
AN ABSTRACT OF THE THESIS OF 

Xiaobin Lu for the degree of Master of Science in Chemical Engineering. Presented on 
August 9, 1999. Title: Electron Spin Resonance of ZnS:Mn Thin Films Grown by 
Halide Transport Chemical Vapor Deposition 

Abstract approved:
Milo D. Koretsky 

ZnS:Mn thin films grown by halide transport chemical vapor deposition are 

studied by electron spin resonance (ESR) spectroscopy. A computer simulation of the 

ESR spectra is used to quantify the number of isolated manganese and the number of 

clustered manganese in the ZnS host lattice. For films grown at substrate temperature 

of 470°C, the Mn concentration is very low, and only isolated Mn2+ ions exist. As 

substrate temperature increases to 550°C, Mn concentration increases dramatically, and 

M 2+ . I d . n tnp ets omInate. 

2+ The crystal environment around the manganese is characterized. Mn centers 

sit in both hexagonal and cubic surroundings. The ratio of hexagonal Mn2+ to cubic 

Mn2+ is always around 3 and increases slightly with the substrate temperature. 

Fundamental ESR parameters are calculated basing on a quantum mechanical model. 

The activation energy for Mn incorporation into the ZnS host is measured to be 

137.4 kllmol which is much greater than the activation energy for growth of undoped 

ZnS. It is proposed that the rate limiting process for Mn incorporation is related to the 

dissociation of MnCl2 on the surface of the growing film. The effect of substrate 
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temperature on the luminescent properties IS also investigated. The brightness 

concentration quenching, caused by the formation of Mn2+ clusters, can be related to 

the strong exchange interaction between coupled Mn2+ ions; isolated Mn2+ ions are the 

only efficient yellow luminescent centers. The red emission center found in films with 

low Mn concentration is proposed to be a Mn-CI defect pair due to incomplete 

dissociation of MnCl2 at the low substrate temperature. 
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ELECTRON SPIN RESONANCE OF ZnS:Mn THIN FILMS GROWN BY 
HALIDE TRANSPORT CHEMICAL VAPOR DEPOSITION 

Chapter 1 

INTRODUCTION 

Flat panel displays are an attractive alternative to the traditional cathode-ray 

tubes (CRT) due to their thin constructions and low power requirements. There are four 

basic types of flat panel displays including liquid crystal displays (LCD), plasma 

display panels (PDP), field emission displays (FED) and electroluminescent (EL) 

displays. Among these technologies, LCD has identified itself as leader in the computer 

monitor market in recent years. However, EL displays are a promising candidate, since 

they enjoy many advantages over LCD such as wide viewing angles, fast image 

response, high brightness and high contrast. There are four types of EL displays: 

alternating-current thin film EL (ACTFEL), alternating-current powder EL, direct-

current thin film EL and direct-current powder EL. Among them, ACTFEL displays 

are best for commercial application due to their long lifetime and durability. With the 

simple solid state device structure, ACTFEL demonstrates improved thermal and 

mechanical stability, and is insensitive to wide ambient temperature variation. 

Light in an ACTFEL device is generated through impact excitation of the 

luminescent centers by high energy electrons, and radiative relaxation thereafter. Mn, 

Ce and other transition elements and lanthanide ions are chosen as luminescent centers 
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which sit in the host materials of a group II - VI compound. Manganese doped zinc 

sulfide (ZnS:Mn) ACTFEL displays emit yellow orange luminescence and were 

introduced into the market in 1983 for monochrome applications. Red and green colors, 

two primary colors, can also be filtered out from yellow-emitting ZnS:Mn phosphor for 

some multicolor applications. But difficulties in developing an adequate blue-emitting 

phosphor have slowed full color ACTFEL display development. 

One processing problem in commercializing full size ACTFEL displays is 

producing uniform and high quality thin films over the large display area, especially 

when the display is 14 inches in diagonal or larger. Halide transport chemical vapor 

deposition (HTCVD) is an attractive new processing method which can produce films 

with large crystal grains, hence bright luminescence, on a large display area with high 

throughput and low operation cost. Nevertheless, a better understanding about how the 

processing conditions affect the crystal structure, composition, and how the crystal 

structure and composition affect the device performance is still needed. 

Manganese (Mn) acts as a luminescent center and is responsible for the 

brightness of ZnS:Mn EL devices. Because Mn2+ is paramagnetic with five 3d5 

unpaired electrons, electron spin resonance (ESR) can be employed to identify the 

existence of Mn2+ in the host, and to deliver information about Mn2+ ions themselves as 

well as the environment around them. In fact, along with ESR, Mn was used as a tracer 

to investigate crystal structures in 1950's. The versatility, selectivity and sensitivity of 

ESR method make it a powerful tool in the study of ZnS:Mn phosphor. 
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The focus of this work is on how the substrate temperature, an important 

processing parameter, affects the Mn concentration and Mn distribution profiles in the 

ZnS:Mn thin films grown by HTCVD. Another objective is to examine the cause of the 

luminescence brightness quenching of the HTCVD films. In addition, an attempt was 

made to describe the Mn incorporation process by an activation energy, and locate the 

rate-limiting step. 

There are five chapters in this thesis. Chapter 2 is a review of the literature. 

Chapter 3 describes the HTCVD reactor system used to prepare samples, and the ESR 

experimental techniques. Chapter 4 discusses the results of ESR analysis for HTCVD 

prepared thin films. Finally, Chapter 5 presents the conclusions of this study and 

recommendations for future work. 



Chapter 2 

LITERATURE REVIEW 

2.1 ZnS:Mn ACTFEL Device 

2.1.1 Brief History 

4 

Among the electroluminescent (EL) phosphors used for flat panel display 

applications, manganese doped zinc sulfide (ZnS:Mn) is one of the most studied 

materials due to its high brightness and stability. The first yellow orange-emitting thin 

film EL structures were developed in the late 1950's [Vlasenko, 1960]. Thin film EL 

devices displaced powder EL devices when it was realized that powder EL had 

multiplexing limitations, and suffered from low luminance, high operating voltage, 

poor contrast and significant luminance degradation [Lehmann, 1966]. In the 1960's, 

development of thin film devices was aided by concurrent development of modern thin 

film process technology for the manufacture of integrated circuits including physical 

and chemical vapor deposition. The introduction of double-insulating layer structure, 

which is still today's basic device structure, in 1967 [Russ, 1967], and the reliability 

improvement of the ZnS:Mn thin film EL device announced by Inoguchi et al. in 1974 

[Inoguchi, 1974] led to commercialization of thin film EL displays. 

The first commercial monochrome ZnS:Mn thin film EL products were 

introduced by Sharp in 1983 [Takeda, 1983]. Since then, the development of the 
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practical ACTFEL display has grown rapidly. Now, the 9-inch-diagonal (640x480 

pixel) ZnS:Mn thin film displays have gained large acceptance in demanding display 

applications, such as in medical and military devices. 

2.1.2 Principle of the Device 

The typical ZnS:Mn ACTFEL device consists of five thin film layers. From 

bottom to top, they are 2000A indium-tin-oxide (ITO), 2500A aluminum-titanium

oxide (ATO), 5000A ZnS:Mn phosphor, 2000A SiON, and 1500A aluminum films. 

