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A novel precursor towards buffer layer materials:
the first solution based CVD of zinc oxysulfidef

and Caroline E. Knapp & *

We report the first solution based deposition of zinc oxysulfide, Zn(O,S), thin films via aerosol-assisted
chemical vapour deposition (AACVD) facilitated by the use of a specifically designed precursor:
[Zng(SOCCH3)15S,] (1). This buffer layer material, synthesised from the dual source AACVD reaction of 1
with ZnEt, and MeOH was analysed via X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
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energy dispersive X-ray (EDX) analysis, scanning electron microscopy (SEM), Hall effect measurements
and UV/vis spectroscopy. The film was highly transparent (>90%), conductive (p = 0.02998 Q cm) and
had a high charge carrier concentration (1.36 x 10*° cm™), making it a good contendor as a buffer layer

in thin film photovoltaics. In an additional study, large area films were deposited and mapped to
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Introduction

As the demand for inorganic electronics grows, it is of great
importance to develop materials and processes that outperform
existing technologies in terms of efficiency, cost and sustain-
ability. The synthesis and deposition of semiconductor materials
for thin film photovoltaic (PV) devices is at the forefront of
inorganic and materials chemistry research.'™ There has been
considerable interest in zinc oxysulfide, Zn(O,S), as an alternative to
the widely used cadmium sulfide (CdS) buffer layer in Culn, ,Ga,Se,
(CIGS), Cu,ZnSnS, (CZTS) and tin sulfide (SnS) solar cells.*® Due to
the narrow band gap of 2.4 eV of CdS causing absorption losses to
the cell current, and the obvious toxicity of cadmium, the safer,
earth-abundant Zn is a promising alternative.”

The first in depth study of Zn(O,S) films (50-70 nm) via
atomic layer deposition (ALD) was performed by Sanders and
Kitai and since then, there have been extensive investigations
into this material as an alternative to CdS.**™'° Computational
studies have shown that the work function of Zn(O,S) varies
between 2.95 eV (ZnO) and 3.91 eV (ZnS) and can therefore be
tuned to align with respective solar absorbers, whilst experimental
studies have shown the tunability of the band gap of Zn(0,S)."***
Therefore, this material has the potential to serve as an appropriate
buffer layer due to the ability to change its electronic and optical
properties by varying the S/Zn ratio.

The highest efficiency achieved by a CIGS device utilizing a
Zn(0,S) buffer layer to date is 21.0%, deposited by chemical
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correlate compositional variation to optoelectronic properties.

bath deposition (CBD), the layer being 30-50 nm thick."*
Zn(0,S) has also been used in the highest efficiency SnS solar cell
reported in the literature." This cell, as reported by Sinsermsuksakul
et al. was almost twice as efficient as its predecessor (with an
efficiency of 2.04%, reported by the same authors).” The original
device architecture consisted of soda-lime glass/Mo/SnS/Zn(O,S)/
ZnO/ITO/Ni or Al; layers were deposited by either ALD, radio
frequency (RF) sputtering or electron beam evaporation, stating
an optimal S/Zn ratio of 0.37 in the 25-30 nm thick Zn(O,S) layer.
The record 4.36% efficient cell was achieved by a series of
modifications to the previous report including tuning the composi-
tion and nitrogen doping of the Zn(O,S) buffer layer.

Literature on Zn(O,S) films mostly report deposition via ALD
or CBD."'®'” To the best of our knowledge, a solution based
chemical vapour deposition (CVD) route to Zn(O,S) films has
not been reported, even though CVD offers many advantages to
the deposition process such as the use of a greater range of
precursors, potential for scale up, precise control over doping
and the production of conformal and high purity thin films.'®>*
Aerosol-assisted (AA)CVD in particular offers the advantage that
it relies on precursor solubility, not volatility, thus further
increasing the types of precursor that can be used.**?*

