 200 °C (Figure 2.14). Farther downstream in the reaction zone a
sparse overlayer of flakes is present (Figure 2.16). The intensity of the 001 reflection in the
frontmost film is intermediate to that obtained using recipes 4 and 5, and the (100) and (110) planes
of ZrS; are not detected (Figure 2.14). Like recipe 5, the intensity of the (001) diffraction decreases

down the length of the reactor (Figure 2.15), suggesting the crystallization rate now matches or
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exceeds the deposition rate. Film thickness decreases from 900 nm (growth duration: 240 min,

implied growth rate: 3.8 nm/min) at 1.5” to 180 nm at 3.5".

2.4.6. Study of Deposition Temperature—Slow Growth Recipe 6

We then utilized this slow-growth recipe, 6, for a second study of the impact of temperature
on ZrS; film deposition. We first refilled the Zr(NMe)s bubbler, having used ~90% of the
precursor charge in depositions using recipe 3 at 200-350 °C and recipes 4-6 at 300 °C. Films
were deposited on quartz substrates at 150-350 °C, with an additional substrate 0.5" from the
precursor inlets to obtain more information on morphology gradients that might be present. Due
to the (intentionally) low growth rates, the deposition time was increased to 4 hours, until films
0.5"-1.5" from the precursor inlets were dark brown in color. Morphology, thickness, and
crystallinity of films were characterized down the reactor in each deposition as was the sheet
resistance using four-point probe measurements. All films are more crystalline than their
counterparts deposited with recipe 3. Samples deposited at all temperatures were analyzed by XPS,
and no C or N were detected in the film bulk; the films were stoichiometric ZrS; with <6 at.% O
(Figure 2.11, Table 2.4). Films decrease in thickness down the reactor, and are generally thickest

in front of the Zr(NMey)s inlet (Figures 2.18 and 2.19).
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Figure 2.18 Photographs of ZrS; films deposited at 150-350 °C using slow growth recipe 6.
Some spatial variation in the film thickness can be observed both down the reactor and
perpendicular to the gas flow.
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Figure 2.19 Thickness profiles of ZrS, films normal to the precursor flow at deposition
temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C, and (e) 350 °C. Thicknesses are
obtained from SEM cross-sections, collected at positions Z (0.5” from the precursor inlets), A
(1.5"), B (2.5"), C (3.5"), and D (4.5"). The Zr(NMe2)4 inlet is on the left, and the H>S inlet on
the right, along the distance (x) axis.
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Depositing ZrS; at 150 and 200 °C using our slow growth recipe affords films with smooth,
compact morphologies and enhanced crystallinity relative to recipe 3. Down the length of the
reactor, films deposited at 150 °C roughen in appearance, while at 200 °C films maintain similar
morphologies throughout the length of the reaction zone (Figure 2.20). Figure 4 shows we are now
able to obtain crystalline films at the front of the reactor at 200 °C, displaying a single intense
diffraction from the (001) plane of ZrS,. Down the length of the reactor, the intensity of this
diffraction peak is mostly constant despite film thickness deceasing from 1400 nm at 0.5" (5.8
nm/min) to 500 nm at 4.5” (Figure 2.21), which suggests increasing crystallinity similar to that

observed using recipe 3.

15"

(scale bar =500 nm)

250°C
(scale bar = 500 nm) e

Figure 2.20. Plan-view and cross-sectional micrographs of ZrS; films deposited 0.5"—4.5" from
the precursor inlets using recipe 6 at 150-250 °C. The scale bar is 500 nm in all images.
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Figure 2.21. Powder diffractograms of ZrS; film deposited 0.5"—4.5" from the precursor inlets
using slow growth recipe 6 at (a) 150 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C, and (e) 350 °C.
The ZrS> reference diffraction pattern (abbreviated ZrS; ref). is COD 5910006.

The crystallinity of films deposited at 200 °C using our slow growth recipe is significantly
higher than for films deposited using recipe 3, and, surprisingly, the highest among all
temperatures using recipe 6. At 150 °C, we also observe an increase in crystallinity down the length
of the reaction zone, but with amorphous films at the front of the reactor and weakly crystalline
films at the rear. The 150 °C films are 900 nm thick at 0.5” (growth rate of ca. 3.8 nm/min),

decreasing to 175 nm at 4.5". Films deposited at both temperatures are stoichiometric ZrS,, with
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EDS providing compositions of 37-39 at.% Zr, 59-61 at. % S, and 0.4-2.4 at.% O at 150 °C, and
35-37 at.% Zr, 55-58 at. % S, and 5 at.% O at 200 °C (Figure 2.11, Table 2.4). Repeated depositions
of films at 200 °C for 4 h with varying precursor charge levels in the bubbler show that the film
growth rate decreases as the charge of solid Zr(NMez)s precursor is depleted (Figure 2.22). The
thickness of the frontmost film decreases from ca. 1500 nm to ca. 900 nm as the precursor fill level
decreases from 1 g to 0.4 g. This result is typical for a solid precursor,®® ¢ where the evaporation

rate is generally proportional to the precursor surface area, which decreases as material evaporates.

Distance from Precursor Inlets

—

4.5" 3:9" 29" 1.5" 0:3"

Full bubbler (1 g)
Separate refill from below
2 h deposition

Full bubbler (1 g)
2 h deposition

Intermediate bubbler fill
4 h deposition

: o

I —————
- ] - Approaching refill (0.4 g)
(t 4 h deposition

Figure 2.22. Photographs of ZrS, deposited at 200 °C using recipe 6 at different fill levels of
the Zr(NMez)s bubbler. At comparable fill levels (top two) the deposition rate and film
thickness gradient locations are comparable. As the precursor is depleted (bottom two), film
growth rate decreases, and the spatial pattern of thickness varies as well.

Increasing the deposition temperature to 250 °C leads to a gradient of morphologies down
the reaction zone but with increasing preference for the (001) plane. Figure 2.20 demonstrates that

films comprising smooth and compact grains can now be obtained at the front of the reaction zone.
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However, this morphology transitions to clumps of small flakes 1.5” from the precursor inlets,
larger and sparser flakes at 2.5”-3.5", and smaller disperse flakes at the rear of the growth zone.
This transition to sparse coverage of flakes mirrors film growth observed in recipe 3 at this
temperature. Owing to the emergence of the flakes, the thickness profile down the reactor is more
complicated, with films at 3.5” appearing thicker than those at 2.5"; overall, films decrease from
1300 nm at 0.5” (growth rate of ca. 5.4 nm/min) to 200 at 4.5". Like at 200 °C, the intensity of the
001 reflection is relatively constant down the length of the reaction zone, suggesting increasing
crystallinity down the reactor, and is more intense than in films deposited at the same temperature
using recipe 3 (Figures 2.13 and 2.21), but slightly less intense than in films of similar thicknesses
deposited at 200 °C via recipe 6. Low intensity 100 and 110 diffraction peaks are visible on films
1.5"-3.5" from the precursor inlets, consistent with the emergence of nanosheets in this region of
the reactor. The film at the front of the reactor is stoichiometric ZrS,, with EDS measuring 36-37
at.% Zr, 60-62 at. % S, and 1-3 at.% O (Figure 2.11, Table 2.4)

Increasing the growth temperature to 300-350 °C leads to the return of films with flaky
morphologies at the front of the reaction zone. Plan-view microscopy of a ZrS; film deposited at
the front of the reactor at 300 °C reveals small clumps of flakes, rather than smooth and compact
grains originally seen using these deposition conditions (Figures 2.14, 2.23 and 2.24). This
difference in morphology is likely due to the different fill levels of the Zr(NMe2)s bubbler, and
corroborates the sensitivity of film growth to the flux of Zr(NMey)a. Like at 250 °C, down the
length of the reactor flake size increases and areal density decreases until 3.5” from the precursor
inlets, before rapidly dropping off to afford films with scattered flakes at the rear (Figure 2.23).
Films are 3500 nm thick at 0.5" (growth rate of ca. 14.6 nm/min), decreasing to 250 nm at 4.5".

At 350 °C, films at the front of the reactor start out with large flakes (Figure 2.23), which decrease
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in size down the length of the reactor. Similar to depositions at 300 °C using recipe 4, at 350 °C
we also observe a gradient of flaky to compact morphologies normal precursor flow at the front of
the reaction zone (Figure 2.25). Considering the steep drop-off in film thickness down the reaction
zone, from 8500 nm at 0.5” (growth rate of ca. 35.4 nm/min) to 250 nm at 4.5", the reduction in
density of flake coverage at films in the rear of the reaction zone is likely correlated with
exhaustion of Zr(NMez)4 vapor. Films deposited at both temperatures are stoichiometric ZrS», with
EDS providing compositions of 34-37 at.% Zr, 55-56 at. % S, and 5-7 at.% O at 300 °C, and 37-

38 at.% Zr, 55-57 at. % S, and 5-6 at.% O at 350 °C (Figure 2.11, Table 2.4).

0.5" 1.5" 25" 35" 4.5"

300 °C -
(scale bar =2 pm) &

350°C
(scale bar =2 pum)

Figure 2.23. Plan-view and cross-sectional micrographs of ZrS; films deposited 0.5"-4.5" from
the precursor inlets using recipe 6 at 300 and 350 °C. The scale bar is 2 um, except in the insets,
where it is 200 nm.
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Figure 2.24. Plan-view and cross-section micrographs of ZrS, films deposited on quartz
substrates 0.5" from the precursor inlets using recipe 6 at (a) 150 °C, (b) 200 °C, (c) 250 °C,
(d) 300 °C, and (e) 350 °C; scale bars represent 2 um. (f) A high-magnification micrograph a
film deposited at 200 °C, with scale bar 500 nm. (g) Diffractograms of films (a)—(e) and a bare
quartz substrate, plotted with the ZrS; reference pattern (COD 5910006).
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(a)

Matte Region

Border Region

Figure 2.25. (a) Photograph of a ZrS; film deposited at the front of the reaction zone at 350 °C
using slow growth recipe 6. The matte region is in front of the Zr(NMez)4 precursor inlet and
the shiny region is in front of the H.S precursor inlet. Plan-view micrographs are obtained from
the (b) matte, (c) border, and (d) shiny regions of the photograph. (e) A cross-sectional
micrograph of the flaky morphology in the matte region.

Films deposited at 300 and 350 °C are less oriented in the [001] direction than at 200 and
250 °C but increase in this orientation down the reaction zone. Like for recipe 3, Figure 2.24 shows
that the intensity of the 001 reflection decreases as temperature increases from 200-350 °C, despite
increasing film thicknesses (in equivalent positions). Like films grown at 150 °C, the intensity of
the 001 reflection increases down the length of the reaction zone despite film thickness decreasing,
again indicating enhanced crystallinity towards the rear (Figure 2.21). Concurrently, the intensity
of 100 and 110 reflections decreases down the reaction zone, suggesting texturing in the [001]
direction.

Overall, these results show that slowing the deposition of the layered TMDC ZrS; can alter
the film morphology, improving crystallinity and in some cases suppressing growth of plates
vertically out of the substrate surface. At 200 °C, films can crystallize during deposition, even at
the front of the reactor. The films maintain the crystallographic orientation observed in faster

growth at this temperature, with ZrS; sheets parallel to the substrate surface. As deposition
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temperature increases, flakes do still grow out of the films surface, especially when the Zr(NMe2)4
bubbler has been recently filled. The combined results suggest that—at least in the HS-rich
conditions we deposited under—morphological control is provided primarily by the rate of
Zr(NMe2)4 delivery. With smooth, compact films available, we measured the electrical and optical

properties of several films.

2.4.7. Reducing Oxygen Incorporation

When growing compact films of ZrS, using recipe 6, oxygen incorporation primarily
resulted from reactor leaks, real or virtual. Certainly air exposure does oxygenate the film surface;
we can detect up to 1 ppm HaS evolving from films (presumably by hydrolysis) freshly removed
from the reactor. Nonetheless, the film bulk (either probed by EDS, or accessed by sputtering
during XPS) typically contains <5 at.% O if the reactor is leak-free and properly baked out. Over
the course of these depositions, we identified several external leaks (i.e., of air into the reactor)
through helium-based leak detection with a mass spectrometer. Leaks were found in flexible
stainless steel bellows tubing; where possible, we replaced sections of this tubing with thick-walled
4" stainless steel tubing with butt-welded VCR fittings. In one case, we identified a leak in the
H>S MFC that resulted from failure of a corroded O-ring. We also developed a bakeout procedure
to remove virtual leaks (e.g., water desorbing from the reactor walls) enabling reliably low-oxygen
film deposition.

Effective bakeouts of the reactor relied on three principles: high temperatures for quartz
tubes, low temperatures around O-rings, and separate baking of traps. Removal of water from the
reactor walls was especially important for the longer growth times of recipe 6. We found that short
exposures to high temperatures were superior to long exposures to lower temperatures for baking
freshly installed quartz tubes. For example, when baking the quartz tube at 150 °C for up to 72 h,
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ZrS; films contained >10 at.% oxygen. In contrast, baking the quartz tube at 400 °C for just 2 h
reliably produced films with <5% oxygen. We monitored the efficacy of the bakeout in real time
by measuring the rate of rise; values below 1 mTorr/min at the deposition temperature were
adequate for low-oxygen films. The several KF flanges in our reactor have elastomeric O-rings
that require more gentle baking; when heated at higher temperatures (90 °C) or for longer times
(10s of h), we observed compression-set failure, leading to reactor rates of rise of several Torr/min.
Finally, isolating the foreline trap during trap bakeouts was also necessary to keep the CVD reactor
dry. Besides the quartz tube, the only other component regularly removed for maintenance is the
foreline trap, to replace the H,S-scrubbing media. We learned through experience that this trap
must be baked separately from the reactor when reinstalled, or adsorbed water baked out of the
trap will distribute throughout the reactor and condense, especially on the low-temperature areas

with elastomeric seals.

2.4.8. X-ray Photoelectron Spectroscopy

We used XPS to analyze films for impurities like C, N, and O, and to study the chemical
speciation of Zr and S in the films. We collected survey scans, as well as high-resolutions scans of
the Zr 3d, S 2p, O 1s, N 1s, and C 1s regions. After initial measurements of ZrS, with a few at.%
O proved challenging to fit unambiguously, especially in the Zr 3d region, we collected a reference
data set shown in Figure 2.26 using a single crystal of ZrS,.5% The resulting fitting procedure is

described in section 2.3.2, and we used the crystal-derived fitting procedure for all film data.
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Figure 2.26. High-resolution XPS spectra of (a) Zr 3d and (b) S 2p regions for a single crystal
of ZrS,. Zr 3ds/> and 3ds2 peaks are fit with a line shape of sGL(45) with an exponential tail
modifier of 1.5. S 2ps2 and 2p1/2 peaks are fit with a line shape of sGL 30.

As described above, XPS identifies C and N in recipe 3 depositions at 200 °C (Figure 2.27),
but not in depositions using recipe 6 (Figure 2.28). The presence of C and N likely result from
ligand decomposition under recipe 3 conditions. The N contamination can be suppressed by
increasing the growth temperature, although some C remains at most temperatures in recipe 3
(Figure 2.29, Table 2.5). The high surface area of these films—many vertically arrayed plates of
ZrS>—makes the origin of the C harder to establish, as sputter-cleaning the surface cannot
eliminate all of the air-exposed material, unlike in a compact film. In contrast, films deposited via
recipe 6 have C and N impurities below the ~1 at.% limit of detection of high-resolution XPS at
most temperatures (Figure 2.30, Table 2.6). These films also typically have oxygen incorporation

below 5 at. %.
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Figure 2.27 . High-resolution XPS spectra of the (a) Zr 3d, (b) S 2p, (c) C 1s, (d) O 1s, and (e)
N 1s regions for a ZrS; film grown with recipe 3 at 200 °C. The presence of a nitride peak in
the N 1s region suggests incorporation of amido ligand fragments into the film during its
growth. The film was etched at 3 kV and 500 nA for 300 min. N appears at all etch levels.
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Figure 2.28 High-resolution XPS spectra of a ZrS; film grown using recipe 6 at 200 °C. The
spectrum of the air-exposed surface (dp 0) is compared with the spectrum after the first etch
with gentle sputter conditions (1.5 kV, 30-50 nA, 30 min; dp 1), the second etch with harsh
sputter conditions (3 kV, 500 nA, 30 min; dp 2), and the final etch with harsh sputter conditions
(3 kV, 500 nA, 120 min; dp 3), for (a) the Zr 3d region, and (b) the S 2p region. The apical
sulfide signal, with fit components depicted in purple, grows in on the higher binding energy
side for S 2p, and the lower binding energy side for Zr 3d. The spectrum of the air-exposed
surface (dp 0) is compared with the spectrum after the final etch with harsh sputter conditions
(dp 3) for (c) the C 1s region, (d) the N 1s region, (e) the O 1s region.
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Figure 2.29. Composition as a function of sputter time for ZrS; films deposited using fast
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growth recipe 3 at (a) 200 °C, (b) 250 °C, (c) 300 °C, and (d) 350 °C. The films were etched

by Ar* sputtering at 3 kV and 500 nA.
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Table 2.5. XPS compositions of a ZrS; single crystal and ZrS; films deposited with
the fast growth recipe 3 at 200-350 °C. Quantification is shown for fits to spectra
collected after the final etch level. The films were etched by Ar* sputtering at 3 kV

and 500 nA.
o Etch Duration Atom % _
Temperature (°C) (minutes) Zr3d| S2p | O1ls [ C1ls | N1s Si2r
S.C. 0 3341634 00 | 32 | 00 [ 1.9
200 300 50.1 1360 47 | 65 | 28 [ 0.72
250 40 382|527 | 63 | 28 | 0.0 [ 1.38
300 30 389|552 59 | 00 | 00 [1.42
350 60 374 | 477 | 126 | 24 | 0.0 [ 1.28
(a) 150 °C (b) 200 °C
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Figure 2.30. Composition as a function of sputter time for ZrS; films deposited using slow
growth recipe 6 at (a) 150 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C, and (e) 350 °C. The films
were etched by Ar* sputtering at 1.5 kV and 50-100 nA for 30 minutes for the first etch and
then 3 kV and 500 nA for the following etches.

