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thin �lms using a pilot SALD reactor was studied. The �lms were grown on Si
wafers and glass substrates using common ALD precursors DEZ, DI H2O and H2S
at process temperatures ranging from 110 to 150 ◦C. The industrial applicability
of SALD was investigated by studying the e�ect of increased substrate velocity
on the �lm growth. This led to higher deposition rates but shortened precursor
residence times. Also processing in elevated process pressures was studied to
gain further understanding on the phenomena which a�ect SALD processing in
atmospheric pressures.

The growth rate, uniformity, optical properties and elemental compositions
of the deposited �lms were studied. The employed SALD tool was con�rmed to
function in the ALD mode, and good quality �lms were deposited at all studied
process temperatures, substrate velocities and process pressures. However, all
process parameters signi�cantly a�ected �lm growth and their properties, and
further studies are required to optimize the deposition processes. The employed
SALD tool SCS 1000 was designed to coat large-area rigid substrates. The
application of SALD in the industrial-scale coating of CIGS solar cells, large
metal sheets and glass substrates with oxide and sul�de thin �lms could be
realized using similar equipment.

The results presented in this thesis provide an important reference on the
development of zinc-containing �lms deposited by SALD, and this thesis is the
�rst published report on the SALD processing of zinc sul�de.
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Tässä diplomityössä tutkittiin spatiaalisella atomikerroskasvatuksella (SALD)
valmistettujen ZnO-, ZnS- ja Zn(O,S)-ohutkalvojen kasvatusprosesseja sekä
ominaisuuksia. Kalvot valmistettiin pilottireaktorilla Si- ja lasisubstraattien
päälle käyttämällä lähtöaineina dietyylisinkkiä, ionivaihdettua vettä sekä rikki-
vetyä, jotka ovat hyvin tunnettuja ALD-kemikaaleja. Kasvatuslämpötilat olivat
110-150◦C. SALD-menetelmän soveltuvuutta teolliseen prosessointiin tarkasteltiin
kasvattamalla reaktorin linjanopeutta, mikä kasvatti pinnoitusnopeutta mutta
lyhensi prekursorin altistusaikaa, ja tutkimalla näin kasvatettujen kalvojen
ominaisuuksia. Lisäksi prosessipainetta kasvattamalla tutkittiin ilmiöitä, jotka
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toimivan ALD-moodissa, ja hyvälaatuisia kalvoja onnistuttiin valmistamaan kai-
kissa prosessilämpötiloissa ja -paineissa sekä kaikilla substraatin liikenopeuksilla.
Prosessiparametrit kuitenkin vaikuttivat kasvatettujen kalvojen ominaisuuksiin
ja laatuun, joten kasvatusprosessien optimointi vaatii lisätutkimusta.

Tässä työssä käytetty SALD-laite, SCS 1000, on suunniteltu jäykkien, pinta-
alaltaan suurten substraattien pinnoittamiseen. Samanlaista laitetta voitaisiin
soveltaa teollisesti esimerkiksi CIGS-aurinkokennojen, metallilevyjen ja suurten
lasisubstraattien pinnoittamiseen erilaisilla oksidi- ja sul�dipinnoitteilla.

Tämä työ on ensimmäinen julkaisu sinkkisul�din kasvatuksesta SALD-
menetelmällä.
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1 Introduction

Atomic Layer Deposition (ALD) is a thin �lm deposition method with emerging
applications in various �elds, such as depositing dielectric materials for electronics
[1�3], applying optical coatings for complicated geometries [4,5], fabricating various
nanodevices and structures [6], and depositing functional layers on photovoltaic cells
and for other energy applications [7�9]. The quality and conformality of ALD thin
�lms often surpasses the properties of �lms fabricated with other methods, such
as CVD or sputtering, but so far the wide-scale industrial application of ALD has
been limited [10]. The deposition rate of conventional ALD processing has been
"vertically challenged" i.e. �lm deposition rate measured in nm/min has been mere
fractions of that obtained with other coating methods due to reasons explained in
the later sections. The development of Spatial ALD (SALD) concepts has targeted
this issue and broadened the reach of ALD by o�ering fast, large-area processing
while maintaining high �lm quality [11, 12].

The development of ALD dates back a few decades, and there have been di�erent
perceptions regarding where ALD was �rst invented. A technique called Molecular
Layering (ML), which closely resembled modern ALD, was developed in the Soviet
Union in the 1960s, but a more credited origin is the introduction of so-called Atomic
Layer Epitaxy (ALE) by Dr. Tuomo Suntola for the fabrication of electroluminescent
displays in Finland in the early 1970s [13�15]. The �rst ALD-related patent, which
described the structure of an ALD reactor, was issued by Suntola et al. in 1974 [16].
The use of the term 'epitaxy' was later changed to 'deposition', as �lms grown by
ALD were rarely epitaxial in relation to the substrate. Since its invention, ALD has
been used to deposit a wide range of materials, such as oxides, sul�des, nitrides, and
metals, as well as nanolaminates, mixed structures, and hybrid inorganic-organic
thin �lms [10,17].

The �rst application of ALD was the fabrication of manganese-doped zinc sul-
�de (Mn:ZnS) thin �lms from zinc chloride (ZnCl2) and hydrogen sul�de (H2S) as
light-emitting layers in electroluminescent (EL) displays. EL display production was
started by Lohja Oy in Lohja, Finland in 1983, but the production was moved to
Olarinluoma, Espoo in 1984. The Olarinluoma EL factory was later run by Planar
Inc., and Beneq Oy continued the EL production from 2012 onwards. The Olarinlu-
oma factory still remains one of the world's largest ALD laboratories and production
facilities. [13�15]

Spatial ALD is a new development direction but de�nitely not a new invention:
even early ALD-related patents described reaction chambers which operated in the
same way as modern SALD reactors [16, 18]. However, recent industrial needs for
pinhole-free thin �lms and extreme uniformity combined with fast processing have
sparked an interest in the development and application of SALD. Spatial ALD is a
very promising method to push the speed of ALD cycling up even further, towards
the time scales of the gas-surface chemical reactions [19].

Zinc oxide (ZnO) is an interesting, versatile material with great potential for ap-
plications as a transparent conductive oxide (TCO), and its fabrication via ALD has
been studied extensively in the recent years [20�33]. Zinc sul�de (ZnS) is a feasible
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material for optical applications due to its high refractive index and high growth
rate in the ALD mode [34�39]. Dense and conformal zinc oxysul�de (Zn(O,S)) thin
�lms can be fabricated with ALD, and they show great potential for replacing toxic
cadmium sul�de (CdS) as bu�er layers in copper indium gallium diselenide pho-
tovoltaics [40�48]. Depositing all these materials in the SALD mode in continuous
operation would reduce processing costs and make their use industrially feasible,
which would allow for their use in mass-produced applications.

In this thesis the processing and properties of zinc oxide (ZnO), zinc sul�de
(ZnS) and zinc oxysul�de (Zn(O,S)) thin �lms deposited by a prototype sheet-to-
sheet SALD tool SCS 1000 were studied. The main goals of the thesis were to
1) perform a literature survey on the development of SALD processing, 2) prove
that ALD-like �lms can be deposited with the SCS 1000, 3) perform preliminary
process tests for zinc oxide and sul�de thin �lms at various process temperatures,
4) successfully deposit zinc oxide and sul�de thin �lms with faster line speeds and
in elevated pressures, and 5) de�ne a roadmap for further process development.

The properties of the �lms were investigated by single-wavelength ellipsometry,
UV-Vis spectrophotometry, and energy dispersive X-ray (EDX) spectroscopy. The
e�ect of the process parameters on the properties of the deposited materials were
investigated by studying the growth rate, refractive index, optical band gap and
elemental composition of the �lms.

First, it was investigated whether the studied processes functioned in the ALD
mode. The industrial scalability of the processes was tested by increasing the line
speed of the deposition process. In the near future an ambitious target is to apply
SALD processing in atmospheric pressures, which would simplify process integration
and reduce costs as the need for a vacuum chamber would be eliminated [12,49]. To
aim for this target we studied whether SALD processing of ZnO, ZnS and Zn(O,S)
with this tool was feasible in higher pressures.

The design, construction and testing of the SALD tool was carried out by Beneq
Oy within the PLIANT (Process Line Implementation for Applied Surface Nan-
otechnologies) project, funded by the European Union [50]. The aim of the project
was to develop the fabrication of nanostructured surfaces using atmospheric pro-
cesses with applications in three focus areas: energy storage, solar power generation,
and energy e�cient airplanes.

The theoretical background of ALD and SALD is discussed and a literature re-
view of the present state of SALD is presented in Chapter 2. An overview of the
process tool and sample fabrication is described in Chapter 3, and characteriza-
tion methods are described in Chapter 4. In Chapter 5 results of the conducted
experiments are presented. Conclusions and future interests regarding the research
conducted are discussed in Chapter 6.
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2 Background

An overall depiction of ALD is presented in this section. The properties of ZnO,
ZnS and Zn(O,S) thin �lms deposited by ALD are discussed, and spatial ALD along
with its recent developments and potential applications are reviewed.

2.1 Atomic Layer Deposition (ALD)

Atomic Layer Deposition (ALD) is a thin �lm deposition technique which is based
on sequential exposure of a substrate to process chemicals, commonly referred to as
precursors. A substrate is placed in a vacuum chamber in an inert gas �ow, and the
�rst precursor reacts with the substrate surface through a self-saturating gas-solid
reaction. Afterwards the excess precursor and reaction byproducts are purged from
the reactor. After the purging step the second precursor is introduced to the reaction
chamber, and the second gas-solid half-reaction at the surface takes place. After this
step the residual gases are, again, purged from the reactor, and process is continued
from the application of the �rst precursor. The principle of ALD cycling is presented
in Figure 1. [10,15,51]

Commonly used inert gases are nitrogen (N2), which is a�ordable and suitable
for most applications, and argon (Ar), which is used in special reaction conditions
[52�55]. The pulsing routine of conventional ALD, the ALD cycle, is presented in
Figure 1. Ideally one full ALD cycle produces a monolayer of material, but due to
various reasons such as steric hindrances from the ligands of the precursor, not all
reaction sites at the surface can be �lled with a single cycle [15].

Starting surface Surface reaction 1 Step 2: purge

Step 3: precursor 2 Surface reaction 2 Step 4: purge

Step 1: precursor 1

Figure 1: The ALD cycle consists of four steps: pulsing of the �rst precursor, �rst
purge step, pulsing of the second precursor, and the second purge step. The sequential
pulsing of precursors is characteristic for ALD processing. Adapted from [51].
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This digital application of reactant gases on the substrate is the source of the
unique advantages of ALD thin �lms. The thickness of the deposited �lm can be
controlled in the subnanometer scale only by alternating the number of ALD cycles.
Due to the saturating nature of the surface reactions ALD �lms are highly uni-
form and conformal, which enables the precise coating of high aspect ratio (HAR)
structures and powder materials, such as microchannels and nanoparticles [1,10,56].
Films deposited by ALD are also often pinhole-free, which is a property required in
e.g. thin �lm encapsulation applications [57,58].

ALD has many advantages over other thin �lm coating methods, but there are
also major challenges in the industrial implementation of ALD. The main drawback
of ALD is the fact that the purging step between precursor application is often
long, from parts of a second up to even tens of minutes. The purging step requires
more time to �ush the reaction chamber compared to the precursor pulsing, and the
purging step is often the limiting factor for the overall time of an ALD process. This
means that the growth of ALD thin �lms is slow measured in nm/s, but this can of-
ten be compensated with large batch sizes (nm/m2) due to the excellent uniformity
of ALD [10, 15]. However, many other faster thin �lm processing methods, such as
CVD, have been more feasible and cost-e�ective for use in industry in the recent
years [10,49]. But despite the slowness of the process, many applications have bene-
�ted from the high quality and precise thickness control of ALD �lms. For example,
the microelectronics industry has adopted ALD as a means of depositing high-κ
gate oxides in transistors [2]. The tunability of ALD �lms enables the fabrication of
optical coatings [4,5] and moisture barrier layers [59�66], and Al2O3 �lms deposited
by ALD have been used in the passivation of various types of solar cells [67�70].
ALD is also used in quite exotic applications such as fabricating EL displays and
protecting silverware with anti-tarnishing coatings. For example, Beneq Oy man-
ufactures electroluminescent Lumineq® displays [71], in which ALD processing is
vital, and has developed the nSILVER® process [72] for protecting silver jewelry
from tarnishing. 1

Many di�erent chemicals can be used as ALD precursors, but often organometal-
lic compounds are used in conjunction with small inorganic molecules, such as water
(H2O), hydrogen sul�de (H2S) and ozone (O3) [17]. An ideal example of an ALD
process is the sequential pulsing of trimethyl aluminum (TMA) and H2O, which
produces aluminum oxide (Al2O3). At suitable process temperatures, up to 300 ◦C,
the half reactions of applying TMA and H2O are irreversible and saturating, which
means that precursors are chemisorbed onto the surface, and that increasing the
length of the precursor pulses does not increase the growth rate [10, 15]. This tem-
perature range is called the ALD window, presented in Figure 2.

Below a certain temperature the chemical reactions may lack su�cient activation
energy, which is seen as a low GPC value. At low temperatures physisorption of
gas molecules on the surface without an actual chemical reaction might also occur,
which is a reversible reaction. At too high temperatures the reacted molecules may
decompose, which leads to loss of surface species, or the formed chemical bonds

1Lumineq® and nSILVER® are registered trademarks of Beneq Oy.
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Desorption,
decomposition

Insufficient energy,
physisorption

ALD Window

Temperature

Irreversible
saturative growth

Figure 2: An ALD window for a speci�c process is the temperature range in which
surface reactions are irreversible and saturating. In reality the growth rate within the
window never remains fully constant, but instead it can vary signi�cantly.

between the surface and the reacted precursor molecules might be broken. [15]
It should be noted that the existence of an ALD window for a speci�c process

is never certain, and that only relatively few processes work in an ideal ALD mode.
A common misconception is that the growth rate should be constant in the ALD
window. The growth rate can decrease or increase as temperature increases, or there
might be sudden discontinuity in an otherwise stable growth rate. It is also possible
that the growth rate does not follow a speci�c trend at all in the ALD window [15].
Finding an ALD process with suitable precursors and an ALD window in a suitable
temperature range is vital in applying ALD coatings in industrial use.

2.2 Zinc Oxide, Sul�de and Oxysul�de Thin Films by ALD

In the scope of this thesis, thin zinc-containing �lms fabricated by fast, large-area
spatial ALD were studied. In recent years, ZnO thin �lms have attracted increasing
interest as a potential material in e.g. thin �lm transistors, microelectromechanical
systems (MEMS), light-emitting diodes (LEDs), thermoelectric devices, and pho-
tovoltaics [20, 21, 24�33]. ZnO is a wide band-gap intrinsic n-type semiconductor
material with a direct band gap of 3.37 eV at room temperature [22,23]. ZnO crys-
tallizes in a polycrystalline hexagonal wurtzite structure. ZnO thin �lms are highly
transparent in the visible spectrum of light and their electrical properties can be
easily modi�ed, which means that they are attractive transparent conductive oxide
(TCO) materials. Due to the low toxicity, stability, and easy low-cost fabrication of
ZnO thin �lms, they could be used as an alternative for indium tin oxide (ITO).
For the industrial-scale deposition of ZnO the most used technology is sputtering,
but also chemical vapor deposition (CVD) and plasma-enhaced CVD (PECVD) have
been demonstrated to be viable high deposition rate methods. Other methods for the
synthesis of ZnO thin �lms are metal-organic chemical vapor deposition (MOCVD),
molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) [26]. The increas-
ing quality demands of microelectronics industry and the need to coat complicated
structures have led to an increasing interest for the deposition of ZnO by ALD,
which has been studied extensively. In the ALD of ZnO the most used precursors
are diethyl zinc (DEZ) and water (H2O) [17, 34, 73]. A further step for the easily
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scalable industrial deposition of high-quality ZnO thin �lms is the introduction of
spatial ALD (SALD) [74].