As opposed to the fabrication techniques mentioned above,
in particular ALD, achieving compositional accuracy is more of
a challenge in CVD. Modelling the thermodynamics, kinetics
and transport properties of the CVD process is complex and it is
well known that the elemental compositions in the precursor
solution are not always faithfully reproduced in the resultant
film.?® This is particularly true for dual source CVD, in which
separate precursor solutions are used for each component of
the film. This poses challenges for the deposition of ternary
materials such as Zn(O,S) via dual source AACVD.
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The absence of any reports of the solution based CVD of
Zn(0,S) in the literature to date may not just be due to difficulty
in depositing a compositionally uniform film, but also owing to
the lack of a suitable precursor. The most common sulfur
source used in the ALD of Zn(O,S) is H,S gas and as mentioned
previously, modelling gas phase reactions in solution based
methods is challenging. Therefore, it would be useful to target
molecular geometries in the design of precursors that are
similar to the structure in the desired bulk material. This
would have the added advantage of elemental ratios in the
precursor solutions being comparable to those in the resultant
films. Controlling the mechanism of decomposition of precursors
in the gas and solid state phase may aid in the deposition of more
compositionally accurate Zn(0O,S) films via AACVD.

Herein, the synthesis and characterisation, including single
crystal X-ray diffraction of [Zng(SOCCHj3)1,S,] (1) is presented.
Zn(0,S) thin films have been deposited, for the first time, using
solution based CVD from the dual source AACVD of 1, ZnEt,
and MeOH resulting in a highly transparent (>90%) and
conductive (p = 0.02998 Q cm) film with a high charge carrier
concentration (1.36 x 10'® cm™?). Large area films were also
deposited and characterised in a combinatorial fashion using
standard analytical techniques, highlighting the effect of com-
positional variation on electronic functionality.

Experimental
General procedures

Chemicals were obtained from Sigma-Aldrich and used without
further purification. Solvents were distilled prior to use and/or
stored over molecular sieves. CDCl; was dried using freeze-pump-
thaw cycles and stored over molecular sieves. All preparations
were performed under an inert atmosphere of dry nitrogen using
standard Schlenk techniques. Air and/or moisture sensitive
reagents and products were handled in a glovebox.

Single crystal X-ray diffraction (XRD) data were collected
using a SuperNova Atlas (Dual) diffractometer using Cu Ko radia-
tion of wavelength 1.54184 A. Suitable crystals were selected and
mounted on a nylon loop and the crystal was kept at 150 K during
data collection. Nuclear magnetic resonance (NMR) data were
recorded in a CDCl; solution using a Bruker Advance III 300 MHz
instrument. Elemental analysis (EA) was carried out using a Carlo
Erba CE1108 elemental analyser (London Metropolitan University).
Thermogravimetric analysis (TGA) was run on a Netzsch STA 449C
Jupiter instrument with a sensitivity of 0.1 mg. Samples were placed
in 85 pL aluminium pans and were heated from 30 °C up to a
maximum of 500 °C, at a heating rate of 5 °C min'. Fourier
transform infra-red (FTIR) spectroscopy data were collected on a

Shimadzu 8700 spectrometer from 400-4000 cm ™.

Synthesis

[Zng(SOCCH3,),,8,] (1). Thioacetic acid (0.58 mL, 8 mmol)
was added dropwise to a solution of diethyl zinc (0.4935 g,
4 mmol) in toluene (20 mL) and 1,4-dioxane (0.3400 g, 4 mmol)
and stirred at —78 °C for 2 h. The solvents were partially
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removed in vacuo and the solution was left to settle overnight
and 1 crystallised out of a concentrated solution of toluene and
1,4-dioxane affording crystals suitable for analysis by single
crystal XRD. 'H NMR §/ppm (CDCly): 2.53 (m, 36H, CHj).
BC NMR §/ppm (CDCl3): 129.3 OCS, 128.2 OCS, 33.0 CCHj.
Elemental anal. calc.%: C: 19.35 H: 2.44, found%: C: 22.39, H:
2.50. Vmax/em ™t 3025, 2958, 2913, 2850, 1695, 1507, 1413, 1349.