94



Table 2.6. XPS compositions of a ZrS; single crystal and ZrS; films deposited with
the slow growth recipe 6 at 150-350 °C. Quantification is shown for fits to spectra
collected after the first, gentle etch level. The films were etched by Ar* sputtering
at 1.5 kV and 50-100 nA.

o Etch Duration Atom % ,
Temperature (°C) (minutes) Zr3d|[ S2p [ O1ls| Cls | N1s Sizr
S.C. 0 3341634 00 | 3.2 | 00 | 19
150 30 389 (446|101 | 54 | 0.0 | 1.15
200 20 35.2 | 545 43 | 6.0 | 0.0 | 1.55
250 30 38.1[59.2| 27 | 00 | 0.0 | 1.55
300 30 36.2 [ 583 | 55 | 0.0 | 0.0 | 161
350 30 364 [ 563 52 | 21 | 0.0 [ 155

Sputtering into ZrS; films can alter the stoichiometry and induce formation of new sulfur
and zirconium signals. During sputter-etch experiments on single crystals (Figure 2.31) and on
CVD films (Figure 2.28), we found that the at.% S decreases with Ar* sputter duration under high-
power etch conditions (3 kV, 500 nA). Low-power sputtering can be used to remove the
carbonaceous species from air exposure (1.5 kV, 50-100 nA), or to mill into the film with less
chemical damage (1.5 kV, 100 nA). In long-duration, high-power etch experiments, new features
grow in on the high binding energy side of the S 2p region, and the low binding energy side of the
Zr 3d region. These features appear together, and we tentatively assign them to the generation of
apical sulfides’® " at the film surface by sputtering. This new species appears in both single crystal
and film systems (Figure 2.31 and Figure 2.28). The decrease in at.% S relative to Zr rules against
an alternative interpretation of the new signals as arising from persulfides (S2%, as in ZrSs), because

such species would require an increase in the S:Zr ratio.
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Figure 2.31. (a) Comparison of etch profiles for a single crystal and a film deposited at 200 °C
using recipe 6, highlighting the formation of a second ZrS; species (“apical sulfide”® 7). The
bottom spectrum shows a freshly exfoliated single crystal, containing only ZrS; the two spectra
above it show a single crystal and a film after 1 h of sputter-etching, showing the growth of a
new Zr- and S-containing species. (b) Measured elemental composition of the ZrS; single
crystal vs. etch time.
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2.4.9. Electrical and Optical Properties

ZrS; films deposited with recipe 6 typically have resistivities in the broad range of 3 to
1000 Q-cm, depending on temperature and location in the reactor. Sheet resistance data measured
by four-point probe are shown in Figure 2.31. The sheet resistance does not appear to be strongly
impacted by oxygen content, at least below ca. 10 at.% O (Figure 2.32). Owing to spatial variation
in the thickness (Figure 2.18), individual resistivities are somewhat difficult to calculate reliably,
although we are confident in this range of values (Figure 2.31). Film crystallinity and deposition
temperature appear to impact the resistivity, with higher crystallinity and higher deposition
temperature generally providing lower resistivity. Indeed, films deposited at 350 °C at 3.5” and
4.5" from the precursor inlets have resistivities as low as 7 and 3 Q-cm, respectively. These values
approach resistivities of 0.5 Q-cm reported for ZrS» films deposited by CVD at 1000 °C with grain
sizes on the order of several microns across.?® The resistivity of ZrS; single crystals is comparable
to high temperature CVD films, with values of 0.1-0.75 Q-cm.3 32 4! The small grain size of our
films likely contributes to the relatively high resistivity at low deposition temperatures, although
the lower resistivity at higher temperatures on small grained films suggests other material
properties may be contributing to carrier transport.

CVD films of ZrS; absorb light as expected, although interference fringes make fitting the
optical data difficult. UV-vis absorption data and Tauc plots for a film grown at 200 °C using
recipe 6 are shown in Figure 5c¢,d. Data for select other films grown by recipes 3 and 6 are shown
in Figure 2.33. Absorption turns on in the range of 1.7-1.8 eV, consistent with the indirect bandgap
for this material, and saturates in the range of 2.2-2.6 eV, consistent with strong absorption near

the direct bandgap. Films of ZrS; deposited by other methods also show interference fringes in the
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reflectance or transmittance data.3® We thus view these films as having typical optical properties
for polycrystalline films of ZrS..

Despite the promising optoelectronic properties of our ZrS; films, we failed to fabricate
photovoltaic devices with PCE’s above 0.01%. We utilized two devices stacks, either
ITO/ZrS2/Au:Ti as (Schottky cells) or FTO/ZrS2/CuBr/Au:Ti (p/n junction), with the latter using
thermal evaporation or vapor transport deposition to deposit CuBr as the hole transport layer. In
all cases, devices were assembled from ZrS, deposited using recipe 6 at 200 °C, since these
conditions afford compact morphologies and good crystallinity down the entire length of the
reaction zone. Details on device fabrication, testing and troubleshooting may be found at the end

of the thesis in Appendix 2.
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Figure 2.32. Electrical and optical properties of films deposited using recipe 6: (a) the sheet
resistance at different substrate temperatures and reactor locations, and (b) the resistivity down
the reaction zone at 200-350 °C. (c) The reflectance, transmittance, and absorption of a 1500-
nm thick ZrS; film deposited at 200 °C. (d) Tauc plots for the direct and indirect gap of the
ZrS; film shown in figure (c).
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2.5. Conclusion

We have demonstrated that using the reaction between hydrogen sulfide and
tetrakis(dimethylamido)zirconium(lV) amide allows low-temperature, rapid growth of ZrS; films.
Under many conditions, films are stoichiometric, crystalline, and contain little or no contamination
with C and N. Growth rates can be very high, exceeding 100 nm/min, although the film quality
generally improves with slower growth. CVD of crystalline ZrS; is possible at 150 °C, the lowest
temperature yet reported for this material. At substrate temperatures above 250 °C, the film
morphology transitions from densely packed small grains to larger, loosely packed plates growing
perpendicular to the substrate. In all cases, rapid growth appears to proceed in the plane of the ZrS;
layers, with changes in morphology resulting from changes in the orientation of nuclei. In an
excess of H2S, decreasing the Zr(NMez)s partial pressure can suppress the growth of the vertical
plates. Growth proceeds similarly on SiO2, Al203, and ITO substrates; the maximum temperature
of growth on ITO is limited to 350 °C. Optical properties of the product films are consistent with
expectation and with previously reported films of ZrS,. Electrical resistivities of the most
conductive films are within an order of magnitude of bulk ZrS,; however, many films have higher
resistivities, and the small grain sizes typical of this deposition process may need enhancement for

implementation in electronic devices.
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Chapter 3. Exploring Low Temperature Chemical Vapor Deposition

of Zirconium(I1V) Sulfide on Polymer Substrates

3.1. Contributions

The work presented below is derived from a manuscript in progress. | deposited ZrS; thin
films and characterized them using scanning electron microscopy, energy dispersive X-ray
spectroscopy, X-ray diffraction, and four-point probe. Abigail D. Berube measured the
composition of ZrS; films using XPS and analyzed the data with supervision from Daniela Chavez.
Professor Luke M. Davis supervised the project and assisted in writing and editing the manuscript.

This project is funded by Tufts University and the National Science Foundation (DMR-2224949).

3.2. Abstract

Transition metal dichalcogenides (TMDCs) have carrier mobilities of >1000 cm?V-1s that
are desirable in optoelectronic and sensing devices. Flexible electronics using TMDCs have been
demonstrated, but high processing temperatures preclude direct deposition of high quality
crystalline films onto polymers, which often have upper working temperatures of 80-200 °C. Using
Zr(NMez)s and H>S as precursors, low temperature chemical vapor deposition (CVD) of
zirconium(lV) sulfide (ZrS>) is demonstrated on a variety of polymer substrates. Stoichiometric
and crystalline ZrS; films can be deposited on polyimide (Kapton) and polyether ether ketone
(PEEK) substrates at 200 °C, with resistivities of the latter comparable to ZrS; films deposited at
800-1000 °C from ZrCl4 and sulfur. Depositions of ZrS; on polydimethylsiloxane (PDMS) at 200

°C and polyethylene terephthalate (PET) at 150 °C produce partially oxidized films that are either
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weakly crystalline or amorphous. All substrates withstand exposure to H.S and temperature, as

assessed by the crease test.

3.1. Introduction

Flexible electronics offer unique opportunities to expand the utility of conventional, planar
devices. These devices have seen applications in photovoltaics, photodetectors, field-effect
transistors, displays, and sensors.”>”®> Of particular relevance and importance are flexible
photovoltaics, which can be prepared using scalable and inexpensive roll-to-roll manufacturing
methods.”® " These lightweight devices can be deployed onto curves surfaces and can be delivered
inexpensively and safely to remote settings off-grid.”® ’® Flexible photovoltaics can also be used
to power portable electronics, including vehicles.”” 8 The most common polymers for flexible
photovoltaics are polyethylene terephthalate (PET) and polyethylene napthalate (PEN),” &
although polycarbonate (PC) and polyimides (like Kapton) have been used as well.”

Common polymers used in flexible electronics typically have temperature ceilings below
200 °C. While there are is some discrepancy in reporting between manufactures, temperature
ceilings for popular polymers such as PET, high density polyethylene (HDPE), polymethyl
methacrylate (PMMA) and PC are 120-150, 80-90, 60-80, and 130-150 °C, respectively.
Exceptions to this trend include polydimethylsiloxane (PDMS) and Kapton, with upper working
temperatures typically reported between 200-300 and 350-400 °C, respectively.

The properties of TMDCs make them attractive candidates for use in flexible electronics,
but high processing temperatures often preclude direct deposition onto polymer substrates. Since
CVD routes to TMDCs are typically >250 °C and as high as 1000 °C,®? these process are

incompatible with direct deposition onto most polymer substrates, which typically have
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temperature ceilings of 80-210 °C.% Instead, TMDCs are often deposited first onto thermally
robust substrates and then transferred onto the desired polymer.82-8* Transfer processes can often
result in contamination and or damage to the substrate.®® 8 While sputtering may be used to deposit
TMDCs directly onto polymer substrates, the resulting films are often amorphous,® and thermal
annealing often cannot be used to crystallized films without damage to the substrate. To the best
of our knowledge, only direct deposition of crystalline TMDCs onto polymers (Kapton and
Parylene) by CVD has been demonstrated for MoS2,% 878 which can be prepared at temperatures
as low as 150 °C using molybdenum hexacarbonyl and dimethy! sulfide.®®

We now report direct CVD of ZrS; films on a variety of polymer substrates at temperatures
of 150 and 200 °C. Using our slow growth recipe (6) developed in chapter 2, we use Zr(NMe2)4
and H>S to deposit stoichiometric and crystalline ZrS> films on Kapton and PEEK at 200 °C, and
partially oxidized ZrS» films on PDMS and PET at 200 and 150 °C, respectively. All polymers
withstand exposure to H.S and temperature, as suggested by the crease test. The sheet resistance
and resistivity of ZrS, films deposited on PEEK is comparable to films deposited on quartz
substrates under the same conditions. Current and or voltage measurements were below the limit
of detection on ZrS> films deposited on Kapton, PDMS and PET substrates. Shortening of
deposition times and careful selection of additional polymers may expand the library of available

substrates for low temperature ZrS; CVD.

3.3. Experimental
3.3.1. Deposition of ZrS2 Thin Films
Materials. Tetrakis(dimethylamido)zirconium(IV) with a purity of 99% was purchased

from Strem Chemical Co. (Newburyport, MA, USA), and used without further purification.
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Hydrogen sulfide with a purity 99.5% (H20 content of <0.01%) was purchased from Matheson
Gas (p/n, G1540275) and purified further to <1 ppb H20 using an ARM acid gas purifier (p/n, AG-
301-150330-V04-F). Argon was purified (<0.1 ppb H.O, Oz, CO, CO;) with an Entegris
GateKeeper gas purifier (GPUS35FHX04R00CA). Electrical grade Kapton substrates with a
thickness of 0.005” were purchased from McMaster-Carr (p/n, 2271k3). PEEK substrates of the
same thickness were also purchased from McMaster-Carr (p/n, 8504k12). Polydimethylsiloxane
(PDMS) substrates 80 and 800 um thick were purchased from SiMPore (p/n, GASKET-80PK and
GASKET-800PK, respectively). Substrates believed to be polyethylene terephthalate (PET)
substrates were acquired with the PDMS substrates purchased from SiMPore. Quartz substrates
were purchased from ChemGlass (p/n, CGQ-0640-01). For instrument calibration,®® single crystals
of ZrS; (>99.9995%, flux zone grown) were purchased from 2D Semiconductors (Scottsdale, AZ,
USA).

CVD Reactor. Chemical vapor deposition was performed in a custom-built, hot-walled
CVD reactor described in chapter 2. For all depositions, the foreline trap was loaded with 600 g of
SULFURTRAP EX media and an additional 200 mL of activated 3A molecular sieves upstream
of the scrubber.

Substrate Cleaning. ZrS; films were deposited on Kapton, PEEK, PDMS and PET
polymer substrates, as well as quartz substrates. All polymer substrates were cleaned by sonicating
for 10 minutes in SEMI-grade acetone, followed by sonicating for another 10 minutes in SEMI-
grade isopropanol. After sonication, samples were rinsed off with SEMI-grade isopropanol and
blown dry with nitrogen. Quartz substrates were cleaned by first hand-scrubbing in a slurry of
Alconox detergent and rinsing with deionized water. The substrates were then rinsed with SEMI-

grade acetone, SEMI-grade isopropanol, and blown dry with nitrogen gas. Finally, the substrates

115



were exposed to UV/ozone (Ossila) for 10 min to remove any remaining organic contaminants.
Polymer substrates were not treated using UV/ozone.

Substrate Positions and Analysis. ZrS; films were primarily deposited onto polymer
substrates cut to 1” long x 0.5” wide. In each deposition, three polymer substrates are placed back-
to-back placed, starting 0.5” from the precursor inlets inside the CVD reactor. A quartz substrate
also cleaved to 1” long x 0.5"” wide was placed immediately downstream of the polymer substrates.
In some instances, a 1 cm? polymer substrate was added directly downstream of the second
polymer substrate to collect XPS data on. Otherwise, XPS samples were acquired by cutting a
small piece from the downstream end of the polymer substrate 1.5” from the precursor inlets.

Each ZrS; film deposited onto 1” long x 0.5” wide substrates was cut into three pieces for
analysis. A razor blade was used to cut ZrS; films deposited on polymer samples, while films
deposited on quartz were scored with a diamond scribe and cleaved using wafer cutters. Note that
to avoid damage to the ZrS; film while cutting polymers to obtain cross sections for microscopy,
the substrate was bent at ca. 30-45° (with the film facing the opposite direction of bending) to
allow the razor blade to glide more easily through the substrate. On each sample, and in increasing
distance from the precursor inlets, the cut regions were used for SEM/EDS, four-point probe, and
p-XRD. Due to convolution of peaks from the underlying substrate, EDS data is typically only
reported from the front-most sample.

Baking Out the CVD Reactor. To remove H>O adsorbed to surfaces within the CVD
reactor, bakeouts were routinely performed before deposition of ZrS,. After installing a new quartz
tube onto the reactor, this zone was heated to 400 °C for 2 hours under active vacuum with 100
sccm Ar flowing (=860 mTorr). Except for the Swagelok tubing upstream of the Zr(NMe2)s

precursor bubbler, all precursor-carrying Swagelok tubing downstream of an MFC were heated to
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110 °C during this time. The KF25 cross, quick flange adapters, and vacuum bellows hose were
heated to 45 °C; the temperature was limited to prevent compression-set failure of the EPDM O-
rings.

Degassing of Polymer Substrates. After completing bakeouts of the CVD reactor,
polymer substrates were added to degas overnight. Substrates were loaded after the quartz tube in
the CVD reaction zone had cooled to 50 °C to avoid thermal degradation. The reaction zone was
then maintained at 50 °C for 12-15 hours while flowing 10 sccm of Ar to sweep out any gases
originating from the polymer substrates. Without this step, we found that all polymers outgassed
significantly, as indicated by rate of rise tests. Indeed, after the CVD reactor was loaded with
polymer substrates, brought to the set reaction temperature, and isolated from vacuum, the pressure
increased at a rate on the order of 10 mTorr/min, and as high as 100 mTorr/min for substrates with
thickness of ca. 1 mm. In the absence of polymers and after the degassing step, the rate of rise
under these conditions is typically 0.5-1.0 mTorr/min.

Deposition Conditions. ZrS; films were deposited at 200 °C onto Kapton, PEEK and
PDMS substrates, and at 150 °C on PET substrates. All depositions were carried out using recipe
6 developed in chapter 2, which was optimized for enhancing crystallinity on quartz substrates.

Precursor delivery conditions used in this work are summarized in Table 3.1.

Table 3.1. Precursor delivery conditions used to
deposit ZrS; films at 150 and 200 °C.

Deposition Recipe 6

Bubbler Temperature (°C) 35

Bubbler Carrier Gas Flowrate (sccm) 2

H>S Flowrate (sccm) 1

Purge Gas Flowrate 200
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3.3.2 Characterization of ZrSz Thin Films

Morphology and thickness. The morphology and thickness of ZrS; films was examined
using field-emission scanning electron microscopy (FESEM), in plan-view and cross-section,
respectively. This imaging was performed using a Zeiss Gemini 360 SEM at the Harvard
University Center for Nanoscale Systems (CNS).