Among them, A TO and SiON are insulating layers while ITO and Al are conducting 

layers. These five films are grown on a corning 7059 glass substrate. ITO and Al films 

act as electrodes which connect to the AC power supply. When the AC voltage applied 

to the electrodes is higher than the threshold voltage. electrons are injected into the 

phosphors from the interface between the phosphor layer and insulating layer by 

tunneling. These electrons are accelerated by the electrical field and gain kinetic 

energy. Electrons which have gained enough energy can impact Mn2+ ions doped into 

the ZnS, and excite the electrons of Mn from the 3d5 ground state to local excited 

states. EL yellow orange emission with wavelength at 585 nm is realized if the 

electrons in the excited state make radiative transitions to the ground state. Hence, the 

Mn is called the luminescent center or activator. The electrons are trapped at the other 

phosphor/insulator interface after drifting through the phosphor layer. This process is 

repeated in the opposite direction by reversing the polarity of the AC voltage. ZnS is 
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chosen as the host material because it allows hot electron transport, and does not absorb 

emitted visible light. The light passes through the transparent A TOIITO layers and the 

glass substrate to the outside world. 

2.2 ZnS:Mn Thin Film Deposition 

ZnS:Mn thin films have been grown by many different types of physical and 

chemical vapor deposition methods including electron beam evaporation (EBE) 

[Sasakura, 1981; Hurd, 1979], thermal evaporation [Ono, 1995], sputtering [Matsuoka, 

1988], multi-source deposition (MSD) [Nire, 1994], atomic layer epitaxy (ALE) 

[Lahtinen, 1985; Suntola, 1992], metal organic chemical vapor deposition (MOCVD) 

[Hirabayashi, 1989], and halide transport chemical vapor deposition (HTCVD) 

[Mikami, 1991; Chen 1998]. Each process has its unique advantages and 

disadvantages, and results in varymg device performance. Excellent film 

stoichiometry, crystallinity, uniformity, activator doping controllability as well as low 

processing costs are major concerns. To date, only EBE and ALE are used to 

commercially produce ZnS:Mn ACTFEL displays. 

In ALE, highly crystalline films with good stoichiometry and large grain size 

are deposited. Hence, ALE phosphors are bright and have high luminance efficiency. 

However, the deposition rate of ALE is quite slow, and its aging phenomenon is 

undesirable. EBE enjoys high growth rate and low substrate temperature, but suffers 

from poor crystallinity and small grain size. Post annealing is required to increase the 
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grain size and relieve stress. The crystal structure of ALE films is hexagonal (wurtzite) 

while EBE films are cubic (zinc blend). 

Low pressure HTCVD is a promising process alternative to grow EL 

phosphors. ZnS:Mn films fabricated by this method demonstrate columnar crystals 

with large grains, high yellow orange luminescence, low threshold voltage and high 

device stability [Ono, 1995]. Film thickness can be well controlled resulting in good 

emission uniformity over a wide substrate area. Furthermore, HTCVD is convenient 

for high volume production due to its hot wall configuration and high deposition rate 

(10 times faster than ALE). 

The deposition process In HTCVD occurs as follows: first, ZnS powder is 

placed in a source heater and heated up to around 900°C. ZnS disassociates to Zn and 

S2. These species are transported to the substrate as vapor by Ar carrier gas. 

Meanwhile, Mn is transported as MnCl2 by passing HCl through the Mn source which 

is heated up to around 725°C. These precursors adsorb onto and diffuse along the 

surface of the growing film. Zn and S2 react to form the ZnS host. MnCl2 releases its 

CI atoms which in tum react with the loosely bonded Zn. As a result, Mn incorporates 

into the film by taking the Zn lattice site while the volatile product ZnCl2 desorbs from 

the growing surface and is transported away. The growth mode depends on the 

substrate temperature: at lower temperature, the growth rate is the surface reaction 

controlled while at higher temperature, it is mass transfer controlled. The crystal 

structure of the resulting films is typically hexagonal phase dominant with a strong 

(002) preferred orientation. Chen et al. [Chen, 1998] reported a novel process which 
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changed the film to a cubic phase with a (311) preferred orientation by introducing a 

H2S ambient. 

2.3 ESR Analysis of ZnS:Mn Phosphors 

Manganese plays the role of the luminescent center in EL devices. Therefore, 

the Mn concentration, the Mn spatial distribution and the local environment (e.g. 

hexagonal or cubic phase, lattice site, lattice distortion, covalency and strain) around 

the Mn are important factors in device performance. It is also useful to study how 

these factors vary with processing conditions. Among many available analysis 

techniques, electron spin resonance spectroscopy (ESR) is attractive due to its 

versatility, selectivity and sensitivity. It directly probes the unpaired spins of the Mn 

ions in the ZnS lattice. 

2.3.1 Principle ofESR 

Electron spin resonance spectroscopy uses an external magnetic field to induce 

magnetic dipole transitions between the energy levels of a paramagnetic species in the 

presence of microwave radiation. 

In the hydrogen atom, for example, the unpaired electron gIves rIse to a 

magnetic dipole due to its spin around its own axis. When an external magnetic field is 

applied, as shown in Figure 2-1, the energy level of this magnetic dipole will split into 

two levels depending on the direction that the electron is spinning. This splitting, 
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known as Zeeman splitting, increases as the magnetic field increases. The low energy 

state is populated by more electrons according to the Boltzmann distribution. When 

external energy is provided to the system in form of microwave radiation with 

frequency, v, electrons will make a transition between the two Zeeman levels. This 

transition happens at a specific magnetic field strength where the photon energy hv 

matches the energy level separation, a condition known as resonance. The magnetic 

field and the energy loss of the microwave are recorded by the spectrometer to produce 

the ESR spectra. The resonant condition is characteristic of the quantum mechanics of 

t Ms = +112 

Energy 

Ms = -112 

Magnetic Field (H) ~ 

Figure 2-1. The Zeeman splitting of an energy level. 

the hydrogen atom and is unique for that species. The g value, instead of magnetic 

field strength H, is often used to describe the signal position because it is not affected 
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by the microwave frequency and is characteristic of the paramagnetic species present. 

hv 
The g value is given by g = PH' where P is the magnetic moment of the electron 

(Bohr magneton). 

In order to interpret the ESR spectrum, it is necessary to describe the quantum 

mechanics of the species involved. For a hydrogen atom, the electron spin quantum 

number is S = 112. The number of the energy level splitting under the external 

magnetic field is determined by the value of the electron spin magnetic quantum 

number Ms, which may take any integral or half-integral value from S, S - 1, ... to -S, 

i.e. (2S+ 1) values. Thus, for the hydrogen atom, only two Zeeman levels can be 

induced (i.e. Ms = 112 and Ms = -112). Classically, these two levels correspond to 

opposite directions that the single electron in the hydrogen atom is spinning. 