AACVD. Depositions were carried out under dinitrogen
(99.99% from BOC). Precursor solutions were placed in two
separate AACVD glass bubblers and generation of the aerosol
mist was achieved using ultrasonic humidifiers containing a
piezoelectric device. The aerosols of both solutions were
diverted through a Y-junction and transported in a flow of
nitrogen gas, through a brass baffle to a horizontal bed, cold-wall
reactor fitted with a graphite block containing a Whatman cartridge
heater, controlled using a Pt-Rh thermocouple (as described
previously).>® A top plate was suspended 0.5 cm above the substrate
to ensure a laminar flow. The glass substrates used (15 cm X
5 cm X 0.3 cm) were cut from SiO,, pre-coated (ca. 50 nm thick SiO,
barrier layer) standard float glass (Pilkington NSG); small and large
area films were deposited on 1 cm x 1 cm and 5 cm x 4 cm areas
respectively. Before starting depositions, the reactor and substrate
were heated to the required temperature under a flow of nitrogen
gas and were left to equilibrate for ca. 10 min. After the depositions
were complete, the substrate was allowed to cool to room tempera-
ture under a flow of nitrogen gas to maintain an inert atmosphere.
Films were handled and stored in air.

AACVD reaction of 1. Diethylzinc solution (3.63 mL, 4 mmol,
1.1 M in toluene) was added to the first bubbler along with dry
toluene (20 mL) and 1 (0.2 g, 0.1 mmol) was added to the
second bubbler along with methanol (25 mL) and toluene
(5 mL). AACVD reactions were carried out at 500 °C at a flow
rate of 1.0 L min~" on both bubblers.

Physical measurements

Analysis of thin films were carried out as deposited. Grazing
incident (GI)XRD patterns were recorded using a Bruker D8
Discover diffractometer. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on a Thermo Scientific
Ka photoelectron spectrometer with a monochromatic Al Ko
source. Data were calibrated against C(1s) adventitious carbon
(284.6 eV) for charge correction and peaks were modelled using
CasaXPS software. UV/vis transmittance spectra were produced
using a PerkinElmer Precisely Lambda 950 spectrometer using
an air background and recorded between 350-800 nm. Scanning
electron microscope (SEM) images were obtained using a JEOL
6301 filament SEM instrument on gold coated samples. Energy
dispersive X-ray (EDX) analysis was carried out on a Carl Zeiss
EVO25 SEM instrument using an accelerating voltage of 20 kv
on carbon coated samples. Resistance was measured with a
Kewtech KT116 Digital Multimeter. Hall effect measurements
were carried out on an Ecopia HMS-3000 instrument set up in
the Van der Pauw configuration to determine the free carrier
concentration (N), mobility (x) and resistivity (p). The samples
were subjected to an input current of 1 mA and a calibrated
magnetic field of 0.58 T.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Synthesis

Diethyl zinc and thioacetic acid were combined in a 1:2 ratio
with 1,4-dioxane in toluene at —78 °C, as shown in eqn (1), and
after partially removing the solvent in vacuo, colourless crystals
had formed overnight. The solid colourless crystalline product,
[Zng(SOCCH3)1,S,] (1) was isolated and confirmed by 'H and
3C NMR, IR, elemental analysis and crystals suitable for X-ray
diffraction were obtained. The 'H NMR of this crystalline
product confirmed the formation of 1, with a multiplet centred
at 2.53 ppm corresponding to all 36 methyl hydrogens. Repeats
of the reaction without the addition of 1,4-dioxane did not yield
crystalline material indicating that 1,4-dioxane may act as a
stabilising ligand during the reaction that eventually promoted
crystal formation.

Toluene

1dedionome VB [Zng(SOCCH3)1285] (1) + 2 HyC-CHy

o]

ZnEt, + 2 )k
HS

 —

o o
-78°C
+ 14
S

In the literature, the monomeric precursor [Zn(SOCCHj3),-
TMEDA] (TMEDA = tetramethylethylenediamine) in which TMEDA
acts as a stabilising ligand was used to deposit ZnS.*” With a view to
improving the Zn:O ratio, the cluster compound 1 was targeted.
In the synthesis of 1 the use of 1,4-dioxane rather than TMEDA
facilitated cluster formation rather than the isolation of a mono-

1)

mer, since 1,4-dioxane does not coordinate to the zinc centre in the
way TMEDA does in Nyman et al.’s report.

