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ABSTRACT 

 
The light emitted by flat panel displays (FPD) can be generated in many different ways, 
such as for example alternating current thin film electroluminescence (ACTFEL), liquid 
crystal  display  (LCD),  light  emitting  diode  (LED),  or  plasma  display  panel  (PDP)  
technologies.  In  this  work,  the  focus  was  on  ACTFEL  devices  and  the  goal  was  to  
develop new thin film processes for light emitting materials in ACTFEL devices. The 
films were deposited with the atomic layer deposition (ALD) method, which has been 
utilized in the manufacturing of ACTFEL displays since the mid-1980s. The ALD 
method is based on surface-controlled self-terminated reactions and a maximum of one 
layer of the desired material can be prepared during one deposition cycle. Therefore, the 
film thickness can be controlled simply by adjusting the number of deposition cycles. In 
addition, both large areas and deep trench structures can be covered uniformly. 
 
During this work, new ALD processes were developed for the following thin film 
materials: BaS, CuxS, MnS, PbS, SrS, SrSe, SrTe, SrS1-xSex, ZnS, and ZnS1-xSex. In 
addition, several ACTFEL devices were prepared where the light emitting material was 
BaS, SrS, SrS1-xSex, ZnS, or ZnS1-xSex thin film that was doped with Ce, Cu, Eu, Mn, or 
Pb. The sulfoselenide films were made by substituting the elemental selenium for sulfur 
on the substrate surface during film deposition. In this way, it was possible to replace a 
maximum of 90% of the sulfur with selenium, and the XRD analyses indicated that the 
films were solid solutions. The polycrystalline BaS, SrS, and ZnS thin films were 
deposited at 180-400, 120-460, and 280-500 °C, respectively, and the processes had a 
wide temperature range where the growth rate of the films was independent of the 
deposition temperature. The electroluminescence studies showed that the doped 
sulfoselenide films resulted in low emission intensity. However, the emission intensities 
and emission colors of the doped SrS, BaS, and ZnS films were comparable with those 
found in earlier studies. It was also shown that the electro-optical properties of the 
different  ZnS:Mn  devices  were  different  as  a  consequence  of  different  ZnS:Mn  
processes. Finally, it was concluded that because the higher deposition temperature 
seemed to result in a higher emission intensity, the thermal stability of the reactants has 
a significant role when the light emitting materials of ACTFEL devices are deposited 
with the ALD method. 
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1. INTRODUCTION 
 
The outgoing light in flat panel displays (FPD) can be generated by many different 
means such as, for example, alternating current thin film electroluminescence 
(ACTFEL), liquid crystal display (LCD), light emitting diode (LED), or plasma display 
panel (PDP) technologies. TFEL is divided into different subtypes, one of which is 
alternating current thin film electroluminescence (ACTFEL) technology.1 It has been on 
the market for about 25 years but mainly as monochrome products, which has limited its 
use to niche areas in the medical, industrial, military and transportation sectors.1 A 
major  obstacle  to  the  commercialization  of  full  color  ACTFEL  displays  has  been  the  
lack of a luminescent material (phosphor) that emits a deep and bright blue color. 
Several materials have been studied in laboratories over the years but a commercial 
quality blue emitting phosphor is still not available. At the same time, full color LCD 
has become a market leader, and organic light emitting diode (OLED) displays are 
waiting for their turn. 
 
The  goal  of  the  present  study  was  to  develop  new  sulfide  processes  for  thin  film  
phosphors for use in ACTFEL devices and to study their effect on EL properties of the 
devices. Sulfide materials were selected because the most successful phosphor materials 
used in ACTFEL devices have been sulfides.1 The films were deposited by atomic layer 
deposition (ALD) previously called atomic layer epitaxy (ALE), which is a special 
modification of the chemical vapor deposition (CVD) method.2-4 ALD has been utilized 
in the manufacturing of ACTFEL displays since the mid-1980s and it is therefore well-
suited for this study.3 
 
The structure of this thesis is as follows. Chapter Two provides literature background 
for ALD deposition and electroluminescent devices. Chapter Three provides 
experimental information on film deposition, film characterization, and ACTFEL device 
characterization. Chapter Four provides a summary of the experimental work originally 
reported in publications I-VI, and also includes some new data which have not been 
published earlier. Finally, Chapter Five presents the conclusions of the thesis. 
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2. GENERAL BACKGROUND 
 
2.1 Atomic layer deposition 
 
The ALD method is based on surface controlled self-terminated reactions.2-5 In practice, 
the film is deposited by using deposition cycles, during which the gaseous reactants are 
pulsed alternately onto the substrate surface.2,3 A single deposition cycle consists of two 
reaction steps.2,3 In the first step, a layer of the metal reactants chemisorbs on the active 
surface sites and in the second step, the non-metal reactants react with the previously 
chemisorbed metal reactants.2,3 Purging between the reactant pulses prevents gas phase 
reactions and transports the gaseous reaction by-products to the pumping line.2,3 
Therefore, only one layer of the desired material can be deposited during one deposition 
cycle.2,3 In practice, however, steric hindrance and an inadequate number of reactive 
sites on the surface prevent the deposition of a full monolayer of the desired material 
during a single deposition cycle.3,4 As an example, reaction equations (1) and (2) show 
how ZnS is formed during one deposition cycle using ZnCl2 and H2S as the reactants.2 

 
ZnS(s) + ZnCl2(g)  ZnS-ZnCl2(s)    (1) 
-ZnCl2(s) + H2S(g)  ZnS(s) + 2HCl(g)  (2) 

 
In ALD, deposition temperature and reactants are the most important factors. They 
affect both growth rate of the film and the amount of impurities in the film, but they can 
also affect the electro-optical properties of the resulting EL device, as will be shown in 
this work. The reactants must be gaseous when pulsed, but in the source vessel they can 
also  be  in  the  liquid  or  solid  form  as  long  as  they  are  volatile  at  the  appropriate  
temperature. In general, good reactants should react aggressively to ensure complete 
surface reactions but they should not self-decompose, etch the film, or dissolve into the 
film.3 In practical work it is advantageous if the reactants are also easy to handle, non-
toxic and inexpensive.3 
 
ALD has many advantages as a thin film deposition method. For example, the film 
thickness can be controlled simply by adjusting the number of deposition cycles and 
both large areas and deep trench structures can be covered uniformly.3 ALD is also 
known as a method that can produce conformal films without pinholes, which is 
important for EL displays where high electric fields are used.3 This, in fact, was one of 
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the reasons why ALD was developed.3 The major drawback of ALD is its slowness 
because  the  usual  deposition  rate  of  the  ALD process  is  less  than  a  monolayer  of  the  
desired material per cycle and per second.3 On the other hand, in some application areas 
the slow deposition rates can be overcome by using large substrate batches, such as in 
the production of EL displays.3 

 
2.2 ALD deposition of sulfide and sulfoselenide thin films 
 
Earlier reviews show that a number of different thin film materials have been deposited 
by ALD and many of them have been sulfides.3,4 However, this literature review 
focuses on ZnS, SrS, and BaS thin films, because they have been studied earlier as 
phosphor host materials in ACTFEL devices and they played a central role during this 
work. Finally, reports related to ALD deposited ZnS1-xSex and SrS1-xSex thin films are 
reviewed because these compounds were also studied in this work as possible phosphor 
host materials. 
 
The growth rate of films is an important factor in a commercial sense and it is 
constantly reported in the ALD literature. Usually, the growth rate of films is reported 
as Å/cycle. This has recently been criticized because the growth rate should in principle 
be related to a time unit.4 In practical work, however, Å/cycle is very useful because it 
reflects the growth rate in time units and the desired film thickness can be achieved 
simply by adjusting the number of deposition cycles when the growth rate as Å/cycle is 
known.  Use  of  Å/cycle  as  a  measure  of  the  growth  rate  is  therefore  also  used  in  this  
thesis. 
 
2.2.1 ALD of ZnS thin films 
 
The first ZnS ALD experiments were done with elemental zinc and sulfur.5 However, it 
soon became apparent that this process was not worthwhile for the production of EL 
displays. Therefore a new process, based on the compound reactants ZnCl2 and  H2S, 
was developed.2,5 Since then, dimethylzinc (DMZn),6 diethylzinc (DEZn),7 Zn(thd)2 
(thd = 2,2,6,6-tetramethyl-3,5-heptanedionate),8 and zinc acetate9 (ZnAc) have been 
used as zinc sources. The use of ZnBr2 and ZnI2 has been mentioned in the literature but 
without any details regarding the corresponding processes.8 Deposition temperatures 
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varied between 25 and 530 °C depending on the reactant. A summary of the processes is 
presented in Table 1. 
 
The maximum growth rate for the ZnCl2 process has been reported to be 1.4 Å/cycle,10 
whereas the maximum growth rate for the zinc acetate process has been found to be 2.6 
Å/cycle.8,11 The  higher  growth  rate  of  the  acetate  process  compared  with  the  chloride  
process has been attributed to the fact that slowly heated zinc acetate molecules can 
form a volatile tetrameric complex that is referred to as zinc oxoacetate (ZnOAc).12 The 
complex adsorbs on the surface and because the zinc atoms in the complex are in 
appropriate positions relative to each other for the ZnS lattice, a high growth rate can be 
achieved.8 On the other hand, the use of zinc acetate dihydrate as the zinc source 
resulted in a lower growth rate than the use of zinc oxoacetate,11 which may result from 
the decomposition of the zinc acetate dihydrate in the source crucible. The DMZn and 
elemental Zn processes have been reported to result in a monolayer per cycle growth 
rate,13,14 while the maximum growth rate of the DEZn process has been found to be 
around 1 Å/cycle.15 
 
ZnS is known to exist in both cubic and hexagonal crystal phases. However, 
distinguishing the phases from each other in thin film samples with x-ray diffraction 
(XRD) measurements is difficult, because the cubic phase has only one major peak in 
the diffractogram that is not in common with the hexagonal phase. In earlier studies it 
was  suggested,  on  the  basis  of  electroreflectance  and  XRD  measurements,  that  ZnS  
films deposited by ALD below 400 °C are mainly in the cubic form, and above 400 °C 
mainly in the hexagonal form.7,16-18 It has also been shown that photoluminescence 
measurements can indicate the crystal phase of manganese-doped ZnS (ZnS:Mn).19 It 
has been reported that in the hexagonal phase the maximum for Mn emission is centered 
at a wavelength that is 3-4 nm shorter than the Mn emission maximum in the cubic 
phase.19 Grain sizes of the films can be studied by scanning electron microscopy (SEM) 
and it seems that a higher deposition temperature6,7 and thicker film results in larger 
grains.6 The SEM studies show that ALD-deposited ZnS films can consist of columnar 
grains that extend through the whole thickness of the film.7 Furthermore, it seems that a 
higher thickness results in a rougher surface, as shown by atomic force microscopy 
(AFM).18,20 It has also been shown that high roughness is promoted by low nucleation 
density at the beginning of film growth.20 Impurity analyses of ZnS films have been 
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reported only occasionally, but it seems that all of the above mentioned processes can 
result in low amounts of impurities in the films.6-8,18 

 
Table 1. Zinc source, deposition temperature and the highest growth rate of the ZnS films. 
Hydrogen sulfide (H2S) was the sulfur source. 