Crystallinity. The crystallinity of ZrS; films was assessed using powder X-ray diffraction
(p-XRD) at the Harvard University Department of Chemistry and Chemical Biology Center for
Crystallographic Studies. X-ray diffractograms were recorded using a Bruker D2 PHASER X-ray
diffractometer using Cu Ka radiation (A = 1.542 A) and a 620 scan. Scans were performed in the
20 range of 10°-60° with an increment of 0.05° and a dwell time of 1 s. Either a glass or c-plane
sapphire substrate was used to mount polymer substrates on the p-XRD sample.

Composition. Energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) were calibrated with ZrS; single crystals, and then used to determine the
composition of ZrS; thin films deposited by CVD. EDS data were collected using an Oxford
Instruments Ultim Max EDS installed on the Zeiss Gemini 360 used for microscopy at CNS.
Samples were analyzed with a 10 kV imaging voltage and a working distance of 8 — 10 mm. Single
crystals were exfoliated three times using Scotch tape to remove surface oxides before EDS
analysis.

Purity. XPS data were collected in a mu-metal SPECS Ultrahigh Vacuum (UHV) chamber
described in the experimental section of chapter 2. Additional details on XPS fitting procedures
are also available in the experimental section of chapter 2. XPS spectra were collected and fit by

Abigail Berube with supervision from Daniela Chavez.
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Electrical properties. The sheet resistance of ZrS, films was measured using a Signatone
S-302-4 four-point probe. Measurements were collected on samples exposed to atmosphere for no

more than 20 minutes.

3.4. Results and Discussion
3.4.1. Selecting Compatible Substrates

Deposition of ZrS, onto polymer substrates is constrained by limitations to both
temperature and H2S exposure. Although ZrS; films can be deposited at temperatures of up to 350
°C using recipes described in chapter 2, for deposition of crystalline films with compact
morphologies down the length of the reactor a substrate temperature of 200 °C is most appropriate.
However, most polymers utilized in flexible electronics have temperature ceilings below 200 °C
and degrade or become brittle with prolonged exposure to H.S. Therefore, we identified Kapton
and PEEK as more appropriate candidate substrates for ZrS, depositions, as these materials have
reported maximum operating temperatures of ca. 400 and ca. 250 °C, respectively, and have
resistance to H,S.%° Kapton is the preferred substrate for flexible electronics in space
applications,*® due to its resistance to vacuum, radiation and energetic particles.® PEEK substrates
are not used as often in flexible electronics as polymers such as Kapton and PET, although there
are several reports of its use in these applications.®>** While PDMS is typically used as a transfer
substrate,® it has a temperature ceiling as high as 200 °C and moderate resistance to HS,% and is
the third candidate for depositions at 200 °C. Although the deposition temperature must be lowered
to 150 °C to deposit on PET, we also select this polymer due to high resistance to H»S,°" and since

it is a popular substrate for flexible electronics.%®
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3.4.2. Deposition Uniformity and Substrate Performance

Uniform ZrS; films can be deposited on Kapton and PEEK at 200 °C without damage to
the underlying substrates. ZrS; films deposited on Kapton and PEEK appear shiny by eye, and
transition from black or dark brown at the front of the reaction zone to orange and yellow as film
thickness decreases down the length of the reactor (Figure 3.1). Both substrates remain intact upon
exposure to CVD conditions and pass the crease test. Additionally, films are well adhered to the
substrate and do not delaminate when attempting a Scotch tape test.

Deposition of ZrS; on PDMS at 200 °C affords films with surface coverage dependent on
substrate thickness and location. As shown in Figure 3.1, on 800 um thick PDMS the majority of
deposition occurs in front of the Zr(NMe>)s inlet and drops off significantly at a distance of 1.5".
Since deposition occurs as expected on a quartz witness sample placed 3.5” from the precursor
inlets, the lack of deposition on PDMS substrates 1.5-2.5"” from the precursor inlets is presumably
related to the substrate. It is hypothesized that deposition uniformity is partially associated with
outgassing of PDMS (the reactor rate of rise immediately before deposition was ca. 8 mTorr/min),
as reducing the substrate thickness to 80 um reduced outgassing (rate of rise of 0.5 mTorr/min)
and improved surface coverage. Regardless, deposition on thinner PDMS still results in splotchy
films 2.5” from the precursor inlets. Interestingly, film uniformity is also highest directly in front
of the (ZrNMez)s precursor inlet on thin PDMS (Figure 3.1), which may suggest gas phase
speciation or growth rate is also an important growth parameter on this substrate. On both thick
and thin PDMS substrates it was also found that ZrS; films were not well adhered and failed the
Scotch tape test. This is perhaps not unsurprising for PDMS, considering it is often used to transfer

materials between substrates.®® Adhesion of ZrS, to PDMS is not negligible though, as placement
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of PDMS directly on the CVD reactor sample holder pulls off film accumulated over several
depositions.

Uniform ZrS; films are deposited on PET at 150 °C, but with some damage to the
underlying substrates. Like on Kapton and PEEK, ZrS; films deposited on PET are shiny and
appear continuous by eye, with no obvious splotches like on PDMS (Figure 3.1). The films are
also well adhered and pass Scotch tape tests. However, some damage to the underlying substrates
was observed under CVD conditions, as the PET slightly contracted and bent, presumably due to
overshooting of the furnace temperature to 170 °C when ramping to the set temperature.
Regardless, the substrates pass the crease test before and after exposure to deposition conditions,

suggesting minimal damage.
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Distance Down Reaction Zone

3.5" 2.5" 1.5" 0.5"

Z1S, on Kapton
(200°C)
Z1S, on PEEK
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Z1S, on 80 nm
PDMS (200°C)

Z1S, on 800 pm
PDMS (200°C)

Z1S, on PET
(150°0C)

Figure 3.1. Photographs of ZrS; films deposited on various polymer substrates at either 150 or
200 °C. Polymer substrates are placed 0.5 — 2.5" from the precursor inlets, while a quartz
substrate witness is placed 3.5” from the precursor inlets. Thin PDMS substrates are mounted
on pieces of glass to prevent them from sticking to the stainless-steel sample tray and from
bending while handling (which leads to cracking of films).
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3.4.3. Film Morphology

Planview microscopy of ZrS; films deposited on Kapton and PEEK reveals clusters of
roughly spherical grains with diameters of ca. 20-30 nm. Film morphology is relatively constant
down the length of the reaction zone (0.5-2.5” from the precursor inlets), although some smoothing
of films is observed as clusters become slightly smaller (Figures 3.2 and 3.3). There is no
significant difference in morphology between ZrS; films deposited on Kapton and PEEK
substrates and quartz witness substrates placed at the end of the reaction zone for each deposition
(3.5” from the precursor inlets). Cross section micrographs reveal films have a columnar structure

on both substrates (Figure 3.4).
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Figure 3.2. Plan-view micrographs of ZrS; films deposited at 200 °C at distances
of 0.5" (a), 1.5” (b) and 2.5" (c) from the precursor inlets on Kapton substrates,
and 3.5” from the precursor inlets on a quartz substrate (d). Scale bars are 250 nm.
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Figure 3.3. Plan-view micrographs of ZrS; films deposited at 200 °C at distances
0f0.5" (a), 1.5” (b) and 2.5" (c¢) from the precursor inlets on PEEK substrates, and
3.5" from the precursor inlets on a quartz substrate (d). Scale bars are 250 nm.
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Figure 3.4. Plan-view and cross-section micrographs of ZrS; films deposited at
the front of the reaction zone on (a) Kapton, (b) PEEK, (c) PDMS, and (d) PET
substrates. Scale bars on plan-view micrographs are 500 nm and scale bars on

cross-section micrographs are 1 pum.
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The morphology of ZrS; films deposited on thin PDMS substrates at the front of the
reaction zone is comparable to morphologies observed on Kapton and PEEK substrates. As shown
in micrographs in Figures 3.4 and 3.5, the morphology of the frontmost film on thin PDMS has
clusters of roughly spherical grains with diameters of ca. 20-30 nm. Without the use of a glass
supporting substrate, the thin PDMS substates would bend easily while handling, which fractured
ZrS; films and complicated analysis by XPS (Figure 3.6). At a distance of 1.5” from the precursor
inlets, grains shapes are similar to those at the front of the reaction zone, but with slightly smaller
diameters (Figure 3.5). Features were not observable on the PDMS substrate 2.5” from the
precursor inlets (due to excessive charging under the microscope) and the morphology on the
quartz substrate 3.5” from the precursor inlets is comparable to quartz witness samples from
depositions containing Kapton and PEEK substrates (Figures 3.2, 3.3 and 3.5). There were no

observable features on ZrS; films deposited on thick PDMS substrates.
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Figure 3.5. Plan-view micrographs of ZrS; films deposited at 200 °C at distances
of 0.5” (a and b) and 1.5” (¢) from the precursor inlets on 80 pm thick PDMS
substrates, and 3.5"” from the precursor inlets on a quartz substrate (d). The absence
or significant cracking in films is shown in (a) and representative film
microscopies are shown in (b), (c) and (d).
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Figure 3.6. Plan-view micrographs of ZrS; films deposited at 200 °C on a 80 um
thick PDMS substrate placed at the front of the reaction zone without a supporting
glass substrate. Figure (a) provides an overview of the sample, showing that the film
is fractured. Figure (b) shows islands of film separated by cracks and figures (c) and
(d) show the morphology of the ZrS, film.

The morphology of ZrS; films deposited on PET varies with location down the length of
the reaction zone. As shown in figure 3.7, films deposited at the front of the reaction zone (0.5"
from the precursor inlets) have smoother morphologies and slightly larger grains than films
deposited 1.5 and 2.5” from the precursor inlets, which have comparable morphologies to films
deposited at 200 °C on Kapton, PEEK and quartz. The quartz witness substrate has the same
morphology as films deposited 1.5 and 2.5” from the precursor inlets, but with the addition of
small flakes 20-30 nm across scattered on the surface. This gradient of morphologies down the

reaction zone has been observed on depositions on all quartz substrates under these conditions.
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Figure 3.7. Plan-view micrographs of ZrS; films deposited at 150 °C at
distances of 0.5” (a), 1.5" (b) and 2.5" (¢) from the precursor inlets on PET
substrates, and 3.5" from the precursor inlets on a quartz substrate (d). Scale bars
are 250 nm.

3.4.4. Film Crystallinity

Deposition of ZrS; at yields crystalline films on PEEK and thin (80 um) PDMS substrates.
Films deposited on both polymers are phase pure ZrS, and exhibit only the 001 reflection for ZrS;
(COD 5910006), the same as for depositions on only quartz substrates. Down the length of the
reaction zone films become less crystalline, with weakly crystalline films at the rear having
reflections that are nearly discernable on diffractograms (Figure 3.8). Films deposited on PEEK
are more crystalline than on PDMS, with films of similar thicknesses having more intense 001
reflections (Figures 3.1 and 3.8) Compared to ZrS; films from depositions only containing quartz
substrates, films deposited on PEEK, PDMS and quartz (witness) substrates are less crystalline
(Figure 2.21). While lower ZrS; crystallinity on polymer substrates may reflect differences in
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surface chemistry compared to quartz substrates, lower crystallinity on the quartz witness
substrates suggests the effect is related to the presence of polymers during the CVD reaction. It is
possible that outgassing of polymer substrates or by products from attack of polymers by H>S

releases species inhibiting crystallization of ZrSz, but there is no data available to substantiate these

claims.
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Figure 3.8. Diffractograms of ZrS, films deposited on PEEK (a) and 80 pum thick PDMS

(substrates) placed 0.5"-2.5" from the precursor inlets. Quartz substrates are placed 3.5” from
the precursor inlets. The ZrS, reference is COD 5910006.

The crystallinity of ZrS> films deposited on Kapton cannot be readily deconvoluted from
diffractograms. As shown in Figure 3.9a, reflections from the Kapton substrate overlap with the
expected ZrS; 001 reflection at 20 =15.1° and it is not clear if this peak is present in diffractograms.
Therefore, to indirectly assess crystallinity, sample diffractograms are normalized to the most
intense Kapton reflection at 26 = 22° and compared to the bare substrate. As shown in Figures

3.9b, 3.9c and 3.9d, the height of the reflection at 26 = 15° increases relative to those at 20 = 22
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and 26° on ZrS; films deposited on Kapton 0.5-2.5” from the precursor inlets. As discussed in the
following section, EDS and XPS data demonstrate deposition of stoichiometric ZrS; films on
Kapton with limited impurities, which suggests that the feature increasing the height of the
reflection at 20 = 15.1° is from the 001 reflection of ZrS,. Operating on the assumption that this
inference is true, the ZrS; film deposited on Kapton 0.5 and 1.5” from the precursor inlets have
comparable crystallinities, while the film deposited at 2.5” is either weakly crystalline or
amorphous. Finally, the crystallinity of the ZrS; film deposited on the quartz witness is higher than
for depositions on PEEK and PDMS, but still lower than for depositions using on quartz substrates

(Figures 2.21 and 3.10).
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Figure 3.9. Diffractograms of ZrS, films deposited at 200 °C on Kapton substrates placed 0.5"

(a), 1.5" (b) and 2.5" (c) from the precursor inlets, and on a quartz substrate placed 3.5” from
the precursor inlets. (a) plots diffractograms of all films from the deposition without
normalizing the data. (b), (c) and (d) are individual plots of ZrS; films deposited on Kapton 0.5,
1.5 and 2.5" from the precursor inlets, respectively, that are normalized to the most intense
reflection of the Kapton substrate. The ZrS, reference is COD 5910006.
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Figure 3.10. Diffractograms of ZrS, films deposited at 200 °C on quartz substrates placed 3.5"

from the precursor inlets with either all quartz substrates present or in depositions containing
Kapton, Peek or PDMS substrates. The ZrS, reference is COD 5910006.

The crystallinity of ZrS; films increases down the reaction zone on PET substrates. Films
deposited at the front of the reaction zone are amorphous, while those deposited 1.5” and 2.5” from
the precursor inlets are weakly crystalline, with ZrS, 001 reflections barely discernable in
diffractograms (Figure 3.11). The reflection from the quartz witness sample at the rear of the
reaction zone is most intense. As shown in figure (2.21), increasing crystallinity has previously
been observed under the same deposition conditions on all quartz substrates, and demonstrates

comparable growth of ZrS; on quartz and PET at 150 °C.
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Figure 3.11. Diffractograms of ZrS, films deposited at 150 °C on PET substrates. Figure (a)

shows diffractograms of the underlying PET substrate and films deposited 0.5”, 1.5" and 2.5" (c)
from the precursor inlets. Figure (b) shows the diffractogram for a ZrS, film deposited 3.5" from
the precursor inlets in the same reaction, along with the underlying quartz substrate. Figure (c) is
copy of figure (a) with the y-axis blown up to visualize the PET diffractions. The ZrS, reference
is COD 5910006.
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3.4.5. Composition and Purity

Stoichiometric ZrS, films with minimal impurity concentrations can be deposited on
Kapton and PEEK substrates. The composition of ZrS; films on these substrates is compared to a
single crystal in Figure 3.12 and Table 3.2 using EDS. While the zirconium content of single
crystals and films is 38-39%, films on Kapton and PEEK are slightly sulfur deficient, with
compositions of 56x£1% and 58+1%, respectively. ZrS; single crystals have a sulfur composition
of 60.7£0.5%. Sulfur deficiencies in films likely arises from increased oxygen content compared
to single crystals; single crystals only have 1.0+£0.1% oxygen and samples on Kapton and PEEK
substrates have 6+1% and 2.5+0.8% oxygen, respectively. Analysis of film compositions by XPS
also demonstrates relatively low oxygen incorporation, with samples deposited on Kapton and
PEEK having oxygen contents of 3.8% and 4.2%, respectively, on the last depth profile (Figure
3.13, Table 3.3). No other impurities are detected in these films at the end of XPS depth profiles,
with carbon and nitrogen content below the 1% limit of detection of our instrument. Like films
deposited on quartz substrates, this suggests recipe 6 also affords minimal precursor incorporation

at 200 °C during growth on Kapton and PEEK substrates (section 2.4.8).
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Figure 3.12. EDS of a ZrS, single crystal and films deposited at the front of the reaction zone

(0.5" from the precursor inlets) on Kapton, PEEK, PDMS and PET substrates. Figure (a)

quantifies all elements and figure (b) removes carbon, which is overrepresented due to its high
sensitivity factor.

Table 3.2. Average atom percent and S:Zr ratio determined by EDS on
a ZrS; single crystal and films deposited on Kapton, PEEK, PDMS
and PET substrates placed at the front of the reaction zone.

Substrate % Zr % S % O S:Zr
Single Crystal | 38.3+0.5 | 60.7£0.5 | 1.0+0.1 1.58+0.3
Kapton 38.1+0.3 56+1 6+1 1.48 £0.04
PEEK 39.5+0.8 58+1 25+0.8 | 1.47+0.05
PDMS 36.8+£0.3 | 52.6+0.7 | 10.6+0.8 | 1.43+0.02
PET 32+£2 57+1 11+2 1.8+0.1
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Figure 3.13. XPS depth profiles of ZrS, films deposited on (a) Kapton, (b) PEEK and (c) 80

um thick PDMS substrates at 200 °C, and on PET (d) at 150 °C.
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Table 3.3. Composition of ZrS; films determined by XPS on the last depth profile
after sputtering for a total of 180 minutes.