ZnO can be doped with e.g. group III elements B, Al, Ga and In, or with F, a
group IV element, to accurately control the charge carrier density. This is vital in op-
toelectronics and thermoelectric applications. Aluminum-doped zinc oxide (Al:ZnO)
has been studied most extensively, as Al-doping o�ers improved electrical conduc-
tivity while maintaining high transparency in the visible spectrum of light [75�78].
Al:ZnO could be used e.g. as a front electron in copper indium gallium selenide
(CIGS) photovoltaic cells, and it has also been demonstrated as a viable thermoelec-
tric material. ALD processing o�ers a simple control of layer deposition sequences,
which means that the doping of ZnO can be easily and accurately controlled. In
addition to ALD, Al- and In-doped ZnO �lms have also been succesfully deposited
by SALD by Illiberi et al., but not on industrially relevant substrate sizes [79�82].

ZnS thin �lms fabricated by ALD have mainly been used in thin-�lm electrolu-
minescent display applications and in optical applications [36]. ZnS is a crystalline
material which demonstrates cubic zincblende or hexagonal wurtzite structures, de-
pending on the processing temperature and pressure. ZnS is a semiconductor with a
direct band gap of 3.65 eV. At low deposition temperatures the cubic crystal struc-
ture is dominant. ZnS fabricated by ALD is an interesting material in many ways: it
is easy to fabricate from common precursors DEZ and H2S even at low temperatures,
and it has a high refractive index n and growth rate [34�37]. However, sulfur might
be a problematic element in components which contain silver, as the formation of
dark silver sul�de (AgS) patina is an unwanted process in many applications. Also,
the use of highly toxic H2S might be considered too risky in industrial facilities [38].
Other methods to fabricate ZnS include CVD, chemical bath deposition (CBD), and
spray pyrolysis [39].

The deposition of Zn(O,S) by pulsing ALD has been well studied [40�48]. Zn(O,S)
is fabricated from the same precursors as ZnO and ZnS by depositing ZnO and ZnS
cycles alternatively. For example, 5 ZnO cycles can be followed by 1 ZnS cycle and,
therefore, Zn(O,S) can be considered a mixture of ZnO and ZnS. In recent years
Zn(O,S) has been proved to be an interesting material as a bu�er layer in CIGS
photovoltaic cells [9]. The band gap of Zn(O,S) can be modi�ed from 2.6 to 3.8
eV by altering the ratio of O and S in the �lm, which can be easily done by ALD
processing [44, 48, 67]. Other Zn(O,S) deposition methods include chemical bath
deposition (CBD), sputtering, spray pyrolysis and molecular beam epitaxy (MBE),
but compared to these methods ALD o�ers the best composition control [44,83]. The
most common method in the deposition of Zn(O,S) is CBD, which is the only liquid
phase process in the fabrication of CIGS solar cells. Using in-line ALD to deposit
bu�er layers would be optimal for CIGS processing, as the liquid-phase process step
would be eliminated and composition control would be enhanced [84�86]. The ratio
of sulfur and oxygen a�ects the optical and electrical properties of Zn(O,S), and in
ALD the ratio can be easily tuned by the number of ZnS cycles [45, 48]. The ALD
of Zn(O,S) is often done at relatively low temperatures [48].
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2.3 Spatial ALD (SALD)

The main drawback of ALD is that it is a vertically slow process compared to other
thin �lm deposition methods, such as PECVD or sputtering [51]. The length of a
purging step in an ALD cycle can be very long at low temperatures, especially in
water-based processes due to the high sticking coe�cient of the H2O molecule [87].
Low temperature processing is especially preferred in many industrial applications,
such as OLED encapsulation, to lengthen the lifetime of the products by reducing
thermal budget of the processing [58]. Low temperature processes also reduce the risk
of material interdi�usion in the processed products [10]. To combine the bene�ts of
ALD processing at low temperatures with a high production rate, called throughput,
a modi�cation of conventional pulsing ALD, called Spatial ALD (SALD) has been
developed [11,12].

2.3.1 Overview

Spatial ALD is a modi�cation of the conventional pulsing ALD process which fa-
cilitates a signi�cant increase in ALD deposition rate, even at low temperatures. In
conventional ALD the substrate remains stationary in a reaction chamber, and gases
are exchanged in the reactor. In SALD the precursors �ow continuously and they are
spatially separated by an inert gas purging zone and exhausts to prevent the inter-
mixing of precursors in the gas phase. The substrate is moved between the precursor
zones, which replicates the conventional ALD pulsing cycle. [11] The di�erences of
spatial and conventional pulsing ALD are demonstrated in Figure 3. The SALD
concept was already invented in the 1970s, and even the �rst ALD-related patent
by Suntola et al. described the structure of a reactor which operated in the spatial
ALD mode [16]. The concept of SALD did not attract greater interest in 30-40 years,
but the need for fast, large-area deposition of ALD-quality thin �lms sparked the
academic interest and industrial development of di�erent SALD concepts.

Figure 3: The di�erences between conventional and spatial ALD. Figure (a) presents
the sequence of conventional ALD, in which the substrate is kept stationary. Figure
(b) shows the principle of SALD, in which the substrate is moved between precursor
zones that are isolated by inert gas barriers. Adapted from [11].
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In principle an SALD reactor is composed of two main components: a gas distri-
bution system often called the coating head, and a substrate moving system. These
components are usually installed inside a vacuum chamber, but the coating area
can be isolated from ambient air by e�ective inert gas zones [88]. The coating head
consists of many separate nozzles: precursor nozzles are separated from each other
by inert gas zones and exhaust lines, which guarantee that precursors are not mixed
with each other in the gas phase. The principle of a coating head structure is pre-
sented in Figure 4. Gasses are ejected from the nozzles towards the substrate plate,
and the �ow through each nozzle is optimized to ensure that the inert gas zones act
e�ciently as gas shields. It is also important that the exhaust lines have su�cient
conductance, so that the excess precursor and reaction products from precursor-
surface reactions are ejected before the surface is exposed to the second precursor.
When the coating head functions ideally, only the substrate under the nozzles are
coated, which means that there is no parasitic growth in reaction chamber walls or
the head itself. Coatings fabricated by pulsing ALD usually cover substrates from all
sides, and masking is needed if some areas are to be protected from the coating. In
SALD there is virtually no growth on the back of the substrate as precursors are in-
jected and ejected on one side of the substrate, which means that SALD is well suited
for applications in which one-sided coating of the substrate is bene�cial. [11, 12]

Precursor A Precursor B
Inert gas

zone
Inert gas

zone
Inert gas

zone

Substrate movement

Exhaust Exhaust Exhaust Exhaust

Figure 4: In spatial ALD precursor �ows are kept continuously on, which enables fast
in-line processing. Precursor zones are isolated from each other by inert gas zones
and exhaust lines. Di�erent areas of the substrate are exposed to the precursors at
di�erent times. In the �gure the substrate moves from left to right. Adapted from [11].

Spatial ALD has great potential in extending the range of applying ALD coat-
ings in industrial uses. SALD concept allows the construction of continuous process
lines and the implementation of roll-to-roll processing methods. Continuous pro-
cessing eliminates tool downtime due to heating, cooling, loading, and unloading,
which greatly increases the throughput of the process line. Due to the lack of par-
asitic growth in unwanted areas SALD reactors are, in principle, maintenance-free.
Precursor consumption can be optimized in SALD processing, as only the substrate
needs to be coated, which further reduces the costs of ALD processing. Using steady
continuous �ows means that very precise pulsing valves are not needed, which makes
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the equipment more reliable and a�ordable. [11,64,91] SALD technique also reduces
the risk of the coating process compared to batch-type pulsing ALD, especially when
the coating process is monitored with in-situ characterization methods. With con-
ventional ALD large batch sizes are �nancially more cost-e�ective than small ones,
as throughput in substrates per time unit can still be very high. However, there
is always a possibility of a malfunction in the reactor during the coating process,
which means that a notable number of products are scrapped. In SALD substrates
are essentially processed one by one, and the process can be immediately stopped if
the quality of the coating does not ful�ll requirements. In SALD the process speed
(the length of the ALD cycle) is not limited by the hydrodynamics of pulsing and
purging di�erent gases [19, 87]. SALD can reach deposition rates in the range of
nm/s, which is approximately 100 times faster than in pulsing ALD [55]. This is still
quite low compared to e.g. PECVD, in which the deposition rate can be even tens
of nm per second [92], but the superior conformality and uniformity of ALD �lms
can tip the scales in favor of SALD in industrial applications.

Spatial ALD o�ers fast processing of large area substrates, but it is still quite
limited to the coating of planar substrates [12]. This means that SALD cannot
replace conventional ALD in all coating applications, but it rather extends the reach
of ALD-quality coatings. One of the most important parameters in SALD is the
distance of the nozzle to the substrate [88], called the coating head gap, which is
almost impossible to control if the substrate does not conform to the surface shape
of the relatively large coating head. This shape is usually planar of cylindrical [11].
Due to the requirement for the accurate gap control other process steps should not
introduce signi�cant mechanical changes onto the substrate before the SALD step.
Controlling the gap is also challenging due to thermal expansion of the moving parts
inside the reactor. So far SALD processes have mainly used common precursors, such
as TMA, TiCl4, DEZ, and H2O, which have high vapor pressures [11], but in principle
other, more exotic chemistries could be used in the SALD mode too. Expensive
precursors could be better utilized in spatial rather than in pulsing mode, as more
of the precursor would go where it is needed. However, highly volatile precursors or
high temperature sources are needed to ensure that the precursor concentration in
the carrier gas remains constant in a continuous �ow.

2.3.2 Applications of Spatial ALD

Spatial ALD can be seen as an alternative, high-rate approach to achieving ALD-
quality thin �lms with reduced unit costs. Major applications of SALD include
ultra-high barrier coatings in �exible electronics and OLEDs, bu�er layers and an-
tire�ection coatings for solar cells, polymer sheet and textile functionalization, and
barrier coatings for packaging. These applications mainly bene�t from roll-to-roll
and sheet coating SALD systems, but rotary ALD reactors can also be used for
extremely fast processing of optical layers on small-area substrates.
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Barrier layers

SALD has great potential in applying gas permeation shields, also called barriers,
onto �exible substrates in the roll-to-roll mode or onto rigid substrates in the sheet
coating mode. ALD barrier �lms are dense and pinhole free, which enables them
to block atmospheric gases, such as H2O vapor and O2, from reaching the shielded
components. One of the simplest methods for measuring the barrier performance
of coated polymer �lms is a quantity called the Water Vapor Transmission Rate
(WVTR), which measures the permeation of water through the coated polymer in
g/m2/day.

Due to the environmental challenges, there is a growing demand for the replace-
ment of synthetic non-biodegradable polymers with more environmentally-friendly,
biodegradable materials in food and pharmaceutical packaging. Biodegradable poly-
mers often have low barrier properties, and in order to make these materials com-
mercially viable alternatives to plastics, their properties need to be enhanced to
match those of existing packaging solutions [57]. Previously packaging materials have
been coated with metallic aluminum deposited by Physical Vapor Deposition (PVD)
methods, such as vacuum evaporation. Metallic aluminum is not, however, trans-
parent, and thus interest regarding certain packaging applications has been directed
towards metal oxides. The use of ALD Al2O3 as a barrier layer for environmentally-
friendly packaging materials has been studied extensively [59�63], and the WVTR
requirement for the packaging of sensitive products is in the order of 0.1 to 0.01
g/m2/day [57]. Hirvikorpi et al. have shown that a 25 nm thick Al2O3 reduced the
WVTR of a biodegradable polymer from 64.4 to 1.4 g/m2/day [60], and large-scale
roll-to-roll SALD tools would be ideal for the coating process to aid the adoption of
ALD-coated biopolymers.

Also the electronics industry needs gas permeations barriers in many di�erent
applications. For example, organic light-emitting diodes (OLEDs) are extremely
sensitive to moisture and oxygen, and they lose their luminence quickly if their
structure is exposed to ambient air. Glass is an excellent barrier material, but using
glass would restrict the OLED products to rigid structures. One of the greatest
interests regarding OLEDs is the possibility to manufacture �exible displays, which
means using glass would rule out �exible applications. Metal oxide materials are,
when the �lm is thin enough and an organic protection layer is applied, also capable
of withstanding stress and bending, rendering Al2O3 deposited by ALD a promising
material for the OLED industry. In order to make OLEDs and �exible electronics
viable products, a WVTR value in the order of 10−6 g/m2/day should be reached
with the barrier layer [64,66]. High-quality �lms deposited by ALD are a good option
for reaching these barrier levels, and scaling up the throughput of �lm production
by SALD would reduce the costs of OLED processing signi�cantly [58]. SALD is also
attractive for the processing of OLEDs due to the possibility of fast low temperature
processing [53]. In conventional ALD of TMA and H2O, for example, the purging
steps are long at process temperatures below 100 ◦C. This leads to a large heat
load for the substrates, as processing takes a long time. The time required to heat
the substrate to the process temperature is signi�cant as well in these processes. In
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SALD the processing can be done much faster and one substrate at a time, which
reduces the risk associated with a coating batch and minimizes the heat damage for
each substrate.

Corrosion of metals is a worldwide economical and environmental challenge, as
corroded metal components need to be removed from instruments, replaced and
disposed of in an environmentally safe way. ALD and especially large-area spatial
ALD have applications in protecting metals from corrosion: e.g. Al2O3 and TiO2
can be used as protective coatings [52]. Protection of silver jewelry with invisible
anti-tarnishing ALD barrier coatings is already in use, as described earlier [72].

Functionalization of �bers and textiles

In addition to using ALD coatings to modify the gas permeation properties of a
material also the mechanical, optical and electrical properties of various materials
can be tuned by applying ALD thin �lms on them. For example, Lee et al. have
demonstrated that the tensile strength of spider silk can be greatly enhanced by in-
corporating transition metal atoms into the polymer structure [93], and Gregorczyk
et al. fabricated toughened cellulose with a similar principle [94]. The enhancement
of mechanical properties is enabled by metal atoms which can facilitate cross-linking
of polymer backbone structure. This was demonstrated in both studies by using com-
mon ALD precursors in the Multiple Pulsed Vapor-phase In�ltration (MPI) method,
which is very closely related to ALD [93]. Applying this modi�cation principle in
e.g. the functionalization of textiles in SALD-mode processing could prove to be
an interesting industrial application. Also producing nonwoven textiles with ALD-
modi�ed electrical or optical properties would enable technologies such as wearable
electronics and biosensors [95].

Photovoltaics

A major application �eld for ALD and SALD is the photovoltaics industry. Al2O3
deposited by ALD has been widely used for the rear surface passivation of pho-
tovoltaic materials, but also antire�ection coatings, bu�er layers and transparent
conducting layers grown by ALD have applications in photovoltaics [67]. So far slow
ALD processing has not been a �nancially viable method for the solar cell industry,
but the introduction of SALD shows great promise in decreasing the cost of high-
quality ALD coatings. A viable application for SALD is the deposition of bu�er
layers, such as Zn(O,S), on CIGS solar cells [41�48].