Zn source Tdeposition (°C) Growth rate (Å/cycle) Reference 

Zn 350-500 ~3.1 14 
ZnCl2 450 1.4 10 
ZnI2 300-400 0.5 VII, this work 
ZnAc 350 2.6 11 

ZnOAc 300 2.6 11 
Zn(thd)2 300-400 <1.0 8 
DEZn 200 1.0 15 
DMZn 200-340 ~3.1 13 

 
 
2.2.2 ALD of SrS and BaS thin films 
 
Strontium sulfide and barium sulfide thin films have previously been deposited by ALD 
using Sr(thd)2 and Ba(thd)2 complexes as the metal sources.21-28 These compounds are 
called –diketonates and their well-known properties are oligomerization and reactivity 
with impurities or solvents, which results from the coordination unsaturation of the 
metal atom.21 It is also known that the composition of –diketonates varies depending 
on reaction conditions.21 Mass spectroscopy (MS) has been used to study the gas phase 
composition of alkaline earth –diketonates, and the main peaks in the spectra are 
related to M(thd)+ and  M2(thd)3

+ species.27,29 However, the interpretation of the MS 
spectra is not straightforward because mass spectrometers work in high vacuum, and 
ionization causes the fragmentation of the initial molecules.21,23 In general, changes in 
composition are problematic because they can change the volatility properties of the –
diketonates, which may make the optimization of the deposition parameters difficult. 
Furthermore, –diketonates decompose at elevated temperatures. This may result in an 
unfavorable thickness profile and impurities in the films, which can lead to variations in 
the luminance and emission wavelength across the display. Human eyes are not very 
sensitive to small luminance variations but emission wavelength changes can be 
problematic in real applications. 
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The deposition temperatures used previously for SrS and BaS were 190-510 and 275-
450 °C, respectively.22-28,30 Maximum growth rates for the films were 1.4 Å/cycle.22,23 
However, those values were achieved by using in situ synthesis for the Sr and Ba 
reactants.22,23 In the in situ technique, 2,2,6,6-tetramethyl-3,5-heptanedione (Hthd) 
vapor flows over a solid metal source inside the reactor, which produces the 
corresponding thd complex that is then pulsed onto the substrates.22,23 In the 
conventional case, when the metal complexes were synthesized in advance, maximum 
growth rates for the SrS and BaS films were 0.9 and 0.4 Å/cycle, respectively.24,25 On 
the other hand, thd compounds begin to decompose at elevated temperatures and it 
seems that a good quality SrS film can be deposited between 300 and 400 °C,22,24,26 and 
BaS film between 350 and 450 °C.23,25 A summary of these processes is presented in 
Table 2. 
 
Crystallinity of films has been examined routinely in most studies and it seems that all 
the films were polycrystalline as deposited. The AFM images of SrS films indicate that 
higher thickness results in larger grains and a rougher surface.26 AFM images  of  BaS 
films were not found in the earlier literature but an SEM image indicates that the in situ 
process with Ba(thd)2 can result in a dense BaS film.23 Impurity analyses have been 
performed occasionally,  and  in  the  best  cases  the  contents  of  C,  H,  and  O were   0.3  
atomic % in the SrS films.28 On the other hand, the contents of C and O were reported 
as being 2 and 4 atomic %, respectively, in the BaS films that were deposited using the 
in situ synthesis method for Ba(thd)2.23 
 
Table  2.  Metal  source,  the  deposition  temperature  and  growth  rates  of  SrS  and  BaS  films.  
Growth rates are taken from that temperature area where the decomposition of the metal source 
should not be substantial. H2S was the sulfur source. 

Metal source Tdeposition (°C) Growth rate (Å/cycle) Reference 

Sr(thd)2 300-400 0.7 22,24,26 
Sr(thd)2 in situ 400 1.0 22 
Sr(thd)2 in situ + H2O 400 1.4 22 
Sr(iPr3C5H2)2 120 3.0 III 
Sr(Me5C5)2 155 1.6 III 
Ba(thd)2 450 0.4 25 
Ba(thd)2 in situ 350 0.8 23 
Ba(Me5C5)2 180 1.9 III 
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2.2.3 ALD of ZnS1-xSex and SrS1-xSex thin films 
 
There are a couple of ALD processes that have been used for the deposition of        
ZnS1-xSex thin films, but reports of use of SrS1-xSex processes were not found. Koukitu 
et al.31 used elemental zinc, H2S, and H2Se as Zn, S, and Se sources, respectively. The 
films were deposited at 400 °C at 1 atm and the growth rate was near one monolayer per 
deposition cycle. Sulfur and selenium reactants were pulsed at the same time and they 
were partly decomposed at 600 °C before entering the substrate area. The composition 
of the sulfoselenide alloy was evaluated from the lattice constant, which was determined 
by XRD. Fujiwara et al.32 used DEZn, diethyldisulfide, and diethyldiselenide as Zn, S, 
and Se sources, respectively. In this process, the sulfur and selenium reactants were 
pulsed separately and hydrogen plasma was used to decompose the reactants. The 
deposition temperature was 200 °C and the sulfur content was evaluated based on the 
lattice constant or measured by inductively coupled plasma (ICP) analysis. 
Photoluminescence (PL) measurements at -238 °C indicated that the amount of defects 
in the films was low and the position of the main emission peak shifted along with the 
sulfur content. Hsu33,34 and Yokoyama et al.35 used DMZn, H2S, and H2Se as Zn, S, and 
Se sources, respectively, and the films were deposited between 75 and 275 °C. 
Yokoyama et al.35 pulsed the sulfur and selenium reactants at the same time, while 
Hsu33,34 pulsed them separately. In both cases, a one monolayer growth rate per 
deposition cycle was achieved. Hsu33,34 used energy dispersive x-ray spectroscopy 
(EDX) for analyzing the sulfur content, and both the lattice constant and the position of 
the PL emission peak followed the sulfur content. Secondary ion mass spectroscopy 
(SIMS) analyses indicated that the films were free of impurities, and the band gaps in 
the films were evaluated by PL measurements at 27 °C.33,34 Yokoyama et al.35 used 
EDX, SIMS, XRD, PL and Auger electron spectroscopy, and the analysis results were 
in line with those of Hsu. 
 
2.3 Electroluminescence 
 
In electroluminescence, electric energy is converted to visible light by the application of 
an electric field to the substance. The electroluminescent devices in turn are divided into 
two major classes, i.e. low electric field and high electric field devices. The low electric 
field devices are called LEDs and OLEDs, and the high electric field devices are called 
EL devices. In the low electric field devices, light is generated by electron-hole pairs, 
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whereas in the EL devices light is generated by high energy electrons or holes that 
excite the light-emitting centers. The EL devices are further divided into different 
subtypes such as:  alternating current (AC) driven powder and thin film devices,  direct  
current (DC) driven powder and thin film devices, active matrix devices (AMEL), and 
thick film dielectric electroluminescent devices (TDEL). However, the focus of this 
thesis is on the AC driven thin film devices, and their properties are discussed below in 
more detail. 
 
2.3.1 Structure of the ACTFEL device 
 
The structure of a typical monochrome ACTFEL device is shown in Figure 1. It consists 
of substrate, electrode-, insulator-, and phosphor layers, and it is also called the double-
insulating-layer or metal-insulator-semiconductor-insulator-metal (MISIM) structure. 
Other structure types also exist such as e.g. an inverted structure where the places of the 
electrodes have been switched between themselves, and a transparent structure where all 
the layers are transparent. 
 

 
 
Figure 1. Structure of a typical monochrome ACTFEL device. Copyright Planar Systems, Inc. 
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The necessary properties and significance of the different layers have been reviewed 
previously and they are only briefly described below.1,36 The most common substrate 
material is glass. It must be thermally and chemically stable and its surface must be 
smooth and damage free. If low cost soda lime glass is used, it must be covered with a 
protective layer (ion barrier) to prevent sodium out-diffusion into the thin film layers. 
The transparent electrode must have low resistivity and high transmittance, and the most 
common electrode material is InxSnyOz (ITO). The metal electrode must have low 
resistivity and it must be resistant to electromigration under a high electric field. 
Aluminum is the most common metal electrode in the traditional structure whereas 
molybdenum is one of the most common choices in the inverted structure. The insulator 
layers protect the phosphor layer from electric breakdown and they should have as few 
defects as possible. High dielectric constant (permittivity) materials are favored so that a 
high electric field in the phosphor layer and a low operating voltage can be achieved. 
However, high permittivity materials usually have low electric field strength, which has 
made the choice of insulator material difficult. The breakdown mechanism of insulators 
is also important. In the propagating breakdown mode, the breakdown site grows in size 
and significant damage take place. In the self-healing mode, which is the desired 
property, the breakdown site becomes electrically isolated and the device can remain 
functional. Over the years, many different oxide materials have been tested and have 
been used as insulators,  and it  seems that the use of multilayered composite structures 
results in the best insulator properties.1,3,36 
 
The phosphor layer consists of host material and a light emitting dopant that is also 
called the activator or luminescent center.1 The  requirements  for  the  host  material  
include: a large enough band gap to emit visible light from the luminescent center, 
insulating characteristics below the threshold voltage, the capability to hold a high 
electric field, and the capability to efficiently transport high energy electrons.1 The 
luminescent centers in turn have the following requirements: appropriate incorporation 
into the host material, a large cross section for excitation, and stability in a high electric 
field.1 Properties of different phosphor materials have been extensively reviewed and so 
far various sulfide materials have been found to be the best host materials in ACTFEL 
devices.1,3,36,37 
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2.3.2 Electroluminescence in ACTFEL devices 
 
Electroluminescence is generated by an ACTFEL device in the following way: 1) when 
sufficient voltage is applied to the device, the electrons tunnel from the interface states 
between the phosphor and insulator layer into the conduction band of the phosphor; 2) 
electrons in the phosphor conduction band are accelerated under the electric field and 
are transported across the phosphor layer; 3) high energy electrons excite the 
luminescent centers and photons are emitted when the excited states of the luminescent 
centers relax back to their ground states; 4) transported electrons reach the 
phosphor/insulator interface on the anode side of the device and are trapped in the 
interface states; 5) when the polarity of the AC voltage is reversed, the same process 
takes place in the opposite direction.1,37,38 Figure 2 shows an energy band diagram for 
an ACTFEL device and steps 1-4 described above, which are suggested to be valid at 
least with ZnS:Mn. 
 
The emission mechanism is usually divided into two different types. The first one is 
called impact excitation, which is accepted as a valid mechanism e.g. in the ZnS:Mn 
device.1,39,40 In  this  case,  the  high  energy  electrons  directly  excite  the  Mn2+ ions and 
relaxation of the excited state results in EL emission. The second mechanism is called 
impact ionization, and it is a valid mechanism e.g. in the SrS:Ce device.40,41 In this case, 
the Ce3+ ion is ionized, i.e. the electron is promoted from the ground state into the 
conduction band, and recapturing the electron from the conduction band results in EL 
emission. 

