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Abstract

Transparent conductive oxides (TCOs) are important materials for a wide range of op-
toelectronic devices. Amorphous zinc-tin oxide (a-ZTO) is a TCO and one of the best non
toxic, low-cost replacement for more expensive amorphous indium- gallium-zinc oxide. Here,
we employ spray pyrolysis, an inexpensive and versatile chemical vapour deposition based
technique, to synthesise a-ZTO with an as-deposited conductivity of ~300 S/cm — the highest
value hitherto among the reported solution processed films. Compositional analysis via X-ray
photoelectron spectroscopy reveals a non-stoichimoetric transfer of Zn and Sn from the dis-
solved precursors into the film, with best electrical properties achieved at a film composition of
Xim=0.381+0.04 ((ZnO),(Sn0O,), _» (0<x<1)). The morphology of these films is compared to
films synthesised by physical vapour deposition, and a strong correlation between morphology

and electrical properties is revealed. A granular nature of the SP grown films, which seems



like a drawback at a first glance, brings a prospect of using a-ZTO in ink-jet printed films from
a nanoparticle suspension for the room temperature deposition. Brief post-anneal cycles in Ny

gas improve the conductivity of the films by means of grain boundary passivation.
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1 Introduction

Amorphous indium-gallium-zinc oxide (a-IGZO) has taken a dominant place in the field of amor-
phous Transparent Conducting Oxides (a-TCOs) due to its impressive conductivity, controllable
carrier concentration, ease of manufacturing, and high mobility. !> Nevertheless, there are some
sustainability concerns raised by the indium content of the material related to the toxicity, inflex-
ibility of supply and increasing costs of its constituent elements.* This creates a demand for a new
generation of sustainable, low cost materials> with improved mechanical properties® and thermal
stability due to their amorphous nature’ for the development of the electronics industry.® Amor-
phous zinc-tin oxide (a-ZTO) occupies this niche,”!? being entirely composed of Earth abundant
elements and possessing a high direct optical bandgap of 3.3-3.9 eV, !! high optical transparency
and good electrical properties, with conductivities of up to 445 S/cm reported. '>~14 a-ZTO pos-
sess the same overlapping s-orbital dominated dispersed conduction band structure as a-IGZO '
leading to a high mobility and conductivity, that is maintained even in absence of a crystal struc-

11,16-18

ture. a-ZTO has already been utilised in laboratory scale thin film transistors, photovolatic

cells,'” gas sensing,?” transport channels in metal-semiconductor-field-effect-transistors 2> and

organic light-emitting diodes (OLEDs). 1323

a-ZTO has been grown by a variety of physical vapour deposition (PVD) methods including

11,13,24 21,2629 The

magnetron sputtering, pulsed laser deposition® and some chemical methods.
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most common chemical method is spin-coating, however this can be associated with an unwanted
increased degree of porosity.3? Synthesis of these films via spray pyrolysis (SP) technique, where
decomposition of precursors occurs as a result of spraying a solution over a heated substrate, is
highly desirable due to the method’s low-cost and versatility. In spite of this, there are practical

challenges which hinder wider application of SP to a-ZTO. High quality a-ZTO is a non trivial ma-

12,31 32-35

terial to synthesise with a wide range of different defects and local structures which easily
form under nominally similar deposition conditions. While this impacts all growth techniques, the
effect is exacerbated for SP by the complexity of the physics of the precursor delivery and the
chemical synthesis steps. As in-lab construction and customisation is the norm for the technique,
this additional complexity is in turn accentuated by the absence of standardisation across SP de-
position systems, with liquid delivery, nebulisers, substrate heating, and atmosphere management
systems all varying. As a result, an understanding of the role of system parameters in determining
film properties is required to allow transference of results between laboratories and eventually to
large scale tools.

Here we report on the synthesis of high performance a-ZTO via a single step deposition SP
technique. We obtain conductivities of 330 S/cm, highest reported CVD grown up to date, un-
der optimised growth and brief post-growth treatment. Fabrication simplicity, cost-effectiveness,
low optical absorption and roughness highlight the potential applicability of the proposed method
for efficient light emission and minimum current leakage through the organic active layers in
OLEDs. '3 We identify film morphology as being the primary limiting factor in electrical per-
formance and link this to inherent factors in our deposition set up. In doing so, we present a
roadmap by which the performance of SP grown ZTO can be further improved to match and even

12,13

surpass the best PVD grown films without costly, energy-consuming vacuum conditions and

high voltages.