Substrate % Zr % S % O %C % N
Kapton 45.0 51.2 3.8 0.0 0.0
PEEK 45.7 50.1 4.2 0.0 0.0
PDMS 46.6 515 6.1 0.0 0.0

PET 46.5 46.9 6.6 0.0 0.0

Deposition of ZrS; films on 80 um thick PDMS substrates affords oxygenated films, but
with no detectable impurities arising from ligand incorporation. The composition of these films is
compared to a single crystal in Figure 3.12 and Table 3.2 using EDS. While the zirconium and
sulfur composition of a single crystal are 38.3+0.5 and 60.7+0.5%, respectively, on the frontmost
film in the PDMS deposition these values are 36.8+£0.3 and 52.6+0.7% (Figure 3.12 and Table
3.2). This sulfur deficiency arises from ca. 10% oxygen incorporation in the bulk of the film. Prior
to this deposition, the rate of rise in the reactor was confirmed to be 0.5 mTorr/min, so it is unusual
(at least for depositions on all quartz substrates) for the oxygen content in the bulk of the film to
be >5%. Analysis of film composition by XPS also reveals elevated oxygen incorporation, with
6.1% detected on the last depth profile, which is ca. 50% higher than oxygen content in ZrS; films
deposited on Kapton and PEEK substrates (Figure 3.13 and Table 3.3). Since there is also no
detectable carbon or nitrogen on the final XPS depth profile of the ZrS> film on PDMS, oxygen
associated with surface contamination does not account for the discrepancy in composition with
films deposited on Kapton and PEEK. The source of excess oxygen in ZrS; films deposited on
PDMS is not known at this time, but still may be related to outgassing from the polymer substrate

or possibly due to lower air stability compared to films deposited on Kapton and PEEK substrates.
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ZrS; films deposited on PET substrates also appear to suffer from high oxygen
incorporation, and XPS depth profiling again shows limited impurity concentrations associated
with ligand incorporation. By EDS, the composition of the frontmost film from this deposition is
32+2% Zr,57+1% S, and 11+2% O (Figure 3.12, Table 3.2.) Since the ZrS; film analyzed on PET
is ca. 500 nm, the origin of oxygen counts in EDS spectra cannot be confidently assigned to only
the film. While quantifying carbon in our EDS spectra is usually not performed due to the high
sensitivity factor of this element (in single crystals we observe ca. 20% C by EDS, but in XPS this
element is below the limit of detection), in depositions on polymers carbon is useful for
determining whether oxygen counts originate from the underlying substrate or within the ZrS;
film. In the case of the frontmost sample on PET, the carbon composition is comparable to the
baseline found for ZrS; single crystals (Figure 3.12) and does not offer a clear indication of
whether high oxygen counts are from the underlying substrate. For comparison, see films deposited
on PET substrates 1.5” and 2.5” from the reactor (Figure 3.14), where a clear increase in carbon
and oxygen does suggest probing of the substrate. Depth profiles of ZrS; films on PET show 6.5%
oxygen incorporation, which is ca. 50% higher than on Kapton and PEEK (Figure 3.13, Table 3.3).
Like on quartz substrates in chapter 2, carbon and nitrogen impurities are below the 1% limit of
detection of our instrument, suggesting minimal precursor ligand incorporation during film
growth. However, this suggests that the additional oxygen seen by XPS is likely associated with
oxygen incorporation in the ZrS; film. This may be due to increased outgassing of the polymer
during deposition (water and oxygen can oxidize ZrS; to ZrO> during growth or possibly react
with the Zr precursor to deposit ZrO>) or due to a combination of lower stability in air and a slightly

longer transfer time into the UHV chamber before XPS analysis.
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Figure 3.14. A bar graph comparing the composition of a ZrS, single crystal to films deposited

at 150 °C on PET 0.5-2.5" from the precursor inlets and a quartz substrate 3.5"” from the
precursor inlets.

3.4.6. Electrical Properties

ZrS; films deposited at the front of the reaction zone on PEEK substrates have sheet
resistances and resistivities typical for 200 °C reactions, but measurements are imprecise due to
noise in voltage measurements. Although current readings were on the order of 10-100 nA and
could be measured with relatively little noise on these samples, it was found that voltage
measurements fluctuated in and out of the noise range of the voltmeter installed onto the four-point
probe. The voltage readings were cross checked with a handheld voltmeter, which confirmed the
issue was sample related and not due to failure of the installed voltmeter. To estimate sample sheet
resistance, a phone camera was therefore used to record the simultaneous current and voltage
measurements across samples, and then replayed to extract the data, giving a sheet resistance of
(5.4+3.9)x10° Q/o. This falls with the range of sheet resistances of (4-8) x 10°® Q/o measured on

ZrS; films deposited on quartz substrates in the same location and under the same conditions.
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Using these data and microscopy shown in Figure 3.4, the resistivity of ZrS; films on PEEK is
estimated to be 865+619 Q-cm. Although measurement error is rather large, these resistivities are
comparable to ca. 950 Q-cm resistivities measured on ZrS; films deposited on quartz substrates in
the same location and under the same conditions (Figure 2.3.2). Current readings on four-point
probe measurements were below the noise level of the ammeter on PEEK samples placed 1.5-2.5”
from the precursor inlets. The sheet resistance of the witness sample deposited on quartz was
(6.5£0.5)x10°% Q/o, but film thickness could not be measured by microscopy, so a precise
resistivity value cannot be provided. Since the film is thinner than the frontmost sample on PEEK,
the resistivity is likely several times lower than measured at the front of the reactor (Figures 2.19
and 2.32).

The resistivity of ZrS, films cannot be confidently estimated on Kapton substrates, and all
samples deposited on or in the presence of PDMS and PET do not have measurable sheet
resistances or resistivities. Like for samples deposited on PEEK substrates, ZrS; films deposited
on Kapton have stable current readings on the order of 10-100 nA in four-point probe
measurements, but voltage measurements suffer from worse noise levels. Indeed, using the same
data extraction method as for samples on PEEK produces a current-voltage plot with an
unacceptably low R? values (Figure 3.15), and the standard deviation of the sheet resistance
calculated from these measurements is larger than the average value. The same is true of the sample
1.5” from the precursor inlets, while current could not be measured on the sample 2.5” from the
precursor inlets. The sheet resistance of the quartz witness sample is (5.4+1.5)x10° Q/o, which is
comparable to the witness sample from the deposition on PEEK. Current above the noise level of
the ammeter could not be measured on any samples deposited on thick PDMS, thin PDMS and

PET. The quartz witness samples from these depositions did not have measurable current,
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suggesting the presence of PDMS and PET introduced species inhibiting conductivity downstream
in the reactor. It is possible that current below the noise level in ZrS; samples on PET substrates
is due to these samples not being thick enough, as the bubbler fill level was lower than for previous

depositions at 200 °C (and the bubbler had to be refilled after the next two depositions).
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Figure 3.15. Current-voltage plots of four-point probe data collected on the
frontmost sample deposited at 200 °C on (a) PEEK and (b) Kapton.
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3.5. Conclusions

We have demonstrated direct deposition of ZrS; films onto several polymer substrates
using low temperature CVD with Zr(NMez)s and H»S as precursors. High quality, crystalline and
continuous ZrS; films with good adhesion can be deposited on Kapton and PEEK substrates at 200
°C. These films contain minimal impurities and have comparable compositions to the
stoichiometric material. Deposition of crystalline films is also possible on PMDS at 200 °C but
film uniformity decreases with increasing distance from the precursor inlets. ZrS; films are not
well adhered to PDMS substrates, which could allow for transfer to other surfaces. Film growth
on PET substrates at 150 °C produces continuous and well adhered films with varying
morphologies down the reaction zone. The films are amorphous and partially oxidized. Lowering

growth temperatures and durations may afford deposition onto more thermally sensitive substrates.
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Chapter 4. Thermal Evaporation and Annealing of Germanium(ll)
Sulfide Thin Films

4.1. Contributions

The work presented below is derived in part from a manuscript in progress. Preliminary
experiments depositing (by thermal evaporation and solution deposition) and characterizing GeS
films were performed by Professor Luke M. Davis, Dr. Lauren Hartle, Susan Schmidt, and Fengfan
Zhu. Later, | deposited GeS films, and annealed GeS films in H>S (under the supervision of
Professor Luke M. Davis) and Ar atmospheres. Caroline Ding, Ben Kass-Mullet and David
Palomares also deposited GeS films by thermal evaporation and annealed under Ar atmospheres.
| performed the majority of microscopy on GeS films, although significant contributions were also
provided by Ben Kass-Mullet, David Palomares, and several others. Although results are not
shown here, Daniela Chavez did extensive work characterizing the composition and band positions
of GeS single crystals and films using XPS, UPS and Kelvin probe. RBS experiments and
simulations were performed by Dr. Hussein Hijazi at Rutgers University. Professor Luke M. Davis
wrote some of the introductory text and project framing in this chapter and prepared several
figures. This project is funded by Tufts University and the National Science Foundation (DMR-

2224949).

4.2. Abstract

Deployment of cadmium telluride tandem photovoltaics could be expedited if top cells are
deposited using the same capital and type of fabrication equipment for close space sublimation.
Germanium(ll) sulfide (GeS) is an attractive top cell candidate composed of Earth-abundant and

non-toxic elements, and can be evaporated congruently at low temperatures of 300-400 °C.
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However, there are few reports describing growth of continuous and crystalline GeS films suitable
as photo-absorbers due to high crystallization temperatures. We identify re-evaporation of GeS
and slow kinetics of crystallite nucleation as barriers to obtaining crystalline GeS by annealing
amorphous precursor films. Several methods are demonstrated to increase the surface roughness
or surface area of amorphous precursor films, which are shown to enhance the kinetics of
nucleation and enable fabrication of continuous and crystalline GeS films. Annealing in H2S is
also explored as a method for enhancing nucleation kinetics, but results in oxidation of films before
or during crystallization. The resistivity of films annealed in inert atmospheres is several orders

higher than in some single crystals.

4.3. Introduction

Tandem photovoltaics based on cadmium telluride (CdTe) photo-absorbers may enable
deployment of modules with increased power conversion efficiencies (PCEs). The addition of a
wide bandgap top cell to current CdTe modules could afford PCE’s beyond the Shockley-Queisser
limit.! Such efficiencies have already been demonstrated by tandem photovoltaics based on
similarly performing Si modules, with 111-V on Si tandems achieving an impressive record PCE
of 36.1%.2 Although CdTe accounts for only 5% of photovoltaics modules deployed globally, this
technology accounts for almost half of the United States production capacity.® * Development of
new tandem modules based on existing CdTe technology would be transformative for domestic
production of electricity.

If current manufacturing processes for CdTe are extended to top cells, it could enable rapid
deployment of tandem modules. Existing industrial deposition methods for CdTe include close

space sublimation (CSS) and chemical vapor transport (CVT, typically CSS enhanced by a carrier
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gas), which use temperatures of 600-800 °C to achieve film growth rates as high as 10 pm/min.>”
To enable rapid deployment of CdTe tandem modules, we seek to identify and develop top cells
evaporating similarly to CdTe. To reduce development costs, such absorbers should be deposited
using the same fabrication equipment as for CdTe, which will require processing temperatures no
greater than 600-800 °C. In searching for top-cell materials for CdTe modules, we focus on low
toxicity, wide bandgaps, and high evaporability to enable facile deployment.

These requirements lead us to germanium(ll) sulfide (GeS), a promising 2-D
semiconductor containing earth abundant and non-toxic elements. GeS has closely spaced direct
and indirect bandgaps in the 1.6-1.8 eV range, with an absorption coefficient >10* cm™.8° The
carrier transport properties of GeS are also favorable, with reports of minority carrier mobilities of
86-90 cm?V-1s1,10. 1 and photoexcited carrier lifetimes between 120-565 ps.'*® These properties
have allowed for fabrication of photodetectors' 416 and recently for assembly of photovoltaics.®
14,17.18 The first reported GeS devices were reported in 2021, and maintain the record PCE of
1.36%.° Finally, GeS evaporates cleanly under vacuum at 300-400 °C as the molecular species,*®-
21 and the vapor pressure has been reported as a function of temperature.?? The evaporation
behavior of GeS lends itself to convenient deposition by either CSS or CVT, and the former has
been demonstrated recently.® 22 Amorphous GeS films were sublimed as early as the 1970’s by
Stanchev and Vodencharov.?*

Despite the ease of evaporating GeS, there remain few modern reports of high quality,
crystalline films.% 17182325 Feng and coworkers first demonstrated polycrystalline GeS films by
close space sublimation,® but a crystallization temperature of >375 °C and the high thermal
expansion coefficient of GeS led to delamination of films. This issue was alleviated by using

MoSe> as an interfacial layer between GeS and the Mo substrate. Zhang and coworkers reported a
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low nucleation density of GeS crystallites during physical vapor transport depositions,?® but found
that the use of a pre-deposited amorphous GeS seed layer improved surface coverage. Attempts to
deposit GeS films by chemical vapor deposition also afforded sparse crystallite coverage,?® and
although atomic layer deposition has demonstrated highly conformal and continuous GeS films,?’
the material was amorphous.

Annealing is promising strategy to crystallize as-deposited amorphous GeS layers but may
be complicated by the high volatility of GeS. Hu and coworkers first reported annealing of
amorphous GeS films deposited on FTO substrates by chemical bath deposition.t” The GeS films
were annealed under atmospheric pressure nitrogen for 5 minutes at 380 °C, and crystallized as
highly oriented orthorhombic GeS, with only the 200 and 400 reflections present in diffractograms.
SEM images showed continuous films with highly oriented, plate like grains. The only other report
of annealing to obtain crystalline GeS films was by Drabavicius and coworkers, who deposited
amorphous GeS films by thermal evaporation and annealed under Ar at a pressure of ca. 0.9
atmospheres for an unspecified amount of time. However, under these conditions films annealed
at 370-390 °C were discontinuous and filled with voids, and films annealed at >400 °C partially
or completely sublimed.?® These results are perhaps unsurprising, considering that GeS and
germanium(l1) selenide (GeSe) have near identical vapor pressure curves at these temperatures,*®
and that films of the latter have been found to completely sublime after annealing at atmospheric
pressure for only 30 minutes at 450 °C.?® Accordingly, several reports of annealing GeSe films
utilize durations of only 5 minutes,*” ?* % and it is likely that annealing of GeS films may also
require these short annealing durations to prevent complete film loss.’

Two-stage deposition is another method for obtaining crystalline GeS films. Zhang and

coworkers initially attempted to grow crystalline GeS films by vapor transport deposition using an
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Ar carrier gas at a pressure of 90 Pa and a substrate temperature of 380-420 °C, but found that
these conditions resulted in sparse coverage of large crystallites.?> However, when an amorphous
seed layer of GeS was deposited first with a substrate temperature of 160 °C, subsequent growth
using the original deposition conditions at 380-420 °C afforded nearly continuous films of
crystalline GeS. It is noteworthy to demonstrate that during this procedure, the pre-deposited
amorphous GeS layer is technically annealed under Ar and for 35-50 minutes, which is likely not
possible without simultaneous growth of GeS due to re-sublimation of films. Besides this report
and one other,® challenges and solutions for obtaining continuous, crystalline GeS films has not
been addressed within the literature.

| hypothesized that annealing GeS films in H>S atmospheres would enhance carrier
transport properties relative to inert atmospheres. Such improvements have been demonstrated for
the congener tin(l1) sulfide (SnS). Typically, SnS films are treated with 2.5-4% HzS at 400 °C 3"
3 although pure H,S has also been utilized.>* Annealing under both conditions facilitates
substantial crystal grain growth,3! 323 and reduces recombination losses at boundaries.®* HzS is
also believed to fill mid band gap sulfur vacancies in SnS that may act as recombination centers.
Compared to as deposited films, annealing SnS in 4% and 100 % H>S at 400 °C increases the
carrier concentration and decreases the resistivity several-fold, leading to increases of ca. 25% in
short-circuit current density in photovoltaic devices.®" ** Indeed, some of the highest efficiency
SnS photovoltaics are fabricated by using an H2S annealing step.3 %3

In this work we identify nucleation, evaporation, and oxidation of GeS to GeS: as
challenges to obtaining high quality crystalline GeS films when annealing under inert and H>S
containing atmospheres. We present seeding and surface roughening of films as methods for

increasing defect site density and film nucleation kinetics when annealing under inert atmospheres,
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and successfully balance the rates of nucleation, crystallization, and (re-)evaporation to provide
good-quality films on a variety of substrates. Annealing experiments under H,S atmospheres did
not produce crystalline GeS films and resulted in partial oxidation to GeS; as the temperature and
H>S concentration increased. The resistivity of GeS films annealed in inert atmospheres is
comparable to some reported values from single crystals, but several orders of magnitude higher

than others.

4.4. Experimental
4.4.1. Deposition and Annealing of GeS Thin Films

Material: Germanium(ll) sulfide, 99.99+% GeS (containing 1-5% elemental germanium)
was purchased from Strem Chemical Co. (Newburyport, MA, USA). GeS powder was stored under
5-10 millitorr vacuum between depositions. Single crystals of GeS (>99.9995%, flux zone grown)
were purchased from 2D Semiconductors USA (Scottsdale, AZ) and were analyzed by Rutherford
Backscattering Spectrometry (RBS) and Energy Dispersive X-ray Spectroscopy (EDS).

Deposition apparatus: A 3.5-cm tall glass ring was placed inside a flat-bottomed, 50 mm
inner diameter Schlenk drying chamber (Chemglass, AF-0556-02). GeS powder was placed within
this ring and the substrate was placed face down on the ring. The chamber was evacuated to 5-10
mTorr and then heated with a hot plate, using an aluminum block (4"%3"x2") placed on top to
enhance uniformity of heating (Figure 4.1). To load the chamber, it was refilled with argon from
a Schlenk line, and then the top removed. GeS was massed to 2.40-2.50 g, and then added carefully
to the inside of the ring. The top of the ring was wiped free of debris with a Kimwipe. Substrates

were cleaned as described below and placed upside down on top of the glass ring. The chamber
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was then assembled, evacuated, and refilled with argon. The evacuate and refill cycle was repeated

twice more, and then the chamber evacuated for deposition.

Figure 4.1. Photographs of deposition chamber set-up: (a) 50-mm Schlenk drying chamber on Al
block on hot plate; (b) close-up of deposition chamber showing an inverted substrate supported by
a 3.5-cm glass ring, with GeS powder loaded inside the glass ring; (c) Al foil wrapped around the
block during a GeS film deposition—the GeS vapor can be seen as a brown gas.