 
 
Figure 2. Energy band diagram for an ACTFEL device. Numbers 1-4 refer to the corresponding 
steps described in the text. 
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2.3.3 Electro-optical properties of ACTFEL devices 
 
The electro-optical properties of ACTFEL devices are very important in real 
applications and the typical methods that have been used to evaluate them are 

luminance-voltage (L-V), luminous efficiency-voltage ( -V), and color coordinate 

measurements.1,37,42 The luminance-voltage measurement gives the luminance as a 
function of the applied voltage and it also gives the threshold voltage (Vth), i.e. the 
voltage where a luminance of 1 cd/m2 is achieved (Figure 3).1 The luminance is often 
reported as the L40 value, which means that the luminance has been measured at 40 volts 
above the threshold voltage.1 The luminous efficiency of the device is an important 
parameter from an industrial point of view because it tells how much light can be 
produced per unit of power input.42 It is usually reported in lumens per watt (lm/W) and 

for example 40 means that the luminous efficiency has been measured at 40 volts above 
the threshold voltage.1 Many measuring and materials parameters contribute to the 
luminance and efficiency measurements and they should be known before devices are 
compared with each other. For example, luminance increases as the driving frequency, 
phosphor thickness, and amount of dopant increase whereas the efficiency increases as 
the driving frequency and phosphor thickness decrease.1,42 
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Figure 3. L-V curve of the non-aged ZnS:Mn device measured at 60 Hz. The thickness of the 
phosphor layer was 1040 nm and the amount of Mn was 0.3 atomic %. ZnI2 and Mn(thd)3 were 
used as Zn and Mn sources, respectively. 
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The emission color of the EL device can be evaluated from the electroluminescence 
spectrum (Figure  4).  However,  the  emission  color  is  also  quite  often  expressed  as  the  
Commission Internationale de l’Eclairage (CIE) color coordinates.1,37,42 When the 
coordinates (x,y) are known, the emission color can be evaluated from a chromaticity 
diagram,  which  represents  the  visible  part  of  the  spectrum  (Figure  5).  The  benefit  of  
using the coordinates appears especially in the evaluation of the emission color range of 
the devices.1,42 For example, if the device has three emissive phosphors with color 
coordinates P1, P2, and P3, respectively, a triangle can be drawn between the 
coordinates  and  all  the  possible  emission  colors  under  the  area  of  the  triangle  can  be  
achieved, cf. Figure 5.1,42 
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Figure 4. Typical electroluminescence spectrum of the ZnS:Mn device. The emission color was 
yellow and the CIE 1931 color coordinates were x = 0.52, y = 0.47. 



 21 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 y

 x

 

 

P1
P2

P3 580 nm

610 nm

550 nm520 nm

490 nm

460 nm

 
Figure 5. CIE 1931 chromaticity diagram. Numbers on the arc represent emission wavelengths 
and the points P1, P2, and P3 represent the color coordinates of a hypothetical device. White 
light can be obtained if the center part of the diagram is covered. 
 
 
2.3.4 Aging of the ZnS:Mn ACTFEL devices 
 
Changes in the electro-optical properties of devices over time is one of the critical issues 
in commercial products. This is evaluated by aging experiments where the electro-
optical properties of the devices are followed as a function of time. In these 
experiments, the devices are usually driven by using high voltages and frequencies, and 
sometimes elevated temperatures, to accelerate the aging of the devices. The aging of a 
device is typically described as softening and shifting of the luminance-voltage and/or 

transferred charge-voltage ( Q-V) curves. The shifting of the curves means that they 

move to higher or lower voltages during device operation, and softening means that the 
curves  become  less  steep.  Figure  6  shows  as  an  example  L-V  curves  of  the  aged  
ZnS:Mn device where shifting and softening of the curves during the aging experiments 
can be seen. 
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Figure 6. L-V curves of the ZnS:Mn device measured at 60 Hz. The device was aged 2, 8, and 
32 h at 600 Hz at room temperature. The aging voltage was 134 V RMS (RMS = root-mean-
square). The thickness of the phosphor layer was 1040 nm and the amount of Mn was 0.3 
atomic %. ZnI2 and Mn(thd)3 were used as Zn and Mn sources, respectively. 
 
 

Soenen et al.43 used Q-V measurements for aging studies of a “chloride” device, i.e. a 

device where the ZnS:Mn layer was deposited by using ZnCl2 as a Zn source, and they 
found  that  the  aging  rate  was  proportional  to  the  amount  of  transferred  charge.  They  

suggested that softening of the Q-V curves results from defect creation, and that both 

thermal energy and the energy of the accelerated electrons are needed for defect 
creation. Soininen et al.7 compared chloride and metalorganic (DEZn as a Zn source) 
ALD processes and they found that the metalorganic process resulted in devices with 
less softening, more symmetric light emission with respect to voltage polarity, and 
smaller changes in the threshold voltage. Deposition temperature and different Mn 
reactants were not found to affect the aging properties of the “metalorganic” device. 
They also found that the process for the bulk ZnS:Mn determined the long-term aging 
properties when different processes were used for the bulk and interface regions. When 
the devices were driven near the threshold voltage, the “metalorganic” device aged in a 
different way than during the high voltage driven experiments whereas with the 
“chloride” device this kind of behavior was not seen. It was suggested that the shift of 
the L-V curve towards higher voltages in the high voltage region resulted from the 
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decreased amount of space charge  within the phosphor or from the electron traps at the 

interfaces that become deeper during aging. Finally, they suggested that point defects 
and grain boundaries in the phosphor, and the nature and symmetry of the interface 
regions around the phosphor, are important for good phosphor performance. 
 
Vlasenko et al.44 studied the same processes as Soininen et al.7 and they suggested that 
the chloride process results in chloride ions as impurities which migrate during aging, 
resulting in atomic rearrangements in the phosphor. They also suggested that the 

chloride ions act as shallow traps (Cl S ) and during aging their energy depths become 

shallower.  Consequently,  the  electrons  are  released  at  lower  electric  fields  and  the  
threshold voltages of the devices decrease. The metalorganic process was suggested to 
produce oxygen impurities (OS) that also migrate during aging. However, it was 
determined that their energy depth does not change so much during aging, and 
consequently the L-V curve of the “metalorganic” device softens less than that of the 
“chloride” device. In addition, Cleary et al.45 noted that the density of traps changes 
near the interfaces and that aging of the “chloride” device occurs mainly at the ITO 
interface, and aging of the “metalorganic” device mainly at the Al interface. The traps 
were suggested to be Cl and O (or sulfur vacancy) in the “chloride” device and O in the 
“metalorganic” device.45 

 
The ZnS:Mn layers have also been deposited with methods other than ALD and some 
findings from those studies are reported below. Mikami et al.46 used  CVD  for  the  
deposition of ZnS:Mn films and they found that the deposition temperature, the 
stoichiometry  of  ZnS,  the  grain  size  and  impurity  content  of  the  phosphor  layer,  the  
thickness of the ZnS:Mn layer, the insulator materials, and the CVD process parameters 
all affect the aging properties of the devices. In a study of evaporated ZnS:Mn films it 
was suggested that sulfur vacancies are the main reason for aging.45 Sputtering studies 
by Waldrip et al.47 and  Lewis  et al.48 showed that charge compensating the Zn 
vacancies decreased the amount of space charge within the phosphor, which resulted in 
a larger average electric field, increased charge multiplication, increased excitation 
efficiency, and better aging stability for the devices. 
                                                
Space charge is usually classified as either static or dynamic.40 Static space charge is envisaged as 

positive charge that is present in the phosphor for which density and distribution do not change 
appreciably during the steady-state operation of the ACTFEL device.40 Dynamic space charge denotes 
positive charge that is at least partially created and annihilated during each period of the bipolar voltage 
waveform.40 
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Finally, it is noted that aging seems to accelerate at higher temperatures43,46 and when 
the device is illuminated by light with energy close to that of the band gap of the 
phosphor.49 Annealing the devices at high temperature was found to restore the L-

V/ Q-V curves to their original shape, and these recovered devices aged again in the 

same way as before the high temperature annealing.43,49 
 
3. EXPERIMENTAL 
 
3.1 Film deposition 
 
Depositions were carried out using a hot-wall type ALD reactor (F-120, ASM 
Microchemistry Ltd., Finland) operating under a nitrogen pressure of ~10 mbar. Films 
were deposited by alternately pulsing metal reactants and H2S  or  elemental  Se  on  
substrates using N2 as  a  carrier  and  purging  gas.  The  metal  reactants  were  vaporized  
from open glass boats inside the reactor and they were pulsed onto the substrates by 
means of inert gas valving (Table 3). H2S was pulsed into the reactor using a solenoid 
valve and its flow rate was adjusted to 4-5 standard cubic centimeters per minute (sccm) 
during continuous flow with the aid of a needle valve and a mass flow meter. The 
electroluminescent films were prepared by replacing certain number of the metal 
reactant pulses by dopant pulses during the deposition, and they were covered with 
Al2O3 film that served as an upper insulator in the EL devices. Trimethylaluminum 
(TMA) and H2O were used as aluminum and oxygen sources, respectively. They were 
kept outside the reactor at room temperature and they were pulsed alternately onto the 
substrates using needle and solenoid valves. Most of the samples for EL measurements 
were finished by annealing them at high temperatures in 99.999% nitrogen at 1 atm 
before the evaporation of the Al electrodes. Further details for the deposition 
experiments can be found in corresponding publications I-VI. 
 
3.2 Film characterization 
 
The thicknesses and refractive indices of the films were evaluated by fitting 
transmittance spectra. The spectra were measured typically in the wavelength region of 
370-1100 nm and the refractive indices were evaluated at 580 nm. Film crystallinity 

was examined with a powder X-ray diffractometer using Cu K  radiation. The surface 
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morphology of the films was studied with AFMIII or  SEM.VI The elemental depth 
profiles of the films were determined with time-of-flight elastic recoil detection analysis 
(TOF-ERDA) using a beam of iodine or bromine ions obtained from a tandem 
accelerator.III,VI The reported elemental contents in TOF-ERDA were always integrated 
from the middle of the sulfide films to minimize the influence of the oxide layers above 
and below the sulfide layer. Compositional characteristics of the selected samples were 
also analyzed by EDX,I,II,IV Rutherford backscattering spectroscopy (RBS),I,II or x-ray 
photoelectron spectroscopy (XPS).IV Selected samples were also studied by PL 
measurements but the PL spectra were not corrected.V Further details for the 
characterization experiments can be found in the corresponding publications I-VI. 
 
Table  3.  Metal  reactants  and  the  typical  vaporization  temperatures  used  in  this  work  (Me  =  
methyl, Et = ethyl, iPr = isopropyl, tBu = tertiary butyl). 

Reactant Temperature (°C) Reactant Temperature (°C) 

Ba(Me5C5)2 160 Ce(thd)4 - 
Sr(thd)2 220 Ce(C5H5)3 200 
Sr(iPr3C5H2)2 100 (PEt3)Cu(C5H5) 80 
Sr(Me5C5)2 140 Eu(thd)3 135 
ZnCl2 360 Mn(thd)3 100 
ZnI2 240 Pb(tBu3C5H2)2 120 

 
 
3.3 Device characterization 
 
The electro-optical measurements of the ACTFEL devices were made in most cases at 
60 Hz using a trapezoidal waveform with alternating polarity. EL spectra and CIE 1931 
color coordinates were measured with a Photo Research PR-650 spectroradiometer.IV-VI 
However,  in  publication  IV,  a  Minolta  CS-100 tri-filter  colorimeter  was  also  used  for  
the color coordinate measurements. In addition, selected devices were studied by 
efficiency ( ),V,VI luminance-voltage (L-V),IV-VI transferred charge-voltage ( Q-V),V,VI 
and time resolved luminanceV,VI measurements. Further details of the characterization 
experiments can be found in the corresponding publications IV-VI. 
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4. RESULTS AND DISCUSSION 
 
This chapter summarizes results that were originally presented in publications I-VI and 
also presents some new data that have not been published earlier. 
 