The structure of a CIGS solar cell is presented in Figure 5. The substrate can
be soda-lime glass or a �exible material, and molybdenum (Mo) is used as a back
contact. CIGS layer functions as an absorber, in which photons are converted into
electron-hole pairs through the photovoltaic e�ect and are separated from each other.
The bu�er layer can be made of various n-type semiconductor materials. The front
contact is made of Al:ZnO, which is a TCO material, and an intrinsic zinc oxide
(i-ZnO) layer protects the bu�er layer in the fabrication process. The structure can
additionally be capped with an antire�ection (AR) coating. [9, 83�86]
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Figure 5: Schematic of the structure of a CIGS solar cell. Adapted from [9].

Often cadmium sul�de (CdS) is used as the bu�er layer, but it has a low optical
band gap of 2.4 eV, which limits light conversion in the UV region of the solar
spectrum, as only some of the photons in the blue region of the solar spectrum
are collected. Many doped ZnO materials, such as magnesium-doped Mg:ZnO and
boron-doped B:ZnO can be used as bu�er layers, but Zn(O,S) has emerged as one of
the most attractive alternatives due to its facile fabrication and improved e�ciency
compared to CdS. Zn(O,S) has a high and adjustable band gap and it is signi�cantly
less toxic than CdS. [43�48]. CIGS solar cells could be made more e�cient and
safer and easier to recycle by replacing the cadmium in them. Spatial ALD is the
most viable deposition method for the deposition of Zn(O,S) bu�er layers, as SALD
combines the precise structure control and high quality of ALD �lms with high
deposition rate and fast processing. Roll-to-roll SALD could be used in applying
bu�er layer coatings on �exible CIGS solar cells.

Spatial ALD is a technique that has enormous potential and many uses in various
industrial applications, but so far many SALD tools have been small-scale devices for
research use or industrial pilot tools for very speci�c applications. In the following
part we describe di�erent SALD reactor designs.

2.3.3 Development of Spatial ALD Reactors

Despite the fact that the concept of SALD was patented decades ago, SALD pro-
cessing has started to attract greater interest only in the recent years. T. Suntola
and J. Antson described a SALD reactor-like coating device in the �rst ALD-related
patent in 1977 [16]. In a later patent published in 1983 T. Suntola et al. described a
reactor in which reactive gases were simultaniously inserted into a reaction chamber
from inlet and exhaust slits, presented in Figure 6, and these reaction zones were
separated by gas di�usion barriers which prevented the intermixing of reactants [18].
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The operating principle of many modern SALD coating heads is based on these early
patents.

Figure 6: The original spatial ALD concept patented by T. Suntola et al. in 1983.
Reprinted from [18].

The �rst peer-reviewed studies that demonstrated the application of SALD were
published by Levy et al. of Eastman Kodak in 2008 [88]. In the technological so-
lution, presented in Figure 7, the coating head was positioned tens of µm above
the substrate. With this concept a line speed of 3 m/min was reached. Their next
coating head design, presented in Figure 7b, was based on gas bearings: the sample
was positioned face down on a susceptor, and the gas curtain �ows supported the
sample hydrodynamically at a distance of approximately 30 µm from the coating
head. This approach, called close-proximity SALD, had the advantage of simple
processing in ambient pressures, as the small gap between the sample and the head
provided an e�cient gas curtain around the coating area, which isolated the reaction
zone from ambient air [11,88]. The device has been used in the study of Al2O3, ZnO
and Al:ZnO for thin �lm transistor (TFT) applications, but so far only coating of
small-scale samples with dimensions in the order of tens of millimeters have been
demonstrated [88�90]. Close-proximity SALD has been realized in many other ap-
proaches to spatial and atmospheric deposition, and in addition to Eastman Kodak
also ASM International and TNO, both located in the Netherlands, have patented
SALD concepts that rely on gas bearings [11].

In close-proximity SALD the precursor zones are very narrow and the gap be-
tween the head and the substrate is very small, which means that the systems require
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(a) (b)

Figure 7: Eastman Kodak spatial ALD coating head concepts. (a) Reprinted from
[88]. (b) Reprinted from [11].

extensive optimization and �ne-tuning of the process �ows. Also, the application of
close-proximity SALD is limited to �at substrates. A di�erent approach to spatial
ALD is rotary SALD, in which the substrate is placed on a rotating plate and
moved under separate precursor zones located in di�erent sectors of a circular area
and separated from each other by inert gas barriers [11]. The deposition rate can be
controlled by altering the angular frequency of the rotator, enabling high deposition
rates of up to nanometers per second. The rotary ALD concept has been proved
to function in atmospheric mode by TNO, whose reactor is presented in Figure 8a.
Illiberi et al. have reported the deposition of Al2O3, ZnO, Al:ZnO, Zn(O,S) and even
exotic compounds, such as InGaZnO, in atmospheric pressures [74,79,82,96,97]. The
deposition of mixed compounds was done by co-injecting two or more di�erent metal
or non-metal precursors from the same inlets, and the elemental ratios of the �lms
were controlled by tuning the precursor concentrations in the carrier gas [96,97].

Another realization of rotary ALD has been built by Lotus Applied Technology,
situated in the US. The principle of the Lotus AT Vortex rotary ALD reactor is
presented in Figure 8b. The device has been reported to function in medium vac-
uum conditions, which enabled that the gap between the precursor inlet and the
substrates could be made signi�cantly larger than in close-proximity SALD while
maintaining gas zone separation. The larger gap allows processing of irregularly
shaped substrates, while only planar substrates can be coated with close-proximity
SALD. The Vortex reactor relies on the application of plasma, and the processing
of TiO2, SiO2, Ta2O5, HfO2 and ZrO2 has been demonstrated [98]. Other industrial
suppliers of rotary SALD reactors have emerged as well. For example, the Lotus AT
Vortex design has been licensed by Beneq Oy, and Applied Materials in the US has
developed their own rotary ALD reactor [99].

Rotary ALD o�ers an extremely high growth rate for the fast processing of
individual samples and small batch sizes, but often only small-area samples can be
coated with rotary reactors. Also, continuous in-line operation is often not feasible
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(a) TNO Atmospheric Rotary SALD reactor [11]. (b) Lotus AT Vortex [98].

Figure 8: Rotary SALD reactor concepts by TNO and Lotus Applied Technology.

with rotary ALD. In order to coat large area substrates in a continous operation
mode, di�erent technological solutions have been presented. Roll-to-roll spatial ALD
(R2R SALD) concept aims to coat large area �exible substrates, such as polymer
sheets or metal foils, which are unwound from a roll and transported under a SALD
coating head. The gap between the �exible substrate and the coating head can be
secured to a constant value by applying tension in the substrate. R2R SALD has
been studied, for example, by Maydannik et al. [64, 100, 101], and many reactor
designs have been realized. Beneq Oy has developed the TFS 200R, which is a
research-scale tool which has the possibility of coating samples with an area of 300
mm × 100 mm [11], and WCS 600, a pilot reactor capable of coating 600 mm wide
�exible substrates in continuous operation [58, 102]. A schematic of the WCS 600
coating drum is presented in Figure 9c. A di�erent type of R2R SALD tool was
developed by TNO in 2012, in which the substrate supported by gas bearings is
moved slowly over a rapidly spinning precursor distribution system (Figure 9b) [91].
Lotus AT developed a R2R system, the Trans�ex Roll to Roll tool presented in
Figure 9a, already in 2008 [11], and researchers in Jeju National University in South
Korea built a R2R SALD tool for the deposition of gas di�usion barriers on polymer
substrates in 2014 [103].

Rearside passivation of solar cells is an application for SALD [55, 104]. To tap
into this market, Levitech and SoLayTec, both situated in the Netherlands, have
developed fast SALD tools for the passivation of crystalline silicon (c-Si) solar cells.
Both companies have employed a double-sided gas bearing system as the susceptor,
which enables minimal friction as substrates travel on N2 beds [105,106]. A schematic
of a Levitech SALD reactor is presented in Figure 10a. For these photovoltaics
passivation tools throughputs of over 3000 wafers per hour with an Al2O3 coating
ranging from 5 to 10 nm have been reported. In these in-line SALD tools the �lm
thickness can only be adjusted by changing the hardware, as wafers pass the coating
head only once.

However, the use of gas bearings to control the gap between the coating head
and the substrate and to facilitate the fast transportation of wafers is di�cult when
large-area glass or metal substrates need to be coated. In early 2016 Choi et al. of
Hanyang University and LIG INVENIA Co. Ltd, South Korea, reported of a high-
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(a) Lotus AT Trans�ex [11].

(b) TNO R2R concept [91]. (c) Beneq Oy WCS 600 [58].

Figure 9: Di�erent R2R SALD reactor concepts . Figure (a) presents the Trans�ex
R2R tool by Lotus AT. Figure (b) presents a R2R concept by TNO. In Figure (c) a
schematic of the WCS 600 tool be Beneq Oy is presented.

rate SALD tool which had the possibility to coat glass substrates with an area of
370 mm × 470 mm using an ozone based Al2O3 process [53]. The tool is shown in
Figure 10b. In their study they reported of a coating speed of 7 nm/min with a
substrate moving speed of 48 m/min, and demonstrated the thin �lms grown with
the tool as e�ective OLED moisture barriers. Process temperatures ranged from 60
to 100◦C and the gap between the substrate and the precursor injection systems
was in 1-4 mm, up to 100 times higher than the gap in close proximity ALD. These
longer distances between the head and the substrate are preferred in many industrial
applications, as tool design and maintenance are easier than with micrometer-scale
gaps that ought to be constant over a length of a few meters. The study published by
Choi and co-workers is the �rst demonstration of industrial-sized glass coating with
SALD. Also Beneq Oy has developed a SALD tool, presented in detail in Chapter
3.1, for the coating of rigid metal and glass substrates.
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(a) Levitech SALD concept [105].

(b) SALD tool capable of high deposition rates by Hanyang Univer-
sity and LIG INVENIA Co Ltd [53].

Figure 10: (a) SALD concept by Levitech Netherlands for the passivation of Si solar
cells. The wafers move on gas bearings and are coated with Al2O3. (b) Large-area
SALD tool by Hanyang University and LIG INVENIA Co Ltd designed for the de-
position of protective coatings on OLEDs.

2.3.4 Atmospheric and High Pressure Spatial ALD

An important goal for SALD is to develop concepts which would enable high-speed
processing of ultra-high quality thin �lms and function in normal ambient pressures.
Illiberi et al. have used the term Atmospheric Spatial ALD to describe SALD de-
vices that do not necessarily need vacuum chambers, but in which the precursors
are separated from the ambient air with e�cient inert gas curtain �ows [11]. Atmo-
spheric processing would provide signi�cant savings in industrial scale, as no vacuum
chambers would be needed. Also maintenance would be very simple, as the SALD
tool would e�ectively consist of just the coating head. The concept of atmospheric
thin �lm processing has already been realized with e.g. PECVD [92], but the devel-
opment of atmospheric ALD processing has had various challenges. In atmospheric
pressures the uniformity and conformality could be an issue as the �ow of precursor
molecules towards the surface can be hindered by other molecules. The lack of a
vacuum chamber can also expose the substrate to contaminations, which can lead
to defects and pinholes in the deposited �lms.
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Despite the challenges that atmospheric processing faces, atmospheric SALD has
already been realized for small area substrates. Poodt, Illiberi et al. have reported
successful atmospheric SALD processing of Al2O3 passivation layers and various
Zn-containing materials using a research-scale rotary reactor operating in ambient
pressures [74, 79, 82, 87, 96, 97, 107]. Scaling up the deposition area for atmospheric
SALD is a signi�cant research interest [19], and it is close to its industrial break-
through.

ALD processing in higher pressures might have other advantages too, due to
the fact that precursor partial pressure and concentration is a parameter that can
a�ect the ALD process. The physical properties such as conductivity and elemental
distributions as well as the growth rate of the deposited thin �lms can be drastically
altered by di�erent precursor partial pressures [74, 108]. Precursor partial pressure
is also important in the coating of HAR structures, which contain long and narrow
channels. Usually long precursor pulses in pulsing ALD are employed to facilitate
the coating of HAR structures, but the higher the precursor partial pressure, the
shorter the time that is needed for the precursor molecule to di�use into these
structures [109].

In this thesis the term High Pressure ALD is de�ned as ALD performed in
signi�cantly higher pressures than conventional pulsing ALD, in which pressure is
usually in the mbar range. Elevated process pressure, achieved by tuning the �ow
balance in the reaction chamber, can be used to increase the absolute precursor
pressure. Absolute precursor pressure can also be increased by increasing the carrier
gas �ows while keeping the �ow through the exhaust line constant. In SALD the
control of the precursor partial pressure in a continous �ow can be achieved, for
example, by heating the precursor source, which leads to higher vapor pressure and
dose. Through the increase of precursor partial and absolute pressures SALD could
thus be used in the coating of HAR structures embedded on planar substrates.

One of the major interests for the scope of this thesis was to study the fea-
sibility of high pressure processing with an SALD reactor as a roadmap towards
understanding the mechanisms of gas-surface reactions in atmospheric spatial ALD.
Ultimately, the work conducted in this thesis aims for the application of SALD in
the fast deposition of ZnO for many TCO applications, the deposition of Zn(O,S)
bu�er layers with easily controllable sulfur content on CIGS solar cells, as well as
the deposition of ZnS for optical structures in elevated pressures.
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3 Materials and Experiments

In this section a technical overview of the SALD tool SCS 1000 is given and sub-
strates, precursors and sample fabrication methods are described. Also the process
conditions and di�erent precursor application con�gurations are presented in detail.

3.1 SCS 1000 Spatial ALD Tool

The Sheet Coating System SCS 1000 is a pilot spatial ALD tool designed by Beneq
Oy for the fast and large-area coating of rigid substrates, such as glass and metal
plates. A photograph of the installed tool and a schematic describing the position of
the coating head and the substrate carrier are presented in Figure 11. The maximum
line speed of the SCS 1000 tool is 30 m/min, with a deposition rate in the order or
12 nm/min for an Al2O3 process on an area of 400 mm × 500 mm.

Substrate on
a moving carrier Stationary ALD

coating head

Figure 11: Left: SCS 1000 sheet-to-sheet spatial ALD tool installed at the Beneq
production facilities in Espoo. Right: model image of SCS 1000 without the vacuum
chamber door. ©Beneq Oy 2016.

The coating mechanism of SCS 1000 is based on the principle described in Figure
4. Gases are ejected from the separate nozzles towards a rigid substrate, which is
positioned on a moving substrate carrier. The gap between the coating head and
the substrate is �xed to approximately 1 mm. Precursor zones are separated from
each other by N2 curtain �ows, and the whole coating area is isolated from the
vacuum chamber with similar N2 barriers. The substrate plate is moved back and
forth under the coating head, which replicates the ALD cycle sequence. The area
that is fully covered by all the precursor nozzles, called the active area, is 400 mm
× 500 mm. A zone of gradually reducing �lm thickess occurs at the horizontal edges
of the deposition area due to partial exposure of the substrate to the coating head.
In the initial ramp-up of the tool stainless steel plates with dimensions of 0.8 mm ×
1540 mm × 670 mm were used as substrates, but in later process tests similar sized
stainless steel plate adapters with slots to �t in glass substrates and Si wafers were
used.
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The coating head of the tool had a total capacity of 11 nozzles: 5 for the metal and
6 for the nonmetal precursor. In this thesis only 3 metal and 4-5 nonmetal nozzles
were used to achieve a desired nominal mixing ratio in the deposition of Zn(O,S) [67].
Liquid precursor (DEZ and H2O) bottles were situated in a precursor bottle holder
equipped with a water cooling system in the precursor cabinet. The dose of the
liquid precursors was controlled with needle valves. H2S bottle was positioned inside
a separate cabinet designed to contain toxic gases. Precursors were supplied and
distributed to the coating head with a speci�cally designed feed line system, which
enabled simple changing of the precursor nozzle con�guration.