Temperature calibration. At a hot plate set temperature of 460 °C, the temperature of the

Al block, glass substrate, and chamber bottom were measured in air with a thermocouple as a

function of time (Figure 4.2).
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Figure 4.2. Temperature calibration for the deposition chamber with a hot plate set
temperature of 460 °C. Blue dots represent the temperature of the Al block measured next to
the bottom of the Schlenk drying chamber and orange dots represent the temperature of the
center of the bottom of the Schlenk drying chamber (where GeS source powder is normally
placed). Note that while depositions are performed under vacuum, the temperature calibration
was performed at atmospheric pressure.

Sand-blasting substrates. Glass substrates were sand blasted using silica sand sprayed
from a nozzle at 15 psi. The gun was kept 2-3” from the substrate during the process and rastered
across the surface at a rate of ca. 3 inches/second for 1-10 minutes to keep the surface roughness
as even as possible.

Substrate cleaning: Samples were precleaned by scrubbing with Alconox detergent and
rinsing with deionized water. Samples were then cleaned by rinsing with SEMI-grade acetone,
SEMI-grade isopropanol, and blowing dry with compressed N». Finally, samples were exposed to
UV/ozone (Ossila) immediately before deposition for 20 minutes. In instances where substrates

were roughened using sand blasting, this cleaning procedure was performed afterwards.

155



4.4.2. H2S Annealing

Annealing Chamber. As-deposited GeS samples were annealed at atmospheric pressure
using mixtures of Ar and H»S gas. Experiments were conducted in a fume hood inside of a 40-mm
ID Schlenk drying chamber (Chemglass, AF-0556-01) with the same design as the deposition
chamber used for GeS film deposition. However, to prevent damage to components from H,S
exposure, the drying chamber centering ring material was switched from Viton to a
perfluoroelastomer (Chemglass Life Sciences, CG-309-226). The stopper valve was also replaced
with a variant using perfluoroelastomer O-rings instead of Viton (Chemglass life sciences,CG-
961-50). During annealing experiments, samples were placed on the bottom of the chamber, which
was heated using the same hot plate and Al block set-up used for GeS depositions. Temperature
calibrations for the chamber are shown in Figure 4.3 below.

Annealing Chamber Temperature Calibration
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Figure 4.3. Temperature calibration of the annealing chamber set up. The temperature measured
on the aluminum block is correlated to the temperature at the bottom center of the annealing
chamber. The maximum temperature samples could reach was 355 °C.
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Gas Delivery and Scrubbing System. To deliver mixtures of Ar and H2S gas to the
annealing chamber, a manifold was assembled using H2S resistant components. A schematic of
the manifold and annealing set up is shown if Figure 4.4. Ar gas is sourced from a gas cylinder
outside of the fume hood and through a Schlenk line to a gas rotamer, while H2S is supplied from
a lecture bottle (Matheson, G1540275) inside of the fume hood to a separate gas rotamer. To
prevent corrosion and leaks of HS, gas carrying lines are EPDM rubber, while tees and valves are
glass, with the latter using perfluoroelastomer valves.*® It is recommended that stainless-steel tees
be used in place of glass, as it is difficult to fit stiff EPDM tubing over glass without risk of
shattering the glass. Gas rotamers were constructed from glass, 316 stainless steel and use EPR
seals (Matheson, ELIEB401E200). A glass column chromatography tube (1.5” OD, 18" length) is
used as the scrubber bed and filled with SULFURTRAP EX media (Chemical Product Industries,
ST-EX-50-10). Ground glass joints on the scrubber bed were sealed using chemically resistant
Krytox grease. The standard operating procedure for the H»S annealing apparatus can be found in
Appendix 1. Itis advised that this setup only be operated in a highly ventilated area such as a fume

hood.
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Figure 4.4. Schematic of the annealing chamber and gas manifold system used for H>S
annealing experiments. Valves mentioned in the standard operating procedure are numbered in
red.

4.4.3. High Temperature Ar Annealing

Samples were annealed in a 1” diameter and 39” long quartz tube with heating provided by

a Lindburg/Blue M mini-mite tube furnace. A schematic and photograph of the setup is provided

in Figure 4.5. As-deposited GeS films were transferred from the deposition chamber and into the

quartz tube outside of the heated zone of the tube furnace. When the tube furnace reached the set

temperature of 375-425 °C, the quartz tube was slid horizontally to insert GeS films into the heated

region. After GeS films were annealed for the set duration, typically 10 minutes, the quartz tube

was slid horizontally to remove the samples from the heated zone and allow them to cool to room

temperature. All annealing experiments were performed under atmospheric pressure using Argon
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(Ar) gas supplied through a gas rotamer. The gas flow rate was initially set to 150 sccm for 2 hours
to remove residual water and oxygen from the quartz tube and reduced to 10 sccm when GeS
samples were inserted into the heated zone of the tube furnace. Note that while this work was
performed in the open on a bench top, any annealing using H2S should (1) be performed in a fume

hood and (2) not utilize moving parts to prevent accidental cracking of the quartz tube.
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Figure 4.5. Schematic and photograph of annealing furnace.

4.4.4. Characterization of GeS Films and Single Crystals
Morphology of GeS films: The morphology of thin-film samples was examined by
scanning electron microscopy (SEM) at Tufts University. An AMRAY 1845 FE-SEM, refurbished

by SEMTech Solutions, was used for all microscopy.
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Crystallinity of GeS films: Samples were analyzed by powder X-ray diffraction (pXRD)
at the Harvard University. The routine 6-26 scans were collected on a Bruker D2 Phaser with
Bragg-Brentano geometry, and high-resolution XRD scans were collected on a Bruker D8
Discover using Gobel mirror/ACC2 geometry.

Composition of GeS crystals and films: Single crystals of were analyzed by Rutherford
Backscattering Spectrometry (RBS) and Energy Dispersive X-ray Spectroscopy (EDS). RBS
experiments and simulations were performed by Dr. Hussein Hijazi of the Rutgers University
Laboratory for Surface Modification, lon Scattering (RBS) Facility. A *He?* ion beam energy of
2.0 MeV was used, with a spot size of 1 mm and an energy resolution of 18 keV. The detector was
located 5 cm from the sample surface, on the same side as the beam but at an angle of 17° from
the beam axis. EDS data were collected at Tufts using a Thermo Noran Series Six EDS with a
Peltier-cooled silicon drift detector. The EDS detector is normal to the electron beam in our
AMRAY 1845 FE-SEM, so the sample was tilted 20° towards the detector, at a working distance

of 20-28 mm.

4.5. Results and Discussion
4.5.1. Deposition and characterization of amorphous GeS thin films

GeS thin films were deposited in a custom-built vacuum sublimation system described in
the experimental section. The GeS source powder and substrate were heated to 253 + 13 and 140
+ 2 °C, respectively, and the pressure was 5-10 mTorr. We grew GeS films on glass substrates for
most annealing studies and for characterization of electrical and optical properties. Additional
depositions were carried out briefly on zinc oxide (ZnQO), gold (Au), indium tin oxide (ITO), c-

plane sapphire (Al203), and quartz substrates. The as-deposited films were yellow to dark brown,
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depending on thickness, and highly reflective. Films do not appear to degrade over months of
storage in air, except during summer months with several consecutive days of high humidity.

The growth of GeS films becomes less reproducible with the number of depositions.
Preliminary depositions of GeS were carried out on glass substrates to determine the growth rate
of films. While the first few depositions suggest a linear growth rate of 60 nm/min (determined
from scanning electron microscopy cross section images), growth becomes less controllable over
time and typically increases with deposition duration. As shown in Figure 4.6, thickness for a set
duration (70 minutes) tends to increase with the number of depositions, even with the mass of the
GeS source powder refilled to the same value every few depositions. One hypothesis for increasing
deposition rates is accumulation of GeS onto the glass ring sample holder, which resublimes during
each new deposition. Alternatively, differences in substrate cleaning may impact the growth rate
of films. Neither hypothesis was pursued further on glass substrates.

The growth rate of GeS films is highly dependent on the source temperature. As shown in
Figure 4.6, Al block temperatures of 380 and 390 °C produce films of similar thicknesses for 80
minute depositions, but at 400 °C film thickness increases by 2-3x. Thus, fluctuations in
temperature during longer depositions (>120 min) may account for deviation from expected
thicknesses by several hundred nm. Despite our best efforts and depositing with Al block
temperatures of <390 °C control of film thicknesses was typically limited to limited to 100’s of

nm on all substrates.
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Figure 4.6. (a) Plot of film thickness (nm) vs. total deposition duration (minutes) for a series of
GesS films. Close to linear growth is achieved at first, giving a growth rate of ca. 60 nm/min, but
subsequent depositions for 70 minutes produced films with differences in thickness of >100 nm
from the first film produced in the series. (b) A plot of film thickness (nm) vs. total deposition
duration (minutes) that includes films deposited for over 150 minutes, with a trendline added to
emphasize the variations (both over and under) the expected thickness based on growth rates
observed in shorter depositions. (c) Plot of Al block temperature (°C) for 80 minute depositions
with hot plate set temperatures of 445, 460 and 475 °C (blue, black and red dots, respectively).
(d) Thickness profiles (distance measured from center of ring to the edge of deposition) of GeS
films deposited in (c). The color scheme is the same as in figure (c).

Our as-deposited films contain stoichiometric GeS with minimal impurities. We first
calibrated our energy-dispersive X-ray spectrometer (EDS) using Rutherford backscattering

spectrometry (RBS) on a single crystal of GeS (Figure 4.7). Whereas RBS confirmed the single
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crystal to be stoichiometric, EDS data for a crystal from the same batch suggests a Ge:S ratio of
1.25:1 (Table 4.1, Figure 4.7). This difference likely reflects matrix effects on the EDS sensitivity
factors. Films deposited in our laboratory consistently have a Ge:S ratio of 1.2-1.3 on glass
substrates and <1% oxygen incorporation (Table 4.1) The high carbon concentration in both single
crystals and films is a result of the high sensitivity factor of this element. Analysis of GeS single

crystals and films by Daniela Chavez shows carbon concentrations below 1%.

Table 4.1. Composition of GeS single crystal and film (on glass) measured
by RBS and EDS

Method At.% Ge | At%S At.% C At.% O Ge:S

RBS, sc 49.4 50.6 n.d. n.d. 0.98:1
EDS, sc 46.4+0.2 | 37.1+0.4 | 16.5+0.9 | n.d. 1.25:1
EDS, film 49.3+0.6 | 39.2+0.9 | 10.3+1.8 | 0.5+0.5 1.26:1
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Figure 4.7. Composition of a GeS single crystal measured by Rutherford backscattering
spectrometry. The single crystal of GeS was shipped overnight to Rutgers in a vial under argon,
and RBS data were collected on two spots. RBS data and simulations for spot one is above. The
composition measured at spot 1 was 49.4 at.% Ge, 50.6 at. % S; at spot 2, the composition was
48.7 at. % Ge, 51.3 at. % S. Simulations suggest that an oxygen surface layer thicker than ca. 5
nm would be observable as a peak around channel 500, and would shift the S shoulder (near
channel 850) towards lower channel number. Therefore, the single crystal (specified to be
>99.9995% pure) is stoichiometric (within 2 at. %) and free from detectable contamination (i.e.,
impurities are <1 at. %).

Powder X-ray diffraction (pXRD) and scanning electron microscopy (SEM) indicate that
as-deposited GeS films are amorphous with smooth grains on the order of 10 nm. Figure 4.8 shows
representative diffractograms and micrographs of as-deposited GeS films on glass, ITO and quartz
substrates. These data demonstrate no substantial differences in crystallinity or morphology with

substrate selection and corroborate reports of high crystallization temperatures required for thermal

evaporation and annealing of GeS flims.® 17 18.25
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Figure 4.8. Plan view micrographs, cross section micrographs, and diffractograms( )of as-deposited GeS
films on ITO, glass and quartz substrates. Figure (a) is a plan view (bottom) and cross section (top) image
of GeS on ITO. Figures (b) and (c) are the same for GeS on glass and quartz, respectively. The scale bar in
figures (a), (b) and (c) is 500 nm; at this magnification grains of the amorphous GeS films cannot be
distinguished. Figure (d) shows diffractograms of the films as left; yellow stars indicate peaks from the ITO
substrate and the green star on the quartz substrate is the 111 peak of Au sputtered onto the film. The GeS
reference pattern (abbreviated as GeS ref.) is COD 1540751.

4.5.2. H2S Annealing of GeS Films

Considerations for H2S Annealing. GeS annealing experiments must be performed at
atmospheric pressure to prevent re-sublimation of films. During preliminary studies at pressures
of 5-10 mTorr, complete loss of GeS films was observed within 20-30 minutes of heating while
attempting to reach annealing temperatures of >300 °C. This is consistent with deposition studies,
where growth rates of ca. 60 nm/min are observed at only ca. 250 °C under the same pressure.
Crystallization of GeS films was not observed by p-XRD at lower temperatures, so to access higher
temperatures the rate of GeS sublimation must be reduced by increasing the pressure. Sublimation
of GeS at these temperatures and pressures is not surprising given our deposition source
temperature of ca. 250 °C and reports on the high volatility of the material > 3

Thermodynamic calculations suggest that dilute atmospheres of H>S are necessary to
prevent oxidation of GeS films during annealing. While annealing of GeS in H>S could have

similar benefits to those observed for SnS, there is a risk that GeS reacts with H»S to form GeS..
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Therefore, the thermodynamics of this reaction were investigated using FactWeb and
FactSageEdu, which are free online versions of FactSage,®® a thermodynamics database and
calculations program. As shown in Figure 4.9, the Gibbs free energy (AG) is negative between 50-
400 °C; the reaction of GeS and H»S is spontaneous over the accessible range of temperatures in
the annealing chamber. As the temperature is increased, the reaction becomes less favorable, with
AG trending to less negative values and the equilibrium constant (Keq) decreasing several orders
of magnitude. Equilibrium between GeS and H>S was also explored by using FactSageEdu to
generate a temperature vs. partial pressure of H»S phase diagram for GeS. The total pressure of the
system is set to 1 atmosphere to reflect conditions in the annealing chamber setup. As shown in
Figure 4.10, increasing the partial pressure of H2S leads to oxidation of GeS to GeS: between ca.
0-800 °C. Color-coded isotherms at annealing temperatures of interest are added to the phase
diagram to estimate the maximum partial pressure of H2S over GeS before formation of GeS». This
phase diagram suggests that when annealing a GeS film in H.S at 200 °C, the partial pressure of
H2S should be kept below 10* atmospheres, or 76 millitorr, to prevent formation of GeS,. At 400

°C the maximum partial pressure increases to 10 atmospheres, or 7.6 Torr.
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Figure 4.9. Thermodynamic calculations for the reaction GeS + H,S — GeS; + H». Blue dots
represent the value of AG and are referenced to the y-axis at right. Orange dots represent the

value of keq and are referenced to the y-axis at right.
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Figure 4.10. A temperature (T) vs. partial pressure of HzS (Ph2s) phase diagram of GeS
generated using FactSage. The maximum partial pressure of H>S over GeS before formation of
GeS> is approximated by adding isotherms at 200 (purple lines), 300 (orange lines) and 400 °C
(red) lines to the plot and extrapolating to the x-axis values.
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Annealing in Dilute H2S Mixtures. Annealing GeS in dilute mixtures of H>S and Ar at
355 °C does not result in significant changes to film morphology nor composition. For these
experiments, films were annealed for 30 minutes at temperature in 0, 2.5, and 50% H2S mixtures.
Analysis by SEM shows that post-annealed films have smooth surfaces with roughly spherical
grains ca. 50 nm in diameter. These morphologies are mostly indistinguishable from as-deposited
films. The exception is found in anneals using 50% H>S (Figure 4.11), where sparse regions of
film appear elevated from the rest of the surface and contain platelets several microns across. These
features are hypothesized to be crystalline GeS, as the Ge:S ratio by EDS is 1.2-1.3 and matches
that of unannealed films. The Ge:S ratio on remainder of this sample, and samples annealed in 0
and 2.5% HzS are also 1.2-1.3 (Table 1), and suggest little to no conversion of GeS to GeS; occurs

under these conditions.

Full scale counts: 1344 JWC0282-C(9) Cursor:  0.390 keV

(b) 10 Counts

10 um

kim -8 -0 keV

Figure 4.11. Microscopy and EDS of a GeS film annealed at 355 °C for ca. 30 minutes in 50%
H,S. Figure (a) is micrograph believed of a feature believe to be crystalline GeS. Figure (b) is

an EDS spectrum of this features and has a Ge:S ratio of 1.3 with no detectable oxygen.

Annealing in 100% H2S. Careful selection of annealing temperatures and duration is
required to suppress oxidation of GeS to GeS, when using 100% H»S. When the concentration of

H.S is increased from 50% to 100% for a 30 minute anneal at 355 °C, the Ge:S ratio does not
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change for films with thicknesses of ca. 1000 nm. However, when film thickness decreases to <
600 nm or annealing duration increases to >70 min, the Ge:S ratio is found to decrease to as low
as 0.6 (Table 4.2). If the annealing temperature is decreased to 320 or 275 °C, the Ge:S ratio does
not decrease on anneals of ca. 30 minutes. But, when annealing for ca. 2 hours at 320 °C partial
oxidation is observed as a gradient of compositions across the film; the Ge:S ratio decreases with
decreasing film thickness (Figure 4.12). Overall, these results suggest kinetics, rather than

thermodynamics, dominate the rate of oxidation of GeS in our H2S annealing set up.

Table 4.2. Compilation of conditions used for GeS annealing experiments under H>S
atmospheres. The thicknesses, Ge:S ratio, and locations of any features appearing crystalline
are provided. Note that the annealing duration specifies the time at the set temperature and does
not include heat up and cool down times.