4.1 Deposition and characterization of sulfide and sulfoselenide thin films 
 
4.1.1 ZnS thin films 
 
In  ALD deposition  of  ZnS thin  films  the  most  common zinc  reactant  has  been  ZnCl2, 
and  more  recently  DEZn,  but  in  this  work  the  ZnS  thin  films  were  deposited  using  a  
ZnI2–H2S process. This process was also mentioned in earlier literature, but no 
information from actual experiments was provided.8 Figure 7 shows the growth rate 
curves of the ZnS films as a function of the deposition temperature. When the standard 
deposition routine was used, the growth rate first increased, then stayed constant, and 
finally decreased as a function of the deposition temperature.VI The  region  with  the  
increasing growth rate can be described as resulting from slow surface reactions and the 
growth rate in this region may be increased by using longer pulse lengths.3 In  the  
constant  growth  rate  region,  the  growth  rate  stays  constant  because  the  density  of  the  
surface groups does not change as a function of temperature, and the decreasing growth 
rate region most probably results from desorption of the reactants.3 In publication VI it 
was suggested that the surface is covered only with sulfur after the H2S pulse, which is 
in agreement with an earlier mass spectroscopy study of the zinc chloride-based ZnS 
process.10 It  was  also  suggested  that  the  density  of  the  surface  sulfur  atoms  does  not  
change noticeable as a function of temperature, which could be the reason that the 
growth rate remains nearly constant between 300 and 490 °C. On the other hand, the 
high  dose  ZnI2 experiments suggest that the ZnI2 process may be limited because of 
slow surface reactions until that temperature where the growth rate starts to decrease 
because of desorption (Figure 7). Furthermore, supplementary deposition experiments 
indicated that the increased growth rate resulted from the longer pulse length and not 
from the higher vaporization temperature of ZnI2. 
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Figure 7. Growth rate of ZnS thin films as a function of the deposition temperature. In the high 
dose experiments the pulse length of ZnI2 was increased from 0.4 to 0.8 s and vaporization 
temperature from 240 to 260 °C. 
 
 
When the high dose growth rate curve in Figure 7 is compared with the corresponding 
curve for the ZnCl2 process,30 it seems that they are similar. However, the ZnCl2 process 
results in 2-3 times higher growth rates than the ZnI2 process.10,11,20,30 According to the 
model that predicts growth rates from the geometry of the reactants and density of the 
adsorption sites, the maximum growth rate of the ZnCl2 process should be 1.1 
Å/cycle.30 Using the same model for the ZnI2 process it was predicted that the 
maximum growth rate should be 0.4 Å/cycle.VI The difference in the predicted growth 
rates  resulted  from the  different  sizes  of  the  ZnI2 and ZnCl2 molecules. This suggests 
that the main reason for the growth rate difference is that the larger ZnI2 molecule 
creates more steric hindrance on the surface, which results in a lower growth rate for the 
ZnI2 process. 
 
When the ZnI2 process is  compared with the ZnS processes,  it  can be seen that all  the 
other processes result in higher growth rates, cf. Table 1. The highest growth rates 
reported are 2.6 Å/cycle with zinc acetate and 3.1 Å/cycle with DMZn and elemental Zn 
processes.8,11,13,14 The high growth rate with zinc acetate was reported to result from the 
appropriate position of zinc atoms in the adsorbing complex, which leads to a high 
coverage of the surface.8 A growth  rate  over  4  Å/cycle  has  also  been  reported  for  the  
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DMZn process at 50 °C.33 However, this indicates that on average more than one ZnS 
layer has been deposited during one cycle, which means that the self-limiting nature of 
ALD has been lost because of multilayer adsorption. 
 
The impurity contents of the films were studied using a TOF-ERDA and it was shown 
that the films deposited at 400 and 500 °C were, in practice, free of iodine (Table 4).VI 
However, the iodine content in the film deposited at 300 °C was as high as 3-4 atomic 
%. The probable reason for the high iodine content at 300 °C is that the amount of 
thermal energy was not sufficient to complete the surface reactions and to desorb all the 
reaction by-products. The contents of C, H, and O were low in the films deposited at 
300 and 400 °C but in the film deposited at 500 °C, contents of C and O were higher. 
The reason for this is not known but it may be that ZnI2 reacted with the laboratory 
atmosphere, resulting in volatile carbon- and oxygen-containing zinc compounds which 
decomposed in the reactor at 500 °C, producing C and O in the films. There is not so 
much impurity data available from the earlier studies but it seems that the other 
processes also can result in relatively pure ZnS films.6-8,18 
 
In the earlier literature it was suggested that the ZnS films grown by ALD below 400 °C 
are mainly in the cubic form and above 400 °C mainly in the hexagonal form.7,16-18 
However, it is difficult to distinguish the phases from each other in thin film samples, as 
was discussed in Section 2.2.1. In this work, the XRD studies indicated that the 
hexagonal phase was probably the dominant one because typical reflections for the 
hexagonal phase appeared in most of the diffraction patterns and typical reflections for 
the cubic phase were identified only occasionally. Selected ZnS:Mn samples were also 
studied by SEM and the results suggested, in accordance with other studies,6,7 that 
higher deposition temperature results in larger grains.VI 

 
Table 4. Content of C, H, O, and I in selected ZnS thin films. Films were deposited using ZnI2 
as  a  Zn  source.  The  impurity  contents  were  calculated  using  data  from  the  TOF-ERDA  
experiments.VI 

Deposition 
temperature 

C (atomic %) H (atomic %) O (atomic %) I (atomic %) 

300 °C <0.1 0.3 <0.4 3-4 
400 °C <0.1 0.2 <0.4 <0.1 
500 °C 0.3 0.2 <1.2 <0.1 
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4.1.2 SrS and BaS thin films 
 
The SrS and BaS thin films were deposited by using cyclopentadienyl-based (Cp) 
(iPr3C5H2)2Sr(THF)  (1), (Me5C5)2Sr(THF)x (2), and (Me5C5)2Ba(THF)x (3) complexes 
as the metal sources (THF = tetrahydrofuran).III The initial experiments showed that at 
low deposition temperatures the growth rates were not dependent on different pulse 
lengths and vaporization temperatures. A slight increase in the growth rate with increase 
in the pulse length of complex 1 was seen at 380 °C, which was considered to be a sign 
that complex 1 was beginning to decompose. However, based on the data in Figure 8 
and  the  author’s  experience  with  other  sulfide  processes,  a  long  pulse  length  for  H2S 
does not affect the growth rate in practice. This therefore suggests that the growth rate 
can saturate at 380 °C. Figure 9 shows the thickness of the SrS films as a function of the 
deposition cycles and it can be seen that the growth rate is independent of the deposition 
cycles. 
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Figure 8. Growth rate of SrS as a function of the pulse length of complex 1. Deposition 
temperature was 380 °C.  denotes the pulse length of complex 1 when the H2S pulse length 
was 1.0 s (H2S pulse length was 0.5 s when the pulse length of complex 1 was 1.0 s).  denotes 
the pulse length of H2S when the pulse length of complex 1 was 0.5 s. Reprinted in part with 
permission from III. Copyright 2002 American Chemical Society. 
 



 30 

0 2000 4000 6000 8000 10000 12000 14000 16000
0

100
200
300
400
500
600
700
800
900

1000
1100
1200

 

 

Th
ic

kn
es

s (
nm

)

Number of deposition cycles

 
Figure 9. Thickness of the SrS thin films as a function of deposition cycles. Deposition 
temperature was 300 °C and complex 1 was used as a Sr source. 
 
 
Figure 10 shows the growth rate curves for SrS and BaS films, and it can be seen that 
the growth rates first decreased, then stayed constant, and finally increased as a function 
of the deposition temperature. This suggested that the decreasing growth rate region 
results from the decreasing amount of surface –SH groups. This would be analogous to 
many ALD oxide processes where both the amount of surface –OH groups and the 
growth rate decrease as a function of temperature.3,4 The existence of surface –SH 
groups after an H2S pulse has been revealed in different materials.50,51 It has also been 
shown that with increasing temperature, the –SH groups can recombine, leading to a 
surface that is covered only with sulfur.50 In this work it was proposed that the surface 
was covered only with sulfur at around 240-280 °C, i.e. where the growth rate stopped 
decreasing with increasing temperature. This also suggests that in the constant growth 
rate region, the density of the surface groups did not change noticeable as a function of 
temperature. The growth rate started to increase again at higher deposition temperatures, 
which resulted most probably from the decomposition of the metal reactants. This was 
supported by the impurity analysis, which showed increased carbon content in the film 
deposited at 400 °C when complex 1 was used as a Sr source.III The films deposited at 
400 °C were also dark, which is a probable indication of high carbon content in the 
films. Furthermore, doubling the pulse length for complex 1 at  420  °C  increased  the  
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growth rate by about 40%, most probably because of decomposition of the complex 
leading to the development of thickness non-uniformity across the substrate. 
 
Complex 1 has also been used in the ALD deposition of SrO thin films.52,53 These 
studies have shown that ligands of complex 1 can desorb at elevated temperatures, 
which leads to the suggestion that part of the Sr atoms on the SrO surface were without 
ligands.52,53 In principle, this could mean that in the sulfide process the metal complexes 
could behave in a similar way to that suggested for the –SH groups, i.e. the Sr 
complexes on the surface recombine and desorb, leaving less Sr on the surface with 
increasing temperature. The SrO studies have also indicated that complex 1 decomposes 
at  325 °C.52,53 However, in this work the decomposition of complex 1 began to 
produce impurities in the films only at 400 °C and above. 
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Figure 10. Growth rate of SrS and BaS thin films as a function of the deposition temperature. At 
120 °C, a pulse length of 1.5 s was used with complex 1 to ensure its uniform spread across the 
substrate. Adapted with permission from III. Copyright 2002 American Chemical Society. 
 
 
Figure 10 shows that the growth rate of SrS is higher with complex 2 than with complex 
1 as a Sr source. The probable reason for this is that the smaller pentamethyl substituted 
complex 2 creates less steric hindrance on the surface than the isopropyl substituted 
complex 1. On the other hand, the larger isopropyl ligand seems to give better 
protection against thermal decomposition of the complex, which is indicated by the 
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growth rate curves and the thermal analyses of the complexes.III However, at 150 °C the 
growth rate was higher with complex 1 than with complex 2 as a Sr source. The reason 
for this is not known and it can only be speculated whether the longer pulse length for 
complex 2 may have increased the growth rate at such a low temperature. Figure 10 also 
shows that the growth rate of BaS was higher than that of SrS when the same ligand was 
used for the metals. The larger ion size of Ba can only partially explain the difference 
and it may be that the desorption rate of the strontium compounds is higher than that of 
the Ba compounds. The XRD studies indicated that all the films were polycrystalline as 
deposited, and Figure 11 shows, as an example, that a polycrystalline SrS thin film can 
be deposited even at 120 °C.III 
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Figure 11. X-ray diffractogram of the SrS thin film deposited at 120 °C with complex 1 as a Sr 
source. Reprinted with permission from III. Copyright 2002 American Chemical Society. 
 