We must also consider the nucleus, which also spins. In this case, an additional 

internal magnetic field is produced by this nuclear magnetic moment. Hence, the 

Zeeman level of the electron will be split by a small amount depending on the spin of 

the nucleus relative to the electron, giving rise to the hyperfine structure. In the case of 

the hydrogen atom, shown in Figure 2-2, two transitions will occur, resulting in two 

hyperfine lines separated by distance tJ{ = ~ where A is the hyperfine constant. In gp 

analogy to the electron spin, the nuclear spin magnetic quantum number M, determines 

the number of the energy level splitting for each Zeeman level, and takes values from 

I, I - 1, ... to -I where I is the nuclear spin quantum number (I = 112 for hydrogen). By 
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quantum mechanics, the selection rule for the permissible transitions are tlMs = ± 1 and 

tlM( = o. The latter rule stipulates that the nuclear spin does not change upon 

absorption of microwave radiation. 

i 
Energy 

hv hv 

Magnetic Field (H) .. 

M( = +1/2 

M( = -1/2 

M( = -1/2 

Ms = + 112 

Ms = -112 
M( = +1/2 

Figure 2-2. Hyperfine splitting of the Zeeman levels. 

The paramagnetism of the manganese ion is apparent because of the five 3d5 

unpaired electrons in the partly filled d-orbital. The Mn system is more complicated 

than the hydrogen atom, due to its large S and I values where S = 1= 5/2. As shown in 

Figure 2-3, both Ms and M( take six values. Another phenomenon called zero field 

splitting is present; even without any applied magnetic field (zero field), the ground 

state of manganese splits into three different levels with two fold degeneracy for each 
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Figure 2-3. Energy level diagram showing zero fielding splitting of the Mn2+ ion, 
which has an electron spin of 5/2 and a nuclear spin of 5/2. The thirty permissible 
transitions are indicated by arrow. Among them, the six detectable lines are circled. 
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one (three Kramers' doublets). As a result, five lines are possible due to zero field 

splitting and electron spin of 5/2, and the nuclear spin of 512 further splits each line into 

six components causing a total of thirty permissible transitions. This mechanism 

clearly explains why the single crystal of Mn(NH4)iS04)2 and 

Cd(CH3COOh·3H20:Mn show thirty hyperfine lines in the ESR spectra [Assenheim, 

1967; Upreti, 1974]. However, among these allowed transitions, all components except 

only six lines with Ms = 1/2 to Ms' = -112 and ~MI = 0 are broadened to such an extent 

that they are not practically detectable in the investigation of manganese doped ZnS 

powder or polycrystalline thin films [Lech, 1984; Nandagawe, 1991; Yu, 1995]. The 

host material ZnS is not a paramagnetic and will not give rise to any ESR signal. 

2+ 2+ I 2.3.2 Isolated Mn and Mn Ion C usters 

The Mn concentration in ZnS:Mn is an important factor in determining the 

brightness of the EL display. ESR has been employed to estimate the Mn 

concentration, and to study the dependence of Mn distribution on its concentration in 

ZnS:Mn powders, and to a lesser extent, in ZnS:Mn thin films [Yeom, 1996; Yu, 

1995: 1996; Bessergenev, 1996; Lee, 1991; Takeuchi, 1992; Kreissl, 1984]. A typical 

ESR spectrum recorded at different Mn doping level is shown in Figure 2-4. At low 

Mn concentrations (0.01 to 0.5 mol%), the ESR spectra appear as six prominent lines 

originating from the interaction between the Mn 3d5 electrons and the 55Mn nucleus of 

spin 5/2. The six hyperfine (HF) lines correspond to the allowed transitions Ms = 112 



0.1 Mn% 

O.S Mn% 
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Figure 2-4. Variation ofESR spectra of ZnS:Mn with different Mn 
concentrations. Mn concentration of each sample is labeled. Peak-to-peak 
line width, L1Hpp, is also shown on the plot. 
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to Ms' = -112 with ~MI = 0, and indicate the presence of the isolated Mn2+ ions. These 

isolated Mn2+ ions are separated from each other by a relatively large distance. As the 

Mn doping increases to about 1 mol%, the ESR line shape changes dramatically with a 

smaller line intensity and a larger peak-to-peak line width (~Hpp). In addition, a broad 

base line appears superimposed on the six HF lines. At very large Mn concentration, 

the six HF lines merge into a structureless single line without any resolved hyperfine 

splitting. In contrast to the line broadening observed at low Mn concentrations, the 

~Hpp of this single line narrows. This phenomenon is explained by the formation of 

Mn clusters, such as Mn pairs or triplets, which strongly influence one another through 

their magnetic moment and electron exchange. 

Ishikawa proposed a mathematical model to treat the dependence of the ESR 

line shape on the Mn concentration [Ishikawa, 1966]. The number of ESR hyperfine 

lines, the intensity ratio and the spacing between adjacent lines can be estimated by this 

model for isolated Mn2+ ions, Mn pairs, triplets and so forth. According to Ishikawa's 

study, the final ESR spectrum is the superposition of several components where the 

isolated Mn2+ ions give rise to six equally spaced HF lines, while Mn clusters produce 

a structureless envelope. Therefore, the integrated intensity of the sextet is related to 

the quantity of isolated Mn2+ ions existing in the ZnS. On the other hand, the intensity 

of the envelope elucidates how many clustered Mn2+ ions are incorporated in the host 

material. 

Using Ishikawa's model, Kreissl and Kennedy decomposed the ESR spectra of 

ZnS:Mn powders and nano-crystals with high Mn concentration to isolated Mn lines 
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and Mn cluster lines [Kreissl, 1986; Kennedy, 1995]. Yu et al. calculated the quantity 

of the isolated Mn2+ ions in ZnS:Cu,Mn powders by comparing their spin density with 

that of the standard sample [Yu, 1995]. A similar analysis for the ZnS:Mn thin films 

prepared by EBE method has also been reported [Uchiike, 1989]. It was found that, as 

the total Mn concentration goes up, the concentration of isolated Mn2+ ions decreases 

while the concentration of Mn clusters increases [Yeom, 1996]. These experimental 

findings are consistent with the doping-dependent statistical probabilities of Mn2+ 

singles, pairs, triples and others based on interactions up to seventh-nearest neighbors 

[Pohl, 1989]. Even under the fixed Mn doping level, the isolated Mn concentration 

could be changed by the annealing process [Yu, 1996]. As the annealing temperature 

and time increase, the number of isolated Mn2+ ions will increase. A different 

annealing ambient also changes the isolated Mn2+ profile. To date, no ESR study of 

ZnS:Mn thin films grown by HTCVD technique has been published. 

To fit the experimental ESR spectra, two line shapes could be used: a Gaussian 

line shape or a Lorentzian line shape. A Gaussian line shape is reported more 

appropriate for sharp isolated Mn2+ peaks while a Lorentzian is for Mn cluster lines 

[Kreissl, 1986; Bessergenev, 1996]. At very high Mn concentrations, a MnS rock salt 

phase in a hexagonal ZnMnS solid solution appears. ESR studies of the MnS phase 

exhibit a Lorentzian line shape [Goede, 1989; Herak, 1972; Jain, 1968]. The transition 

from Gaussian to Lorentzian provides strong evidence that the exchange interaction, 

which comes from the interaction between very close Mn2+ ions, has taken place 

[Assenheim, 1967; Misra, 1975]. 
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2.3.3 Mn2+ Ion Pairs and Triplets 

Mn2+ clusters exist in forms of pairs, triplets and so forth. One characteristic of 

Mn2+ clusters is the strong exchange interaction between the coupled Mn2+ ions which 

are located very closely to each other. The critical interaction radius between Mn2+ 

ions was found to be 6A [Gayda, 1972]. Within this radius, a weak bond will form 

between clustered Mn2+ ions [Bencini, 1990]. The exchange of unpaired electrons 

between Mn2+ ions causes the magnetic electron to be delocalized. The electrons then 

divide their time equally around the coupled nuclei, and thus interact only half or one-

third with a given nucleus in the pair or in the triplet respectively [Pake, 1973]. 