2 Experimental details

Full details of the chamber geometry, nozzle type, etc. employed in this work are reported else-
where.3% Key to the following discussion is that we only employ a simple gas blast nebuliser
(PNR, model 0331). All films were deposited on standard microscopy glass slides (Thermo Sci-
entific, 2.5x5cm, 1 mm thick). Precursors of Zinc chloride and Tin (II) 2-thylehexanoate were
dissolved in methanol keeping the total molarity constant at 0.05 M. The concentration of Sn and
Zn precursor was changed according to: cz;=x5,1:0.05 M and cgp=(1 — x0]) - 0.05 M, with x| var-
ied from 0.2 to 0.8 in steps of 0.05. These specific precursors were selected for their high solubility
in methanol, with no precipitation being observed and without need for any extensive stirring. The
solution was sprayed at a rate of 1.7 ml/min using a mixture of compressed air and nitrogen with
a gas flow of 17 I/min onto a heated substrate with a heater temperature of 450 °C. A gas com-
position of 95% nitrogen /5% oxygen was observed to give maximum performance of as grown
films. The temperature readings from the heater surface during the growth were taken using a type
K thermocouple (chromel vs. alumel) welded to the top of the hot plate. The heater temperature
was PID controlled during spray conditions within 10 °C. Due to the cooling effect of the gas
flow, actual substrate surface temperatures is assumed to be lower.

Room temperature electrical properties were determined via Hall measurements using Van der
Pauw methodology with silver wire contacts attached to the surface via silver adhesive. X-ray
diffraction (XRD) was used to verify the amorphous nature of all deposited films (see Supple-
mentary Information (SI) Figure S2). For films thinner than 120 nm X-ray reflection (XRR) was
employed to confirm precise film thickness. As XRR requires a low surface roughness, its use here
already indicates the high quality of the deposited films. Substantially thicker films (all in a range
of 200 nm) were measured by spectroscopic ellipsometry (Sopra GESP 5) using three incidence
angles around the Brewster angle (63°, 66°, 69°). Representative fits for the thickness determina-
tion by XRR and Ellipsometry are depicted in Figure 1(c, d). Morphology of the films was studied
by scanning electron microscopy (SEM) on a Zeiss SEM Ultra microscope with 3-5 keV electron

energies. Topography of the films was obtained by atomic force microscopy (AFM) (see SI Figure
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Figure 1: (a) Film composition as function of solution relative molarity. The orange dashed line
indicates the case of stoichiometric transfer from solution. As a guide, compositions consistent
with some calculated crystalline ZTO phases have been included; (b) Thickness vs. solution rel-
ative molarity; for thicker samples shaded in grey, thickness was obtained via ellipsometry (c)
Representative raw XRR data and corresponding fit (d) Representative raw ellipsometry data and
corresponding fit.



S4). Optical properties were measured via UV-Visible spectrophotometry (Perkin Elmer S650).
Thermal postgrowth treatments were carried out in full nitrogen atmosphere in a separate Bell-jar
chamber. The thin-film resistivity was measured in situ by four-point probe measurements using
spring loaded gold contacts in linear configuration with a Keithley 2400 source meter. The film
resistivity was recorded during a 50 °C — 290 °C — 50 °C annealing cycle with a total process
time of 15 min.?’

To evaluate the stoichiometry of the films, X-ray photoelectron spectroscopy (XPS) was used
(Omicron Multiprobe XPS; monochromized Al Ko source (XM 1000, 1486.7¢V); EA125 U5
analyser). Prior to measurement all films were sonicated in acetone and isopropanol with further
Ar ion etching (750 V; sputter current ~6 uA; pressure 1.5X% 103Pa; 10 min). This ensures the
removal of unreacted precursors on the surface. Total intensity of the Zn 2p and Sn 3p were
used in determining Zn/Sn ratio using CasaXPS (corrected for cross section and electron escape
depth, see SI Figure S1). As the sputter cleaning cycle can potentially induce chemical shifts
via surface band bending and/or preferential removal of oxygen, we do not attempt to deduce
oxygen content and oxidation state of Sn, assuming thermodynamically more stable Zn™? and
Sn** to be prevalent. We report the film composition in terms of the x value from the expression
(Zn0),(SnO,), — (0<x<1) 1 In this work we will refer to the composition of the film using xgp,

while the precursor solution cation ratio will be notated as xo). A complete stoichiometric transfer

from solution to film would result in xg,=xf1y, (orange dashed line in Figure 1(a)).