[Zng(SOCCH3)4,S,] (1) crystallised out of a concentrated
solution of toluene and 1,4-dioxane as centrosymmetric clusters in
the monoclinic C2/c space group (Table 1) with eight zinc centres;
four of which are unique and four of which are symmetrically
generated about an inversion centre (Fig. 1). The cluster consists
of two Zn,Ss" cores with thioacetate ligands bridging pairs of Zn>*
centres. This bears close similarity to the structure of basic zinc

Table 1 Crystallographic data for structurally characterised compound 1

Compound 1

Empirical formula Cy4H36012514Zng
Formula weight/g mol™* 1488.33

Crystal system Monoclinic
Space group C2/c

alA 22.8318(2)

b/A 22.2511(2)

c/A 12.24570(10)

of° 90

BI° 102.3260(10)

y/° 90

Volume/A® 6077.81(9)

zZ 4

Peate/g cm™? 1.627
Reflections collected 62293
Independent reflections 6355 [Rin¢ = 0.0478, Rgigma = 0.0188]
Data/restraints/parameters 6355/0/313
Goodness-of-fit on F* 1.022
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Fig. 1 Crystal structure of [Zng(SOCCH3)15S,] (1) with thermal ellipsoids
drawn at 50% probability, H atoms omitted for clarity. Grey, purple, red and
yellow atoms represent carbon, zinc, oxygen and sulfur respectively.
(Symmetry operator: 3/2 — X, 3/2 - Y, 1 - 2Z)

acetate, which has a central oxygen atom, rather than a sulfur atom
(as in 1) coordinated to four zinc centres.?® Zinc acetate is one of the
most well known precursors to zinc oxide films, especially via
AACVD, and so this structural similarity is promising for the use
of 1 as an AACVD precursor to Zn(0,S).>**° The Zn-O bond distances
in 1 (Table 2) are comparable to those in basic zinc acetate,
(Zn acetate O-Zn = 1.966 A, Zn-OCCHj, = 1.976 A). Zn2-02 has a
shorter bond length (1.9882(16) A) as compared to Zn2-O1
(1.9972(19) A) and bond lengths are statistically significantly
different. This is expected since the former bond is part of a six
membered ring whilst the latter is part of a ten membered ring
and therefore experiences lesser bond strain. The same effect
is observed for the bond pair Zn2-S1 and Zn2-S2, where the
Zn2-S1 bond length is longer than the Zn2-S2 bond length.
On the basis of 14, the structural parameter for four coordinate
structures (t, = 0 for square planar, t, = 1 for tetrahedral), the
degree of distortion in 1 can be quantified.>' All four zinc centres,
and the coordinated sulfur atom S1 adopt pseudo-tetrahedral
coordination, with Zn3 having the closest value to 1. The central
sulfur atom adopts an almost perfect triangular based pyramid
structure, with the Zn1-S1-Zn4, Zn2-S1-Zn4 and Zn3-S1-Zn4

Table 2 Selected bond lengths and angles for 1

Final R indexes [I > 20 (I)]
Final R indexes [all data]

R, = 0.0290, WR, = 0.0783
R; = 0.0311, wR, = 0.0807

This journal is © The Royal Society of Chemistry 2020

Length/A Angles/®
Zn2-01 1.9972(19) Zn1-S1-Zn4 94.13(2)
Zn2-02 1.9882(16) Zn2-S1-Zn4 90.959(19)
Zn2-S1 2.3141(5) Zn3-S1-Zn4 93.27(2)
Zn2-S2 2.3032(6)
Zn1-S1 2.3169(6)
Zn3-S1 2.3354(5)
Zn4-S1 2.2944(5)

J. Mater. Chem. C, 2020, 8, 5501-5508 | 5503
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Fig. 2 X-ray diffraction pattern of ZnOg gg4So.116 Showing peak shifting to
lower 20 values relative to ZnO.

bond angles varying little from 90° (Table 2) whilst Zn1, Zn2, Zn3
and S1 almost lie in the same plane.