 
Table 5 shows the content of C, H, and O in the SrS and BaS thin films and it  can be 
seen that their content was quite low in the films deposited at 300 °C.III When the films 
were deposited at 200 °C, the content of these elements increased. It can also be seen 
that the farther the 200 °C deposition temperature is away from the temperature where 
the growth rate stops decreasing as a function of temperature, the higher the impurity 
contents in the films are, cf. Figure 10. The reason for this is not known but it may be 
that there are more ligands on the surface when the deposition temperature is further 
away from that of the constant growth rate region, which may result in more impurities 
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in the films. When the SrS thin film was deposited at 120 °C, the contents of C and H 
were high, probably because there was not enough thermal energy to complete the 
surface reactions and to desorb the reaction by-products. At a deposition temperature of 
400 °C, the contents of C and H increased most probably because of the decomposition 
of the Sr complex. 
 
Table 5. Content of C, H, and O in selected SrS and BaS thin films. Adapted with permission 
from III. Copyright 2002 American Chemical Society. 

Metal source and 
deposition temperature 

C (atomic %) H (atomic %) O (atomic %) 

(iPr3C5H2)2Sr(THF) (1)    
120 °C 1.0 2.6 0.6 

200 °C 0.2 0.8 0.5 
300 °C 0.1 0.5 0.6 
400 °C 1.9 0.8 0.3 

(Me5C5)2Sr(THF)x (2)    
200 °C 0.4 1.3 0.6 
300 °C 0.1 0.3 0.3 

(Me5C5)2Ba(THF)x (3)    
200 °C 0.1 0.8 0.3 
300 °C 0.1 0.3 0.3 

 
 
Figure 12 shows the AFM images of SrS films deposited at 120 and 300 °C when 
complex 1 was used as a Sr source, and it is obvious that the film deposited at 120 °C 
was  rougher  than  the  film deposited  at  300  °C.III It  has  been  shown earlier  that  a  low 
initial nucleation density of the grains on the surface can result in a rough surface20 and 
it is possible that the nucleation density of grains was lower at 120 than at 300 °C. On 
the  other  hand,  the  mobility  of  surface  species  is  lower  at  lower  temperatures,  which  
may also be the reason for the rough SrS film deposited at 120 °C. The roughness of the 
SrS film deposited at 300 °C using complex 2 as a Sr source was at  the same level as 
with complex 1 at  the  same deposition  temperature.  However,  the  roughness  value  of  
the BaS film deposited at 300 °C was nearly double that of the SrS films deposited at 
the same temperature, and it can only be speculated whether the nucleation density or 
mobility of Ba species on the surface is lower than for Sr species. 
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a) (b)

 
 
Figure 12. AFM images of SrS thin films deposited at different temperatures when complex 1 
was used as a Sr source. Deposition temperatures (T), RMS roughness values and thicknesses 
(d) of the films were (a) T = 120 °C, RMS = 15 nm, d = 480 nm and (b) T = 300 °C, RMS = 6 
nm, d = 510 nm. The RMS roughness values were determined from 4 4 m images. Reprinted 
with permission from III. Copyright 2002 American Chemical Society. 
 
 
When the Cp processes in this study are compared with previously reported thd 
processes,22-28,30 it can be seen that the Cp processes resulted in the lowest deposition 
temperatures, cf. Figure 10. The reason for this is that the thd complexes had to be 
heated to higher temperatures than the Cp complexes to ensure sufficient volatilization. 
It also seems that the highest growth rates can be achieved by using complexes 1, 2, and 
3 as  the  metal  sources,  cf.  Table  2.  However,  the  situation  changes  when growth  rate  
comparisons are made at higher deposition temperatures, cf. Figure 10 and Table 2. 
Then only the BaS process with complex 3 as the metal source resulted in a higher 
growth rate than the thd processes. It was shown earlier that quite pure SrS and BaS thin 
films can also be deposited using thd complexes as the metal sources.25,28 However,  it  
seems that the previously reported thd process resulted in rougher SrS film than the Cp 
processes in this study.26 
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4.1.3 ZnS1-xSex and SrS1-xSex thin films 
 
The ZnS1-xSex and SrS1-xSex thin films were deposited by using ZnCl2, Sr(thd)2,  H2S, 
and elemental selenium as the reactants.I,II The metal reactants and hydrogen sulfide 
were used in every deposition cycle but the selenium was used in only some of the 
cycles. When selenium was used, it was always pulsed after the H2S pulse, i.e. selenium 
was substituted for sulfur on the substrate surface. Thermochemical calculations 
suggested that the substitution reaction proceeds according to reaction equation (3), 
when M = Zn or Sr.54 

 

MS(s) + xSe(g)  MS1-xSex(s) + 2
1 xS2(g)   (3) 

 
It was also shown that it was possible to deposit SrSe thin films at 380 °C using Sr(thd)2 
and elemental selenium as the Sr and Se sources, respectively.II This was verified by 
XRD analysis, which showed a weak c(200) reflection. However, the refractive index of 
the SrSe film was close to that of the SrS film and it may be that the SrSe film was not 
free  from  impurities.  The  growth  rates  of  the  SrS  and  SrSe  films  were  around  0.4  
Å/cycle, and the growth rates of the SrS1-xSex films were 0.4-1.2 Å/cycle.II Deposition 
of ZnSe thin film was attempted using ZnCl2 and elemental selenium as the Zn and Se 
sources, respectively, but no film growth was observed.I The  growth  rates  of  the      
ZnS1-xSex films were 1.3 ± 0.2 and 0.8 ± 0.1 Å/cycle at 400 and 500 °C, respectively.I 
Experiments  to  deposit  SrS1-xTex, SrS1-x-ySexTey, ZnS1-xTex, and ZnSe1-xTex were also 
carried out but no tellurium was detected by EDX analysis. However, it was possible to 
deposit a SrTe thin film at 380 °C using Sr(thd)2 and elemental tellurium as the Sr and 
Te sources, respectively.II The growth rate of SrTe was 0.8 Å/cycle and its index of 
refraction was found to be 2.29. The XRD analysis revealed a weak c(200) reflection. 

 
Figure 13 shows the selenium content as a function of the selenium-containing cycles.I,II 
It can be seen that the content of selenium increased faster when the fraction of the 
cycles containing selenium was lower. Based on selenization experiments, it could be 
that  this  results  from the  ability  of  selenium to  react  with  layers  below the  uppermost  
layer. Figure 14 shows selenium content as a function of the selenium pulse length. It 
can be seen that only 80-90% of the sulfur can be replaced with selenium, and the 



 36 

reason for this may be that sulfur substituted for selenium during the subsequent H2S 
pulse. 
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Figure 13. Se content as a function of the Se-containing cycles, e.g. 0.2 at the x-axis means that 
Se has been used in every fifth cycle. The Se pulse length was 2 s with ZnS and 0.2 s with SrS. 
Deposition temperatures for ZnS and SrS were 500 and 380 °C, respectively.I,II 
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Figure 14. Se content as a function of the Se pulse length when Se was used in every cycle. 
Deposition temperatures for ZnS and SrS were 400 and 380 °C, respectively.I,II 
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The XRD studies showed that the interplanar spacings (d-values) varied linearly as a 
function of the selenium content, which verified the existence of sulfoselenide solid 
solutions in the films.I,II The XRD analysis also showed that a hexagonal ZnS1-xSex 
phase existed in the films deposited at 500 °C even though hexagonal ZnSe is known to 
be a metastable phase.I Figure 15 shows the diffractograms for the ZnS1-xSex films 
deposited at 500 °C, which reveal the h(100) reflection. It also shows that the main 
reflection consists of two peaks. In Figure 16, the d-values of the h(100) reflection and 
the d-values of the two c(111)/h(002) reflections, which were determined by using the 
fitting software of the diffractometer, are given. The appearance of two peaks under the 
main peak may indicate the coexistence of two phases in the films. This suggests to me 
that the 0.01-0.03Å difference between the d-values is too large to indicate the existence 
of different crystal phases because the difference between the c(111) and h(002) 
reflections with ZnS is only 0.0062Å.55 However, the same difference for ZnSe is 
0.0229Å,56 and it may be that the two reflections fitted under the main peak indicate the 
existence of two different crystal phases in the ZnS1-xSex films deposited at 500 °C. 
Fitting also showed the double nature of the main peak with the films deposited at 400 
°C when the selenium content was x = 0.55-0.61. However, in these films the fitted 
peak intensity of the lower peak was much weaker than that of the more intense one. It 
was also found that the fitted peak area was larger with the higher d-value peaks, which 
is in contrast to the films deposited at 500 °C (in ZnSe the d-value of the c(111) 
reflection is higher than the d-value of the h(002) reflection56). I propose that this may 
result from the fact that at 400 °C the ZnS films are assumed to be mainly in the cubic 
form, which may promote the formation of the cubic ZnS1-xSex phase at 400 °C. 
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Figure 15. The main peak area in the XRD diffractograms of the ZnS1-xSex thin films deposited 
at 500 °C. Reprinted from I, Copyright (1997), with permission from Elsevier. 
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Figure 16. Interplanar spacings of the main peak area reflections as a function of the Se content, 
cf. Figure 15. Reprinted from I, Copyright (1997), with permission from Elsevier. 
 
 
The XPS analysis showed that the surfaces of the ZnS1-xSex thin films contained C and 
O.IV After sputtering for 10 minutes, the C 1s and O 1s signals practically disappeared, 
which indicates that the C and O impurities probably resulted from post-deposition 
reactions with air. No elemental Se, SeO2, nor any ZnSeOx species were detected. The 
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XPS analysis of the SrS1-xSex thin films showed that the surfaces contained C, O, and 
K.IV After sputtering for 10 minutes, the C 1s and K 2p signals were strongly reduced, 
and after sputtering for 60 minutes they were essentially not detectable any longer. The 
most probable potassium source was the Sr(thd)2 reactant because a potassium 
compound is used in its synthesis and potassium has also been found as an impurity in 
earlier studies where Sr(thd)2 was used as the Sr source.57 The analysis showed that the 
potassium was present mainly on the surfaces of the films, which may have resulted 
from the segregation of potassium during film growth along grain boundaries. The 
analysis also showed that the O 1s signal was still  significant even after sputtering for 
60 minutes. The films probably contained SrSO4 and/or SrSO3, which is consistent with 
earlier SrS studies,58,59 but  no  SeO2 nor any SrSeOx species were detected. The high 
oxygen content in the SrS1-xSex films may have resulted at least partially from the fact 
that the naturally oxidized SrS1-xSex film does not serve as a passivating layer. This 
means that the unprotected films react continuously with air, resulting in a high amount 
of oxygen in the films. This has been shown earlier with SrS films, as the oxygen 
containing Sr(thd)2 should leave only some O residues in the SrS films.III,28 It was also 
shown that even a small amount of selenium in the SrS1-xSex films made them brownish 
and increased their absorption in transmission spectra which were measured in the 
wavelength region of 370-1100 nm. This suggests that part of the selenium was in the 
elemental form or appeared as some colored selenium compounds whose contents were 
too low to be detected by the XPS. It was also found that the SrS1-xSex:Ce samples that 
were covered with a transparent Al2O3 insulator layer were brownish before any air 
contact, which indicates that the SrS1-xSex films had deteriorated already during the film 
deposition. 
 