So far, only one ESR study on different Mn2+ clusters has been found. Adachi 

and his co-workers deconvoluted the ESR spectra of ZnS:Mn film deposited by EBE 

into components of Mn2+ singles, Mn2+ pairs and Mn2+ triplets [Adachi, 1992]. The 

relative concentrations of different Mn2+ centers were evaluated. In their work, 

Ishikawa's model was used to generate the spectra of Mn2+ pairs or triplets which have 

a hyperfine constant of one-half or one-third that of the isolated Mn2+ ions. 

2+ 2.3.4 Local Symmetry ofMn Ions 

ZnS is stable in two basic crystalline structures: cubic and hexagonal. The 

crystal structure of ZnS:Mn phosphors strongly depends on the deposition method and 

processing conditions. X-ray diffraction (XRO) has been used to analyze the crystal 

phase of the ZnS host material, while ESR can be employed to investigate the 
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f M 2+·, d· symmetry 0 n IOns surroun mgs. Cubic symmetry and hexagonal symmetry 

induce different crystal field in which the Mn2+ centers are influenced by the 

neighboring ions in the lattice through their electric field. The unpaired electrons of 

Mn2+ centers experience forces due to this field which modify their orbital motion and 

introduce a variation of ESR spectra. 

ESR spectra of Mn2+ ions sitting in different crystal structures in single crystal, 

powder and thin film samples have been addressed in the literature. Mn2+ centers in a 

cubic polycrystalline environment are identified by a "smooth" sextet without any other 

unique splitting [Yu, 1995; Lee, 1991]. On the other hand, Mn2+ ions incorporating 

into hexagonal phase exhibit different ESR character in which two small peaks appear 

between each of six hyperfine lines [Nakamura, 1993; N andagawe, 1991; Adachi, 

1993]. Such a phenomenon originates from the hexagonal crystal field due to its lower 

symmetry than the cubic one. In the hexagonal phase, the probability of forbidden 

electron transitions of ~M[ = ± 1 is largely increased resulting in the emergence of weak 

ESR lines [Nandagawe, 1991]. These fine structures are described by the zero-field 

splitting parameter D. 

For ZnS:Mn powders and thin films with mixed cubic and hexagonal phases, 

the deconvolution of ESR spectra into cubic and hexagonal components and hence, the 

determination of cubic to hexagonal ratio of Mn2+ centers has been reported [Kreissl, 

1984: 1986: 1987]. It was shown that chlorine can stimulate the Mn2+ transition from 

cubic to hexagonal. Annealing also decreases the ESR intensity of the cubic phase. By 

the assistance of XRD analysis, Adachi et al. reported that the Mn2+ ions tend to 
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occupy the cubic sites at low Mn concentration and the hexagonal sites at high Mn 

concentration [Adachi, 1993], while Yeom's study indicated that Mn2+ ions always 

prefer cubic sites even when the crystallographic hexagonal phase is dominant at high 

Mn concentration [Yeom, 1996]. 

Besides the familiar cubic and hexagonal modifications, ZnS crystal is known 

to have a few polytype structures. Among them, PN sites and AS sites were identified 

through assessing their ESR parameters (P indicates a prismatic coordination of lattice 

sites, A indicates an antiprism, S indicates the presence of a single-axial third neighbor, 

and N indicates its absence) [Adachi, 1993; Backs, 1982; Lambert, 1973]. In a certain 

case, Mn2+ ions mainly sitting in PN sites was observed for EBE prepared thin films. 

In ZnS:Mn phosphors, the principal axes of the paramagnetic system may have 

particular angles relative to the direction of the applied magnetic field. This is 

especially true for the single crystal due to its highly regular crystal structure in long

range order. Therefore, the action executed by the external magnetic field along the 

principal axes may be changed when sample is rotated in the magnetic field causing the 

angular dependence of ESR spectra. 

Angular dependence for single crystals and single crystal-like epitaxy films has 

been examined in terms ofESR peak positions and line width [Backs, 1985; Nakamura, 

1991]. Single crystals exhibit sophisticated ESR spectra with strong angular 

dependence which is depicted by cubic splitting parameter a. Many new ESR lines 

appear out of the original sextet due to the anisotropic cubic field splitting. For 

epitaxial ZnS:Mn films, the lattice mismatch between the phosphor layer and a GaAs 



20 

(100) substrate was probed. For EBE prepared films, nearly no angular dependence 

was detected demonstrating that the Mn2+ centers are randomly oriented [Adachi, 

1993]. 

2.3.5 Quantum Mechanical Approach 

In order to identify the type of paramagnetic impurities, the local environment 

around them and the structure of the host material, it is necessary to precisely extract 

the ESR parameters, such as the g-value, the hyperfine constant A, and the zero-field 

splitting parameter D from the experimental ESR spectra. Computer simulations based 

on quantum mechanics is an effective method in the ESR parameters' extraction. In 

the simulation. computer calculated spectra are generated to fit the characteristic Mn2+ 

fine and hyperfine structures which arise from the microscopic interactions of the host 

lattice with impurity ions. 

The spin Hamiltonian characterizes the energy levels of a paramagnetic species 

in a magnetic field. The spin Hamiltonian appropriate to describe the ESR results in 

polycrystalline ZnS:Mn is: 

H = gf3H·S + AS·I + D[Sz2-1I3S(S+I)] 

III which the Zeeman interaction, hyperfine interaction and fine structure are 

represented by the first, second and third term respectively [Dowsing, 1969]. The form 

of the spin Hamiltonian largely depends on the symmetry of the crystal field around 

Mn2+ ions. Theoretical studies of the spin Hamiltonian for Mn2+ ions in many different 
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hosts including mono- and polycrystalline ZnS [Matarrese, 1956], MgO [Drumheller, 

1964], Al20 3 [Folen, 1962], SrCl2 [Bir, 1964], calcite [Serway, 1971], aragonite [Lech, 

1989], dolomite [Shepherd, 1984], borate [Wijn, 1967], fluoride [Drumheller, 1963], 

and glasses [Kliava, 1980; Allen, 1965] have been reported by various authors. It was 

shown that, in cubic symmetry, the form of the spin Hamiltonian is the simplest, while 

in case of rhombic and lower symmetry, it is quite complicated. 

Although predominant ESR peaks originate from allowed transitions ~Ms = ± 1 

and ~MI=O, weak lines can always be detected due to forbidden transitions. These fine 

structures coming from forbidden transitions up to ~Ms = ±3 and ~MI = ±2 have been 

studied both experimentally and theoretically [Drumheller, 1964; Wolga, 1964; Backs, 

1985; Kreissl, 1986]. More accurate description of ESR spectra in low symmetry 

systems can be achieved when such forbidden transitions are considered. 