During thermolysis of the 1, it is likely that the Zn,Ss" cores
remain intact, and the bridging thioacetate ligands break away
from the cluster. This is corroborated by thermogravimetric
analysis (TGA) data (ESIt), which shows a final mass of 61% at
500 °C corresponding to the mass of the two sets of Zn,Se" cores
within 1. The shortest bonds in the structure are C-O bonds;
C-S bonds are also shorter than Zn-0O/Zn-S bonds (ESIt) which
may explain why the bridging ligands are easily removed to
form the anhydride in preference to the decomposition of both
the Zn,Ss" centre and thioacetate ligands.

AACVD of Zn(0,S)

Attempts to deposit Zn(O,S) from alternative precursors from
the literature (zinc acetate dihydrate and zinc diethyldithio-
carbamate) via AACVD all produced films with unsuitable
electronic properties (resistance >100 MQ, see ESIT). As such,
compound 1 was designed and synthesised as detailed above to
act as the sulfur source in a dual source AACVD reaction
towards Zn(O,S). It is postulated that the pseudo-tetrahedral
arrangement of the four zinc centres around the sulfur atom in
1 is similar to the tetrahedral arrangement of atoms in bulk
wurtzitic ZnS and ZnO, which may make the process of deposi-
tion more energetically favourable. The oxygen source for the
deposition of Zn(0,S) was chosen to be MeOH as it is well
known that the AACVD reaction of ZnEt, with MeOH produces
highly conductive ZnO films.*?

The suitability of 1 for AACVD was investigated under a
range of conditions, including the deposition of the binary
material ZnS (ESIT). It was found that films of Zn(O,S) with
optoelectronic properties comparable with buffer layer materials
were grown by the dual source AACVD reaction of 1 with ZnEt,
and MeOH at 500 °C. The film was transparent, showed good
coverage across the glass substrate and was well adhered;
passing the Scotch™ tape test and was not scratched by a steel
stylus.

XRD, XPS, SEM and EDX characterization. The X-ray diffrac-
tion (XRD) pattern of the deposited film showed the characteristic
broadness and amorphous nature of Zn(0O,S) films with peaks at

5504 | J Mater. Chem. C, 2020, 8, 5501-5508
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Fig. 3 XPS of the Zn 2pj;, and 2ps,, states peaks at 1044.7 eV and
1021.6 eV binding energy respectively, top; and the S 2pj,, and 2ps)»
peaks at 162.4 eV and 161.4 eV respectively, bottom, both at a 300 s etch.

34.4° 33.9° and 35.8° 20 indexed to the (100), (002) and (101)
planes (Fig. 2) consistent with XRD patterns reported for Zn(O,S)
deposited via ALD or CBD in the literature.*®*?

Peak shifting to lower 20 values relative to the peaks of pure
ZnO indicated substitution of O atoms with S atoms which is
consistent with the expansion of the unit cell due to the
increased atomic radius of S (0.88 A) as compared to O (0.48 A).>*

X-ray photoelectron spectroscopy (XPS) analysis confirmed
the presence of oxygen (see ESIt), zinc and sulfur in the film.
Only one environment for zinc was present in the XPS which
further corroborates the formation of Zn(0O,S) and not a mixture
of the binary oxide or sulfide materials (Fig. 3, top).

The states appeared at binding energies of 1044.7 eV and
1021.6 eV (Zn 2p,,, and 2ps, respectively) which is consistent
with the formation of Zn(O,S) when compared to the literature
value of 1021.74 eV (Zn 2ps,) for a Zn(O,S) film with S/Zn ratio =
0.1 as reported by Platzer-Bjéorkman et al.* It should be noted
however, that the binding energy for Zn in ZnO and ZnS are
similar (2ps, = 1022.1 eV and 1022.0 eV respectively).>> There
was one S environment present, whose 2p,, and 2p;,, states
appeared at binding energies of 162.4 eV and 161.4 eV respec-
tively (Fig. 3, bottom). This is comparable to the 2p;/, state in
ZnS which appears at 161.6 eV, with the downshift in energy
values for the S states in the Zn(O,S) film further indicating
formation of the oxysulfide as opposed to binary oxides or
sulfides.*® Additionally, XPS was used to estimate the elemental
ratio of Zn and S in the film and this was found to be 0.078

This journal is © The Royal Society of Chemistry 2020
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1 um

Depth analysed by
EDX (2-3 pm)

Fig. 4 SEM of Zn(O,S) film: cross section SEM image at x 3700 showing
film thickness of 2.5 um, inset: plane view at x17 000. Selected areas show
penetration depths of XPS (red) and EDX (blue) techniques.

which would give a chemical formula of ZnOg 95550078 for
the film.