When the substitution processes in this study are compared with earlier studies, it seems 
that a similar type of approach has only been used in the deposition of ZnO1-xSx,  
GaAs1-xPx, and GaP1-xAsx thin films.60-62 In these studies the maximum x value achieved 
was 0.8-0.95 and it was suggested that higher values were not achieved because of the 
reverse substitution reaction during subsequent reactant pulses.60-62 As has already been 
mentioned in Section 2.2.3, earlier reports of ALD deposited SrS1-xSex thin films were 
not found. ZnS1-xSex thin films have been deposited with ALD previously, although not 
using  elemental  selenium  as  a  Se  source;  these  studies  have  shown  that  a  monolayer  
growth rate per deposition cycle can be achieved with different pulsing sequences.31-35 
Lattice  constant  and  the  position  of  the  PL  emission  peak  were  shown  to  follow  the  
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sulfur content, and band gap bowing was found with the ZnS1-xSex films.33 In this work, 
however, the band gap was found to vary linearly as a function of the selenium content.I 
This discrepancy may result from the differences between the determination methods 
since in reference 33 PL measurements were used for the determination of the band gap 
whereas in this work the band gap was evaluated using ( hv)2 versus E plots. 
 
4.1.4 CuxS, PbS, and MnS thin films 
 
During the course of this work thin films of copper sulfide, lead sulfide, and manganese 
sulfide were also deposited using (PEt3)Cu(C5H5), Pb(tBu3C5H2)2, and Mn(thd)3 
complexes as Cu, Pb, and Mn sources, respectively. Originally, the complexes were 
used as dopants in EL devicesIV-VI but because it seems that the corresponding ALD 
sulfide processes have not been published earlier, some findings are briefly reported 
here. 
 

The CuxS films were deposited on SrS films at 120 C with a vaporization temperature 

of 80 °C for (PEt3)Cu(C5H5). The CuxS films spread over the whole substrate area and 
the Cu/S ratio in the films was close to 2:1 according to the EDX and XRD analyses. It 
was  also  found that  elemental  copper  could  be  deposited  at  220  °C on  SrS  films  as  a  
result of the thermal decomposition of the copper complex.V In a recent copper sulfide 
study, the copper amidinato complex was used as a copper source, which resulted in the 

Cu2S phase at 130 C.63 In earlier copper sulfide studies, Cu(thd)2 was used as a copper 

source, which resulted in a 1:1 Cu/S ratio at lower deposition temperatures and a 2:1 
Cu/S ratio at higher deposition temperatures.64-65 In  earlier  PbS  ALD  studies,  lead  
bromide, iodide, acetate, thd, diethyldithiocarbamate, and t-butoxide compounds were 
used as Pb sources.66-68 In this work, c(200) oriented PbS thin films were deposited at 
150 °C on Al2O3-covered glass substrates with a vaporization temperature of 120 °C for 
Pb(tBu3C5H2)2. Deposition experiments at 300 °C and above resulted in poor spreading 
of PbS on the substrates, which probably resulted from the decomposition of the Pb 
complex. MnS thin films were deposited at 400 °C on top of the ZnS thin films with a 
vaporization temperature of 100 °C for Mn(thd)3. Both ZnS and MnS were oriented 
along the c(111)/h(002) direction. 
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4.2 Luminescence of sulfide and sulfoselenide thin films 
 
The goal of this work was to develop new sulfide processes for the luminescent layers 
in ACTFEL devices, and these new processes for the host materials were discussed in 
the preceding sections. During the subsequent stages of processing, the host materials 
were doped to create various luminescent centers in order to see how these new 
processes affected the luminescence properties of the devices. The majority of the 
results of these studies were originally presented in publications IV-VI, and they will be 
discussed in this section. 
 
4.2.1 Electroluminescence of ZnS1-xSex:Mn and SrS1-xSex:Ce thin films 
 
It is well known that the emission wavelength of the dopant can be altered by changing 
its host material. An exception is dopants where the orbitals involved in the optical 
transition are shielded from the host lattice.37 In Tb3+,  for  example,  the  transitions  are  
4f-4f intrashell transitions, and because the 4f orbitals are shielded by the occupied 5s 
and 5p orbitals, the transition energy between the ground state and the excited state is 
not affected by the host lattice.37 However, in Mn2+ and Ce3+ the emission results from 
the 3d-3d and 5d-4f transitions, respectively, which are not shielded from the host 
lattice, and hence the emission wavelength can be altered by modifying the host 
material.37 The modification can be done by changing the cation or the anion. Examples 
of the former case are Zn1-xMgxS:Mn69-71 and Zn1-xGaxS:Mn,72 whereas SrS1-xSex:Ce73,74 
is an example of the latter case. 
 
In this work, the ZnS:Mn and SrS:Ce samples were modified by replacing some of the 
sulfur atoms with selenium using the same method as that described in Section 4.1.3. 
The  substitution  of  selenium  for  sulfur  changed  the  CIE  color  coordinates  of  the  Mn  
emission in ZnS1-xSex:Mn devices only slightly, and the peak wavelength in EL spectra 
did not change in practice (Table 6).IV This is in accordance with earlier ZnS1-xSex:Mn 
and ZnSe:Mn studies, which did not show changes in the Mn emission color due to 
addition of selenium.75,76 The luminance values were measured in this work at fixed 
voltage and they did not change much either, cf. Table 6. On the other hand, possible 
differences between the luminance values could have been more evident if the devices 
had been optimized to achieve the maximum luminance. In the literature, increased 
luminance due to selenium addition has been reported in the ZnS1-xSex:Mn device as a 
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consequence of band gap engineering.76 However, the luminance of a ZnSe:Mn device 
was reported to be low in comparison with a ZnS:Mn device.75 
 
In the SrS1-xSex:Ce devices, the substitution of selenium for sulfur had a detrimental 

effect on emission intensity.IV The CIE color coordinates indicated a small blue shift  

from x = 0.32, y = 0.50 to x = 0.29, y = 0.46, but at the same time only some pixels 
emitted at 1 kHz with the same intensity as in the SrS:Ce device at 60 Hz, i.e. about 50 
cd/m2.  In  this  work,  the  emission  of  Ce3+ was partly absorbed by the brown-colored 
contaminants in the SrS1-xSex:Ce layer, which may have been one reason for the poor 
emission intensity. However, SrS1-xSex:Ce may be an inefficient EL material in general 
because earlier studies of SrS1-xSex:Ce and SrSe:Ce also showed low luminance values 
for these materials.74,77,78 The blue shift of the emission spectrum has been seen earlier, 
and  it  has  been  explained  as  resulting  from  narrowing  emission  peaks  as  a  result  of  
decreased electron-phonon interaction between the Ce3+ and host lattice.73,77,79 
 
Table 6. Electro-optical data for selected devices. The data were measured at 60 Hz and at 181 
V. Thicknesses of the sulfoselenide films varied between 400 and 490 nm and the manganese 
contents  and  Se/S  ratios  were  analyzed  by  EDX.  Reprinted  from  IV,  Copyright  (2004),  with  
permission from Elsevier. 

Device L (cd/m2) 
CIE 1931 color 

coordinates (x,y) 
EL peak wavelength 

(nm) 
Mn 

(atomic %) 

ZnS:Mn 64 0.53, 0.47 588 ±4 0.6 
ZnS0.87Se0.13:Mn 43 0.54, 0.45 588 ±4 0.3 
ZnS0.60Se0.40:Mn 57 0.55, 0.45 584 ±4 0.5 
ZnS0.34Se0.66:Mn 53 0.54, 0.45 588 ±4 0.6 

 
 
4.2.2 Photo- and electroluminescence of SrS and BaS thin films doped 
 with Ce, Cu, Eu, Mn, or Pb 
 
Cerium-doped SrS films have been studied for many years as a possible component in 
full color ACTFEL devices because the blue emission color can be filtered out from the 
broad Ce3+ emission spectrum. In this work, the SrS:Ce thin films were deposited by 

                                                
The CIE color coordinates were measured with a Minolta CS-100 that gives lower y values from the blue 

part of the spectrum than the Photo Research PR-650. 
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using complex 1 as a Sr source, cf. Section 4.1.2, and Ce(C5H5)3 as a Ce source.V Figure 
17 shows the typical double peak PL emission of SrS:Ce, which results from the doublet 
character of the ground state of Ce3+.  Multiple peaks were consistently seen in the EL 
spectra, which probably resulted from interference effects in the thin film stack. 
 
The electro-optical data indicated that a higher deposition temperature resulted in higher 
luminance even though the samples were later annealed at the same temperature, Table 
7.V However, proper spreading of the cerium reactant was achieved only at 300-340 °C 
and therefore the luminescence data were reported only for that temperature range. Low 
luminance due to a low deposition temperature was previously explained as being due 
to low excitation efficiency, which may result from a high number of defects in the 
luminescent layer.80 In this work, the XRD results indicated that the full  width at  half  
maximum (FWHM) values of the c(111) reflection decreased when the deposition 
temperature increased. After annealing, the FWHM values were still low but then the 
samples deposited at the lowest deposition temperatures had the lowest FWHM values. 
Therefore, it may be that the lower luminance at lower deposition temperatures results 
from  defects  and/or  poor  crystallinity  in  close  proximity  to  cerium,  which  cannot  be  
later compensated for by annealing at high temperature. In general, high temperature 
annealing has been shown to decrease the amount of defects and non-radiative Ce4+ 
centers and increase the crystallite size in the phosphor layer. In addition, it has been 
reported that luminance, efficiency, film stress, and both interface and bulk trap 
densities increase due to annealing at high temperature.80-82 
 
Selected SrS:Ce devices were also analyzed by time resolved electro-optical 
measurements, which showed luminance asymmetry with respect to the voltage 
polarity. Possible reasons for this could have been the non-uniform distribution of Ce in 
the SrS, different insulator materials at the interfaces, and/or differences between the 
crystallinity at the phosphor-insulator interfaces. A separate aging experiment indicated 
that the electro-optical properties changed only a little during short-term aging, cf. Table 
7. 
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Figure  17.  (a)  PL  and  (b)  EL  spectra  of  SrS:Ce.  The  excitation  wavelength  in  the  PL  
measurement was 284 nm. Intensities of the spectra are not on the same scale. 
 
 
Table  7.  Electro-optical  data  of  selected  SrS:Ce  devices.  The  sulfide  layers  were  deposited  at  
300 or 340 °C and they were annealed at 510 °C for 4 h in 99.999% nitrogen at 1 atm. Aging 
was  done  for  8  h  at  600  Hz  and  at  134  V  RMS,  and  the  data  were  measured  at  60  Hz.V 
Reproduced by permission of The Electrochemical Society. 

Device Vth 
L40 

(cd/m2) 
40 

(lm/W) 
CIE 1931 color 

coordinates (x,y) 

SrS:Ce 
Thickness 

(nm) 

SrS:Ce 300 °C 136 45 - 0.31, 0.53 930 
SrS:Ce 340 °C 131 69 0.51 0.32, 0.53 880 
SrS:Ce 340 °C 

aged 
129 71 0.50 0.32, 0.53 880 

 
 
Copper-doped SrS thin films have also been studied as a blue emitting phosphor, and in 
this work the SrS:Cu films were deposited using complex 1 and (PEt3)Cu(C5H5) as Sr 
and Cu sources, respectively.V Figure  18  shows the  PL and  EL spectra  of  the  SrS:Cu 
samples. The spectra were centered at about 473 and 488 nm, respectively, and the 
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broadness of the spectra probably resulted from the co-existence of both isolated and 
paired Cu+ ions in the phosphor. 
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Figure  18.  (a)  PL  and  (b)  EL  spectra  of  SrS:Cu.  The  excitation  wavelength  in  the  PL  
measurement was 280 nm. Intensities of the spectra are not on the same scale. 
 