. . Annealin .
Sample Name | % H;S Thickigsrg (nm) Teﬁggf:t:rrlg °C Dl(Jlfr?itri]()mg B)C/; eE:SS of Ié(:;g':;(l)lri]tes
JWC-2-82-B 0 355 30 1.3 None
JWC-2-82-C 25 355 30 1.3 None
WC-2-82-D | 50 355 30 12 Sparse signs of

nucleation

JWC-2-87-B 100 320 30 1.2-1.3 | Ring mark, film corner
JWC-2-91-B 100 1000-1100 320 28 1.2-1.3 Ring mark
JWC-2-90-C 100 355 73 0.6 Entire film
JWC-2-91-C 100 600-750 355 28 0.6-1.1 | Ring mark, film corner
JWC-2-107-A | 100 600-1200 355 35 0.6-1.3 | Ring mark, film corner
JWC-2-107-B | 100 1100-1300 320 70 0.6-1.3 None
JWC-2-107-C 100 900-1300 320 115 0.8-1.3 Ring mark
JWC-2-127-B | 100 200-350 355 26 0.6 Entire film
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Figure 4.12. EDS of a 600-750 nm thick GeS film annealed for 28 minutes at 350 °C under
100% Hb>S. Figure (a) is a photograph of the sample, with locations used for EDS circled in
different colors. Figures (b), (c) and (d) are EDS spectra taken in the light blue, green and red
regions, respectively. Across the sample the Ge:S ratio decreases from 1.3 to 0.6.

Localized changes to film morphology appear when annealing in 100% H>S, but limited p-
XRD data is available to confirm if these features are crystalline GeS. At all temperatures surveyed
when annealing in 100% H.S, changes in morphology are observed on or directly next to the ring
mark left by the sample holder during deposition. In this region, thin elongated platelets with
dimensions on the order of 10 microns are visible (Figure 4.13). EDS in these regions is
complicated by high oxygen counts and silicon counts from the underlying substrate, but

preliminary data show Ge:S ratios of <0.8. When the annealing temperature is increased to 355
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°C, sand dollar shaped features can be seen on the sample surface by eye on samples annealed for
<30 minutes (Figure 4.14). These features are similar in size and density to those seen on GeS
films annealed at >375 °C under Ar atmospheres, where crystalline films are obtained (Figure
4.14). However, instead of the large platelets regularly found on these islands in high temperature
Ar annealing, microscopy reveals the sand dollar features on H>S annealed films are pits with no
visible features (i.e., crystallites). It is hypothesized that annealing in 100% H>S at 355 °C initially
enables crystallization of GeS, but these crystallites are then partially oxidized, as suggested by
Ge:S ratios of 0.6-0.8 in in these regions (and a change in color from brown to white or colorless).
To determine if any of the features observed by SEM are crystalline GeS, films annealed for 25-
30 minutes at 275, 320 and 355 °C were analyzed by p-XRD. As shown in Figure 4.15, films
annealed at 275 and 320 °C remain amorphous, while films annealed at 355 °C have a moderate
intensity diffraction at 20 of 15.5°. This peak does not match known diffractions known for GeS

or GeSy, and an identity could not be assessed from one weak diffraction.

Figure 4.13. Representative micrograph of platelets observed near the ring mark of GeS films
annealed under 100% H>S.
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Figure 4.14. Comparison of sand dollar features on GeS films annealed at 400 °C under Ar and
355 °C under 100% H:S. Figures (a) and (d) are photographs of GeS films annealed at 400 °C
for 10 minutes under Ar and 30 minutes at 355 °C under 100% HaS, respectively. Figures (b)
and (c) are micrographs showing the presence of platelets in sand dollar shaped features seen
in figure (a). Figures (e) and (f) are micrographs showing the absence of platelets in sand dollar
shaped features seen in figure (b).
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Figure 4.15. Diffractograms of GeS films annealed under 100% H»S at 275, 320 and 355 °C.
Locations of each measurement are specified in the legend.

173



Annealing of GeS under H>S atmospheres did not yield crystalline films, but significant
parameter space exists to expand these studies. Initially, annealing was attempted under Ar and
either 2 or 50% H>S at 355 °C, but this did not lead to widespread changes to film morphology or
crystallinity. When the concentration of H>S was increased to 100%, changes to morphology were
observed, however these were likely associated with formation of GeS,. It was found that under
100% HS the extent of oxidation increased with both annealing temperature and duration. As
shown in figure 4.16, few annealing experiments were carried out for durations for more than 30
minutes or with dilute H>S mixtures. Based on the appearance of (presumably) GeS crystallites at
355 °C when annealing for 30 minutes in 50% H»S (Figure 4.11a), and that longer
growth/annealing times enables more complete coverage of GeS films obtained by two stage vapor
transport depositon,? annealing for longer periods under dilute Hz2S mixtures may lead to full
crystallization of GeS films. These experiments could be performed in the apparatus described in
4.4.2 or the CVD reactor used to deposit ZrS> (see section 2.3.1), although there remains the risk
of GeS films re-subliming. Also shown in Figure 4.16 are conditions screened at higher
temperatures in the following section. It is predicted that annealing for >30 minutes at these

temperatures (>400 °C) will result in significant or complete loss of films.
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Figure 4.16. Plot of the deposition parameter space accessed by GeS annealing experiments.
Green dots represent 100% Ar atmospheres (including conditions screened in the following
section), the blue dot represents a 2.5% HaS atmosphere, the yellow dot represents a 50% HaS
atmosphere and red dots represent 100% H>S atmospheres.

4.5.3. High Temperature Ar Annealing

Preliminary annealing studies of GeS films. To prevent oxidation and resublimation of

GeS at elevated temperatures required for crystallization,® we chose to anneal films under

atmospheric pressure using a quartz tube based annealing system described in Figure 4.5. Under

the protective flow of argon gas, films were inserted into the heated zone of a tube furnace for 10

minutes at temperatures of 375-425 °C. We adopted this procedure after finding that leaving films

in the heated zone of the furnace while heating to the set temperature or cooling to room

temperature resulted in complete loss of films <1 um thick by re-sublimation of GeS. Similarly,
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annealing under vacuum of 5-10 mTorr was not possible as films completely evaporated before
reaching substrate temperatures of 300 °C.

Post annealed GeS films remain the stoichiometric material and are crystalline, but have
heterogeneous morphologies. Analysis of film composition by EDS (Figure 4.17) confirms that
the Ge:S ratio remains near 1.25 when GeS films are annealed on ITO; this is also true of films
annealed on glass and metal (Pt, Au and Ni) substrates. Diffractograms reveals that the post-
annealed films deposited on glass and ITO are highly oriented orthorhombic GeS, with major
diffractions from the 200 and 400 planes, and additional diffractions attributed to orthorhombic
GeS detectable on films >1 pum thick (Figure 4.18). Annealing to fabricate highly oriented
orthorhombic GeS films and GeSe films has been reported previously,'” 2> 280 and produced
homogeneous morphologies. However, by visual inspection we find that our films have scattered
silver islands on the order of 100-1000 um in diameter. As demonstrated on ITO substrates in
Figure 4.19, the size and density of these islands does not appear to be correlated to film thickness
or annealing temperature, although islands tend to be larger and more disperse on glass substrates

compared to ITO (Figures 4.18 and 4.19).
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Figure 4.17. (a) Bar graph of the composition of an unannealed GeS film on an ITO substrate
compared to pieces of the same filmed annealed at 375, 400 and 425 °C. (b) A scatter plot of
the Ge:S ratio of data shown in figure (a). Figures (c) and (d) are EDS spectra of a GeS film
annealed on ITO at 375 °C and a GeS single crystal, respectively.
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Figure 4.18. Photographs, micrographs and p-XRD of GeS films annealed at 400 °C on a glass
substrate. Figure (a) is a photograph showing silver islands on the GeS surface, while figure
(b) shows the same using a tilted cross section micrograph. Figure (c) is a micrograph showing
dendritic like growths hypothesized to be initial sites of nucleation on silver islands. Figure (d)
is a second micrograph that reveals the morphology of the islands is comprised of platelets
several microns across. Figure (e) shows powder X-ray diffractograms of an 850 nm thick GeS
film on ITO annealed at various temperatures. Yellow stars denote peaks from the ITO
substrate.
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Figure 4.19. Annealing grids of GeS deposited on ITO substrates.

We further investigated the silver islands using SEM and found they were composed of 1-
5 pum diameter platelets. On films >1 pum thick and annealed at 400 or 425 °C, a portion of the
platelets would reach >10 pum in one lateral dimension. Platelet length and density appear to
increase with temperature, with films annealed at 425 °C having regions covered in forests of rods.
The center of the islands tend to have the largest size crystallites and appear to be the site of initial
crystallization. We also found that the islands are often raised several microns above the rest of
the film surface (Figure 4.18). On quartz substrates this led to delamination of films >1 pum thick,
so we did not pursue additional studies. Between the silver spots we do not observe any large
platelets and these regions have no observable features. We note that the morphology of our
annealed GeS films is quite similar to films obtained by Zhang and coworkers using vapor

transport deposition,?® and also suffer from discontinuities in crystalline material.
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Controlling surface roughness to enhance nucleation kinetics. To increase the
continuity of crystalline GeS films we searched for methods to improve kinetics of nucleation. Our
preliminary annealing studies suggest that the kinetics of GeS crystal growth are quite high, as we
observed crystallites extending several hundred microns from nucleation sites on silver islands.
Comparatively, the kinetics of nucleation of GeS are quite slow, leading to formation of isolated
islands of crystalline material. To obtain continuous crystalline GeS films with homogenous
morphology, we sought a method for fusing the silver islands together. Zhang and co-workers
resolved this issue by depositing for longer and allowing island size to increase,? but we can’t
afford significant increases in annealing time and must balance the kinetics of GeS sublimation to
prevent film loss.

In preliminary annealing studies we observed that GeS crystallites would form along
imperfections or scratch marks, and utilized surface roughening to increase the kinetics of
crystallite nucleation. We initially attempted roughening films using the back of a metal spatula,
but then moved to fine grit sandpaper as this would not generate scratches as deep. As shown in
Figure 4.20, when we purposefully scratched the entire GeS surface with sandpaper prior to
annealing, we observed a significant increase in the coverage of silver crystallites. We
hypothesized that the high surface area to volume ratio of the scratched GeS film and resulting
debris on the surface increased the number of defect sites encouraging nucleation to occur.
However, due to uneven crystallization (likely arising from uneven roughening by hand) and
occasional exposure of the underlying substrate, we sought an alternative method to increase the

surface area without damage to amorphous precursor film.
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Figure 4.20. Photographs and micrographs of post annealed GeS samples on ITO after the
scratching treatment. Photographs (a) shows a GeS film annealed at 400 °C for 10 minutes with
no surface treatment and photographs (b) and (c) show samples annealed under the same
conditions, but with light and heavy scratching, respectively. Micrographs (d)-(g) were taken
on the sample shown in figure (c). Micrograph (d) shows that most GeS islands are more
interconnected than on the sample in figure (a), but that gaps remain. Micrograph (e) is zoomed
in on a nucleation center on a GeS island. Micrograph (f) shows the edge of an island, where
large plate like grains abruptly stop. Micrograph (g) shows that the flat area surrounding plates
on islands shown in figure (f) are comprised of smoother and flatter grains.

To avoid damage to the film surface from scratching while maximizing available surface
area, we opted to use crystalline GeS powder. As shown in Figure 4.21, we covered the surface of
amorphous GeS films with the same crystalline powder used for deposition and annealed at 375-
425 °C for 10 minutes using our previously described recipe. SEM images show that the resulting
films have near complete closure between crystalline islands and an increased density of nucleation

zones (Figure 4.22) Compared to untreated GeS films, the seeded annealed films have flatter and
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smaller grains, and do not have large plate like crystallites protruding from the surface.
Unfortunately, using a GeS seed layer results in source powder debris remaining on the surface,
which we found could only be partially removed using scotch tape. We therefore looked for

alternative methods to increase the defect density of our amorphous GeS films.

Figure 4.21. Photographs of the set up for seed annealing of GeS samples and comparison of
surface coverage on post-annealed samples. Image (a) shows films loaded into a quartz boat
before annealing, (b) shows samples after annealing with GeS source powder still on the sample
surface, (c) shows sample 4 coated with a GeS seed layer and (d) shows post annealed films on
an SEM stub. In figure (d), sample (1) was not annealed, sample 2 was annealed with no seed
layer and samples (3) and (4) were annealed with thin and thick coatings of crystalline GeS
seed layers, respectively
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Figure 4.22. Photographs and micrographs of GeS films annealed at 400 °C on a glass substrate
using a seed layer. Figure (a) is a photograph showing that the post annealed film has a silver
and shiny appearance across the whole substrate, rather than the formation of islands. Figure
(b) is a low magnification micrograph of the sample showing elimination of islands and nearly
full film closure. The large chunks of material strewn above the surface is residue from the seed
layer. Figure (c) is a micrograph taken at higher magnification to reveal that the morphology of
the seed-layer annealed film is comprised of platelets on the order of 100 nm across. Figure (d)
is a cross section micrograph of the film and demonstrates the 2-D nature of our films; layers
of GeS crystallites are visualized.

To increase the defect density of amorphous GeS films, we used sandblasting to roughen
the surface of glass substrates prior to deposition. For this series of experiments, we deposited
films ca. 2 um thick. As shown in Figure 4.23, sand blasting substrates results in shallow
depressions in the surface of the GeS films that increase in coverage as the duration of sand blasting
was increased from 1 to 10 minutes. Amorphous GeS films conformally deposit on the roughened

regions of the substrate, with the same grain size seen in untreated glass substrates. The roughened
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amorphous GeS films were then annealed for 10 minutes at 375-425 °C using the same recipe as

for preliminary studies on untreated glass substrates.

250 nm

Figure 4.23. Micrographs of as-deposited GeS samples on sand-blasted glass substrates.
Figures (a), (b), (c), and (d) are low magnification images of GeS deposited on glass substrates
sand-blasted for 1, 3, 5, and 10 minutes, respectively. Surface roughness of the samples
increases with sand-blasting duration. Figure (e) reveals that the roughness from sandblasting
is due to the formation of pits in the GeS surface. Figure (f) is a representative high
magnification micrograph of the sample (both around and in the pitted features) showing
smooth morphology and flat grains typical of as-deposited GeS films.

Sand blasted substrates allow for fabrication of continuous films of crystalline GeS. By
visual inspection, we found that our sandblasting treatment prevented any obvious formation of
isolated silver islands, which exclude any possibility for fully continuous films. Using SEM, we

found that films with a sandblasting treatment of 1 minute still had islands of crystalline material,
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albeit with significantly smaller gaps of <100 um, but in films sandblasted treated for 3, 5 and 10
minutes we could prevent growth of isolated islands. The morphology of our films is comprised
of compact grains lying mostly parallel to the substrate, similar to films annealed using a seed
layer. Like films of similar thicknesses annealed on untreated substrates, increasing the
temperature from 375 °C to 400-425 °C resulted in the formation of long platelets of GeS
protruding from the sample surface. However, we found that the growth of the platelets could be
suppressed by increasing the sandblasting duration. As shown in Figure 4.24, by using 10 minutes
of sandblasting treatment we prevented growth of enlarged platelets at 400 °C and significantly
reduced their size at 425 °C. Additional images comparing the morphology of sand blasted and

annealed GeS films are available in figures 4.24-4.30.
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Figure 4.24. Plan view micrographs of GeS films annealed on a glass substrate sandblasted

for 3 minutes at 375 (a), 400 (b) and 425 °C (c), and for 10 minutes at 375 (d), 400 (e) and
425 °C (f). The scale bar for all images is 5 pum.
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Figure 4.25. Micrographs of GeS samples annealed 375, 400 and 425 °C on glass substrates
without sandblasting the underlying substrate or using a seed layer. The films have islands
comprised of platelets of crystalline GeS and are surrounded by material that does not appear
crystalline. At an annealing temperature of 425 °C, elongated platelets are seen protruding from
islands.
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Figure 4.26. Micrographs of GeS samples annealed 375, 400 and 425 °C on glass substrates
after 1 minute of sandblasting treatment. Although islands of separated crystallites remain, the
gap between these islands is smaller compared to untreated substrates. Additionally, the region
between islands appears to have crystallites at annealing temperatures of 400 and 425 °C. As
with untreated substrates, elongated platelets appear at annealing temperatures of 400 and 425
°C, with greater density at 425 °C.
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Figure 4.27. Micrographs of GeS samples annealed 375, 400 and 425 °C on glass substrates
after 3 minutes of sandblasting treatment. Islands of separated crystalline material have been
eliminated and a mixture of rounded and elongated platelets are observed. Outside of
nucleation centers on films annealed at 375 °C it is less clear if crystallites are present. On
films annealed at 400 and 425 °C the films are a mix of rounded and elongated platelets, with
the higher temperature affording larger elongated platelets.
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Figure 4.28. Micrographs of GeS samples annealed 375, 400 and 425 °C on glass substrates
after 5 minutes of sandblasting treatment. Islands of separated crystalline material are
eliminated and at all temperatures regions with continuous crystallites are observed. On films
annealed at 375 °C this consists of nucleation zones and flat crystallites while at 400 and 425
°C a mixture of rounded and elongated platelets is observed. The density and lengths of
elongated crystallites is markedly shorter than for films annealed on substrates 0, 1, or 3
minutes of sandblasting.
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Figure 4.29. Micrographs of GeS samples annealed 375, 400 and 425 °C on glass substrates
after 10 minutes of sandblasting treatment. Islands of separated crystalline material are
eliminated and at all temperatures regions with continuous crystallites are observed. On films
annealed at 375 and 400 °C this consists of nucleation zones and flat crystallites. At 425 °C a
mixture of flat crystallites and elongated platelets are observed, with the latter having shorter
lengths compare to films annealed on substrates sandblasted for 0, 1, 3, or 5 minutes.
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Figure 4.30. Micrographs of GeS samples annealed 375, 400 and 425 °C on glass substrates
with a seed layer. Islands of separated crystalline material are eliminated and at all temperatures
regions with continuous crystallites are observed. On films annealed at 350, 375 and 400 °C
flat crystallites are observed, while at 425 °C a mixture of flat crystallites and elongated
platelets are present. Pinholes are present on all samples after removal of the seed layer reside
using scotch tape, followed by rinsing with semi-grade acetone and isopropanol, and then
drying with nitrogen gas.