Scanning electron microscopy (SEM) images revealed films
were made up of a fully connected array of particles consistent
with the observed low resistivity. The size of particulates varies
across the surface and this is likely due to the use of two
different solvents in the dual source AACVD process. Cross-
sectional SEM showed the film to have a thickness of ~2.5 um.

Interestingly, the energy dispersive X-ray (EDX) analysis of
the film gives a general formula of ZnO gg4Se.116, @ higher
sulfur content than the formula derived from XPS analysis. The
discrepancies between the elemental composition for the two
techniques can be accredited to the fact that EDX covers
thicknesses of about 2-3 pm and therefore any compositional
variation through the thickness of the film is not accounted for
(Fig. 4), and instead an average of the elemental ratios is
obtained. XPS scans at a 300 s etch average lower values which
suggests that perhaps a higher S/Zn ratio is seen closer to the
substrate. Therefore, EDX will give a value for composition for
the chemical formula throughout the depth of the film and this
difference between EDX and XPS is evidence for compositional
variation through the thickness of the film from surface to
substrate. This film is ~2.5 um thick, and the increase in
calculated sulfur content from XPS to EDX is 3.8%, however
as films get thinner the compositional variation decreases.
This observation is crucial for potential application of these
materials, since buffer layers ideally need to be considerably
thinner (~30 nm).

Optoelectronic properties. UV/vis spectroscopy of the film
showed it to be highly transparent (>90% at 550 nm). Hall
effect measurements were carried out on the film to determine
its electronic properties. Comparing this to Zn(0O,S) and ZnO
from the literature as shown in Table 3, it can be seen that
the n-type ZnOy gs4S0.116 film reported here would be a good
contender for its application as a buffer layer in thin film
solar cells.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Charge carrier concentration, Hall mobility and resistivity of
ZnOg 88450116 as compared to ZnOg 7550 25 and ZnO from the literature®>?

N/em™3 plem? vt p/Q cm
Zn0y 58150 116 1.36 x 10*° 15.34 0.02998
Zn0g 7550.25 1.7 x 10'® 36.1 0.101
Zno 1.75 x 10*° 16.96 0.00210

Mapping of a large area film

The commercial application of Zn(O,S) will require large area
deposition and so the investigation of compositional variation
is necessary. Large area films (5 x 4 cm) were deposited, and
mapping was used to probe the variation from the AACVD
reactor inlet to exhaust, facilitating correlation of composition
and structure with optoelectronic properties.

Large area films of Zn(O,S) were deposited by the dual
source AACVD reaction of 1 with ZnEt, and MeOH at 500 °C.
As in the previous section, films adhered to the glass substrate
and showed excellent coverage. For the analysis, all positions
were characterised by a range of techniques and Fig. 5 shows
the grid reference system used.

The XRD patterns at all positions on the film showed the
characteristic broadness and amorphous nature of Zn(O,S)
films from the literature (Fig. 5, right). Patterns are shown
from 25-40 20 for ease of comparison (full data in ESIt). Again,
260 values are lower relative to the peaks of pure ZnO owing to
the aforementioned substitution of O with S. All positions had
similar absolute peak shifts of the three principle peaks of ZnO
(~0.4° for (100) and ~0.6° for (002) and (101)). It is interesting
to observe that some patterns have very few features, for
example A1, B1 and C1, this can be linked to composition
and properties (Fig. 6 left, blue area, Table 4). The structural
variation across the film may be attributed to the non-uniform

WMWW -
MMWW‘WM..W £3
WWMWM.