3 Results and discussion

Figure 1(a) compares the solution concentration with the Zn content found in the film. Stoichio-
metric transfer from solution to film is only observed at a high Sn content (x5, <<0.4). Once the Zn
content exceeds xyo; >0.4, the film composition remains relatively constant. For x4, >0.65 the Zn
content increases again. This is consistent with a kinetic limitation of film growth by the Sn molar-

ity. The surplus Zn within the solution is not incorporated, consequently a reduction of the growth



rate is seen (Figure 1(b)). This behaviour complicates the growth due to the high dependence of
the defect chemistry of a-ZTO on its Sn stoichiometry, with previous reports demonstrating that
the primary donor defect in a-ZTO result from under-coordinated metal Sn ions.?!' In the range
(0.4<x4,1<0.65), changing the cation ratio in solution does not significantly alter the composition,
but will alter the growth rate and hence defect formation in the films. As a consequence, films with
the same xg1y, exhibit different properties due to their differing x4 in their respective growth run.

The conductivity, carrier mobility, and carrier concentration of the films are displayed in Fig-
ure 2. Electrical performance of the films vary dramatically and, if shown in terms of film compo-
sition (xg1m ), a large scatter of the data is seen. Despite this, a clear general trend in conductivity,
dictated by carrier concentration, can be observed. It is important to note that at optimised growth
conditions, as-deposited films can already demonstrate degenerate conductivity of 304 S/cm and
carrier concentration 2x 10%° cm™3. This electrical performance is already comparable with sam-
ples grown via PVD!3?* and is only exceeded by reports utilising defect passivation by post-
growth treatments. !? This highlights the high potential of films grown via SP. To further increase
the performance of these films we need to identify both the limiting factor in these films perfor-
mance and, more importantly, the cause for the apparent scatter within films of otherwise similar
stoichiometry.

The carrier concentration was found to vary monotonically (see Figure 2c), with little scatter-
ing and is comparable, if not in excess, of values obtained by magnetron sputtering in our facil-
ities>* and elsewhere. '3 Conductivity variations were instead driven by large variations in the
mobility. Best samples show high mobilities with a maxima of 9-10 cm?/Vs being observed for a
wide range of film compositions, but this is a noticeable reduction from literature best values of
>16 cm?/Vs, 133235 which are achieved without special treatments.

Limited carrier mobility can occur due to defect scattering or macroscopic grain boundary
(GB) scattering. We refer to it as a GB despite the amorphous nature of the films. Previous studies
have demonstrated that there is an inverse relationship between the number of donor defects in

a-ZTO and its mobility at high levels of carriers. !> However, in these SP grown films a similar
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Figure 2: Dependency of electrical properties on film stoichiometry xg,: (a) conductivity, (b) Hall
mobility, (c) carrier concentration. (d) mobility as a function of a carrier concentration. Only the
carrier concentration is strongly dependent on the overall film stoichiometry. A subset of samples
with similar xqi, 1s highlighted in red. While they posses similar carrier concentration their
mobilities differ due to morphological differences in the films. The Sn-rich sample for xg;,,=0.25
(blue) does not follow the general trend due to an additional de-phasing of the film (see SI Figure

S2).
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mobility is obtained independently of the carrier concentration (see Figure 2d). In addition, it
can be observed that the maximum mobility occurs at high carrier concentrations, opposite the
expectation for a mobility limited by ionised impurity scattering. In addition, in most reported
studies of ZTO mobility is enhanced at Zn rich compositions, an effect not observed here. !>>* We
therefore suggest that for these SP grown samples, the mobility is hindered by a granular nature
of the films themselves. It should be noted that a granular structure does not imply a crystalline
material. At a simple level, SP deposition combines two processes: 1) individual nucleation of
dried up seed material from liquid phase growth within droplets and 2) a CVD type of growth
which increases the size of those nucleates within the atmosphere above the growing film and
after their adhesion onto the film.3® Therefore, SP films frequently demonstrate granular features
independent of the crystallinity. Grazing incidence XRD measurements have shown no discernible
crystalline structure in most cases (see SI Figure S2). Only the most Sn rich sample (x§1,,=0.25),
which also has anomalous electrical properties, exhibits a partial de-phasing of the films into SnO,
and a-ZTO in these conditions.