3.2 Sample Fabrication

Polished Si wafers (100 mm in diameter) were used as sample substrates for ellip-
sometry and EDX measurements. Boron silicate glasses (dimensions 0.3 mm × 100
mm × 100 mm) were used as substrates for samples fabricated for UV-Vis mea-
surements to study the optical properties of the deposited �lms. The Si wafers were
used without wet etching, which was deemed suitable for the characterization of
ALD-deposited �lms. The glass substrates were washed and dried in the Beneq Oy
clean room facilities with a glass cleaning process. Compressed air was used to clean
both substrates of particles prior to the deposition.

Samples were positioned on the substrate plate in the sample slots of the sub-
strate adapter on dummy glass plates. The positions of the slots relative to the active
area are presented and a photograph of the deposition area is shown in Figure 12.
Sample slots L, M, and R refer the Si wafer positions, and LG as well as RG refer
to glass substrates on left and right edges of the active area. Only sample positions
M and LG were used to study the deposited materials. Uniformity studies of the
whole active area, while essential in process development, were beyond the reach of
this thesis.

3.2.1 Precursors and Surface Reactions

Well-known ALD chemicals were employed in the SALD reactor. ZnO, ZnS and
Zn(O,S) thin �lms were fabricated using DEZ (Zn(C2H5)2, Volatec Oy), H2S (AGA
Oy), and deionized H2O puri�ed in the Beneq facilities as precursors. DEZ is a
spontaneously combustible organometallic compound and H2S is a highly toxic gas
with an LC50 of approximately 700 ppm, and thus safe chemical handling was of
utmost importance [38,54]. These precursors were selected as they are a�ordable and
readily available from industrial distributors, which is suitable for easily scalable fast
SALD processing. DEZ and H2O precursors were kept at a temperature of 20◦C. The
vapor pressure of DEZ at this temperature was 16.3 mbar, and the vapor pressure of
H2O was 23.3 mbar. The temperature of H2S was not regulated, as H2S was stored
in a pressurized container.
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Figure 12: The active area of the coating is 400 mm × 500 mm. At the horizontal
edges of the substrate there is a sacri�cial area, which is only partially exposed to
the coating head. Only the Si wafer in the M position and the glass substrate in LG
position were studied. Photograph on the right: ©Beneq Oy 2016.

The ALD of ZnO from DEZ and H2O can be described with the following half-
reactions [26, 43,76]:

I OH* (s) + Zn(C2H5)2 (g)→ O�Zn�C2H5* (s) + C2H6 (g)

II Zn�C2H5* (s) + H2O (g)→ Zn�OH* (s) + C2H6 (g),

in which * describes the surface species and (s) and (g) refer to solid and gas phases
of the materials. The deposition of ZnS occurs rather similarly as that of ZnO via
the following chemical reactions of DEZ and H2S [35�37,43]:

I SH* (s) + Zn(C2H5)2 (g)→ S�Zn�C2H5* (s) + C2H6 (g)

II Zn�C2H5* (s) + H2S (g)→ Zn�SH* (s) + C2H6 (g),

where * denotes the surface species. Zn(O,S) can be deposited by alternating between
ZnO and ZnS reactions described above, but often the sulfur content in the �lms is
higher than the ratio of the ZnO and ZnS sequences. This dominating ZnS growth
can occur due to the fact that H2S etches away ZnO [42, 43]. Therefore, tuning the
sulfur content in Zn(O,S) thin �lms requires careful calibration, especially at varying
process temperatures [48].
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3.2.2 Run Parameters

ZnO and ZnS �lms as well as Zn(O,S) �lms with varying sulfur content were de-
posited using the SCS 1000 tool. The precursor nozzle con�guration for each de-
posited material is presented in Figure 13. The precursors were separated from each
other and other parts of the reaction chamber by N2 �ows. ZnO was deposited by
moving the substrate below 4 H2O and 3 DEZ nozzles. For the deposition of ZnS
the H2S line was connected to the nonmetal nozzles, thus the setup was similar to
the ZnO con�guration. Therefore, each full sweep under the coating head provided
three ALD cycles in these setups. DEZ was injected with a concentration of 0.068
mmol/l in the carrier gas, while the concentration of H2O in the carrier gas was
1.08 mmol/l. In the deposition of ZnS the H2S concentration in the carrier gas was
approximately 0.22 mmol/l, and in Zn(O,S)x processing the H2S concentration was
varied.

N2 DEZH2O N2 N2 DEZH2O N2 N2 DEZH2O N2 N2 H2O N2

ZnO

(a)

H2S

ZnS
N2 N2 N2 N2 N2 N2 N2 N2H2S H2S H2SDEZ DEZ DEZ

(b)

Zn(O,S)x
DEZ DEZ DEZH2SN2 N2 N2 N2 N2 N2 N2 N2 N2H2O H2O H2OH2O

(c)

Figure 13: Di�erent nozzle con�gurations for the deposition of ZnO, ZnS, and
Zn(O,S)x. One full sweep under the coating head equaled three ALD cycles.

In the case of Zn(O,S) deposition the ZnO setup was used, but an extra H2S
nozzle situated at the edge of the coating head was taken into use. Therefore, a
sweep from left to right terminated the surface with H2S, and afterwards 3 cycles
of ZnO were deposited. When the substrate was moved back from right to left 3
cycles of ZnO were deposited, followed by a H2S doping step. The H2S nozzle was
situated next to a H2O nozzle to ensure that H2S was always applied on a H2O
terminated surface, which regulated the rate at which H2S etched away already
deposited ZnO [43]. The sulfur content in the Zn(O,S) �lms was controlled by tuning
the concentration of H2S in the carrier gas �ow with a mass �ow controller (MFC)
situated in the H2S line. Values for the H2S concentration x were 0.27, 0.45, 0.89 and
4.46 mmol/l, and throughout this thesis the deposited oxysul�des are di�erentiated
from each other by x. The deposited �lms are referred to as Zn(O,S)x, which means
Zn(O,S)0.45 refers to a �lm deposited with a H2S concentration of 0.45 mmol/l.
This nozzle con�guration could be a viable option for an industrial bu�er layer
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deposition process, as the con�guration potentially o�er a simple way of tuning the
sulfur content in the deposited �lms. There are also other viable methods in tuning
the elemental ratios of the deposited thin �lms processed by SALD, discussed in
Chapter 6, but in the scope of this thesis the �ow-controlled side-feed of H2S was
focused on due to its simple installation procedure.

The process parameter combinations for the di�erent experimental series, labeled
ALD-like growth, T , τ and P series, are presented in Table 1. In the experiments the
�rst step was to verify that ZnO and ZnS exhibit ALD-like growth i.e. �lm thickness
increased linearly as a function of coating cycles. After this the e�ects of three process
parameters on the deposition of the thin �lms were studied in separate experimental
series. In the �rst series the temperature dependence of deposition parameters and
�lm properties was studied by growing ZnO, ZnS and Zn(O,S)x at 110◦C, 130◦C,
and 150◦C. These temperatures were studied as the structural temperature limit for
SCS 1000 is 150◦C. In this thesis process temperature was referred to as the setpoint
of the thermal elements which heated the coating head and substrate carrier.

Table 1: The matrix for the design of experiments. Between di�erent experimental
series one parameter was varied, while others were kept constant.

Experimental series T [◦C] τ [ms] P [mbar]

ALD-like growth 110 157 50

110 157 50
T 130 157 50

150 157 50

130 157 50
τ 130 94 50

130 67 50

130 157 50
P 130 157 180

130 157 380

The second experimental series focused on increasing the line speed of the SALD
processing and studying how it a�ected the quality of the �lms. The deposition
rate of SALD processing can be increased by moving the substrate faster under the
precursor zones. It is bene�cial to maximize the line speed of the process, but it is also
essential to ensure that the chemical reactions have enough time to function in ALD
mode, and that the movement of the substrate plate does not induce intermixing
of precursors due to dragging molecules from one zone to another [101]. The ALD
cycle time depended on the susceptor speed i.e. the speed at which the substrate
was moved back and forth under the coating head. The susceptor speed determined
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the time of precursor exposure, called the residence time τ , which was essentially the
precursor pulsing length. The utilized susceptor speeds corresponded to τ values of
157, 94, and 67 ms, which corresponded to shorter cycle times than in conventional
ALD reactors. Process temperature and pressure were kept constant.

The third altered process parameter was the vacuum chamber pressure in which
the deposition occurred. Process pressure P is an important parameter in SALD
processing, as close to atmospheric processing pressures would enable the SALD
concept to be easily used in atmospheric in-line applications, and P also in�uences
the precursor partial pressures in processing with SCS 1000. In these experiments
P was controlled by adjusting the balance of precursor, inert gas and exhaust �ows.
With initial �ow settings P was in the order of 50 mbar with normal process �ows,
and pressures of 180 and 380 mbar were also studied. In the scope of this thesis
the e�ect of increased pressure was only characterized as a function of total process
pressure, and line speed and process temperature were kept constant.
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4 Characterization Methods

The deposited thin �lms were characterized using single-wavelength ellipsometry,
UV-Vis spectrophotometry, and Energy Dispersive X-Ray (EDX) spectrocopy. The
studied deposition and material characteristics of the �lms were growth per cycle
(GPC), non-uniformity d%, refractive index n and optical band gap Eg for all ma-
terials. For Zn(O,S)x also molar elemental ratios S/Zn were determined.

GPC is a meaningful parameter for the study of ALD processes, since information
about the saturation of the surface half-reactions can be deduced from the GPC
value. Unusually low GPC values could be an indication of too low or too high
thermal energy for the ALD process, or precursor dose might be insu�cient [10,15].
Especially in SALD nonuniformity d% describes how precursor gasses are spread
from the nozzle to the substrate. If d% increases heavily, it might be an indication
that some areas of the substrate are exposed to di�erent concentrations or partial
pressures of the precursor. n and Eg are important optical parameters in many
applications, as they describe the interactions between light and the material. The
elemental ratios in �lms are directly related to many physical properties of the
materials, such as refractive index and absorption properties.

4.1 Single-Wavelength Ellipsometry

Ellipsometry is an optical measurement technique in which changes in the polariza-
tion of light are measured when light is re�ected or transmitted from a material.
Changes in the polarization of light are characterized by the amplitude ratio Ψ and
the phase di�erence ∆ between p- and s-polarized light. The name 'ellipsometry' is
derived from the measurement process: linearly polarized light often becomes ellipti-
cally polarized upon re�ection. Ellipsometry data analysis is based on measuring Ψ
and ∆ of an optical signal re�ected of the studied material and solving the equation

tan Ψ ei∆ = ρ(n0, n1, n2, d, θ0), (1)

in which ρ is the re�ectance ratio of p- and s-polarized light, n0 is the refractive
index of air, n1 the index of the studied thin �lm, n2 that of the substrate, d the �lm
thickness, and θ0 the incidence angle of the light [110]. In the measurement process
a light beam, in this case a laser beam with a wavelength of 633 nm, is directed to a
polarizer and re�ected from the sample with θ0 being 70°. The re�ected beam goes
through an analyzer with a known polarization axis and is directed to a detector.
The measurement can be done using multiple values for θ0, which increases the data
that can be used to solve the equation and can yield a more reliable result. The
measurement parameters as well as a schematic of the measurement components
are presented in Figure 14.

Ellipsometry is a versatile, fast, and non-destructive measurement method and
most materials, such as dielectrics and metals, can be measured with minimal modi-
�cation of measurement conditions. A major advantage is that the technique can be
used in measuring e.g. a thin �lm deposition process in-situ. The main restrictions
of the technique are that the surface roughness of the studied sample needs to be
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Figure 14: Schematic of the single-wavelength ellipsometry measurement. Adapted
from [110].

small, and that the measurement needs to be performed at an oblique incidence an-
gle, which depends on the optical properties of the sample. The ellipsometry method
is inherently indirect, which means that an optical model containing estimates for
n and d needs to be constructed prior to the measurement. [110] Data analysis of
the measurement results is often complicated, but usually ellipsometry instruments
are provided with in-built analysis software. Spatial resolution of the measurement
is small, as laser beams with a mean diameter of millimeter scale are often used,
but the fast measurement process makes multi-point mapping of sample surfaces
feasible. Also, the numerical methods that are used to solve Equation 1 have a sen-
sitivity regime, which means that they can not solve certain combinations of n and
d. In the case of an unoptimal combination of n and d the aforementioned multiple
angle measurement can be used.

Ellipsometry can be used to probe many material characteristics, such as crys-
tallinity and composition, but it is often used in determining the thickness d and
refractive index n of deposited thin �lms [110]. In this thesis, in addition to d and n,
ellipsometry was used to study the uniformity of the deposited �lms on a 100 mm
Si wafer. Thick �lms of ZnO, ZnS, and Zn(O,S)x were di�cult to analyze with the
ellipsometer software, so a three-angle measurement with θ0 being 50, 60 and 70°
was used to obtain more data of Ψ and ∆ for these samples. The n obtained from
this measurement was used as an estimate in mapping the sample substrates. A
parameter called non-uniformity d% de�ned with the following formula was studied:

d% = dmax − dmin

2 · 1
j

∑j
i=1 di

· 100%, (2)

in which dmax and dmin were the maximum and minimum thicknesses of a certain
sample and j was the number of measurement points.
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4.2 UV-Vis Spectroscopy

When light hits a surface there are three physical phenomena which can occur:
the light �ux can be transmitted or re�ected from the interface or absorbed in the
material [111]. Transmittance T (λ) is a quantity which describes the amount of light
which goes through the studied thin �lm as a function of the wavelength of light λ,
while re�ectance R is de�ned as the amount of the re�ected light compared to the
intensity of the incident light �ux. Absorption coe�cient α describes the amount of
photons which are absorbed into the material, and it can be calculated from T and
R spectra.

Transmittance and re�ectance spectra of the samples were measured in a wave-
length range of 350-1050 nm with a HunterLab Ultrascan PRO spectrophotometer
using a 0.19 inch aperture for incident light. All substrates were measured in the
same area, and only one measurement per sample was conducted. Therefore, varia-
tions in the optical properties of the thin �lms at di�erent areas of the samples were
not considered in the reach of this thesis.

4.2.1 Refractive Index

Refractive index n is a physical material property which is fundamentally related
to the electronic properties of the atoms in a material. n describes light-electron
interactions, and it is de�ned with the following equation

n = 1 + Nq2
e

2ε0m(ω2
0 − ω2) , (3)

where N is the number of charges per unit volume, qe the charge of an electron, ε0
is the permeability of vacuum, m the mass of an electron, ω0 the resonant frequency
of an electron bound in an atom and ω is the angular frequency of the incident
light [112]. N is directly proportional to the number of electrons in an atom, but
it is also proportional to the density of the material: the higher the density is, the
higher also N is. This information can be used in approximately comparing the
properties of a material deposited with varying process parameters, as changes in
the �lm composition and density can be seen as changes in n.