Analysis by p-XRD confirms that all films annealed on sandblasted substrates are
orthorhombic GeS with preferential orientation in the (400) plane. As for films annealed on
untreated substrates, several minor diffractions also attributed to orthorhombic GeS are observed.
In films annealed at 375 °C, the intensity of these additional peaks decreases with sandblasting
duration, while the intensity of these new peaks remains mostly constant with sandblasting
duration in films annealed at 400 and 425 °C. For all annealing temperatures, we find that the
intensity of the 400 peak decreases as the sand blasting treatment duration is increased (Figure
4.31). Across each sandblasting duration, the intensity of the 400 peak does not change with
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annealing temperature. These findings suggest that annealing at 375-400 °C produces films with

similar crystallinity in the (400) plane and that surface roughness influences film crystallinity more

strongly than annealing temperature.
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Figure 4.31. Diffractograms of GeS films annealed at temperatures of 375 (a,d), 400 (b,e) and
425 °C (c,f) on sandblasted substrates roughened for 0-10 minutes at temperatures. Log plot
diffractograms are shown below the standard diffractograms to visualize minor reflections. The
GeS reference (GeS ref) is COD (1540751).

4.5.4. Electrical Properties of GeS Films

To assess the electrical properties of GeS films annealed on sandblasted glass substrates,

we used photoexcited Van der Pauw measurements. The sheet resistance of samples annealed at

375 °C was measured in dark (0 suns), 1 sun and 4 suns illumination by Daniela Chavez. Then, by
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using cross section micrographs to determine film thicknesses, the resistivity of GeS films was
calculated. Due to complex surface morphologies comprised of elongated platelets on films
annealed at 400 and 425 °C, these samples are excluded from measurements since film thicknesses
are non-trivial and cannot be confidently used for resistivity calculations.

Sheet resistance measurements demonstrate GeS films are photoconductive and have
resistivities similar to some GeS single crystals. As shown in Figure 4.32, the sheet resistance of
GesS films measured in the dark is between 101°-10'! Q/o and decreases an order of magnitude to
10%-10° Q/o under photoexcitation. The corresponding resistivities in dark and under
photoexcitation are 108-10” Q-cm and 10°-108 Q-cm, respectively. There is no clear trend between
surface roughening duration and resistivity other than substrates roughened for 10 minutes
consistently having the lowest resistivity. Data for unannealed witness samples is not shown, but
current readings were below the limit of detection on the solar simulator, indicating a resistivity
of at least 10 Q-cm. Together, these measurements demonstrate that annealing improves the
electrical transport properties of GeS films and that these samples are photoconductive. The
resistivity of our films is large compared to some reports of GeS single crystals, with resistivities

of 10%-10% Q-cm®®, but comparable to others with resistivities between 108-107 Q-cm. %4
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Figure 4.32 Sheet resistance (a) and resistivity (b) versus solar flux for GeS films annealed at
375 °C on glass substrates sand blasted for 1, 3, 5 and 10 minutes.

4.6. Conclusions

We have demonstrated seeding and substrate roughening strategies for balancing the
kinetics of evaporation and nucleation during annealing of GeS films. Stoichiometric GeS films
can be prepared through a simple thermal evaporation method, and while annealing under H,S
results in partial oxidation to GeS», annealing under Ar atmospheres results in no change to film
composition. Films annealed at 375-425°C under Ar are highly oriented with good crystallinity,
and a variety of morphologies can be achieved by controlling roughness of the underlying
substrate. Crystallizing GeS films improves the carrier transport properties and allows us to
demonstrate the material is photoactive using resistivity measurements. The presence of elongated
platelets in many films and relatively high resistivity may remain barriers to assembling GeS

photovoltaics.
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Appendix 1: Standard Operating Procedures

Performing a CVD Reaction. The following procedure is used to deposit ZrS; films in
the CVD reactor. A safety buddy should be standing nearby when starting and stopping a
deposition and if the operator needs to access items inside the walk-in fume hood during a
deposition. The H>S detector should be turned on and left in the fume hood by any components
the user is accessing to check for the presence of HzS.

First the CVD reactor is vented to insert substrates. Prior to venting, the valve directly
upstream of the H.S MFC is closed (otherwise 1-2 ppm H2S leaks through), and it should be
ensured that the bubbler valves are also closed (these should only be open when running a
deposition). The Ar purging MFC is then set to 100 sccm, the butterfly valve isolating the vacuum
pump is closed, and the clamp securing the KF25 blank access door to the reactor is removed. The
venting process takes ca. 4-5 minutes, after which the sample door will either fall off or can be
removed with little to no effort (regardless, the operator should wait with their hand in front of the
door, so it does not fall to the ground — this typically occurs at ca. 400 Torr, as the pressure gauge
is calibrated to N/air and not Ar). The sample tray is then removed from the reaction zone using
a copper wire. The sample tray is placed on a cleanroom matte in front of the CVD reactor and
substrates are placed onto the front portion using tweezers. The tray is then carefully picked up
using clean gloved hands and inserted into the KF cross, with a copper wire used to push the tray
further back into the reaction zone. The KF25 blank access door and its clamp are then reinstalled
and the butterfly valve isolating from vacuum is opened.

The CVD reactor is then baked out. The Ar purging MFC flowrate remains at 100 sccm
and the bellows valve in front of the H.S MFC is opened. The tube furnace is baked out at a

temperature of 400 °C for 2 hours. During this time, the stainless-steel lines are heated to 110 °C
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using heating tapes controlled by the Flexotherm temperature controller box, while the
downstream quick connect flange, KF25 cross, and KF25 bellows hose are heated to 45 °C using
heating tapes. The upstream KF25 quick connection is heated to 60 °C. After the bakeout, the lid
of the tube furnace is propped open using an Al block and cooled to the deposition setpoint
temperature. The H>S carrying line heated tapes are turned off and the heating tapes on the
Zr(NMe)4 carrying line are changed to their setpoint temperatures and allowed to cool (the heating
tape on the line is set to 43 °C and the heating tape on the quick connect flange to KF25 adapter
and KF25 blank feedthrough and tubes is set to 58 °C). During this time, the heated jacket for the
bubbler is set to the desired temperature.

Prior to a deposition, the rate of rise in the CVD reactor is checked to confirm it is <I
mTorr/min. Once the setpoint temperatures of the heated lines and tube furnace are reached, the
Ar purging MFC is turned off and the bellows valves in front of the Ar purging MFC and H2S
MFC are closed, followed by the butterfly valve isolating the reaction zone from vacuum. The
pressure is then monitored over the course of 2-3 minutes. Provided the rate of rise is acceptable,
the butterfly valve is reopened, and the bellows valves are opened in front of both the Ar purging
and H2S MFCs. Note that the Ar purging MFC should not be plugged in before opening the bellows
valve directly downstream of it, as this introduces a pocket of higher-pressure gas, which when
released can cause the substrates to be blown out of place on the sample tray.

To start a deposition, MFCs are adjusted to the desired setpoints, and precursors are
introduced to the reaction zone. First, a butterfly valve isolating the pressure gauge is closed to
protect the gauge from exposure to H»S. The flow rate of the Ar purging MFC is then increased to
the desired setpoint (typically 200 sccm). Next, H.S is introduced to the reaction zone by

sequentially opening valves, starting with the lecture bottle main valve, followed by the valve on
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the H2S lecture bottle regulator, and then the VCR bellows valves on either side of the H»S purifier.
Before each valve is opened, all connections upstream must be checked with the H>S detector.
The H2S MFC is then turned on and the flowrate is adjusted. Note that at low flowrate settings (1-
5 sccm), it often takes a minute for HzS to start flowing (it is likely that the MFC needs to be
recalibrated). Next, Zr(NMez)s is introduced into the reaction zone by plugging in the MFC
controlling the bubbler carrier gas and simultaneously opening the valves immediately upstream
and downstream of the bubbler. The carrier gas flowrate may be adjusted before or after opening
the bellows valves on either side of the bubbler.

To stop a deposition, the sequence used to start the reaction is run in reverse. First, the
valves installed on the Zr(NMe2)4 bubbler are simultaneously closed, and the carrier gas MFC is
turned off. This order should be maintained to prevent back streaming of H»S into the bubbler. The
bubbler heated jacket and heated tapes on the Zr(NMe)s carrying line are then turned off. Next,
the H2S MFC is turned off, followed by closing valves sequentially from downstream to upstream
at the HS lecture bottle. During this step, breakthrough of H»S at the vacuum pump is checked by
sampling the exhaust. Finally, the furnace is set to 20 °C and propped open with an aluminum
block to speed the cooling process Once the temperature of the furnace reaches <30 °C, the Ar
purge gas flow rate is decreased to 10 sccm and the butterfly valve isolating the pressure gauge is
opened. When not in use or to store samples, the CVD reactor is kept at these conditions (room

temperature, active vacuum with 10 sccm of Ar flowing).

Replacing the Scrubber on the CVD Reactor. To prevent breakthrough of H>S while
using the CVD reactor, the SULFURTRAP EX scrubbing media must be routinely changed.

Breakthrough once occurred after flowing ca. 3 L of H»S through ca. 800 g of scrubbing agent,
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suggesting that each gram of media added can scrub ca. 3.75 mL of H.S. However, a large margin
of safety is preferred, so afterwards the scrubber was changed after only flowing 2.5 L. When
molecular sieves are added to the foreline trap, the total volume of H»S that can be scrubbed
decreases proportionally to the reduction in mass of the SULFURTRAP EX media (i.e., when 600
g of media is loaded, it must be replaced after flowing ca. 1.8 L of HS).

To replace the SULFURTRAP EX media, the CVD reactor should first be partially refilled
with Ar and isolated from vacuum. First, the butterfly valve isolating the reaction zone from
vacuum is closed. The Ar purging MFC is then turned on and gas is flowed until the pressure in
the reactor reaches 10-15 Torr. The Ar purging MFC should then be turned off and valves
downstream of both the Ar purging MFC and H2S MFC should be closed so the pressure in the
reaction zone does not rise.

The downstream half of the CVD reactor is then vented so that the foreline trap can be
removed. For the following steps, the H2S detector should be on and a safety buddy should be
standing nearby. Open the bottom sash of the walk-in fume hood and turn off the vacuum pump.
Then, removed the KF 25 clamp on the upstream side of the foreline trap and break the connection,
which will vent downstream half of the CVD reactor. Finally, break the downstream connection
on the foreline trap and remove it from the fume hood so that the scrubbing agent can be replaced.
Note: use the H>S detector to check for any H2S gas in the foreline trap or pump oil (none should
ever be detected unless breakthrough otherwise occurs during regular operation of the CVD
reactor.

Next, the old SULFURTRAP EX MEDIA is removed. Open the foreline trap and pour out
the used scrubbing media into a solid waste container. Remove the Buna-N centering ring and also

the metal mesh at the bottom of the foreline trap. Rinse the inside of the foreline trap with acetone
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and isopropanol to remove dust and residue from the previously installed scrubbing agent. It may
be necessary to use a clean room matte and long tweezers to wipe the inside. After rinsing, dry the
foreline trap using nitrogen gas. Next, clean the Buna-N O-ring using hexane (to remove the
grease), followed by acetone, isopropanol and drying with nitrogen gas. Use a foam applicator to
remove residue from the Buna-N O-ring and any residue in the groove of the foreline trap where
it sits.

New SULFURTRAP EX media and molecular sieves can now be added to the foreline
trap. Both scrubbing agents should be baked overnight in a vacuum oven at >250 °C to remove
water and added to the foreline trap while hot. First, reassemble the foreline trap by replacing the
metal mesh at the bottom and then adding the Buna-N O-ring and outer clamp. The Buna-N O-
ring should be coated with Krytox grease to reduce corrosion from H>S and improve the seal.
Using a funnel, pour the baked SULFURTRAP EX media into the foreline trap (ca. 600 g)
followed by molecular sieves (ca. 200 mL). Both the beakers containing the baked scrubber and
the foreline trap will be hot to the touch, so heat resistant gloves should be worn.

Once the scrubbing agents are added to the foreline trap, it is brought back to the CVD
reactor and reinstalled. Once the KF 25 clamps are replaced, turn on the vacuum pump and
evacuate the downstream half of the CVD reactor (the butterfly valve is still closed) Note: if dust
from the SULFURTRAP EX media is seen in the vacuum pump connection where the foreline
trap is installed, use a foam applicator wetted with isopropanol to remove it. During this time, all
EPDM O-rings downstream of the vacuum isolation butterfly valve should also be replaced. The
vacuum pump oil should be replaced too. This step should be done in the walk-in fume hood with

a safety present nearby and the H>S detector on person.
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Finally, the foreline trap and downstream half of the CVD reactor exposed to atmosphere
are baked. Using the Omega temperature control boxes, set the heating tape on the foreline trap to
100 °C and the KF25 bellows hose to 110 °C. After baking out these components for 1 hour, turn
off the heating tape on the foreline trap and continue to bake the KF25 bellows hose until the
foreline trap has reached room temperature. The heating tape on the KF25 bellows hose is then
turned off and the butterfly valve isolating the upstream half of the CVD reactor can be re-opened.

This step is usually proceeded by a baking out the reactor as normal.

Baking out the CVD Reactor. Before each new CVD reaction, the quartz tube must be
replaced, and the CVD reactor must be baked out afterwards to remove water introduced to the
system by this step. A safety buddy should be present when removing a previously used tube, as
ZrS; deposited on the walls may hydrolyze and produce small amounts of H2S gas (the gas can be
smelled but is below 1 ppm in concentration and cannot be detected using the H2S detector).

First, the old quartz tube is removed from the CVD reactor by refilling the system with Ar.
The valve directly downstream of the H.S MFC is closed, while the valve in front of the Ar purging
MFC is opened and gas is flowed at 100 sccm. The butterfly valve isolating the upstream side of
the reactor to vacuum is then closed and the KF25 clamp on the sample access door is removed.
The CVD reactor will then reach atmospheric pressure in ca. 5 minute, causing the sample door to
fall off (the operator should wait with their hand in front of the door, so it does not fall to the
ground — this typically occurs at ca. 400 Torr, as the pressure gauge is calibrated to N»/air and not
Ar). Using a copper wire, remove the sample tray from the CVD reactor. Finally, undo the KF25
connections on the KF25 to quick connect adapters and remove the quartz tube with the KF 25

quick connect adapters still installed.
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The old quartz tube is then moved to another hood to remove the KF25 quick connect
adapters and prepare to be cleaned. With hands (or septa) covering both ends of the quick connect
flanges, transfer the quartz tube from the CVD hood to another hood. Remove the quick connect
flanges, clean any residue off them using SEMI-Grade isopropanol, and then replace the EPDM
O-rings. Place a septum at the bottom of the quartz tube and secure it with either a worm clamp or
copper wire, and then fill it with 2 molar HCI to etch away the ZrS deposited on the walls. The
etch step typically takes a few hours. This step should be done with a safety buddy present and the
H>S detector on hand, as initially a few ppm of H.S is generated.

Next, a new quartz tube is installed onto the CVD reactor. The quartz tube should first be
cleaned using the base bath and acid bath, and cleaned again using SEMI-grade acetone and SEMI-
grade isopropanol rinses. After drying the quartz tube with nitrogen, it should be baked out in the
glassware oven to remove some of the absorbed water (this step should be finished before the old
quartz tube is removed so that the time the CVD reactor is exposed to air is minimized to only a
few minutes). The KF25 quick connect flanges are reinstalled onto the quartz tube while it is still
hot (the user should allow the quartz tube to cool off for ca. 5 minutes before handling it) and the
quartz tube is replaced on the CVD reactor. The KF25 centering O-rings used on the KF25 quick
connect adapters should be replaced with new EPDM O-rings at this time. Typically, other KF25
centering O-rings are not replaced as often, but at a minimum are changed if the rate of rise appears
to be higher than normal after bakeouts or on the same day the scrubbing agents in the foreline
trap are replaced. After returning the sample tray to the quartz tube and reinstalling the sample
door, the CVD reactor can now be brought back under vacuum. Finally, the CVD reactor should

be baked out as described above.

205



Operating the GeS Deposition Chamber. The following procedure is used to deposit GeS
using the Schlenk drying chamber shown in figure 4.1. Experiments are performed inside the fume
hood, with a safety buddy present when evacuating glassware before starting the deposition and
when removing the Schlenk drying chamber from the heat source at the end of the deposition.

First, the GeS source powder is weighed and adjusted. Using the key connected to the
Schlenk drying chamber, refill the system to atmospheric pressure using Ar. The top of the Schlenk
drying chamber is then removed and the bottom half is unclamped and placed on the fume hood
floor. Remove the glass sample holder ring using long metal tweezers and then pour the GeS
powder in the Schlenk drying chamber into a tared weigh boat. Record the mass of the GeS powder
and add new powder as necessary to keep the mass between 1.4-1.5 g. Wipe the insides of the
Schlenk drying chamber with a kimi wipe to remove any GeS dust and then place the glass sample
holder ring back in the center of the bottom half of the Schlenk drying chamber. Carefully pour
the GeS powder back into the area enclosed by the sample holder ring. If the GeS is uneven, lightly
tap the bottom and sides of the Schlenk drying chamber to move the GeS powder around. Finally,
use a kimi wipe to remove any GeS debris from the top of the glass sample holder ring. Re-clamp
the bottom half of the Schlenk drying chamber.

Next, position the hot plate set up and load a sample. With the bottom of the Schlenk drying
chamber clamped into place, slide the hot plate/Al block set up underneath and adjust the height
of the lab jack so that the Al block is flush with the bottom of the Schlenk drying chamber. The
clamp can be loosened slightly to assist in keeping the chamber bottom in good thermal contact.
Load the substrate into the Schlenk drying chamber by using tweezers to lower it onto the glass

sample holder ring. Replace the top half of the Schlenk drying chamber and adjust the position of
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the hot plate and assembled Schlenk drying chamber so that there is not torque from the rubber
hose used to connect to the Schlenk line (otherwise the Schlenk drying chamber may fall over).