Figure 3 shows SEM images of a-ZTO grown via spray (a, b, ¢, d) and via magnetron sputter-
ing (e, f). A comparison of spray and magnetron grown films yield some immediate differences in
morphology, with magnetron films being continuous smooth films with no discernable structure,
while SP films demonstrate an observable granular structure. We attribute the overall lower mobil-
ity in spray grown films compared to magnetron ones to this granular structure, with the resulting
GB scattering being the limiting factor. It is important to note that the occurrence of a granular
structure is not necessarily a consequence of the SP method itself, but more likely arises from con-
straints introduced by the insufficient nebulisation of the solution in the utilised air-blast nozzle.
An improvement in the quality of deposited films could therefore simply be achieved by the use
of ultrasonic nebulisers known to produce smaller droplets and narrower droplet size distributions
which will help to achieve more CVD like conditions and minimise the morphological damage and
clustering of larger liquid droplets impacting the surface.

A comparison of data from SEM, XRR and AFM can be used to explain the observed mobil-



(c) x,=0.6 x;;, =0.38, p=8 cm?/Vs

Figure 3: (a-d) SEM images of a-ZTO with similar composition xg;,~0.38, from SP growth runs
with varying solution composition (b) has the highest conductivity of 304 S/cm and mobility value
of 10cm?/Vs; (a, c) are samples with lower conductivity of 220 S/cm due to lower mobility of
8 cm?/Vs. (d) is slightly more Sn rich and has an even lower mobility. (e-f) Magnetron sputtering
grown a-ZTO with varying film composition for comparison.
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Figure 4: XRR analysis of (a) rms roughness and (b) density as function of measured sample
stoichiometry. Displayed error bars are estimated by variation in fitting results using different
roughness models, fitting software, and range limitations, to account with the systematic errors
in XRR-analysis. Density of crystalline phases ZnSnO3 (01-077-4192), ZnO (01-070-8070) and
SnO; (01-071-53-24) phases have been taken from database and included for a comparison.

ity variations, most notably at xg,,~0.38. Figure 3 demonstrates that the surfaces of four spray
deposited films composed of a mixture of differently shaped particles that are closely packed. No
large macroscopic cracks and fissures are observed in these films, indicating that the issues do not
originate from substrate heating or cooling induced damage due to thermal mismatches and con-
sequent film delamination. The most noticeable difference is that the granular structure in samples
with lower mobility is more pronounced and individual grains appear more separated. Thus the
reduction in mobility is consistent with an increase in number of GBs or porosity in the film.

SEM images show the changes in morphology qualitatively but is supported by more quantita-
tive measurements using XRR and AFM. Least-square fits of the XRR measurements, mainly used
to determine the thickness, can also provide estimates for the root mean square (rms) roughness, as
well as density of the films. Figure 4 shows that best films around xg;,~0.38 are smoothest, while
the density of the films linearly depends on the Sn content. AFM measurements (see SI Figure S3
and S4) broadly confirm the general trend.

The granular structure of the film explains why SP grown samples show a lower mobility and
little dependence on the Zn content itself. In a GB restricted mobility model, an improvement in

transport in the material itself is not observed on the macroscopic transport once GB scattering is

11



650

100_'"I""I""I""I""I' LA B B B

I 600 e o ure ]
G r < s £ _
~ 550 = I T ]
i 70 | —+ .
2 500 £ - n 1 ] 1
8 . S eor T ]
o 450 3 50f + .
7] > H T 1
© 340 g dor o T = - ]
B 320 £ 30 _-A'V . + . Y N
L <

< 300 o Or (o . T . .
2804, o001 o L R T T T T S T N T
50 100 150 200 250 300 15 20 25 3.0 3.550x10"1.0x102°1.5x102°2.0x10%°

(a) temperature (°C) (b) rms roughness (nm) (c) n, (cm®)