The refractive index n usually decreases as the wavelength is increased. Cauchy's
relation is a simple empirical model which describes the relationship between n and
λ:

n(λ) = B + C

λ2 + D

λ4 . . . , (4)

in which B, C and D are constants [113]. Often using the �rst two terms of the
relation yields an accurate approximation of n(λ).

The refractive indices of ZnO, ZnS, and Zn(O,S)x �lms were determined from
their transmittance spectra by �nding the parameters B and D in Equation 4 using
OptiChar software (OptiLayer GmbH). Also the physical thickness d of the �lms
deposited on glass were determined with the same software.
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4.2.2 Absorption Coe�cient and Optical Bandgap

The optical band gap Eg of semiconducting materials can be determined graphically
from Tauc plots. The absorption coe�cient α of a material is determined from
transmittance and re�ectance and the quantity (αhν)2, in which h is the Planck
constant and ν the photon frequency, is plotted as a function of photon energy E.
This method has been widely used in literature to determine the optical band gaps of
ZnO, Zn(O,S) and ZnS �lms grown by ALD [38,43,45,48]. The absorption coe�cient
α can be calculated from T (λ) and R(λ) spectra with the following formula:

α = 1
d
· ln 1−R(λ)

T (λ) , (5)

in which d is the �lm thickness [114]. Eg can be determined from the Tauc plots
by �tting a line in the linear regime of (αhν)2 plotted against E. The optical band
gap Eg approximately corresponds to the photon energy at the intersection point of
the �tted linear curve and the energy axis. An example of the graphical evaluation
of the optical band gap is presented in Figure 15. This method of determining the
optical band gaps of the deposited �lms is not very accurate, but it o�ers a simple
way of characterizing changes in the absorbing properties of the �lms.
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Figure 15: Approximating the optical band gap for a Zn(O,S)0.45 sample deposited at
150◦C from a Tauc plot. Eg was determined to be 3.19 eV.

4.3 Energy Dispersive X-Ray Analysis

Energy Dispersive X-Ray Analysis (EDX) can be used to study the elemental com-
position of samples. The technique is based on identifying characteristic X-rays that
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are emitted from the studied sample due to the bombardment of the sample with
high-energy electrons. The high-energy electrons kick out electrons from the inner
energy shells, which are referred to as secondary electrons, of the target atoms.
These vacancies in the inner shells are �lled with an electron from an outer shell. As
a result an X-ray photon γ with an energy de�ned by the energy di�erence ∆E of
the inner and outer shells is emitted and collected to a detector [115,116]. An EDX
setup is often mounted to a Scanning Electron Microscope (SEM). The principle
of EDX operation and the used equipment in the Aalto University OtaNano Na-
nomicroscopy Center as well as an example EDX spectrum are presented in Figure
16.
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Figure 16: (a) Formation of a characteristic X-ray photon γ due to secondary elec-
tron emission and the relaxation of a higher energy electron. (b) JEOL-SEM 7500F
SEM equipped with EDX at the Aalto University Nanomicroscopy Center, part of
OtaNano. c) An example of an EDX energy spectrum, measured from a Zn(O,S)0.45
sample.
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Di�erent energies of the X-ray photons correspond to di�erent elements in the
sample, and by studying the energy spectrum of the characteristic X-rays the el-
ements can be identi�ed. Elemental distributions can also be calculated based on
the counts of characteristic X-ray photons obtained. In this thesis EDX analysis
was used to probe the molar ratios of Zn, O, and S in the studied oxysul�de �lms,
but also to observe whether the �lms contained carbon, which might have been an
indication of reaction by-products or ligands of DEZ being incorporated into the
�lms.
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5 Results and Discussion

ZnO, ZnS, and Zn(O,S)x �lms were deposited with the process parameter combi-
nations described in Table 1. Initial tests were performed to demonstrate that the
�lms grew in the ALD mode. Next, the growth rate, uniformity, refractive index
and optical band gap of the �lms grown at di�erent temperatures were studied. For
Zn(O,S)x also the S/Zn elemental ratios were researched. In the third experimental
series precursor residence time and process pressure were varied. Thickness d of thin
�lms deposited on Si substrates was measured with ellipsometry, and this data was
used to determine the GPC of thin samples (d < 100 nm) and d% of all samples. The
GPC of thicker samples (d > 200 nm) was determined from samples deposited on
boron silicate glass. Refractive index spectra and optical band gap values were de-
termined from �lms deposited on glass substrates. S/Zn ratios of oxysul�de samples
were measured from �lms with d over 200 nm deposited on Si substrates.

For all samples in T , τ and P series �lm thickess was in the order of 220 nm,
which enabled an accurate optical analysis. Transmittance and re�ectance spectra
measured from all samples are presented in Appendix A. Films this thick were, how-
ever, not optimal for measuring with ellipsometry, but reliable approximate results
of the �lm uniformity were obtained nonetheless. The in�uence of the Si substrate
was visible in the EDX spectra, which slightly complicated the quantitative analysis.
This meant that elemental distributions obtained from the data were not absolute,
but relative changes in the elemental distributions of the samples could be identi-
�ed. Elemental ratios and EDX graphs measured from all samples are presented in
Appendix C.

5.1 Basic Parameters Tested in the Spatial ALD Concept

In ALD mode deposition the �lm thickness increases linearly and the growth rate
per cycle (GPC) remains approximately constant as a function of ALD cycles [15].
In preliminary process tests the growth of ZnO and ZnS thin �lms deposited by SCS
1000 was con�rmed to occur in the ALD mode at a temperature of 110◦C, precursor
residence time being 157 ms and process pressure 50 mbar. After this the growth
rate, uniformity, optical properties, and elemental composition were studied as a
function of increasing process temperature.

5.1.1 Con�rmation of the ALD-Like Growth

ZnO and ZnS were grown on 100 mm Si wafers as well as boron silicate glass sub-
strates at a process temperature of 110◦C. The number of ALD cycles was 51, 102,
300 and 1002 for ZnO and 51, 102, 300 and 1542 for ZnS. Table 2 shows d and
the GPC of both materials. Thickness of the �lms deposited on Si substrates was
measured with ellipsometry with the exception of the thickest ZnS �lm, for which
the thickness was determined from a �lm deposited on boron silicate glass using
OptiChar analysis software. The thickness of the �lms varied from 5 to 120 nm for
ZnO and 7 to 240 nm for ZnS. GPC values were calculated from the d values by
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Table 2: Film thickness d and GPC as a function of ALD cycles for ZnO and ZnS
deposited at 110◦C.

Material ALD cycles d [nm] GPC [Å/c]
ZnO 51 4.7 0.92

102 11.6 1.14
300 36.1 1.20
1002 118.5 1.18

ZnS 51 7.2 1.42
102 14.8 1.45
300 44.8 1.49
1542 234.8 1.52

dividing the �lm thickness with the number of cycles. Thicknesses of the deposited
�lms as well as growth rates are visualized in Figure 17.
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Figure 17: d and GPC of (a) ZnO and (b) ZnS �lms deposited with an increasing
number of ALD cycles.

For both materials the �lm thickness increased approximately linearly as a func-
tion of ALD cycles, which indicated that the �lm growth occurred in close to optimal
ALD mode. This was supported by the GPC values: with a higher number of ALD
cycles GPC was approximately constant. For very thin �lms with a thickness below
10 nm GPC was rather low, which indicated that a certain number of ALD cycles
was initially required to fully cover the substrate surface with a monolayer of the
material. This was identi�ed as a substrate-inhibited growth mode [15]. GPC started
to stabilize after approximately 100 ALD cycles. At a temperature of 110 ◦C the
growth rates of ZnO and ZnS were approximately 1.2 Å/c and 1.5 Å/c, respectively.
The growth rate of ZnO was rather low compared to processing done with pulsing
ALD [26], which might have been caused by the rather low process temperature. The
GPC of ZnS was also slightly below the growth rate of �lms deposited by pulsing
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ALD using the same precursors at similar temperatures [37]. The low GPC values
could be explained by underdoses of DEZ, H2O or H2S, but it was very likely that the
dose of H2S was su�cient due to it being stored in a pressurized container. There-
fore, DEZ and H2O doses were speculated to be insu�cient to achieve completely
saturated surface reactions.

As the �lm thickness of ZnO and ZnS increased linearly and the GPC values
were approximately constant as a function of ALD cycles, we could con�rm that the
�lms deposited using the SCS 1000 SALD tool grew in the ALD mode.

5.1.2 Deposition of ZnO, ZnS, and Zn(O,S)x at Various Process Tem-
peratures

After it was con�rmed that the basic processes functioned in the ALD mode ZnO,
ZnS, Zn(O,S)x with d above 200 nm were deposited at 110◦C, 130◦C, and 150◦C on
Si wafers and glass substrates. d as well as n spectra were determined for all materi-
als from their transmittance spectra using OptiChar software. A Cauchy refractive
index dispersion model was used. Non-uniformity was determined from ellipsometry
measurements by mapping the 100 mm Si wafer measuring d in 49 data points. Be-
fore the mapping the refractive index of the deposited thin �lm at a wavelength of
633 nm was de�ned with a three-angle measurement, and this n value was auto�xed.
It should be noted that the auto�xing of n combined the non-uniformity of the �lm
thickness with the non-uniformity in the refractive index, meaning that d% could
have also described the non-uniformity of n. The ellipsometer software calculated
the d% value for each sample using Equation 2.

Growth rate and uniformity

GPC and non-uniformity values for all materials at all process temperatures are
presented in Table 3 and visualized in Figure 18.

Table 3: GPC [Å/c] of ZnO, ZnS, and Zn(O,S)x �lms deposited at 110◦C, 130◦C
and 150◦C on a glass substrate.

GPC [Å/c]
T [◦C] ZnO Zn(O,S)0.27 Zn(O,S)0.45 Zn(O,S)0.89 Zn(O,S)4.46 ZnS
110 1.27 1.24 1.09 1.09 1.16 1.52
130 1.59 1.46 1.48 1.46 1.26 1.44
150 1.89 1.57 1.57 1.60 1.56 1.34

d%[%]
T [◦C] ZnO Zn(O,S)0.27 Zn(O,S)0.45 Zn(O,S)0.89 Zn(O,S)4.46 ZnS
110 1.7 6.7 3.7 4.7 5.7 1.1
130 1.8 1.0 1.7 6.9 1.6 1.8
150 1.4 1.1 1.0 0.9 1.7 1.9
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When T was increased from 110 to 150◦C the GPC of ZnO increased linearly from
1.27 to 1.89 Å/c, while the GPC of ZnS decreased linearly from 1.52 to 1.34 Å/c.
The GPCs of ZnO and ZnS did not stabilize to constant values in the temperature
range employed in these measurements. The GPCs indicated that higher process
temperatures were more optimal for ZnO, while for the surface reactions of ZnS
lower temperatures were advantageous. At 150◦C the GPC of ZnO was close to
values reported in literature, ranging from 1.4 to 2.5 Å/c [26], while the GPC of
ZnS was below the reported values (from 1.9 Å/c at 100◦C to 1.85 Å/c at 150◦C)
at all temperatures [37]. In the deposition of Zn(O,S)x the GPC was lower than
that of ZnO for all H2S concentrations at all temperatures. The GPC of Zn(O,S)x

followed a similar trend for all H2S concentrations, increasing rapidly from 110 to
130◦C and moderately from 130 to 150◦C, with the exception of Zn(O,S)4.46. At
110◦C the growth rates of Zn(O,S)x were the lowest for all concentrations, with
Zn(O,S)0.27 having the highest GPC of 1.24 Å/c and Zn(O,S)0.45 the lowest of 1.09
Å/c. At 130◦C the highest GPC for oxysul�des was that of Zn(O,S)0.45, 1.48 Å/c,
while the GPC of Zn(O,S)4.46 was the lowest, 1.26 Å/c. For Zn(O,S)4.46 the GPC
was similar at 150◦C as with lower concentrations, but signi�cantly lower at 130◦C.
Overall, at 150◦C only small deviations were observed in the GPC of oxysul�des,
the values of which were close to the average GPC of ZnO and ZnS. The GPC of
Zn(O,S)4.46 suggested that the H2S treatment etched away the deposited ZnO �lm
more e�ciently than with lower concentrations at 130◦C, while at 150◦C the already
deposited �lm was etched away less e�ectively even with higher x [43].
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Figure 18: Growth rates in Å/c and non-uniformity values in percentages for all
deposited materials as a function of T .

ZnO and ZnS �lms were uniform throughout the whole temperature range with
d% ranging from 1.4 to 1.7 % for ZnO and 1.1 to 1.9 % for ZnS. However, there
were signi�cant changes in the uniformity of Zn(O,S)x as T increased. Oxysul�de
thin �lms deposited at 110◦C were signi�cantly less uniform than those grown at
higher temperatures with minor exceptions. For example, by increasing T from 110
to 130◦C the non-uniformity of Zn(O,S)0.27 dropped from 6.7 to 1.0 %. Overall,
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oxysul�des were very non-uniform when deposited at 110◦C, but at 130 and 150◦C
their uniformity was similar as or even better than that of ZnO and ZnS. Only
Zn(O,S)0.89 deposited at 130◦C was very non-uniform with a d% of 6.9%, but at 150◦C
its non-uniformity was the lowest of the series, 0.9%. The uniformity development of
the oxysul�de thin �lms suggested that the H2S introduced from the nozzle situated
at the edge of the coating con�guration was spread more evenly on the surface when
T was higher than 110◦. Also, as ZnS had the highest GPC at 110◦C, the applied
H2S pulses might have siphoned oxygen away from the surface more e�ciently than
at higher temperatures, which might have led to signi�cant non-uniformity not only
in thickness but also in the refractive index of the deposited thin �lms.

Refractive index

The refractive index spectra of all samples are presented in Figure 19, and n values
at a wavelength of 633 nm are collected in Table 4. This wavelength was chosen as
the comparison point due to it being close to the middle of the spectral range, as
well as because it was the same probing wavelength used by the ellipsometer. At all
temperatures the refractive index of ZnS was the highest (2.40 at 633 nm at all T )
and that of ZnO was the lowest (1.96 at 633 nm at 110◦C) of the studied materials.
The n spectra of Zn(O,S)x were situated in between the spectra of ZnO and ZnS at
all wavelengths. At 110◦C the refractive indices of the oxysul�des increased system-
atically as a function of H2S concentration throughout the whole spectral range. At
633 nm the n of Zn(O,S)0.27 was 2.15, while for Zn(O,S)0.45 the refractive index was
2.17, and for Zn(O,S)0.89 and Zn(O,S)4.46 the indices were 2.18 and 2.19, respectively.
This systematic increase of the refractive index at all wavelengths was accounted to
the increase of sulfur in the thin �lms. The refractive index spectra of ZnO and ZnS
were similar as reported in literature [108,117].

Table 4: Refractive indices at a wavelength of 633 nm for Zn(O,S)x thin �lms de-
posited at 110◦C, 130◦C and 150◦C.