WMMM D4
wm o
WHMMMMW ca

C3
Wampunsd C2

B4
LRI

» B2
WWWW“ B1
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26/°

Fig. 5 Zn(O.,S) film with the superimposed grid reference system used
throughout, left. XRD patterns of all positions, right.
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¢ 24.3 certain positions in Table 4 indicate that these points were either
too resistive or did not make good contact with the Hall

s 186 measurement system probe. Clearly there is a change in com-
120 position from inlet to exhaust in the large area film, as shown by

both XPS and EDX. This variation in composition has a large

: 73 effect on the optical properties as summarised in Table 4 below.
UV/vis spectroscopy was used to estimate the optical band gaps

1 1.6 across the film using Tauc plots (UV/vis spectra of all positions in

A B Cc D E

Fig. 6 Contour maps showing the S/Zn ratio across the film calculated
from XPS (left) and EDX (right).

temperature of the CVD rig, with variations of up to 15 °C from
the centre of the rig to the edges.

To probe the composition of the film across the grid, both
XPS and EDX were used to calculate S/Zn ratios. XPS and EDX
were performed on all positions shown in Fig. 5 and these data
were linearly interpolated to show the S/Zn ratios as contour
maps (Fig. 6).

Both XPS and EDX analysis showed similar trends from the
reactor inlet to exhaust, with the S/Zn ratio increasing from the
reactor inlet to the exhaust, as indicated in Fig. 6. The blue
areas closest to the inlet indicate lower levels of sulfur doping,
the green areas indicate 10-12% sulfur doping and the red
areas indicate higher levels of sulfur doping in the Zn(O,S)
films. As film thickness can be optimised, thinner films will
have a smaller degree of compositional variation which will be
promising for the incorporation of this material into thin film
solar cells.

Hall effect measurements were carried out on the film to
determine electronic properties at each position on the grid and
compare this to the variation in the composition. Omissions at

ESIt). As the role of a buffer layer is to improve the interface
between the absorber and the transparent conducting oxide
(TCO), the buffer layer should have a band gap between that of
the absorber (1.0-1.5 eV) and the TCO (>3 eV), so as to reduce
the conduction band offset (CBO). It must be noted that band
gap estimations using the Tauc relation have a large margin of
error associated with them and so definitive values taken
through this approach may not be representative of the actual
material in question. The band gap energies obtained increase
from reactor inlet to exhaust, corresponding with increasing
sulfur content (Fig. 7). The range of energies lies between 3.74 eV
and 3.93 eV and this observation is in agreement with the
increase in the optical band gap of pure ZnS as compared to
pure ZnO.

Whilst the band gap energies lie in the correct range, other
factors that must be considered are the energies of the con-
duction band and valence band edges. These must also be
compatible with the band edges of the absorber and TCO. The
physical variable that represents these energies is the work
function. Literature values suggest that the range of values for
the work function of Zn(0,S) is 2.95 eV (ZnS)-3.91 eV (ZnO)."*
Though the calculation of these values is beyond the scope of
this work, it must be considered when constructing a PV cell
architecture.

Table 4 Resistance, charge carrier concentration (N), Hall mobility (), resistivity (p), (100) peak position (typical standard deviation of 0.05° in 20 values),
chemical formulae from XPS and EDX analysis and transmittance (T,ss0) data from all positions on the Zn(O,S) film