Many attempts have been made to numerically simulate the actual spectrum 

shape for polycrystalline systems. The spectra of ZnS:Mn powders [Kreissl, 1986], 

thin films [Adachi, 1993] as well as other Mn doped polycrystals [Zhang, 1992: 1993; 

Lech, 1984; Tikhomirova, 1972] and glasses [Kliava, 1980] were simulated 

successfully. In the simulation, ESR line positions (signal fields) were calculated from 

the solution of the spin Hamiltonian by perturbation theory. The contributions of first 

order [Yeom, 1996], second order [Kennedy, 1995], third order [Kreissl, 1986] or even 

fourth order [Misra, 1975] perturbation terms were included. The ESR peak intensities 

which are proportional to the transition probabilities of both allowed and forbidden 
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transitions were calculated using the effective field method proposed by Bir [Bir, 1964; 

Kliava, 1978]. 

By fitting the simulated spectra to the experimental one, ESR parameters can be 

obtained. ESR parameters of Mn2+ centers in cubic or hexagonal ZnS powders and thin 

films are available in the literature [Kreissl, 1984: 1986]. It was found that, ESR 

parameters of powders and thin films are quite similar, but they are slightly different 

from those in ZnS:Mn single crystals [Schneider, 1968]. It was also concluded that, 

from ESR parameters, Mn2+ ions take Zn sites in the ZnS lattice [Adachi, 1993]. 

2.3.6 ESR and Concentration Quenching 

The yellow orange emission of ZnS:Mn at 585 nm is associated to the radiative 

relaxation transition of 3d electrons of the Mn activator from the 4T I (G) excited state to 

the 6A1 (s) ground state [Pohl, 1989]. The influence of Mn concentration on the 

luminescent properties of ZnS:Mn phosphors, such as concentration quenching, has 

been reported in photo- and electroluminescence of powders and thin films [Vlasenko, 

1975; Benoit, 1984; Thomas, 1989]. It was shown that the greatest brightness was 

obtained at an optimal Mn concentration around 1 mol%. Beyond that, the 

luminescence drops rapidly. Warren et al. proposed an empirical equation in which the 

photoluminescence intensity of thin films was correlated directly to the Mn 

concentration [Warren, 1983]. 
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The ESR technique can be employed to study the concentration quenching due 

to its high sensitivity to Mn concentration and distribution. For ZnS:Mn,Cu [Li, 1988; 

Yu, 1995] and (Zn,Cd)S:Mn powders [Nandagawe, 1991], the concentration quenching 

and the total ESR line width narrowing happened simultaneously. The brightness and 

the ESR line width changed in a similar way. Therefore, the concentration quenching 

was explained to be caused by the formation of Mn2+ clusters. It was shown that, the 

brightness of the yellow orange luminescence is mainly determined by isolated Mn2+ 

ions, and can be increased by annealing [Yu, 1996]. Lee et al. proposed that isolated 

Mn2+ may change into Mnl+ and Mn3+ by transferring the electronic charge to 

neighboring Mn ions via sulfur or sulfur vacancies, though no ESR resonance of Mn3+ 

centers has been observed [Lee, 1995]. Moreover, the effect of the particle size of 

ZnS:Mn nano-crystals on the PL intensity has also been studied by ESR [Yu, 1996]. 



Chapter 3 

EXPERIMENT AL TECHNIQUES 

3.1 Halide Transport Chemical Vapor Deposition System 
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A low pressure halide transport chemical vapor deposition (HTCVO) reactor is 

used for the deposition of ZnS:Mn phosphors. Figure 3-1 shows the schematic of the 

HTCVD system. A stainless steel pressure barrier is housed within a three-zone 

horizontal furnace. The glass substrate is fixed on the graphite substrate holder and is 

positioned normal to the gas flow. ZnS (ESPI 99.99%) and Mn (ESPI 99.997%) 

source materials are placed in two graphite resistive heaters which provide additional 

heating. High purity Argon (Air product, 99.9995%) and H2S (Air product, 99.9995%) 

flow through the ZnS heater while HCI gas (ESPI, 99.997%) flows through the Mn 

heater to produce and/or transport the desire precursors. The flow rates of Ar, H2S and 

HCI are controlled by MKS mass flow rate controllers. Temperature at the substrate 

and at each source heaters is monitored and controlled separately. Two pumps, a roots 

blower backed by a mechanical pump, are used to achieve the desire vacuum pressure. 

Pressure is measured by capacitance manometers. The load lock separated from the 

reaction chamber by a gate valve is employed to reduce contamination and the 

pumping load for each experimental run. 

Table 3-1 lists the typical growth conditions in HTCVD reactor including 

substrate temperature, ZnS and Mn source temperature, Ar, H2S and HCI gas flow 
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Figure 3-1. Schematic diagram of the halide transport chemical vapor deposition system. 
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rates, and deposition time. The detailed experimental procedure is presented elsewhere 

[Chen, 1998]. 

Table 3-1. HTCVD Growth Conditions ofZnS:Mn Films. 

Substrate temperature 
ZnS source temperature 
Mn source temperature 
Gas flow rate of Ar 
Gas flow rate of H2S 
Gas flow rate of HCI 
Pressure 
Deposition time 

470 - 600°C 
850 - 1020 °C 
600 - 775°C 
0- 100 sccm 
0- 0.4 sccm 
0-3 sccm 
< 0.2 Torr 
1 - 3 hr 

3.2 Electron Spin Resonance Techniques 

To characterize ZnS:Mn thin films deposited by HTCVD reactor, a Bruker ESP 

300 X-band electron spin resonance spectrometer was used. A schematic of the ESR 

spectrometer is shown in Figure 3-2. The spectrometer consists of a microwave source 

(klystron), a magnet, a sample cavity, a modulator, a crystal detector and a data 

acquisition system. The sample cavity is placed between the poles of the magnet. 

First, 9.6 GHz microwave with 20 mW power is produced by the klystron and is 

transported along the wave guide to the TE 102 rectangular cavity. The magnetic field of 

the magnet is swept to pass through the resonant condition. A certain amount of the 

microwave energy is absorbed as the electron transitions take place. This energy loss is 

then detected by the crystal detector and the output signal is recorded by the computer. 
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To increase the signal-to-noise ratio and hence the sensitivity, a modulator is used to 

modulate the magnetic field at a frequency of 100 kHz by superimposing an 

alternating current component on the magnetic field coils. As shown in Figure 3-3, a 

first derivative output, instead of the conventional absorption signal, is obtained by the 

ESR spectrometer when the amplitude of the modulation is small compared to the 

width of a line to be observed. Moreover, using the first derivative output could be 

much easier to pin-point the weak signals in some cases, as shown in Figure 3-4. The 

absorption spectrum, Figure 3-4(a), shows almost nothing but a structure less broad 

signal. But its first derivative presentation, Figure 3-4(b), clearly resolves an ESR 

sextet superimposing on a strong background. 

The parameters used in ESR measurements for this study are listed in Table 3-

2. All samples were measured at room temperature. The microwave frequency and the 

magnetic field strength were read from the frequency counter and the ECHO NMR 

Gauss meter respectively. Other parameters were inputted through the ER023M signal 

channel. The modulation frequency of 100 kHz and the modulation amplitude of 3.88 

Gauss were chosen to achieve good signal-to-noise (SIN) ratio and good resolution. 