T [◦C] ZnO Zn(O,S)0.27 Zn(O,S)0.45 Zn(O,S)0.89 Zn(O,S)4.46 ZnS
110 1.956 2.152 2.168 2.179 2.192 2.401
130 1.970 2.184 2.186 2.184 2.213 2.395
150 1.977 2.180 2.183 2.207 2.202 2.399

At 130◦C the oxysul�de n spectra did not behave as systematically as at 110◦C.
At short wavelengths the n of Zn(O,S)0.27 was the highest, but when λ was above
approximately 520 nm, the highest refractive index was that of Zn(O,S)4.46. The
refractive index of Zn(O,S)0.89 was the lowest at 450 nm, but at longer wavelengths
its n was higher than that of the lower H2S concentrations. Interestingly, the n
spectra of Zn(O,S)0.27, Zn(O,S)0.45 and Zn(O,S)0.89 intersected approximately at 630
nm. At 130◦C the refractive index of ZnO at 633 nm was 1.97, which was slightly
higher than in 110◦C. For ZnS n at 130◦C was approximately the same as in 110◦C.
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Figure 19: Refractive index n with a spectral range of 450 to 800 nm for all materials
deposited at all process temperatures.

The refractive index of ZnO at 633 nm was the highest at 150◦C, 1.977, which
further indicated that higher process temperatures were more optimal for the growth
of ZnO. For ZnS n at 150◦C was similar as at lower temperatures. The refractive
index spectra of Zn(O,S)0.27 and Zn(O,S)0.45 were almost identical in the whole
spectral length at this temperature. For Zn(O,S)0.89 the refractive index spectrum
at wavelengths below 525 nm was similar to the spectra of �lms fabricated with
lower H2S concentration, but at longer wavelengths the n spectra of Zn(O,S)0.89 and
Zn(O,S)4.46 were almost identical.

The changes in the refractive index spectra of the oxysul�des as a function of
temperature led to a deduction that the rate at which sulfur was chemisorbed into
the thin �lm signi�cantly a�ected the refractive index, as the GPC of ZnO increased
and that of ZnS decreased as a function of temperature. Also the balance of the ex-
change reaction between oxygen and H2S might have had an e�ect on the density of
the �lms and the nature of the bonding of sulfur to the surface species, as described
by Equation 3. In these cases n could have also been a�ected by di�erent ratios of
oxygen and sulfur in the �lms, but also possible contaminants such as reaction by-
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products might have been left in the deposited �lms. The di�erences in the shapes
of the refractive index spectra might have also been in�uenced by possible changes
in the crystalline structure of the thin �lms as a function of x. The measurement
process might have also a�ected the results, as measurements might not have been
conducted exactly at the same areas of di�erent samples. This could have led to
slightly di�erent transmittance spectra. In addition, there might have been particle
contaminants on the substrates as processing was not done in a clean room environ-
ment, which could have caused scattering. Also, as at all temperatures the refractive
index spectra of oxysul�des behaved systematically as a function of the H2S doping
above approximately 650 nm, the accuracy of the optical analysis software could be
disputed.

Optical band gap and elemental ratios

The optical band gaps for all samples were resolved from Tauc plots, which were
determined from the thickness and transmittance and re�ectance spectra of the
samples. The absorption coe�cient α was calculated using Equation 5, and the
band gaps were determined by performing a linear curve �t to the region in which
(αhν)2 was linear and calculating its intersection with the E-axis. The Tauc plots of
all samples are presented in Appendix B. The optical band gap of ZnS could not be
determined: according to literature Eg of ZnS is approximately 3.5-3.7 eV [38, 45],
which correspond to a wavelength in the range of 335-354 nm. The wavelength range
of the spectrophotometer was not su�cient to analyze optical band gaps in these
enegy scales. Eg of ZnO and Zn(O,S)x as a function of T are presented in Figure
20a and Table 5.

The band gaps of ZnO and Zn(O,S)x were close to values reported in literature
(3.25 eV for ZnO, 2.85 to 3.29 eV for Zn(O,S)), so this approximation method for the
optical band gap was considered valid [43, 45, 48]. Eg of ZnO remained almost con-
stant as T was increased, with band gap increasing slightly from 3.260 eV at 110◦C
to 3.270 eV at 150◦C. For Zn(O,S)4.46 the band gap decreased from 3.320 to 3.246
eV when T was increased from 110 to 150◦C. For all other oxysul�des deposited at
110◦C the band gaps were very close to each other, approximately 3.29 eV. At higher
temperatures signi�cant di�erences between the oxysul�des started to appear. At
130◦C Zn(O,S)0.27 had the lowest Eg of 3.196 eV, and at this temperature the band
gap increased as a function of x. At 130 and 150◦C the band gap of Zn(O,S)4.46 was
higher than Eg of oxysul�des deposited with lower H2S concentrations. The band
gap of Zn(O,S)4.46 was closest to the band gap of ZnO of all the oxysul�des. The
obtained optical band gaps of oxysul�des were lower than values reported by Bugot
et al. [48], but still within the values reported for Zn(O,S) [44]. These results showed
that the optical band gap of SALD-deposited Zn(O,S)x depend on the process tem-
perature, and that tuning the Eg of Zn(O,S)x by altering the H2S concentration
require a higher process temperature than 110◦C. At 130◦C the optical band gaps
of the oxysul�des followed a distinct trend: the higher the H2S concentration in the
precursor �ow was, the higher were the optical band gaps. The optical band gap of
ZnO showed only minor changes as a function of T , which meant that the absorbing
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properties of ZnO were relatively independent of the process temperature.
Changes in the S/Zn ratios of Zn(O,S)x as a function of process temperature were

analyzed by EDX. An EDX spectrum was recorded from samples deposited on Si
substrates with an acceleration voltage of 15 kV, and collection time was 4 minutes.
The ratios of sulfur and zinc were studied, and the S/Zn of oxysul�de samples are
presented in Figure 20b and Table 5.

S/Zn ratios of the samples behaved systemically as a function of increasing H2S
concentration: Zn(O,S)4.46 had the highest and Zn(O,S)0.89 the second highest S/Zn
ratio at all temperatures. Zn(O,S)0.45 had the lowest S/Zn ratio at 110◦C (0.178),
while at 130◦C the S/Zn ratios of Zn(O,S)0.27 and Zn(O,S)0.45 were similar. At 150◦C
Zn(O,S)0.27 had the lowest S/Zn ratio of 0.117. When T increased the S/Zn ratio
dropped for all H2S concentrations with the exception of Zn(O,S)4.46, which increased
from 0.223 at 110◦C to 0.246 at 150◦C.

Generally the S/Zn ratio was noticed to decrease as temperature increased. The
observed elemental ratios correlated with the changes in the refractive index spectra
and the optical band gaps of the materials: the higher the sulfur content was, the
higher were the refractive index and the optical band gap with the exception of
Zn(O,S)4.46. Therefore, these results supported the hypothesis that n and Eg were
connected to the actual elemental properties of the thin �lms. It was also noteworthy
that ZnO deposited at 110◦C and ZnS deposited at 150◦C both contained trace
amounts of carbon, which was a further indication that higher process temperatures
were more suited for ZnO growth and lower temperatures were more optimal for ZnS
growth. For oxysul�de �lms no carbon was detected at any process temperature.

Table 5: Optical band gaps of ZnO and Zn(O,S)x and S/Zn ratios of Zn(O,S)x �lms
deposited at 110◦C, 130◦C and 150◦C.

Eg [eV]
T [◦C] ZnO Zn(O,S)0.27 Zn(O,S)0.45 Zn(O,S)0.89 Zn(O,S)4.46
110 3.260 3.285 3.293 3.285 3.320
130 3.262 3.196 3.207 3.242 3.270
150 3.270 3.188 3.189 3.204 3.246

S/Zn
T [◦C] Zn(O,S)0.27 Zn(O,S)0.45 Zn(O,S)0.89 Zn(O,S)4.46
110 0.188 0.178 0.195 0.223
130 0.149 0.147 0.167 0.217
150 0.117 0.131 0.163 0.246

Based on the results obtained from the experiments conducted at various process
temperatures, the processing of ZnO, ZnS, and Zn(O,S)0.45 at 130◦C was chosen to
study the e�ects of decreased residence time τ and increased process pressure P .
130◦C was chosen as the process temperature because the overall uniformity of the
thin �lms was considered acceptable at approximately 2% and at 130◦C GPC was
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higher for ZnO and Zn(O,S)0.45 than at 110◦C. Processing at 150◦C was not consid-
ered feasible as industrial processing is preferred to be done at low temperatures,
though a higher T yielded better results in terms of lower S/Zn ratio, GPC and uni-
formity. Therefore, 130◦C was considered the lowest process temperature at which
processing could be applied in large-scale use. Zn(O,S)0.45 was chosen as the oxysul-
�de material as at 130◦C it exhibited the lowest S/Zn ratio at 110 and 130◦C. The
optical band gap of Zn(O,S)0.45 also changed more than the Eg of Zn(O,S)0.27 when
T was increased from 130 to 150◦C. Due to these reasons it was hypothesized that
Zn(O,S)0.45 was the optimal material to probe possible changes in the properties of
the �lms due to di�erences in residence time and process pressure.
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Figure 20: (a) Eg for ZnO and Zn(O,S)x as a function of T . (b) S/Zn ratios for
Zn(O,S)x deposited in the studied process temperatures.

5.2 The E�ect of Increased Line Speed on Film Growth

ZnO, Zn(O,S)0.45 and ZnS were grown at 130◦C with increasing susceptor speed
to investigate whether the deposition rate of processing with the SCS 1000 could
be increased while maintaining high �lm quality. Increased susceptor speed led to
decreased precursor residence time, as the width of the precursor zones was constant.
However, the deposition rate D measured in nm/min increased signi�cantly. The
employed line speeds corresponded to residence times of 157, 94 and 67 ms, and the
deposition rates for each residence time are presented in Table 6.
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Table 6: Deposition rate D of ZnO, ZnS, and Zn(O,S)0.45 �lms deposited at 130◦C.

D [nm/min]
τ [ms] ZnO Zn(O,S)0.45 ZnS
157 4.6 4.2 4.1
94 6.7 6.6 7.1
67 7.9 8.2 9.8

For ZnO D increased from 4.6 nm/min to 7.9 nm/min when τ was shortened
from 157 to 67 ms. Similarly the deposition rate of Zn(O,S)0.45 increased from 4.2
to 8.2 nm/min. The increase in deposition rate was the most pronounced for ZnS,
as D increased from 4.1 to 9.8 nm/min.

Growth rate and uniformity

The viability of increasing deposition rate was studied by looking at the e�ect of
decreased residence time τ on the growth, properties and structure of the deposited
thin �lms. GPC and d% as a function of τ are presented in Figure 21 and Table
7. When τ was shortened from 157 to 67 ms the GPC of ZnO and Zn(O,S)0.45
decreased, but for ZnS the growth rate remained almost constant. The GPC of ZnO
dropped the most, from 1.59 to 1.20 Å/c, and the GPC of Zn(O,S)0.45 followed a
similar trend, decreasing from 1.48 to 1.23 Å/c. For ZnS GPC varied from 1.44 to
1.48 Å/c, reaching the maximum value with a residence time of 94 ms. It should be
noted that the precursor dose was kept constant when residence time was decreased.
Maydannik et al. observed a drop of GPC with shorter residence times in a TMA +
H2O process [100,101], and accounted the drop in GPC to incomplete coverage of the
surface due to insu�cient precursor dose. In the deposition of ZnO and Zn(O,S)0.45
an insu�cient H2O dose for the short residence times might have been the reason
for the signi�cant drop in GPC, as the GPC of ZnS remained almost constant as a
function of τ . Thefore, it was deduced that DEZ and H2S doses were su�cient for
all residence times.

Table 7: GPC and d% of ZnO, ZnS, and Zn(O,S)0.45 �lms deposited at 130◦C with
decreasing residence time τ on a glass substrate.

GPC [Å/c] d% [%]
τ [ms] ZnO Zn(O,S)0.45 ZnS ZnO Zn(O,S)0.45 ZnS
157 1.59 1.48 1.44 1.8 1.7 1.8
94 1.38 1.35 1.48 1.6 7.4 2.1
67 1.20 1.23 1.46 1.6 9.6 2.9
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Figure 21: GPC and d% for �lms deposited with decreasing τ .

The uniformity of ZnO remained good even when τ was decreased: d% decreased
from 1.8 to 1.6 % when the residence time was shortened from 157 to 67 ms. There-
fore, it was likely that DEZ and H2O were ejected from their nozzles in such a
way that precursor concentration and pressure were similar under the whole nozzle
along its whole length. For ZnS d% increased from 1.8 to 2.9 % with shortened τ .
The non-uniformity of Zn(O,S)0.45 increased dramatically with decreased residence
time. The d% of the oxysul�de increased from 1.7 to 7.4% when τ was shortened
from 157 to 94 ms, and when τ was 67 ms a non-uniformity of 9.6 % was obtained.
As the non-uniformity of ZnS and Zn(O,S)0.45 increased with shorter τ , H2S might
not have been optimally spread under the whole nozzle. The signi�cant increase in
the non-uniformity of Zn(O,S)0.45 could be explained, however, by di�erent reaction
kinetics and timeframe of the S-O exchange reactions compared to the gas-surface
reactions of the non-mixed materials. It was also possible that the refractive index
of the Zn(O,S)0.45 thin �lm was not entirely uniform across the whole substrate, as
the ellipsometry measurement relies on �nding out both d and n.

Refractive index

The refractive index spectra of all materials deposited with decreased residence time
are presented in Figure 22 and n values at a wavelength of 633 nm are shown in Table
8. For ZnO the refractive index spectra were very close to each other at wavelengths
in the middle of the spectrum, but with shorter residence times n dropped slightly
at short and long wavelengths. The shape of the n spectra of Zn(O,S)0.45 spectra
changed with residence time: a longer τ yielded higher n at wavelengths below 630
nm and lower n above 630 nm. For ZnS n of the �lm deposited with a residence
time of 67 ms was lower throughout the whole spectrum than the spectra of samples
deposited with longer τ .
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Figure 22: Refractive index spectra of ZnO, Zn(O,S)0.45 and ZnS deposited at 130◦C
with decreasing residence time.

Table 8: Refractive index at 633 nm of �lms deposited at 130◦C with decreasing τ .

τ [ms] ZnO Zn(O,S)0.45 ZnS
157 1.970 2.186 2.395
94 1.970 2.186 2.384
67 1.971 2.186 2.357

At 633 nm the refractive indices of ZnO and Zn(O,S)0.45 were identical regard-
less of residence time, approximately 1.97 for ZnO and 2.19 for Zn(O,S)0.45. The
refractive index of ZnS dropped signi�cantly, from 2.395 with a τ of 157 ms to 2.357
with 67 ms. This was considered an indication of too short residence time for the
chemical reaction between DEZ and H2S to take place at this temperature, espe-
cially as precursor doses were considered su�cient in the deposition of ZnS. The too
short reaction time might have resulted in decreased �lm density, which a�ected the
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refractive index as described by Equation 3. Also changes in the crystalline struc-
ture of the deposited thin �lms as a function of τ could explain the shapes of the
n spectra. The changes in the n spectra of ZnO and Zn(O,S)0.45 were very minor
compared to the di�erences in the spectra of ZnS. This could be explained a minor
CVD component in the growth of ZnS with the shortest residence times.

Optical band gap and elemental ratios

The optical band gaps of ZnO and Zn(O,S)0.45 �lms as a function of τ are presented
in Figure 23a and Table 9. With a residence 67 ms the Eg of ZnO was the lowest,
3.222 eV, while with longer residence times the band gaps were 3.268 eV (94 ms) and
3.262 eV (157 ms). The band gap of Zn(O,S)0.45 was lowest with a value of 3.207 eV
with the longest residence time, but with shorter τ the band gaps were determined
to be only slightly higher: 3.227 eV for 94 ms and 3.217 eV for 67 ms.