 
The EL intensity  of  the  SrS:Cu devices  increased  when the  deposition  temperature  of  
the sulfide layer increased, in the same way as with the SrS:Ce devices. Unfortunately, 
it was not possible to use a higher deposition temperature than 200 °C because the 
copper reactant started to decompose at higher temperatures. Table 8 shows the electro-
optical data for the SrS:Cu device, which indicates that a high temperature annealing 
was needed to achieve even moderate luminance intensity. However, such high 
temperature created some practical problems for the devices. The substrates bent and 
many pixels broke down during the operation of the device already at low voltages. 
However, when the AlxTiyOz insulator  was  replaced  with  Al2O3,  the  breaking  of  the  
pixels decreased. Therefore, crystallization of TiO2 in the AlxTiyOz insulator due to the 
high temperature annealing may have been one possible reason for the breaking of the 
pixels because it could cause grain boundaries and cracks in the insulator, thereby 
causing short-circuits. On the other hand, bending of the substrates could also be an 
initiator for cracking. Finally, it was also noted that problems with the ITO conductor 
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could also be one reason for the breakdown of the pixels, because ITO has been shown 
to deteriorate at high temperatures.82,83 
 
Table 8. Electro-optical data for selected devices. The luminance data were measured at 60 Hz 
and 40 V above the threshold voltage. The SrS:Cu device was aged for 20 h at 500 Hz near the 
threshold voltage. In SrS:Ce and BaS devices, insulators under the phosphor layers were 
AlxTiyOz, whereas in all the other devices both the upper and lower insulators were Al2O3. 
Annealing was done in 99.999% nitrogen at 1 atm.V Reproduced by permission of The 
Electrochemical Society. 

Device 
Luminance 

(cd/m2) 

CIE color 
coordinates 

(x,y) 

Thickness of 
sulfide layer 

(nm) 

Deposition 
temperature 

(°C) 

Annealing 
(°C/h) 

SrS:Cu aged 12 0.19, 0.32 730 200    740/0.5 
SrS:Pb 6 0.26, 0.37 770 280 725/1 
SrS:Ce 69 0.32, 0.53 880 340 510/4 
SrS:Mn 8 0.39, 0.59 520 300 725/1 
SrS:Eu 4 0.61, 0.39 550 300 725/1 
BaS:Ce 2 0.51, 0.47 840 300 500/4 
BaS:Mn 2 0.53, 0.45 610 300 510/4 
BaS:Eu (~4 at 1kHz) 0.56, 0.34 320 300 510/4 

 
 
The europium-, manganese-, and lead-doped SrS films were deposited using complex 1 
as a Sr source and Eu(thd)3, Mn(thd)3, and Pb(tBu3C5H2)2 as Eu, Mn, and Pb sources,  
respectively.V The main purpose of these tests was to determine how the new Sr and Pb 
cyclopentadienyl reactants affect the luminescence properties of SrS:Pb thin films, but 
for comparison, some SrS:Eu and SrS:Mn devices were also fabricated. Figures 19-21 
show the PL and EL spectra of the SrS:Pb, SrS:Mn, and SrS:Eu samples, respectively, 
and Table 8 shows the electro-optical data for the corresponding EL devices. 
 
Figure 19 shows the two quite different EL spectra of the SrS:Pb devices. The devices 
and deposition conditions were otherwise identical except that during the deposition of 
the SrS:Pb layer, the Pb/Sr pulsing ratio was lower and the pulse length for the Pb 
reactant was shorter in the low Pb dose than in the high Pb dose experiments. The peak 
in the ultraviolet area of the spectrum has been observed previously and it probably 
results  from  the  emission  of  the  Pb2+ monomers, whereas the visible part probably 
results from emissions from the Pb2+ dimers or higher aggregates.84 The best  pixels of 
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the SrS:Pb device emitted 6 cd/m2 and the emission color was greenish white, cf. Table 
8. 
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Figure 19. EL spectra of SrS:Pb. (a) Low dose Pb, (b) high dose Pb. The spectra were measured 
between 380 and 780 nm and the intensities of the spectra are not on the same scale. 
 
 
Figure 20 shows PL and EL spectra of the SrS:Mn thin film samples.V The major peaks 
were located at ~560 and ~544 nm, respectively, and a minor peak at ~660 nm. It is 
possible that the emission wavelength of Mn2+ may depend on the crystal site, as was 
suggested earlier in connection with oxide studies.85,86 It has also been pointed out that 
the ionic size of Mn2+ is  smaller than that of Cu+ and different locations of Cu+ in the 
SrS have been suggested to result in different emission colors.57,87,88 Therefore it was 
proposed that Mn2+ ions could be located at different crystal sites in SrS, which could be 
the reason for the double peaks in the PL and EL spectra. The EL spectrum of SrS:Eu is 
shown in Figure 21, and in this work the emission peak centered at 608 nm. The EL 
intensity  of  the  SrS:Eu device  was  low in  the  same way as  in  the  SrS:Mn device,  cf.  
Table 8. 



 48 

350 400 450 500 550 600 650 700 750 800 850

(b)

(a)

 

 

In
te

ns
ity

 (l
in

ea
r s

ca
le

)

Wavelength (nm)

 
Figure  20.  (a)  PL  and  (b)  EL  spectra  of  SrS:Mn.  The  excitation  wavelength  in  the  PL  
measurement was 284 nm. Intensities of the spectra are not on the same scale.V Reproduced by 
permission of The Electrochemical Society. 
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Figure 21. EL spectrum of SrS:Eu. 
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Figure 22. EL spectrum of BaS:Ce. 
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Figure  23.  (a)  PL  and  (b)  EL  spectra  of  BaS:Mn.  The  excitation  wavelength  in  the  PL  
measurement was 330 nm. Intensities of the spectra are not on the same scale.V Reproduced by 
permission of The Electrochemical Society. 
 
 
The europium-, manganese-, and cerium-doped BaS films were deposited by using 
complex 3 as a Ba source, cf. Section 4.1.2, and Eu(thd)3, Mn(thd)3, and Ce(Cp)3 as Eu, 
Mn, and Ce sources, respectively.V Figure 22 shows the multiple peak EL spectrum of 
the  BaS:Ce  device,  which  may  result  partly  from  the  double  peak  nature  of  the  Ce3+ 
emission and partly from interference effects in the thin film stack. The PL and EL 
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spectra of the BaS:Mn samples are shown in Figure 23. The PL spectrum shows two 
peaks that are centered at ~545 and ~640 nm, whereas the EL spectrum shows three 
peaks centered at ~545, ~625, and ~756 nm. It is possible that the double peak in the PL 
spectrum has the same origin as in the spectrum of SrS, i.e. Mn2+ is located at different 
crystal  sites,  which  results  in  the  different  emission  peaks.  The  third  peak  in  the  EL  
spectrum could have resulted at least partly from interference effects. 
 
Figure 24 shows the PL and EL spectra of BaS:Eu samples where the emission peaks 
are centered at ~710-720 nm.V However, studies on BaS:Eu powders have shown that 
the  emission  of  Eu2+ extends deeper into the infrared area, and the PL emission peak 
was found to be at 878 nm when a special infrared detector was used.89 Therefore, it is 
possible  that  with  a  different  measurement  set-up  the  emission  peaks  of  BaS:Mn  and  
BaS:Eu would have also been found at longer wavelengths in the PL measurements in 
this work. 
 
When the BaS samples are compared with the SrS samples it is clear that the luminance 
levels of the BaS devices were lower and the emission colors were red shifted, cf. Table 
8 and Figure 5. However, the emission colors of both BaS and SrS devices red shifted 
when the dopant was changed from Ce to Mn to Eu. 
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Figure  24.  (a)  PL  and  (b)  EL  spectra  of  BaS:Eu.  The  excitation  wavelength  in  the  PL  
measurement was 323 nm. Intensities of the spectra are not on the same scale.V Reproduced by 
permission of The Electrochemical Society. 
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When the electro-optical data for the SrS:Ce and SrS:Cu devices are compared with 
those from earlier ALD studies, it can be noted that in the earlier studies the deposition 
temperatures of the phosphor layers and emission intensities were higher and the 
emission spectra located more in the short wavelength region than in this work.28,57,80,90-

94 In earlier SrS:Pb, SrS:Eu, and SrS:Mn studies, the deposition temperatures of the 
phosphor layers were also higher than in this work.95-97 Consequently, the emission 
intensities of SrS:Pb and SrS:Eu devices were higher but the emission intensity of the 
SrS:Mn device was lower than in this work.95-97 However, direct comparison with these 
studies is difficult because the earlier lead-, europium-, and manganese-doped films had 
not been annealed at high temperatures and the driving frequencies were higher than in 
this work. The emission spectra of the SrS:Pb, SrS:Eu, and SrS:Mn devices seemed to 
be  similar  to  those  of  this  work.95-97 The only luminescent BaS material studied 
previously, which was deposited with the ALD method, seemed to be BaS:Ce.23 In that 
study, the emission intensity, deposition temperature, and driving frequency were higher 
than in this work, whereas the emission color was practically the same. CVD studies are 
rare and the emission intensities of SrS:Cu and SrS:Ce devices have been found to be 
the same as in this work.98,99 Luminescent SrS thin films have also been deposited by 
using various physical vapor deposition (PVD) methods such as electron beam 
evaporation (EBE),100,101 hot wall deposition,102 molecular beam epitaxy (MBE),103,104 
pulsed laser deposition (PLD),105 reactive evaporation,28 and sputtering.106,107 Also, 
PVD methods have been used to produce EL devices whose emission intensities and 
colors have been comparable with devices prepared by the ALD method. 
 
A comparison of the ALD processes indicates that in most cases the –diketonate 
processes resulted in higher luminance than the Cp processes used in this work. 
However, it has been claimed in one CVD patent that the use of (Me5C5)2Sr(THF)x as a 
Sr source produces better luminance properties than the use of Sr(thd)2.108 In another 
patent  it  was  claimed that  the  use  of  different  cerium cyclopentadienyl  compounds  as  
cerium sources resulted in better luminance profiles and higher emission intensities than 
the use of Ce(thd)4 as a cerium source.92 There is also a report where the ALD deposited 
SrS film was doped with europium by evaporating EuCl3 onto the SrS film.109 After this 
the film was annealed at high temperature in order to diffuse the dopant deeper to the 
film.109 This process resulted in a SrS:Eu device with a luminance that was four-fold 
greater than that of the EL device in this work. In addition, use of adducted Ce(thd)4 or 
cerium silylamide dopant instead of Ce(thd)4 has been reported to shift the emission 
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spectrum of SrS:Ce towards shorter wavelengths.91,93 All this indicates that comparison 
of different processes to each other is not straightforward. It should also be remembered 
that the EL intensity is directly affected by the amount of dopant, phosphor thickness, 
and driving frequency.42 In addition, the annealing, deposition temperature, co-doping, 
and  structure  of  the  device  contribute  to  the  EL  properties.  However,  it  seems  that  a  
higher deposition temperature results in a higher emission intensity, which means that 
the thermal stability of the reactants has a significant role when the light emitting layers 
of the ACTFEL devices are deposited with the ALD method. 
 