Higher modulation frequency decreases the noise but triggers sample heating. Higher 

modulation amplitude improves the SIN ratio but decreases the resolution due to line 

broadening. Scan times is also a concern. More scans can average out the random 

noise, but the measurement will be very time consuming. In order to make the ESR 

spectra of different samples comparable, all parameters are kept at fixed values. 
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Figure 3-2. Schematic diagram of the electron spin resonance (ESR) 
spectrometer. 
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Figure 3-3. First derivative ESR output obtained when the amplitude of 
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Figure 3-4. Comparison of (a) conventional absorption spectrum with (b) its first 
derivative output which is employed by ESR spectrometer. 



Table 3-2. Parameters ofESR Measurement for ZnS:Mn Films. 

Microwave frequency 
Sample temperature 
Center of the magnetic field 
Scan width 
Modulation frequency 
Modulation amplitude 
Scan times 

9.6 GHz 
room temperature 
3426 Gauss 
800 Gauss 
100 kHz 
3.88 Gauss 
36 - 80 
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ESR studies of ZnS:Mn phosphors in the literature have largely focused on the 

powder material because one difficulty of a thin film investigation is the incorporation 

of a sufficient quantity of material into the ESR cavity [Kreissl, 1986]. To solve this 

problem, in this study, three sample preparation methods were employed. In the first 

method, the thin ZnS:Mn film was scraped off from the substrate and placed in a 5 mm 

quartz tube. In the second method, the substrate was broken into small pieces and 

randomly placed in the 5 mm quartz tube. In both cases, strong ESR signals were 

obtained because more samples can be loaded in the cavity and hence more Mn spins 

can be detected. In the third sample preparation method, the substrate with thin films 

deposited on it was cut to an approximate 20 mm x 5 mm rectangle and was glued to a 

3 mm O.D. quartz rod. The quartz rod with sample on it was then inserted into the 

cavity. The substrate can be positioned perpendicularly, parallel or at about 45 0 to the 

magnetic field direction by rotating the rod. A strong ESR signal with good SIN ratio 

was also obtained in the third case though the actual amount ZnS:Mn presented in the 

cavity is rather small. This is because the absence of the dielectric tube material around 
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the sample minimized the absorption and reflection of the microwaves. Therefore, 

more microwave power is available and the cavity is easier to calibrate. The fact that 

gluing the substrate to the rod allows one to conduct angular dependence investigation 

is another advantage of this method. 

3.3 X-ray Diffraction and Photoluminescence Analysis 

The crystallinity of the ZnS:Mn thin films such as the crystal phase, the 

preferred orientation and the crystal size were analyzed by x-ray diffraction (XRO). A 

Siemens 05000 diffractometer with eu Ka radiation was employed. The 28 scanning 

range is from 2° to 90° with 0.02° 8 step. The scanning speed can be adjusted to 

achieve a desired SIN ratio. 

A photoluminescence (PL) spectrometer was used for the optical 

characterization of the ZnS :Mn thin films. The excitation source is an Oriel 300 W Xe 

lamp. The source light is passed through a 50 cm water filter and then selected by a 

pnsm monochrometer at a fixed 330 nm wavelength. The sample, at room 

temperature, is excited by this 330 nm light giving rise to the PL emISSIOn. The 

emission light is passed through a slit, dispersed through a monochrometer, and 

detected by a Hamamatsu R636 photomultiplier tube. The signal is then collected, 

amplified and recorded by the data acquisition system. The wavelength scanning range 

is between 420 nm to 700 nm with A step of 0.2 nm. 
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Chapter 4 

RESUL TS AND DISCUSSION 

In this chapter, the results of the electron spin resonance analysis of HTCVD 

ZnS:Mn thin films are discussed. All ESR spectra are base line corrected so that the 

intensity has a nearly zero level at the outer field of the Mn2+ spectral region. Corrected 

spectra are decomposed into four components: isolated Mn2+ ions sitting in hexagonal 

surroundings, isolated Mn2+ ions in cubic surroundings, Mn2+ pairs and Mn2+ triplets. 

Fundamental ESR parameters are calculated from the spectra. ESR spectra are used to 

explain photoluminescent spectra of films grown under different processing conditions. 

4.1 Mn Concentrations, Quantities of Isolated Mn2+ and Clustered Mn2+ Ions 

Manganese concentration is an important factor in determining the brightness of 

the ZnS:Mn EL devices. ESR is very sensitive to the spin density of the paramagnetic 

centers, and is used to estimate the Mn concentration. Three samples with different 

substrate temperatures are investigated. All other processing parameters remain fixed. 

The experimental conditions are shown in Table 4-l. 

Figure 4-1 shows the ESR spectra for ZnS:Mn thin films deposited at the 

substrate temperatures of 470°C, 500°C and 550°C, respectively. As we can see from 

the dramatic change of line shapes in Figure 4-1, the Mn concentration of the films 

increases when the substrate temperature increases. At 470°C, there are six clearly 
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Figure 4-1. ESR spectra of ZnS:Mn films grown with substrate 
temperatures of (a) 470°C, (b) 500 °C, (c) 550°C. All other growth 
conditions are fixed at the values in Table 4-1. 
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resolved hyperfine (HF) lines indicating that the ESR center is associated with Mn2+ 

having nuclear spin of I = 512. The sextet corresponds to the allowed fine structure 

transitions with ~Ms = ±1, Ms = 1/2 to Ms' = -1/2 and HF transitions with M, = O. At 

this low substrate temperature, the Mn concentration is very low, and primarily isolated 

Mn2+ ions exist in the ZnS host producing a predominant sextet. As substrate 

temperature increases to 500 DC, the ESR hyperfine lines broaden and the peak intensity 

decreases. Meanwhile, one broad base line emerges superimposed on the sextet. At an 

even higher substrate temperature of 550DC, the six hyperfine splittings become very 

weak, almost merging to a strong single signal with a narrow half width. This line 

enveloping and its width narrowing are due to the formation of Mn2+ clusters at high 

Mn concentration. 

Table 4-1. Reactor Conditions for HTCVD Growth of ZnS:Mn Films. 

Substrate temperature 
ZnS source temperature 
Mn source temperature 
Gas flow rate of Ar 
Gas flow rate ofH2S 
Gas flow rate of HCl 
Pressure 
Deposition time 

470 - 550 DC 
900 DC 
725 DC 
40 seem 
o sccm 
3 sccm 
< 0.2 Torr 
3hr 

From Ishikawa's model [Ishikawa, 1966], the number of hyperfine structure 

lines can be determined by 2NI + 1, where nuclear spin quantum number I = 5/2, and N 

is the number of Mn2+ ions coupled by exchange interactions. N = 1 corresponds to the 
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isolated Mn2+ ions characterized by six equally spaced HF lines. These six lines have 

the same peak intensities if all Mn2+ ions are incorporated into the same crystal 

structure. N = 2 is for Mn2+ pairs, N = 3 for Mn2+ triplets, and N > 3 for more clustered 

Mn2+ ions. Mn2+ clusters with N 2:: 2 are likely to give a structureless broad ESR line. 