The S/Zn ratios of Zn(O,S)0.45 are presented in Figure 23b and Table 9. The
S/Zn ratio increased with shortened τ , from 0.147 with 157 ms to 0.192 with 67
ms. These changes in ratios might arise from the insu�cient H2O dose which led
to incomplete surface reactions, also observed in the dropping of GPC with shorter
residence times for ZnO and Zn(O,S)0.45. However, the changes in S/Zn ratios did not
correlate with the changes in the optical band gap as a function of τ . Speculatively
the increased share of sulfur showed in the refractive index spectra of Zn(O,S)0.45, as
n slightly decreased at shorter wavelengths and increased at longer wavelengths with
shortened τ . No trace amounts of carbon were detected for any samples when the
residence time was decreased, which indicated no signi�cant amounts of undesired
reactions by-products were incorporated into the �lms. This signi�ed that the drop
in GPC might have occurred due to the fact that some surface reaction sites had
not reacted with the precursors, which further supported the theory of insu�cient
precursor dose for H2O.

Table 9: Optical band gaps of ZnO and Zn(O,S)0.45 and S/Zn ratios of Zn(O,S)0.45
thin �lms as a function of residence time.

Eg [eV] S/Zn
τ [ms] ZnO Zn(O,S)0.45 Zn(O,S)0.45
157 3.262 3.207 0.147
94 3.268 3.227 0.169
67 3.222 3.217 0.192
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Figure 23: (a) Eg of ZnO and Zn(O,S)0.45 as a function of τ . (b) S/Zn ratios for
Zn(O,S)0.45 deposited with shortened residence time τ .

5.3 Towards Atmospheric Spatial ALD through Increased
Process Pressure

The deposition of ZnO, ZnS and Zn(O,S)0.45 was studied in increased process pres-
sure to test the feasibility of high pressure and ultimately atmospheric processing
with the SCS 1000. The growth rate and uniformity were studied similarly as before,
and �lms were deposited at 130◦C with a τ of 157 ms. Process pressures studied
were 50, 180 and 380 mbar, which were su�cient for studying the e�ects of High
Pressure SALD.

Growth rate and uniformity

GPC and d% for all materials as a function of P are presented in Figure 24 and
summarized in Table 10. The GPC of ZnO and ZnS increased when P was increased
from 50 to 180 mbar and dropped slightly when P increased to 380 mbar. The
highest GPC for ZnO was approximately 1.65 Å/c and for ZnS 1.55 Å/c, both
reached in 180 mbar. Also for Zn(O,S)0.45 the GPC increased when P was 180 mbar,
but in 380 mbar the drop in growth rate was more pronounced than with ZnO or
ZnS. For all materials maximum GPC was reached in 180 mbar, and GPC in 380
mbar was higher than the GPC in basic process pressure of 50 mbar. The higher
process pressure led to an increased precursor concentration under the nozzle, which
in turn speculatively increased the GPC [109]. When process pressure was 380 mbar,
the amount of precursor molecules which reached the surface might have dropped
due to an increased amount of molecules in the deposition zone, which blocked the
motions of precursor molecules. Also reaction products and non-reactive molecules
could have hindered the movement of precursor molecules above the surface of the
substrate due to ine�cient purging to the exhaust lines.

There were no distinct trends in how P a�ected the uniformity of the studied
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materials: for ZnO d% dropped from 1.76 to 0.89% when P increased from 50 to
180 mbar but increased to 3.54% in 380 mbar. The non-uniformity of ZnS increased
steadily from 1.79 to 2.55% when P increased from 50 to 380 mbar. For Zn(O,S)0.45
d% behaved di�erently, as it was �rst increased from 1.67% in 50 mbar to 4.07% in
180 mbar and decreased to 2.82% in 380 mbar. This development of non-uniformity
as a function of P might have been in�uenced by the same mechanisms as the
growth rate. The signi�cant increase in non-uniformity of Zn(O,S)0.45 processed in
180 mbar might have been caused by the interplay of increased precursor partial
pressure and hindered precursor spreading. The precursor �ow from the solitary
H2S nozzle might not have been uniformly distributed under the active length of
the nozzle, which could have led to variations in refractive index and thickness of
the deposited �lm. ZnO was most uniform in 180 mbar and ZnS in 50 mbar, for in
these pressures the balance of the process �ows and exhaust �ow was speculatively
optimal for the spreading of precursors for each material.

Table 10: GPC and d% of ZnO, Zn(O,S)0.45 and ZnS �lms deposited on glass sub-
strates deposited in increasing P .

GPC [Å/c] d% [%]
P [mbar] ZnO Zn(O,S)0.45 ZnS ZnO Zn(O,S)0.45 ZnS

50 1.59 1.48 1.44 1.8 1.7 1.8
180 1.65 1.62 1.55 0.9 4.1 2.2
380 1.63 1.48 1.55 3.5 2.8 2.6
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Figure 24: GPC and d% as a function of P . Maximum GPC for all materials was
reached in a process pressure of 180 mbar. Non-uniformity results varied from ma-
terial to another.
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Refractive index

The in�uence of P on the refractive index of ZnO, ZnS and Zn(O,S)0.45 is visualized
in Figure 25 and n values at a wavelength of 633 nm are presented in Table 11.
Changes in n were observed for all materials as a function of P . The refractive
index of ZnO dropped marginally but systematically at all wavelengths when process
pressure was increased, while for ZnS the highest n values were obtained in 180 mbar.
For ZnS also processing in 380 mbar yielded a higher refractive index compared to
the base pressure of 50 mbar. For Zn(O,S)0.45 n dropped at all wavelengths when P
was increased.
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Figure 25: n spectra of ZnO, Zn(O,S)0.45 and ZnS deposited in the studied process
pressures.

At a wavelength of 633 nm the refractive index of ZnO dropped from 1.970 to
1.967 when P was increased from 50 to 180 mbar, and in a pressure of 380 mbar n was
1.965. For Zn(O,S)0.45 n dropped abrubtly from 2.186 to 2.166 when process pressure
was elevated from 50 to 380 mbar, which could have been caused by changes in the
elemental distribution of the �lms or by altered density. Only the refractive index of
ZnS was observed to slightly increase with heightened process pressure, from 2.395
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in 50 mbar to 2.403 in 180 mbar. In 380 mbar the n of ZnS was marginally lower
than that of the �lm deposited in 180 mbar. The changes in the refractive index
might have indicated that the density of ZnO and Zn(O,S)0.45 decreased when the
process pressure was elevated due to the same reasons that a�ected the uniformity.
Reactant molecules might not have reached the substrate as e�ciently as in lower
pressures, but also less e�cient purging of reaction products might have caused a
minor CVD component in the growth.

Table 11: n of ZnO, Zn(O,S)0.45 and ZnS at 633 nm as a function of P .

P [mbar] ZnO Zn(O,S)0.45 ZnS
50 1.970 2.186 2.395
180 1.967 2.166 2.403
380 1.965 2.161 2.402

Optical band gap and elemental ratios

Optical band gaps of the samples deposited in the studied process pressures are
visualized in Figure 26a and presented in Table 12. The band gap of ZnO decreased
slightly, from approximately 3.23 eV to 3.20 eV when P was increased from 50 mbar
to 380 mbar. On the other hand, the optical band gap of ZnS increased from 3.16 eV
in 50 mbar to 3.19 eV in 380 mbar. Of the studied materials the Eg of Zn(O,S)0.45
changed the most, hiking from 3.04 eV in 50 mbar to 3.21 eV in 380 mbar. The
band gap of Zn(O,S)0.45 was the highest of all materials deposited in 380 mbar, even
higher than that of ZnO in the same pressure.

S/Zn ratios of Zn(O,S)0.45 deposited in the studied process pressures are pre-
sented in Figure 26b and Table 12. The S/Zn ratio increased with higher values
for P , climbing from 0.15 in 50 mbar to 0.19 in 380 mbar. There were no signs of
carbon impurities in any of the deposited �lms, but the ZnS sample processed in
380 mbar showed minor amounts of oxygen. This was most likely caused by oxygen
contamination as the sample was exposed to air. Also, ZnO samples were found out
to contain minor but observable amounts of sulfur, which might have been trans-
ferred to the ZnO �lms in the deposition process inside the reactor or during the
storaging of the samples.
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Table 12: Optical band gaps of ZnO and Zn(O,S)0.45 and S/Zn ratios of Zn(O,S)0.45
�lms as a function of P .

Eg [eV] S/Zn
P [mbar] ZnO Zn(O,S)0.45 Zn(O,S)0.45

50 3.262 3.207 0.147
180 3.309 3.263 0.178
380 3.225 3.307 0.189
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Figure 26: (a) Eg of ZnO and Zn(O,S)0.45 as a function of P . (b) S/Zn ratios for
Zn(O,S)0.45 as a function of process pressure.

The optical band gap of Zn(O,S)0.45 correlated with the S/Zn ratio and, therefore,
the sulfur content of the �lm. The higher the S/Zn ratio was, the higher also the
optical band gap climbed. These results suggested that reaction conditions, such as
precursor partial pressure, impurities in the �lms and purging e�ciency signi�cantly
a�ected the optical properties of the �lms. However, �lm growth was observed in
all process pressures, which indicated that the SALD tool functioned even in higher
pressures. The data from the P series also indicated that �lm growth in an SALD
reactor is strongly in�uenced by the �ow balance of the precursor �ows, barrier �ows
and purging zones, and that the optimal run parameters might vary from material
to another.



49

6 Conclusions and Future Interests

The goals of this thesis included reviewing spatial ALD, proving that the SCS 1000
SALD tool functions in the ALD mode, performing process tests for ZnO, ZnS
and Zn(O,S), and determining future steps for the process development. In this
section the experimental results are reviewed and process development prospects
are discussed.

The measurements conducted in this thesis con�rmed that SALD processing of
ZnO, ZnS and Zn(O,S) was viable with the SALD tool SCS 1000. Film growth of
ZnO and ZnS was con�rmed to occur in the ALD mode at the lowest deposition
temperature of 110◦C. As the deposition of ZnO and ZnS was feasible in 110◦C, it
was concluded that their deposition also at higher temperatures was ALD-like, as
these temperatures were close to feasible process temperatures reported in literature
[26, 37]. Process temperature T had a major e�ect on the growth rate, uniformity,
optical properties and elemental distribution of the �lms. Also reduced residence
time and increased process pressure generated di�erences in the properties of the
�lms.

The growth rates of the deposited �lms were determined quite accurately, but the
optical properties of the samples were measured only in one area of the substrate.
Observing the �lm properties throughout the whole active area of the tool is vital in
the industrial-scale process development of the SALD processing. Also, depositing
ZnS �lms on sapphire substrates and measuring their transmittance and re�ectance
with a spectrophotometer capable of reaching wavelengths below 300 nm would
enable the studying of the optical band gap of ZnS. Films with a thickness in the
order of 50 nm should be deposited on Si wafers to measure the non-uniformity
of not only the thickness but also of the refractive index with the ellipsometer, as
with this �lm thickness there would be no need to auto�x the refractive index. This
measurement would further shed light on the growth characteristics of the zinc oxide
and sul�de thin �lms.

The measurement method used to determine the elemental properties of the
�lms, EDX, had signi�cant sources of uncertainty. Especially the oxygen content of
the �lms was only used as an approximate value, as samples were stored in air which
could have led to oxygen contamination of all �lms. Also, as polished unetched Si
wafers were used and the thickness of the native oxide on the Si substrates could
not be determined, the amount of oxygen detected by the EDX detector might have
varied from substrate to another. The ratio of S and Zn was considered a moderately
reliable quantity to observe.

The results presented in this thesis provide an important reference for the SALD
development at Beneq. There have been numerous reports concerning ZnO, both un-
doped and doped, fabricated by SALD [74,79,80,82], but the deposition of Zn(O,S)
by SALD has so far not been studied extensively. The only report of Zn(O,S) pro-
cessed by SALD was issued by Illiberi et al. in 2015 [96]. So far no academic studies
nor reports on the SALD of ZnS have been published, thus this thesis represents the
�rst results of ZnS �lms fabricated by SALD.
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Process Temperature

All materials were successfully deposited at process temperatures of 110, 130 and
150◦C. Transmittance spectra showed that the transparency of all samples was rel-
atively high, as would be needed for optical applications and in CIGS. The growth
rate of ZnO increased while the GPC of ZnS decreased as a function of process
temperature. At the lowest deposition temperature, 110◦C, the growth rate of ZnS
was higher than that of ZnO, but at higher temperatures the GPC of ZnO was
higher than that of ZnS. This was a demonstration of how the characteristics of
�lm growth in the ALD mode are unique for each process: even though DEZ was
used as the metal reactant in the deposition of both materials, the di�erent chemical
properties of H2O and H2S a�ected the �lm growth process. However, the observed
GPC values were slightly below those reported in literature, which might have been
an indication of insu�cient precursor dose for both materials [26,37]. An important
notion was to consider the reaction kinetics of H2S in the deposition of Zn(O,S), as
the rate of the exhange reaction between H2S and oxygen speculatively depended
on the temperature. This was indicated by how the GPC of oxysul�des developed
as a function of temperature: at 150◦C the GPC of Zn(O,S)x was almost the same
regardless of x. The uniformity of the deposited �lms was considered good with
process temperatures above 110◦C.

The refractive index at a wavelength of 633 nm increased as a function of T
for ZnO while for ZnS n remained almost constant. This was considered an im-
plication that higher temperatures produced denser ZnO �lms, but the density of
ZnS was almost una�ected by the deposition temperature. At 110◦C changes in the
refractive index spectra of Zn(O,S)x were attirubuted to changes in density, but
at higher temperatures also di�erences in the elemental ratios of the �lms could
have been the reason for these results. The crystalline structure of Zn(O,S) has
been showed to change with sulfur content [43], and changes in the crystallinity of
Zn(O,S)x might have caused changes in the refractive index. However, these assump-
tions would need to be studied further using X-Ray Re�ectivity (XRR) analysis to
investigate the density, Fourier Transform Infrared Spectroscopy (FTIR) or X-Ray
Photoelectron Spectroscopy (XPS) to probe the bonding of the atoms, and accu-
rate X-Ray Di�raction (XRD) measurements to con�rm changes in the crystallinity.
Results from preliminary XRD measurements are presented in Appendix D.

The optical band gap Eg of ZnO slightly increased as a function of temperature,
and the obtained band gaps were close to values reported in literature, 3.25 eV
for ALD-grown ZnO [43, 48]. The optical band gap of Zn(O,S)x decreased when x
and T were increased. The changes in the optical band gaps of Zn(O,S)x generally
correlated with the sulfur content of the �lms determined by studying the S/Zn
molar ratios measured by EDX: Eg decreased as sulfur content decreased. However,
in the residence time experimental series the correlation between S/Zn and Eg was
less pronounced. The optical band gap was successfully tuned by altering the H2S
concentration in the carrier gas: at 130◦C a band gap range of 3.196 to 3.270 eV was
achieved. However, as the band gap of Zn(O,S) has been reported to be in the order
of 2.8 to 3.6 eV [46], the obtained band gap tuning range was quite narrow. Also,
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the accuracy of the method used to determine the optical band gap of all materials
was debatable, which signi�ed that the results obtained in this thesis should be
con�rmed using more accurate measurement methods.