4.2.3 Electroluminescence of ZnS:Mn thin films 
 
The ZnCl2-based ZnS process is one of the oldest ALD processes, and the ZnI2 process 
has also been mentioned in the literature, but no information regarding the 
corresponding Mn(thd)3-doped processes is available. Therefore, electroluminescent 
ZnS:Mn thin films were deposited in this work using ZnCl2 or ZnI2 as the Zn source and 
Mn(thd)3 as the Mn source.VI Figure 25 shows FESEM images of selected ZnS:Mn 
devices together with the luminance data and it seems that a higher deposition 
temperature generally results in larger grains and higher EL intensity. The connection 
between deposition temperature and EL intensity was discussed in Section 4.2.2 and the 
relationship between deposition temperature and grain size has been established by 
earlier ALD studies.6,7 The connection between grain size and EL intensity has been 
shown with different materials and with different deposition methods even though many 
other factors also affect the emission intensity, cf. Sections 2.3.3 and 4.2.2.57,99,110-112 
The problem that small grains cause is the high number of grain boundaries from which 
the electrons may scatter before they have achieved sufficient energy for the excitation 
of luminescent centers.57,82,99,111,112 Conversely, large grains permit the electric field to 
accelerate a larger number of electrons to high enough energies to excite the 
luminescent centers, which results in higher emission intensity.57,82,99,111,112 In addition, 
large grains may result in a rough surface, which increases light out-coupling. 
 
Table 9 shows electro-optical data for selected ZnS:Mn devices, which indicate that in 
most cases higher deposition temperatures and annealing result in higher luminance and 
efficiency. When the devices where the sulfide layer was deposited by using ZnCl2 as a 
Zn source (“chloride” device) are compared with the devices where the sulfide layer 
was deposited by using ZnI2 as  a  Zn  source  (“iodide”  device),  it  is  clear  that  the  
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“iodide” devices were more efficient than the “chloride” devices. The exact reason for 
this was not determined but it may result from the lower amount of space charge within 
the phosphor of the “iodide” devices. ZnS:Mn thin films have also been deposited 
previously by, for example, ALD,7 CVD,112 multi source deposition (MSD),113 and 
sputtering48 methods, and the best luminance and efficiency values obtained in this 
work were comparable with those from the earlier studies. 
 

 
 
Figure 25. FESEM images of the selected ZnS:Mn samples. (a) Top view of the ZnS:Mn film 
that was deposited at 430 °C using ZnI2 as a Zn source. This sample was hazy and its brightest 
pixel emitted 530 cd/m2 at 40 V above threshold voltage (L40) before aging. (b) Top view of the 
ZnS:Mn film that was deposited at 420 °C using ZnCl2 as a Zn source. This sample was hazy 
and its brightest pixel emitted 470 cd/m2 at L40 before aging. (c) Top view of the ZnS:Mn film 
that was deposited at 350 °C using ZnI2 as a Zn source. This sample was clear and its brightest 
pixel emitted 210 cd/m2 at  L40 before aging. (d) Cross-section view of the sample (a), which 
shows InxSnyOz, AlxTiyOz, ZnS:Mn, and Al2O3 layers from bottom to top. (e) Cross-section 
view of the sample (b). (f) Cross-section view of the sample (c). All the samples were annealed. 
Reprinted with permission from VI. Copyright 2005, American Institute of Physics. 
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TABLE 9. Electro-optical data of the selected devices. Zn source was either ZnI2 or ZnCl2. An 
asterisk (*)  before the deposition temperature indicates  that  the sample was not  annealed.  The 
data were measured at 60 Hz after 8 and 64 h aging. The threshold voltage (Uthr) is defined by 
emission of 1 cd/m2. Luminance (L40) and efficiency ( 40) were measured at 40 V above 
threshold voltage. The CIE 1931 color coordinates (xy) did not vary and were 0.52 and 0.47, 
respectively. N.M. = not measured. Reprinted with permission from VI. Copyright 2005, 
American Institute of Physics. 

Deposition 
temperature 

Uthr after 
8 h aging 

(V) 

Uthr after 
64 h aging 

(V) 

L40 after 
8 h aging 
(cd/m2) 

L40 after 
64 h aging 

(cd/m2) 

40 after   
8 h aging 
(lm/W) 

40 after 
64 h aging 

(lm/W) 

ZnI2 process       

350 °C 157 156 194 189 1.43 1.66 

420 °C 163 157 308 270 N.M 1.93 

430 °C 161 155 418 378 N.M 2.67 
*350 °C 150 147 124 120 1.04 1.19 
*420 °C 170 166 308 300 N.M 1.67 
*430 °C 152 144 345 270 2.64 2.97 

ZnCl2 process       

420 °C 164 160 397 331 N.M 1.41 

430 °C 156 154 375 355 N.M 1.64 
*420 °C 154 153 244 222 N.M 0.92 

 
 
Typical L-V curves for the “chloride” and “iodide” devices are shown in Figures 26 and 
27, respectively. Similar shifting and softening of the L-V curves has also been shown 
in  earlier  ALD  studies  and  the  reasons  for  the  changes  were  discussed  in  Section  
2.3.4.7,15,44,49 The threshold voltage and emission intensity values are shown in Table 9 
and  it  can  be  seen  that  during  aging  they  decreased  for  all  the  devices.  However,  the  
efficiency of the devices increased during aging, which has been explained as resulting 
from the decreasing amount of space charge within the phosphor.15,48 It was also found 
that  the  emission  intensity  was  asymmetric  with  respect  to  the  voltage  polarity,  and  
higher luminance and higher transferred charge values were measured when the 
electrons were injected from the Al electrode, i.e. from the upper interface. 
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Figure 26. Luminance-voltage (L-V) curves for the aged ZnS:Mn device when ZnCl2 was used 
as  a  Zn  source.  The  ZnS:Mn  layer  was  deposited  at  430  °C  and  annealed  at  510  °C.  The  
thickness of the ZnS:Mn film was 920 nm and Mn content was 0.4 atomic %. The device was 
aged at 600 Hz for 1, 2, 4, 8, 16, 32, and 64 hours at 127 V RMS. Measurements were made at 
60 Hz. The steepest curve was measured before aging. 
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Figure 27. Luminance-voltage (L-V) curves for the aged ZnS:Mn device when ZnI2 was used as 
a Zn source. The ZnS:Mn layer was deposited at 430 °C and annealed at 510 °C. The thickness 
of the ZnS:Mn film was 1040 nm and Mn content was 0.3 atomic %. The device was aged at 
600 Hz for 1, 2, 4, 8, 16, 32, and 64 hours at 134 V RMS. Measurements were made at 60 Hz. 
The steepest curve was measured before aging. 
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However, the asymmetry was found to be larger for the luminance than for the 
transferred charge i.e. the transferred charge values did not directly correlate with the 
emission intensity values. It is possible that this could partly be a result of larger grain 
sizes near the upper interface because the larger grains permit the electric field to 
accelerate more electrons to high enough energies to excite the Mn2+ ions on impact. On 
the other hand, the asymmetry of the luminance increased during aging, especially with 
the “iodide” devices, and the emission intensity dropped more during the ITO(-) pulse 
than during the Al(-) pulse, whereas the asymmetry of the transferred charge increased 
only slightly. This suggested that some defects could migrate during the aging, mainly 
towards the lower interface where they could act as nonradiative centers. Thus, more 
electrons could recombine with these defects during the ITO(-) pulse before exciting the 
Mn2+ ions, causing luminance asymmetry to increase during aging. 
 
When the “chloride” and “iodide” devices were compared with each other, it was found 
that the luminance asymmetry of the “chloride“ devices did not change during the aging 
in practice. The amount of space charge was found to be higher in the “chloride” 
devices, and therefore their efficiencies were lower than those of the ”iodide” devices. 
In addition, the threshold voltages of the “chloride“ devices changed less during the 
aging than those of the “iodide” devices, cf. Figures 26 and 27. The exact reasons for 
these differences were not determined but it could be that the different densities and 
energy depth distributions of the defects within the phosphors could be the 
differentiating element between the “chloride” and “iodide” devices. 
 
5. CONCLUSIONS 
 
ZnS1-xSex and SrS1-xSex thin films were made by substituting elemental selenium for 
sulfur on the surface of the substrate during film deposition. Measurements indicated 
that x in ZnS1-xSex films can be varied between 0 and 0.8 and in SrS1-xSex films between 
0 and 0.9 by controlling the fraction of selenium containing cycles and the selenium 
pulse length. The XRD measurements indicated that the sulfoselenide films were 
always solid solutions. The polycrystalline BaS and SrS thin films were deposited at 
180-400 and 120-460 °C, respectively. The films were deposited by using the 
cyclopentadienyl-based metal complexes as the Ba and Sr sources and the processes had 
a wide temperature range where the growth rate of the films was independent of the 
deposition temperature. The experiments also indicated that the larger ligands gave 
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better protection than the smaller ligands against oxidation and thermal decomposition 
of the Sr complexes. On the other hand, the use of a larger complex resulted in a lower 
growth rate for SrS films, probably because the larger complex created more steric 
hindrance on the surface of the substrate. The original deposition experiments with ZnS 
thin films showed that when using ZnI2 as a Zn source, the ZnS process had a wide 
temperature range where the growth rate of the films was independent of the deposition 
temperature. However, when longer ZnI2 pulses were used, the growth rate depended on 
the deposition temperature, which suggests that the ZnI2 process may be limited because 
of slow surface reactions until the temperature is reached where the growth rate starts to 
decrease because of desorption. 
 
During  this  work  several  ACTFEL  devices  were  also  prepared.  The  SrS  and  BaS  
phosphors were deposited by using cyclopentadienyl-based metal complexes as the Sr 
and Ba sources, and the phosphors were doped with ions of Ce, Cu, Eu, Mn, or Pb. The 
electroluminescence measurements showed that the emission intensities and emission 
colors of the doped SrS and BaS devices were comparable with those found in earlier 
studies. However, the use of the sulfoselenide phosphors resulted in devices for which 
emission intensities were low. The ZnS:Mn devices were prepared by using ZnCl2 or 
ZnI2 as  a  Zn  source,  and  it  was  shown  that  during  aging  the  emission  intensities  and  
threshold voltages of the devices decreased but at the same time their efficiencies 
increased. It was also shown that the electro-optical properties of the devices were 
different as a consequence of different phosphor processes, e.g. the use of the ZnI2 
process instead of the ZnCl2 process resulted in more efficient ZnS:Mn devices but the 
“ZnI2” devices aged faster than the “ZnCl2” devices when evaluated based on 
decreasing threshold voltages. In general, the results of this work corroborated the 
results of earlier studies, according to which the deposition temperature, grain size, 
annealing, and choice of metal reactant affect the electro-optical properties of ACTFEL 
devices. Finally, it can be concluded that because the higher deposition temperature 
seems to result in higher emission intensity, the thermal stability of the reactants has a 
significant role when the luminescent layers of the ACTFEL devices are deposited with 
the ALD method. 
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