Resistance/MQ ~ N/em™* wlem®>V''s™' p/Qem  (100) peak position/20  Formula from XPS ~ Formula from EDX  Ths50/%
Al 3.5 — — — 31.50 Zn0y.95450.046 Zn0y.93150.069 100
A2 0.7 1.49 x 10" 14.03 0.02992  31.48 7Z1n00.93750.063 71n00,.59750.103 92.7
A3 0.6 1.66 x 10"  13.73 0.02732  31.23 Zn0y.025S0.072 Zn0y.00050.100 86.9
A4 1 1.36 x 10" 10.42 0.04414 31.30 Zn0y.505S0.001 Zn0y.91350.087 75.0
Bl 1.2 — — — 31.48 Zn0y.063S0.037 Zn0y 59250.108 100
B2 0.6 1.36 x 10" 15.34 0.02998 31.36 Zn0y.925S0.078 Zn0y g54S0.116 91.2
B3 1.5 9.60 x 10"  11.22 0.05794 31.35 Zn0g g57S0.113 Zn0yg_570S0.130 83.2
B4 5.1 — — — 31.15 Zn0y.87450.126 Zn0y g20S0.171 71.3
c1 11 — — — 31.41 Zn0g.67150.020 Zn0g.57450.126 100
c2 0.7 1.62 x 10 11.77 0.0327  31.22 Zn0y.92650.071 Zn0y 57050.130 100
C3 3.3 9.12 x 10" 4.523 0.1512  31.19 Zn0y 53650.164 Zn0y 515S0.181 74.0
C4 334 — — — 31.11 Zn0y 76450236 Zn0y 57550223 69.1
D1 5.1 — — — 31.23 Zn0g.05450.016 Zn0Oy_g5550.145 80.6
D2 1 2.15 x 10*  6.73 0.04317 31.08 Zn0y 551S0.110 Zn0y g5450.146 74.5
D3 5.8 — — — 31.17 7n0y g1250.188 Zn0g 78650.214 74.9
D4 46.7 —_ — —_ 31.19 Zn0Oyg 75950.241 Zn0y.77350.227 67.2
El 2.4 — — 31.34 Zn0y 96550.032 Zn0y g53S0.147 80.9
E2 1.5 1.36 x 10" 7.742 0.05924  31.22 Zn0g.60050.100 Zn0yg.g4550.155 81.7
E3 12.4 — — 31.26 Zn0y 505S0.195 Zn0y 501S0.199 70.0
E4 817 — — — 31.19 Zn0y 75750 243 Zn0y 77580225 69.2
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Fig. 7 UV/vis transmittance spectra of positions D1-D4 (top) and Tauc
plots of positions D1-D4 showing their optical band gaps (bottom).

From the data in Table 4, it is clear that Hall effect data cannot
be obtained for parts of the film where the resistance is greater
than 3.3 MQ. Comparing this to the S/Zn ratios from XPS and EDX
contour plots, this is consistent with higher sulfur doping, as
expected. Point B2 shows the highest electron mobility, as well as
a high charge carrier concentration, a low resistivity, and high
transparency, consistent with the film reported in the previous
section with the formula ZnOy gg4So.116 derived from EDX analysis.

Electronic properties with potential for application in buffer
layer materials lie between the values of 9.12 x 10'*-1.66 x
10" em ™ for charge carrier concentration, which correspond
to S/Zn ratios of 0.11-0.15 which corresponds with the green
bands in Fig. 6. Whilst the cause of these large area variations
in composition and properties may be due to a range of
variables (reactor temperature, flow turbulence, decomposition
profile of precursors), they are undoubtedly present in much of
the AACVD literature. The method presented here, utilising
combinatorial analytical techniques with single film deposi-
tion, is a good way to assess variations in films produced via
AACVD from reactor inlet to exhaust and improve material
properties in future depositions.*”*®

Conclusions

We have shown the deposition of conductive films of Zn(0,S)
from the dual source AACVD reaction of ZnEt,, MeOH and the

This journal is © The Royal Society of Chemistry 2020
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precursor [Zng(SOCCH3),,S;] (1). This is the first instance of
Zn(0,S) thin films being deposited via solution based CVD. The
film ZnOg gg4S0.116 €xhibited excellent transparency (>90%),
high conductivity and a high charge carrier concentration,
consistent with values from the literature, making it an appro-
priate buffer layer material. It was also found that the film
varies through its depth as corroborated by XPS and EDX
analysis, with sulfur segregation in areas closer to the substrate.

Following the deposition of large area films, the composi-
tional, structural and optoelectronic variation across films was
analysed in a combinatorial fashion and it was found that the
S/Zn ratio increased from reactor inlet to exhaust. The range of
band gap energies increased from inlet to outlet (3.74 eV and
3.93 eV), which was consistent with other results presented in
this work. These results were shown to be linked to optical
transparency and electronic properties, with an optimum
sulfur doping of 11-15% giving the most suitable buffer layer
material.
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