Therefore, the ESR spectra are interpreted as the superposition of two kinds of ESR 

lines: one for the isolated Mn2+ ions and the other for the Mn2+ clusters. Computer 

simulation is used to deconvolute these superimposed ESR lines (see Appendix A). 

Isolated Mn2+ lines of a resolved sextet and Mn2+ cluster lines of unresolved single 

envelope are separated for the samples grown at 500°C and 550°C, respectively, as 

shown in Figure 4-2. For the sample grown at 470°C, sharp ESR peaks mean the Mn2+ 

ions are isolated sitting far away enough from each other that they don't interact. There 

is almost no visible cluster formation at 470°C as indicated by the ESR measurement. 

The variation of the sextet peak height, especially for the sample of 470°C, are 

discussed in Section 4.3. 

The number of paramagnetic centers doped into the sample is proportional to 

the integrated intensity of ESR absorption curve given rise by those impurities. In order 

to get the relative quantities of the isolated Mn2+ ions, the clustered Mn2+ ions and the 

total Mn spins per unit surface area of the sample, the areas under the ESR absorption 

lines are calculated through double integration of the first derivative ESR signals. The 

surface areas of the thin film samples are also measured. Calculation results are 

summarized in Table 4-2. 
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Figure 4-2. Deconvolution of ESR spectra of films grown at substrate 
temperatures of (a) 500oe, (b) 5500 e into isolated Mn2+ lines and Mn2+ 
cluster lines. The line shape ofthe cluster line is Gaussian in (a) and 
Lorentzian in (b). 
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Figure 4-3 shows the dependence of total Mn2+ spins per unit surface area 

incorporated into the sample on the reciprocal of substrate temperature. It indicates that 

the total Mn2+ spins increase dramatically when the substrate temperature increases. Mn 

is doped into the thin film through MnCl2 species reacting with ZnS host material 

during the deposition. MnCl2 is formed by HCI gas reacting with Mn source material at 

the fixed source temperature. At higher substrate temperature, although the flow rate of 

MnCl2 transported to the reaction chamber remains the same, MnCl2 is more energetic 

and reactive with ZnS resulting in greater Mn doping as well as higher overall growth 

rate. The straight line plotted in Figure 4-3 implies that a single rate limiting activated 

process controls the doping over this 470°C to 550°C temperature range. From the 

Arrhenius equation, an activation energy, Ea, of the overall surface reaction obtained 

from the slope of the straight line is 137.4 kllmol (see Appendix B). 

Table 4-2. Amount of Isolated Mn and Clustered Mn in ZnS:Mn Films at Different 
Substrate Temperatures. 

Substrate temperature (OC) 470 500 550 
Isolated Mn2+ (105 Imm2 sample) 2.2 3.0 l.0 

2+ ~ 2 Cluster Mn (l 0- Imm sample) 0 2.0 17.7 
2+ 2+ Isolated Mn I Total Mn (%) 100 59.7 5.5 

Total Mn spins (l05 /mm2 sample) 2.2 5.1 18.7 

In Figure 4-4, the ratio of the number of isolated Mn2+ ions to total Mn2+ versus 

substrate temperature is presented. The percentage of the isolated Mn2+ ions decreases 

linearly with increasing substrate temperature. Over the temperature range studied, the 
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Figure 4-3. Arrhenius plot of total number ofMn incorporated into the ZnS film. 
The slope gives an activation energy of 137.4 kllmo!. 
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fraction of isolated Mn2+ drops from almost one to zero; while Mn2+ clusters 

demonstrate an opposite tendency. This is interesting because from the aspect of device 

processing, the percentage of the isolated Mn2+ ions may be controlled accurately by 

adjusting the substrate temperature carefully. In the ZnS:Mn EL device, it is the 

isolated Mn2+ ions, not clusters, that mainly contribute to the brightness. 

Figure 4-5 shows the variation of doping-dependent probability of isolated 

Mn2+ with total Mn2+ spins on a log-log plot. When the Mn concentration increases, the 

probability of a Mn2+ ion being isolated in the lattice decreases monotonically due to 

smaller average distance and stronger exchange interaction between neighboring Mn2+ 

ions. This qualitative shape shown in Figure 4-5 is consistent with a prediction in the 

literature according to a statistical probability calculation [Pohl, 1989]. 

ESR peak-to-peak width, L1Hpp ' of isolated Mn2+ lines and Mn2+ cluster lines are 

shown in Figure 4-6 (a) and (b) respectively. Peak intensities are also plotted. For 

4700 e and 5000 e samples, the L1Hpp of isolated Mn spectra increases with increasing 

substrate temperature. This line broadening is due to Mn concentration increasing and, 

hence, the magnetic dipole-dipole interaction. The dipole-dipole interaction is 

proportional to the concentration. Because the values of the internal magnetic fields are 

not the same at all Mn2+ ions due to the statistical distribution of the paramagnetic ion 

dipole orientations, many close-lying neighboring energy levels are produced. 

Therefore, sharply defined levels are spread out leading to ESR line broadening. In this 

case, the hyperfine interaction, which gives rise to the six HF lines, is stronger than the 

exchange interaction. However, comparing soooe and 5500 e samples, the L1Hpp of 
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clustered Mn spectra decreases, and the line shape changes from Gaussian to 

Lorentzian with increasing Mn concentration. This variation is due to the exchange 

narrowing effect between the Mn2+ ions. If ions are coupled by the exchange 

interaction, energy transfers from one paramagnetic entity to another when the spin 

states of unpaired electrons are exchanged between them. The electron spins and the 

energy exchange between spin systems is so fast that the time average of the internal 

magnetic field is close to zero, resulting in diminished internal magnetic field spread. 

Therefore, the ESR line width narrows. In this case, the exchange interaction is 

stronger than the hyperfine interaction. Dominance of the exchange interaction 

switches the line shape from Gaussian to Lorentzian. This may explain why the ESR 

line shape of pure MnS is Lorentzian [Jain, 1968]. Figure 4-7 compares the two line 

shapes with the experimental ESR spectrum of 5.6 Mn A%. Mn concentration is 

measured by electron microprobe [Chen, 1998]. The Lorentzian shape fits the spectrum 

much better than Gaussian at such a high Mn concentration. 

In order to compare the HTCVD ZnS:Mn thin films with samples deposited by 

different methods in terms of the distribution behavior of Mn ions, three additional 

samples are analyzed by ESR. One is deposited by electron beam evaporation (EBE). 

The other two are deposited by atomic layer epitaxy (ALE). Both methods are 

employed in commercial fabrication of EL panels. ESR spectra for these three samples 

are shown in Figure 4-8. All three spectra can be decomposed into Mn2+ single lines 

and Mn2+ cluster lines, as shown in Figure 4-9. The relationship between the percentage 

of the isolated Mn2+ ions and the L'lHpp of cluster lines for different deposition methods 
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is examined in Figure 4-10. The five data points fall on a straight line which indicates 

that thin films grown by HTCVO, ALE and EBE have the similar Mn2+ distribution 

behavior, though the processing mechanism, crystallinity and phase structure are quite 

different. A general description is: as line width of the cluster lines decreases, i.e., as 

Mn concentration increases, the exchange interaction is enhanced as well as the 

exchange narrowing, as does the number of exchange coupled Mn2+ ions (Mn2+ 

clusters). This means the percentage of the isolated Mn2+ ions is reduced. 