Figure 5: (a) Changes in the sheet resistance of SP grown a-ZTO samples during annealing in
nitrogen atmosphere for two samples (x{1m=0.38, x41m=0.46). Improvement of the sheet resistance
during the anneal cycle as a function of the samples rms roughness (b) and carrier concentration

n. (c).

the dominant mechanism (1/u = 1/p1g, + 1/p;). In related crystalline material, such as ZnO, GB
scattering plays a major role in the transport, specifically in films with lower carrier concentration
and if the sample has been exposed to oxygen at elevated temperature. The latter leads to a large
number of trap states at the interface between grains, accompanied with a depletion layer within
the grain which becomes wider the lower the carrier concentration.3”-*%#! We suspect a similar
mechanism to be responsible for the SP grown a-ZTO.

Figure 5 shows the resistance change of two samples with xg;,,=0.38 and xg;,,=0.46 when they
are heated to 290°C in a full nitrogen atmosphere. This annealing temperature has been chosen to
be significantly below the nominal growth temperature in order to avoid potential recrystallisation
of the otherwise amorphous material. Similar to ZnO the sample resistivity is reduced irreversibly
once heated above 250°C, consistent with the exchange of oxygen species at the grain interface by
passivating N, molecules. Once cooled the improvement in conductivity remains, leaving the GB
passivated. As with ZnO the improvement is larger for samples with lower carrier concentration,
indicating the same mechanism.>3’ The improvement also scales with the rms roughness, showing
that more granular films with a higher surface area are more dramatically changed by the annealing.

Independent of the discussed changes in stoichiometry and morphology, all samples remain

highly transparent. UV-VIS transmittance and reflectance spectra, as well as the absorption co-
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Figure 6: (a) Transmittance and reflectance spectra of a 60nm thick film (x1,,=0.38). (b) absorption
coefficient for samples with varying xgjp,.

efficient calculated from 7', R, and the known film thickness are displayed in Figure 6. A high
transmittance in the entire range with a film related absorption tail, specifically for Sn-rich sam-
ples, is observed. The band gap of the films is above the glass substrate absorption edge and can
not be measured here. The increased absorption in Sn-rich samples has been previously seen in
a-ZTO films grown by other methods. >

We believe the above demonstrates the key role that chamber geometry plays in the optimisa-
tion of a-ZTO. We highlight that the film morphology in SP grown films strongly depends on film
growth rates and solution nebulisation, which in themselves depend on used molarity, chamber ge-
ometry and the type of nozzle. Smoother films are typically observed at reduced molarity, smaller
droplet size, and narrow droplet distribution. In the case of a-ZTO the additional challenge created
by the kinetic limitation of the Sn precursor results in a substantial change in a growth rate de-
pending on x4o), which has a knock on effect on the defect formation within the film. For instance,
observed higher carrier concentrations in the Sn rich regime, which show higher growth rates, but
may compromise the morphology, and hence carrier mobility, by creating rougher, more granu-
lar films. For this specific growth setup we therefore see an optimum conductivity for samples
balancing these two opposing trends. For other instruments, while the same chemical and kinetic

limitations are expected, the point for the optimum solution composition may vary. Understanding
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and accounting for the role of system limitations will thus be essential in optimising and enhancing

a performance of spray grown a-ZTO.

4 Conclusions

In summary, we demonstrated a successful growth of low roughness a-ZTO exhibiting a record-
breaking electrical performance amid films deposited by inexpensive chemical synthesis methods.
Careful control of deposition parameters is needed to tune composition and their electrical prop-
erties which is important for many applications. The resistivity values are found to be highly
competitive with PVD deposited samples despite the constraints arising from the specifics of the
utilised deposition system. We expect that more specialised system with a superior nebuliser could
help overcome these limitations to push conductivity of a-ZTO even higher. Despite the granu-
lar nature of the films, carrier mobilities of ~10cm?/Vs are acheieved. This bodes well for the
prospect of using a-ZTO in ink-jet printed films from a nanoparticle (NP) suspension. In that case
even room temperature deposition may be feasible as the NP synthesis could be decoupled from
the film deposition. Our results on granular amorphous samples grown by SP show that, while

there is a limitation in the transport, it is not as excessive as seen in other crystalline TCOs.
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