The E�ect of Increased Line Speed on Film Quality

The deposition rate of SALD processing could be signi�cantly increased by increas-
ing the velocity at which the substrate is moved under the coating head. The e�ect of
increased line speed on �lm quality was studied by observing changes in the growth
rate, uniformity, optical properties of all �lms and the elemental composition of
Zn(O,S)0.45 �lms as a function of residence time τ , measured in ms. The deposi-
tion of all the materials was technically successful: the deposited �lms were highly
transparent, and the inert gas barriers had successfully prevented the intermixing of
precursors in the active coating area. Also, no parasitic deposition occurred in other
parts of the vacuum chamber. However, the reduced residence time had a major
e�ect on the quality of the deposited Zn(O,S)0.45 and ZnS �lms.

The GPC of ZnS remained high even at higher line speeds, but the growth rate of
ZnO and Zn(O,S)0.45 plummeted when τ was decreased from 157 ms to 67 ms. This
was attributed to the reactivity of H2O and an insu�cient H2O dose [100, 101], as
the GPC of ZnS was not noticeably a�ected by the decreased residence times. The
deposition of ZnO and Zn(O,S)0.45 with these residence times would be bene�cial
to be investigated with a signi�canty larger H2O dose, but also deposition at higher
temperatures would need to be studied to gain further understanding of the kinetics
of the surface chemical reactions. Too high concentrations of H2O might, however,
lead to ine�cient purging and ultimately to the mixing of precursors in the gas
phase.

The non-uniformity of ZnO remained below 2% at all residence times, and the
non-uniformity of ZnS increased slightly when τ was shortened. However, the non-
uniformity of Zn(O,S)0.45 increased dramatically at higher line speeds. This was
attributed to an uneven H2S concentration under the nozzle and the di�erent reac-
tion kinetics of the H2S-oxygen exchange reactions compared to the �lm growth of
ZnO and ZnS. The uniformity of deposited oxysul�de materials could be enhanced
by applying a di�erent mechanical solution to spreading the precursors under the
whole length of the nozzle or by tuning the H2S process �ow to see whether higher
pressure in the precursor line could enhance the uniformity even with faster line
speeds. Also, di�erent H2S concentration in the carrier gas would be interesting to
test to see if this e�ect would be ampli�ed by higher precursor concentrations.

The refractive index spectra of ZnO and Zn(O,S)0.45 remained rather similar as
a function of τ , but pronounced changes in the n of ZnS were observed. At reduced
residence times the refractive index of ZnS dropped, which could have been an
indication of reduced �lm density. This might have been caused by the desorption
of deposited surface species due to more rapidly changing pressure gradients when
the substrate was moved under the coating head from one end to another. This
hypothesis could be con�rmed by measuring the density of the deposited thin �lms
with XRR. Also studying the possible changes in the crystallinity of the deposited
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materials would shed light on the growth processes.
The optical band gap of ZnO dropped from 3.262 to 3.222 eV when residence time

was shortened from 157 to 67 ms. These changes could be caused by residual reaction
products that were embedded into the �lms, but this would need to be con�rmed
with more accurate methods to determine the elemental composition, such as Time-
Of-Flight Elastic Recoil Detection Analysis (TOF-ERDA). The sulfur content of
Zn(O,S)0.45 was noticed to increase with decreasing residence time, as the S/Zn
ratio increased. The changes in the sulfur content correlated slighly with the optical
band gap of Zn(O,S)0.45, as the band gap increased from 3.207 to 3.227 eV when
residence time was shortened from 157 to 94 ms. It was speculated that impurity
atoms that were possibly embedded into the �lms with the shortest residence time
reduced the optical band gap of the material.

High Pressure Spatial ALD

Industrially promising atmospheric SALD processing was tested by depositing ZnO,
Zn(O,S)0.45 and ZnS with the SCS 1000 in elevated pressures. Again, deposition in
all process pressures was technically successful, but small precursor leaks outside the
active coating area were observed. This was an indication of insu�cient N2 curtain
�ow, and higher inert gas �ows would be required if the SCS 1000 would be operated
in even higher process pressures.

The GPC of all materials rose from the GPC in the base pressure of 50 mbar when
process pressure was elevated to 180 and 380 mbar. The GPC of ZnO and Zn(O,S)0.45
reached their maxima in 180 mbar, while the GPC of ZnS was approximately the
same in 180 and 380 mbar. The increase in GPC could be explained by elevated
precursor partial pressure under the coating head which increased the rate at which
precursor molecules collided with the substrate, leading to higher reactivity. The
drop in the GPC of ZnO and Zn(O,S)0.45 at 380 mbar was possibly caused by an
excess of inert molecules and reaction by-products, which hindered the movement
of precursor molecules. The validity of this theory could be studied by installing
a mass spectrometer into the exhaust channel to study which molecules in which
concentrations are ejected into the exhaust. Studying the reaction products would
also enable the accurate tuning and optimization of the precursor dose.

Uniformity of the deposited �lms did not follow a distinct trend. ZnO �lms were
most uniform when deposited in 180 mbar but Zn(O,S)0.45 and ZnS �lms were the
most uniform in 50 mbar. Thus, it was deduced that the optimal balance of process
�ows is unique for each process, and this equilibrium is in�uenced by the precursor
reactivity, process �ow rate and the pumping speed.

The mechanisms that a�ected the growth rate of the deposited �lms were also
speculated to a�ect their density, as was indicated by the changes of the refractive
indices of ZnO, Zn(O,S)0.45 and ZnS. The refractive index of ZnO dropped sligthly
and systemicatically when process pressure was increased, while the drop in the
refractive index of Zn(O,S)0.45 was much more pronounced. The hindrance of the
precursor molecules by the reaction by-products might have led to a lower density
in the �lms, despite the higher precursor pressure. The refractive index of ZnS, on
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the other hand, slightly increased reaching its maximum at a pressure of 180 mbar,
which was considered an indication of increased density. Again, measurements with
XRR would be needed to con�rm these hypotheses of �lm densities.

Eg of ZnO slightly decreased with increasing process pressure. This observation
indicated that processing in lower pressures was more optimal for ZnO with the em-
ployed process parameters, and that the elemental composition might have slightly
changed with the increasing pressure. The changes in the band gap were, however,
only in the order of 0.04 eV, so measurement accuracy could also explain these de-
viations. The band gap of Zn(O,S)0.45, on the other hand, increased from 3.207 to
3.307 eV when pressure was increased from 50 to 380 mbar. This change in band
gap was signi�cant, and it correlated with the sulfur content in the oxysul�de �lm.
Changes in the sulfur content as a function of process pressure were in the same
order as with decreasing residence time, but signi�cant changes in the band gap
were observed only as a function of the process pressure. Therefore, it was deduced
that sulfur content was not the only property which a�ected the optical band gap of
the �lm, but that also impurity atoms might play a major role in determining the
absorption properties of the deposited �lms. Again, more accurate measurements
concerning the elemental composition and optical properties of the �lms would be
required to con�rm this conclusion.

Process Development Prospects

ZnO, Zn(O,S)x and ZnS were deposited successfully in all process conditions using
the SCS 1000 SALD tool. Based on the results of this thesis, the greatest chal-
lenges in the SALD process development are related to enhancing the uniformity
and refractive index of Zn(O,S)x. In industrial applications the non-uniformity of
the deposited thin �lms should be as small as possible over a signi�cantly larger area
than studied in this thesis. Also, the sulfur content of the Zn(O,S)x thin �lms ought
to be controlled within a wider range in order to achieve better industrial process
tunability.

In the deposition of Zn(O,S)x H2S was introduced into the reaction area from
a separate precursor nozzle, and the sulfur content of the �lms was controlled by
altering the concentration of H2S in the carrier gas. This method of H2S treatment
proved to function quite well at the tested process temperatures. The S/Zn ratio
ranged from 0.15 to 0.25 at all process temperatures, which meant that some control
of the sulfur content was achieved. However, the optical band gaps of Zn(O,S)x varied
only from 3.188 to 3.320 eV, which was a very narrow range compared to values
reported in literature, from 2.6 to 3.6 eV [45]. Therefore, it was deduced that the
sulfur content in the oxysul�de �lms was quite high with the employed deposition
setup. This could have signi�ed that the absolute S/Zn values obtained in the EDX
measurements were inaccurate, but the observed trends in the evolution of sulfur
content were still considered plausible. Therefore, more research is needed to con�rm
whether Zn(O,S)x �lms deposited with this nozzle setup could actually be applied,
for example, as bu�er layers on CIGS solar cells.

Also alternative methods for the H2S introduction would need to be considered. If
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a similar nozzle con�guration would be employed in the industrial coating of Zn(O,S)
�lms, lower concentrations of H2S would be required, or the H2S nozzle could be
positioned in the middle of the coating head. This would change the cycling of H2S
pulses, as H2S would be applied more often on the surface, but H2S pulses would
always be followed by H2O and DEZ pulses. In the setup used H2S was always
applied at the start and the end of the SALD supercycle.

Another viable option for the H2S injection would be the mixing and co-injection
of H2O and H2S from the same precursor nozzle, which would reduce the coating
head dimensions as no extra nozzles would be needed. This approach has been
used by Illiberi et al. in the atmospheric SALD processing of various materials with
promising results [96]. The sulfur content of the Zn(O,S) �lms could also be tuned
by two-step laminate processing, which would consist of separate ZnO and Zn(O,S)x

sweeps. This processing mode would be similar to the better-known pulsing ALD
processing of Zn(O,S).

The deposition of ALD �lms with the SCS 1000 SALD tool was proved to be
feasible, and the goals of the thesis were met. Process tests for deposition of other
materials, such as Al2O3 and TiO2, have already been conducted. Further research
interests include testing ALD �lms deposited with the SCS 1000 as gas permeation
barriers and depositing nanolaminate structures for optical applications. Worldwide,
accelerated development of spatial ALD has only started, and the implementation of
SALD in industrial scale is waiting for its realization. A revolution of ALD process
technology might just be around the corner waiting to leap forward in huge steps.
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A Transmittance and Re�ectance Spectra
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Figure A1: T(λ) and R(λ) spectra of the �lms deposited at the studied process tem-
peratures.
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Figure A2: T(λ) and R(λ) spectra of the �lms deposited with the studied residence
times and process pressures. T(λ) spectra are presented by solid lines, R(λ) spectra
with dashed lines.
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B Tauc Plots
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Figure B1: Tauc plots of all materials deposited at the studied process temperatures.
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Figure B2: Tauc plots of all materials deposited with the studied residence times and
process pressures.
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C EDX Data

In this appendix the EDX data is presented. The molar ratios in % given by the
EDX measurement software are shown in Table C1 and the original EDX spectra
are presented in Figures C1, C2, C3, C4, and C5. The EDX spectra were recorded
with a 15 kV acceleration voltage, and the data collection time was 4 minutes.

Table C1: Molar percentages [%] for di�erent elements for all experimental series
obtained from EDX data.

ZnO Zn(O,S)0.27 Zn(O,S)0.45
T [◦C] C O S Zn C O S Zn C O S Zn
110 0.6 15.1 0.0 84.3 0.0 10.1 14.2 75.7 0.0 11.6 13.3 75.0
130 0.0 19.4 0.9 79.7 0.0 10.8 11.6 77.6 0.0 13.3 11.1 75.6
150 0.0 17.5 0.0 82.5 0.0 9.4 9.5 81.1 0.0 10.2 10.2 78.1

Zn(O,S)0.89 Zn(O,S)4.46 ZnS
T [◦C] C O S Zn C O S Zn C O S Zn
110 0.0 13.5 14.1 72.4 0.0 9.2 16.6 74.2 0.0 0.0 23.7 76.3
130 0.0 5.1 13.6 81.3 0.0 10.3 16.0 73.7 0.0 0.0 24.9 75.1
150 0.0 12.1 12.3 75.6 0.0 7.8 18.2 74.0 1.6 3.1 25.0 70.3

ZnO Zn(O,S)0.45 ZnS
τ [ms] C O S Zn C O S Zn C O S Zn
157 0.0 19.4 0.9 79.7 0.0 13.3 11.1 75.6 0.0 0.0 24.9 75.1
94 0.0 15.1 0.4 84.5 0.0 10.7 12.9 76.4 0.0 0.0 25.1 74.9
67 0.0 14.1 0.0 85.9 0.0 9.4 14.6 76.0 0.0 0.0 24.4 75.7

ZnO Zn(O,S)0.45 ZnS
P [mbar] C O S Zn C O S Zn C O S Zn
50 0.0 19.4 0.9 79.7 0.0 13.3 11.1 75.6 0.0 0.0 24.9 75.1
180 0.0 15.2 0.3 84.5 0.0 4.4 14.5 75.0 0.0 0.0 25.0 75.0
380 0.0 18.0 0.0 82.0 0.0 14.1 13.6 73.4 0.0 1.1 25.4 73.4
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(a) ZnO (b) Zn(O,S)0.27

(c) Zn(O,S)0.45 (d) Zn(O,S)0.89

(e) Zn(O,S)4.46 (f) ZnS

Figure C1: EDX graphs of samples deposited at 110◦C.

(a) ZnO (b) Zn(O,S)0.27

(c) Zn(O,S)0.45 (d) Zn(O,S)0.89

(e) Zn(O,S)4.46 (f) ZnS

Figure C2: EDX graphs of samples deposited at 130◦C.
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(a) ZnO (b) Zn(O,S)0.27

(c) Zn(O,S)0.45 (d) Zn(O,S)0.89

(e) Zn(O,S)4.46 (f) ZnS

Figure C3: EDX graphs of samples deposited at 150◦C.

(a) ZnO, 94 ms (b) ZnO, 67 ms

(c) Zn(O,S)0.45, 94 ms (d) Zn(O,S)0.45, 67 ms

(e) ZnS, 94 ms (f) ZnS, 67 ms

Figure C4: EDX graphs of samples deposited with decreasing τ .



69

(a) ZnO, 180 mbar (b) ZnO, 380 mbar

(c) Zn(O,S)0.45, 180 mbar (d) Zn(O,S)0.45, 380 mbar

(e) ZnS, 180 mbar (f) ZnS, 380 mbar

Figure C5: EDX graphs of samples deposited in increasing P .
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D Preliminary XRD Analysis

ZnO and ZnS �lms were con�rmed to be slightly crystalline by X-Ray Di�raction
(XRD) analysis [118] performed with 2θ-ω scans using equipment at Aalto University
Micronova. The angles of the scanning procedure are presented in Figure D1a. Using
XRD to quantify the changes in the structure of the �lms was unfeasible, as the ZnO
and ZnS peaks in the di�raction spectra obtained ( Figures D1b and D1c) were
barely distinguishable from background noise. It was observed that the deposited
ZnO and ZnS thin �lms exhibited crystalline forms, but with such low deposition
temperatures the crystalline structure was di�cult to study with the XRD setup
used. The positions of the peaks were in line with values reported in literature
for ALD-grown �lms: for ZnO the peak at 2θ = 33.1° corresponded probably to a
hexagonal (1 0 0) structure [29,77] and for ZnS the peak at 2θ = 28.5° to a cubic (1
1 1) structure [34]. Further analysis of the crystallinity of thin �lms deposited with
SALD with more accurate XRD analysis equipment would be justi�ed.
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(a) Angles in the XRD measurement.
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Figure D1: (a) Schematic of the angles in the XRD setup. XRD graphs measured
from (b) ZnO and (c) ZnS deposited on Si wafers at 130◦C.
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