The Schlenk drying chamber is then evacuated several times in preparation for a
deposition. Using the Schlenk line, bring the Schlenk drying chamber to a vacuum of <10 mTorr
and then refill to atmospheric pressure with Ar. Provided the Schlenk drying chamber can reach
the desired pressure (there are no obvious external leaks), fill the liquid nitrogen trap to lower the
base pressure of the Schlenk drying chamber to ca. 5 mTorr. Repeat the refilling process an
addition two times, and then evacuate the Schlenk drying chamber for the fourth and final time.
Once a pressure of 5-10 mTorr is reached, set the hot plate temperature to 450 °C (or the desired
temperature.) The deposition is now underway and can be tracked by recording the time and
temperature of the Al block.

After the deposition has run for the desired time, it may be stopped, and samples retrieved.
To do so, the hot plate is turned off and the lab jack supporting the hot plate is lowered so that the
Al block is no longer in contact with the Schlenk drying chamber bottom. Be sure the Schlenk
drying chamber is secure before lowering the lab jack. Once the Schlenk drying chamber reaches
room temperature, use the Schlenk line to refill it with Ar, remove the top half, and retrieve samples
using tweezers. When not using the Schlenk drying chamber, place it under active vacuum using

the Schlenk line.

Operating the H2S Annealing Chamber. The following procedure is used to introduce
H>S to the Schlenk drying chamber for annealing experiments. Experiments are performed with a
safety buddy present and a H>S detector on person. When operating inside the fume hood with

flowing H>S, the emergency exhaust is turned on.
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First, the annealing chamber is evacuated three times and refilled with argon to remove
atmosphere and contaminants. Vacuum and argon are supplied from the Schlenk line to the
annealing chamber through valves 4, 5 and 6, while valves 1, 2 and 7 are closed. The chamber is
then evacuated a fourth time and valve 6 is closed.

The manifold is then vented to atmosphere while keeping the annealing chamber under
vacuum. With valves 1, 2, 6 and 7 closed, argon is introduced through valves 4 and 5. Valves 4
and 5 are then closed and valve 7 is opened. The system is now at atmospheric pressure and newly
introduced gases must pass through the scrubbing bed.

Next, the ratio and flowrates of Ar and H»S are set using as rotamers. Ar is introduced to
the system by opening valves 2 and 3, then setting the desired flowrate. To flow H.S into the
manifold, the lecture bottle is opened, followed by the regulator needle valve and valve 1. Before
each valve is opened, the connection upstream is leak checked using the H2S detector. The H,S
flow rate is then set with using a rotamer.

Finally, the annealing chamber is refilled with the desired Ar/H2S mixture and heating is
started. With Ar and H2S flowing through the reactor bed (at rates set in the previous step), valve
6 is slowly opened to refill the annealing chamber from vacuum; the mineral oil bubbler prevents
back streaming of atmosphere into the reaction zone. Valve 6 is then leak checked using the H2S
detector. Provided no H»S is detected from any point in the annealing set up, the hot plate is turned
on and the annealing process is started.

To stop the annealing process, H2S gas is turned off and the system is cooled to room
temperature. First, the hot plate is turned off, followed by closing the H>S lecture bottle. Once the
H>S gas rotamer reads 0 sccm and the headspace between the bottle and regulator is emptied, valve

1 is closed. When the system reaches room temperature and the manifold has been purged with Ar
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for 2 hours, the annealing chamber is opened. This step is done with a safety buddy present, the
H>S detector on person, and the hood sashes open as little as possible with the emergency exhaust
on. When HaS (typically 20-30 ppm after opening the Schlenk drying chamber) is no longer

detected in the fume hood, samples can be retrieved for analysis.

Operating the High Temperature Ar Annealing Furnace. The following procedure is
used to anneal GeS films using the tube furnace setup shown in figure 4.5. A safety buddy should
be present when sliding the quartz tube to move samples in and out of the heated zone during an
annealing experiment.

First samples are inserted into the quartz tube. Set the rotamer Ar flowrate to 100 sccm and
remove the downstream quick connect flange from the quartz tube. Using tweezers, place samples
into the quartz tube and then push them down the quartz tube into the desired position using either
long tweezers or a copper wire. Replace the downstream quick connect flange.

Then the quartz tube is purged with Ar gas to ensure water and oxygen are removed.
Typically, 150 sccm Ar is flowed for 2 hours for this procedure. Flowing for 30 minutes has also
been demonstrated to prevent oxygen incorporation during annealing.

Next, samples are annealed at the desired temperature. With samples outside of the heated
zone (not heated by coils or covered by insulation of the tube furnace), set the furnace temperature
to the desired set point, and reduce the Ar flowrate to 10 sccm on the rotamer. Once the temperature
has reached the setpoint, carefully slide the quartz tube so that samples are inserted into the heated
zone of the tube furnace. After annealing for the set amount of time, slide the quartz tube back to

its original position. It is often helpful to lower the quartz tube supports on each side, and then
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hover the quartz tube in place while sliding into position. The supports can be re-installed after the
quartz tube is moved into position.

Finally, samples are cooled to room temperature and retrieved. To cool the tube furnace
down faster, an Al block is used to prop the lid open. The Ar gas flowrate is then increased to 50
sccm using the rotamer (otherwise the bubbler may backfill as the temperature cools down.) When
the tube furnace and samples have cooled to <40°C, the downstream quick connect flange can be
removed and samples can be retrieved using tweezers. When the tube furnace annealing set up is

not in use, 10 sccm Ar is flowed through the quartz tube to keep water and oxygen out.

Operating the Vapor Transport Deposition Reactor. The following procedure is used
to deposit CuBr films in the vapor transport deposition reactor. A safety buddy should be in the
room during the deposition.

First, the source powder and samples are loaded into the quartz tube. The quartz tube
reaction zone is isolated from vacuum by closing the butterfly valve on the KF25 tee and then the
Ar gas flowrate is set to 100 sccm on the rotamer to refill the quartz tube. Be sure to remove the
KF25 clamp from the sample door/pressure gauge before beginning to refill with Ar. Once the
system is vented, user tweezers to insert a boat holding the desired amount of CuBr powder
(typically 0.5-0.75 g) and then slide the boat into position using either long tweezers or a copper
wire. Substrates are then placed on the stainless-steel sample holder and slid into place. Finally,
replace the sample door/pressure gauge and open the butterfly valve on the KF25 tee to reintroduce
vacuum.

Next a deposition is run. Substrates are first heated by inputting the desired temperature on

the Omega temperature controller for the heated tape wrapped on the exposed quartz tube on the
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outlet side (for CuBr depositions this is typically not used.) Once the temperature of the heated
tape has reached the setpoint value, increase the Ar gas flowrate to 150 sccm using the rotamer
and set the temperature to 350 °C on the tube furnace. After the deposition has run for the desired
amount of time, turn off the Omega temperature controller for the heated tape, set the tube furnace
temperature to 20 or 25 °C, and prop open the tube furnace lid to speed up the cooldown process.

Finally, samples are retrieved. The reactor should be refilled to atmospheric pressure using
the same procedure described above to insert samples. The sample tray is removed and sampled
are recovered using tweezers. In the case that a bakeout is required, remove the CuBr powder
source boat and store it under Ar or vacuum elsewhere (typically a spare Schlenk drying chamber.)

The reactor should be periodically baked out to remove internal leaks of water. The reactor
is typically baked out for 2 hours by flowing 100 sccm Ar under active vacuum while heating the
tube furnace to 400 °C, and exposed quartz tube on the outlet side and KF25 tee to 110 °C (using
the heating tape). After a bakeout, the rate of rise of the reactor should be ca. 5 mTorr/min. When
not in use, the reactor should be kept under active vacuum and 10 sccm of Ar should be flowed

through the rotamer as a protective gas.
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Appendix 2: Deposition of Copper(l) Bromide Thin Films for Fabrication of

Zirconium(1V) Sulfide Photovoltaics

Contributions

The work presented below is derived from a manuscript in progress. | deposited ZrS and
CuBr thin films and characterized them using scanning electron microscopy, energy dispersive X-
ray spectroscopy and four-point probe. Daniela Chavez and | sputtered metal contacts to complete
devices and etched to make contact to the underlying substrate. Photovoltaic devices were tested
by Daniela Chavez. Professor Luke M. Davis supervised the project. Some text included herein
was written by Professor Luke M. Davis and Dr. Lauren Hartle. This project is funded by Tufts

University and the National Science Foundation (DMR-2224949).

Experimental

Materials. Copper(l) bromide (99.99%) was purchased from Strem chemical Co., and used
without further purification. For preliminary depositions of copper(l) bromide (CuBr) films by
thermal evaporation, 98% pure powder was used.

Thermal Evaporation of CuBr Films. Thermal evaporation of CuBr films was performed
using the same set up as for deposition of GeS films (Figure 4.1), but with two modifications. First,
the 50 mm Schlenk drying chamber was replaced with the 40 mm Schlenk drying chamber used
for annealing GeS films in H>S, and second, the glass sample holder ring was replaced with a glass
beaker of approximately the same height. The mass of CuBr loaded into the beaker varied across
several depositions, but was typically 0.75-1.25 g. The hot plate setpoint temperature was either
500 or 550 °C temperature, which gives a predicted CuBr source temperature of ca. 320 or 350 °C
(Figure 4.3.). The actual source temperatures are likely lower since thermal insulation is provided
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by the bottom of the beaker holding the CuBr source powder. The deposition duration was typically
45-55 minutes in total and the deposition procedure was the same as for GeS films (Appendix 1).

Physical Vapor Transport of CuBr Films. Physical vapor transport of CuBr films was
performed using the apparatus detailed in figure A2.1 below. The deposition procedure is
described in Appendix 1. For depositions of CuBr, between 0.5-0.75 g of source powder was
loaded into a quartz boat, which was kept under active vacuum between depositions. The CuBr
source powder temperature was heated to 350 °C and an Ar carrier gas flow rate of 150 sccm was
used. Depositions were carried out for ca. 30 minutes in total (including time for the temperature
to ramp up to the setpoint). The substrate temperature varied with proximity from the heated zone
of the tube furnace; films inside the insulated zone (but not heated by the coils) were ca. 175 °C
while those outside the insulation dropped off in temperature to ca. 40 °C over the span of 2-3
inches. Films deposited <100 °C were used to fabricate photovoltaic devices (those at the front of

the reaction zone were often over 1000 nm thick).
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Figure A2.1. A schematic (a) and photograph (b) of the vapor transport apparatus used to
deposit CuBr films. (¢) a photograph of a source boat and substrate loaded into the reactor. The
boat is placed 3 in from the wall of insulation and substrates are placed back-to back starting 3

in from the center of the source boat.
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Fabricating ZrS photovoltaics. Devices were fabricated over the course of one day by
first depositing ZrS; films onto either FTO or ITO substrates at 200 °C using recipe 6 (Table 2.1).
Immediately after venting the ZrS, samples deposited onto FTO substrates, they were loaded into
either the Schlenk drying chamber or into the vapor transport reactor for deposition of CuBr.
Samples deposited onto ITO substrates (for Schottky devices) were kept in the reactor while CuBr
films were being deposited. The devices were finished by sputtering coating Au/Ti (200 nm/10
nm) contacts at the Tufts University Micro and Nano Fabrication Facility. An NSC3000 DC sputter
tool with a base pressure of ca. 5 x 10 Torr was used to deposit the contacts. Finally, CuBr and
ZrS; layers were etched to make contact with the FTO or ITO substrates using acetonitrile and 2
molar hydrochloric acid, respectively. The etchants were applied using foam applicators.

Photovoltaic Device Measurements. The ZrS; photovoltaic devices were tested using a
Newport-Oriel M-92192 solar simulator with a Keithley 2440-5A source meter under simulated
AM-1.5G filtered light of 1.08 suns. A 1600 W xenon arc lamp was filtered with 0.1, 0.1, 0.5, and
0.04 neutral density filters. Indium pads were applied to the metal contacts on devices, and

Signatone SE-BCB Be-Cu probe tips were used to contact the In pads.

Selecting CuBr as a Hole Transport Layer

To assemble photovoltaics from n-type ZrS; absorber layers, a p-type hole transport layer
is required. We selected CuBr, which is transparent to visible light with a band gap of 3 eV,*? and
has favorable carrier transport properties such as a mobility of 7-9.5 cm?V!s® and carrier
concentration on the order of 10*” cm3.42 4 Importantly, continuous CuBr can be deposited by
thermal evaporation,*> 44 and the vapor pressure is known as a function of temperature.*> %6 Finally,

the band positions of ZrS;*’-5! and CuBr*? 52 are both reported, and are reasonably well-matched.
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A band diagram of selected layers for our ZrS» photovoltaics is shown below in Figure A2.2 and

the values of band positions are listed in Table A2.2.

Energy (eV)

FTO ZrS, CuBr Au

Figure A2.2. Energy band positions of ZrS;, CuBr and metal contacts for proposed
photovoltaic devices.

Table A2.2. Energy band positions of ZrS; and CuBr

Laver Valence Band Fermi Band References
y Maximum (eV) Level (eV) Gap (eV)

ZrS; -6.8 -5.2 1.7-1.8 6,7,8,9, 10

CuBr -6.26 -6.0 29-30 1,11
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Preliminary Results

CuBr Thermal Evaporation and Vapor Transport Deposition. Preliminary depositions
of CuBr films on glass substrates using both thermal evaporation and vapor transport deposition
produce mostly continuous films with few cracks between grains. Grain sizes are typically on the
order of several hundred nm on films deposited by thermal evaporation, while grain size varies
based on location and temperature in the vapor transport deposition reactor (Figures A2.3) For
films placed inside of the insulated zone of the tube furnace, grains have diameters near 1 um,
while those placed outside of the insulated zone have grains diameters of ca. 100 nm. There is
limited crystallography data collected on films deposited by both thermal evaporation and vapor
transport deposition. The sheet resistance of CuBr films deposited by thermal evaporation is ca.

10%-10° Q/o.

Figure A2.3. Plan view micrographs of CuBr films deposited on glass substrates using (a)
thermal evaporation and (b,c) vapor transport deposition. (b) shows the morphology of a CuBr
film placed in the rear of the deposition zone (ca. 40 °C) and (c) shows the morphology of a
CuBr film placed at the front of the reaction zone (ca. 175 °C). The scale bar is 2 um.
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The morphology of CuBr films deposited by thermal evaporation and physical vapor
transport onto ZrS; is found to depend on the age of substrate. As shown in Figure A2.4, thermal
evaporation of CuBr films on ZrS, samples stored under Ar for several weeks have morphologies
comparable to films deposited onto glass substrates, with few gaps between grains. When CuBr is
thermally evaporated onto ZrS, films deposited the same day when fabricating devices, CuBr
morphology is either discontinuous or shows secondary growths. Often CuBr films deposited on
ZrS; for devices become cloudy over the course of several hours. Similar results are observed
using physical vapor transport, with depositions of CuBr on glass and ZrS; films stored over 1-2
weeks having comparable morphologies and well defined grains. However, when CuBr is
deposited onto fresh ZrS; films by chemical vapor transport, grain sizes are smaller or crystallites
are not apparent. For both thermal evaporation and vapor transport deposition, it seems that the
condition of the ZrS; substrate impacts growth. One hypothesis for this discrepancy is that storage
of ZrS; films in the CVD reactor over several weeks resulted in the formation of a surface oxide
(ZrO2), which modifies the growth behavior of CuBr. Additionally, in the absence of ZrO,, a
chemical reaction between ZrS, and CuBr could proceed more rapidly, leading to deterioration of

the CuBr layer. Data is not available to substantiate either of these claims.
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Figure A2.4. Micrographs of CuBr films deposited on various ZrS; substrates using thermal
evaporation.
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Figure A2.5. Micrographs of CuBr films deposited on various ZrS> substrates using physical
vapor transport.

220



Photovoltaic Devices: Attempts to fabricate ZrS, photovoltaics were complicated by poor
adhesion between layers. Applying In pads to the Au contacts often resulted in what appeared to
be delamination of the Au contacts, and led to shorts in devices. After devices were tested, a Scotch
tape test was used to determine where adhesion between layers was failing. Using a combination
of SEM and EDS, we found that failure primarily occurred between the ZrS; and CuBr layers, as
analysis of the substrate after the Scotch tape test shows little to no CuBr, which was instead found
on the Scotch tape. Poor adhesion between ZrS, and CuBr may be related to cloudiness observed
in the CuBr layer after a few hours of deposition on to ZrS,. Careful placement probe tips by
Daniela Chavez did allow for measurements of devices, which are briefly discussed here.

ZrS; photovoltaic devices utilizing CuBr show good diode behavior in the dark, but
photocurrent is low. The best three devices we assembled are shown in Figure A2.6. Dark curves
for these devices show they behave as diodes and have take off voltages of ca. 0.25 V. The series
resistance is below 100 Q. However, light curves show these devices have low photocurrent
densities, ca. 0.05 mAcm2, affording efficiencies below 0.01% (the champion device had a PCE
of 0.007%). Open circuit voltages were typically below 0.1 V, although in one instance this value
was as high as 0.15 V. | hypothesize that the small grain size of our ZrS; films is partially
responsible for the low photocurrent in our devices, as the large number of grain boundaries could
produce trap states reducing the number of carriers extracted from the device. Further
measurements of ZrS; carrier properties (such as carrier lifetime and diffusion lengths) will be
necessary to assess this hypothesis. Poor adhesion between the ZrS; and CuBr layers, and possible
reactions between these layers are likely impacting device performance as well. Finally, ZrS;

Schottky devices assembled using ITO substrates are shorted.
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Figure A2.6. J-V curves of FTO:ZrS>:CuBr:Au/Ti devices measured in the dark and under 1
sun.
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