4.2 Quantities of Mn2+ Ion Pairs and Triplets 

As Mn concentration Increases, more Mn2+ ions in the films are coupled 

together by the exchange interaction forming Mn2+ clusters. Mn2+ pairs, triplets or so 

forth will appear if two, three or more Mn2+ ions are located within the critical radius 

6A [Gayda, 1972]. In order to determine the Mn cluster distribution in terms of the 

absolute and relative quantities of Mn2+ pairs and triplets in the thin film per unit 

surface area of the sample, computer simulation is performed. 

In the last section, Mn2+ cluster lines for samples at 500°C and 550°C substrate 

temperatures were extracted. From Ishikawa's model, the resonance field of the 

absorption line can be found at H = Ho - A'm/N, in which Ho = hv/gP, A' = A/gP; m = 

NI; NI - 1, ... -NI, where the nuclear spin quantum I = 5/2. N is the number of Mn2+ 

ions coupled by exchange interactions. The separation between the adjacent hyperfine 

lines is lIN of that found for an isolated Mn2+ ion. In another word, for the ESR spectra 
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of Mn2+ pairs and triplets, the hyperfine constant A is 112 and 1/3 of that for isolated 

Mn2+. The intensity ratio between each hyperfine line in the absorption spectra are 

1:2:3:4:5:6:5:4:3:2:1, and 1:3:6:10:15:21:25:27:27:25:21:15:10:6:3:1 for Mn2+ pairs 

and triplets, respectively. Due to the smaller separations between each hyperfine line 

and the symmetric intensity ratio, the absorption spectra for Mn2+ pairs and Mn2+ 

triplets is hard to resolve and likely to give a broad envelope without any structure. 

The first derivative ESR cluster lines for samples of 500ae and 550ae are 

integrated to get the absorption lines. The integrated shapes are decomposed into two 

components, one for Mn2+ pairs and one for Mn2+ triplets, with the assumption that no 

clusters of N > 3 exist significantly in the films. Mn2+ pair lines and triplet lines are 

generated by computer simulation basing upon Ishikawa's model which provides the 

information about positions and intensity ratios of the unresolved HF splitting arising 

from the exchange coupled Mn ions. The total cluster lines are simulated from the sum 

of the two components to fit the experimental spectra. 

Figure 4-11 shows that good agreement is achieved between the extracted 

experimental cluster absorption lines and the simulated total cluster lines which have 

Mn2+ pair and Mn2+ triplet components. Through simulation, the number of isolated, 

pairs and triplet Mn2+ spins as well as their relative quantities are calculated, as 

summarized in Table 4-3. 

Figure 4-12 shows the effect of the substrate temperature on the distribution of 

Mn2+ clusters. It indicates clearly that, as the temperature increases from 500ae to 

550ae, both the absolute and the relative numbers of Mn2+ ions forming triplets 
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Figure 4-11. Simulation of Mn2+ cluster absorption lines using Ishikawa's model 
for films grown with substrate temperatures of (a) 500°C and (b) 550 dc. 
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increases. Meanwhile, the absolute population of paired Mn2+ ions goes up while the 

relative quantities (ratio) of them go down. At the lower temperature, isolated Mn2+ 

ions dominate; while at the higher temperature, Mn2+ triplets prevail due to heavy 

doping. Surprisingly, Mn2+ triplets begin to emerge at 500°C despite the relatively low 

Mn concentration, and isolated Mn2+ still are present, surrounded by triplets at 550°C. 

Table 4-3. Amount ofMn Pairs and Triplets in ZnS:Mn Films. 

Substrate temperature (OC) 500 550 

Total Mn spins (105 ImmL sample) 5.1 18.7 
2+ . 2 

Isolated Mn (10) Imm sample) 3.0 1.0 
. 2+ 5 2 

Pairs Mn (10 Imm sample) 1.6 2.9 
. 2+ 'i 2 

Tnplet Mn (10' Imm sample) 0.4 14.8 

For the film grown at 550°C, because the concentration of Mn2+ triplets is 

relatively high, the presence of some Mn2+ quartets is possible. Quartets are actually 

manifest in Figure 4-11 (b), in which the simulated cluster line shape is a little bit 

broader than the extracted experimental line shape, implying that other cluster lines 

with N = 4 (quartet) or even N > 4 may be contributing to the spectra. According to 

Ishikawa's model and the exchange narrowing effect, when N is larger, i.e., when more 

Mn2+ ions are coupled together, the exchange interaction will tend to broaden into a 

cluster absorption line at the wings and sharpen its peak, or in effect, to narrow the line 

[Beneini, 1990]. This is exactly what happens here, although the line shape deviation is 

quite small. If Mn2+ quartets are to be included in the simulation, the workload will 
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increase considerably in terms of the increased complexity of the spectra deconvolution 

due to the increasing number of the independent variables, and hence, the larger degree 

of freedom. 

4.3 2+ Local Symmetry Around Mn Centers 

Luminescent center Mn2+ ions are doped into the host material ZnS, which 

basically has two stable structures: a cubic structure and a hexagonal one. Thin films 

grown by the electron beam evaporation (EBE) method usually demonstrate cubic 

phase, and the atomic layers pack in ABCABC sequence. Films prepared by the atomic 

layer epitaxy (ALE) method exhibit hexagonal phase in which atomic layers follow the 

ABAB packing order. The crystal structure of the HTCVD produced films with pure Ar 

as carrier gas is typically hexagonal; but a predominant cubic phase can be obtained 

when H2S gas is introduced to the reaction chamber [Chen, 1998]. 

Mn2+ ions sitting in different crystal structures give rise to distinct ESR shapes 

due to different crystal fields the Mn2+ centers experienced in the lattice. Figures 4-13 

(a) and (b) show the ESR spectra of Mn2+ ions sitting in cubic and hexagonal phases, 

respectively. Samples are prepared by HTCVD under identical reactor conditions 

except that the film in (a) is grown in a H2S ambient. For cubic centers, there are just 

six hyperfine lines corresponding to the allowed transition ~Ms = ±1, Ms = 1/2 to Ms' = 

-1/2, and MJ = O. The selection rule implies that one photon with energy can only flip 

one electron between adjacent energy levels, and during the electron transition, the 
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Figure 4-13. ESR spectra ofZnS:Mn films with (a) cubic structure, (b) 
hexagonal structure. The films with hexagonal structure exhibit two weak fine 
structure peaks in between each pair of main hyperfine peaks. 
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orientation of the nuclear spin remains unchanged because nuclear motion is much 

more sluggish than the electron's. The probability of the forbidden transitions for the 

cubic Mn2+ center is zero [Yu, 1995]. So there is no peak between the six hyperfine line 

positions. The spectrum is quite "smooth". However, for Mn2+ centers incorporated into 

the hexagonal environment, the hexagonal crystal field, which has lower symmetry 

than its cubic counterpart, tends to mix the nuclear states to a certain extent, resulting in 

a breakdown of the selection rule [Orton, 1968]. Therefore, in addition to the allowed 

transitions, there is a certain probability of forbidden transitions of nuclear spin ~MI = 

± 1 with Ms = 112 to Ms' = -112. Figure 4-14 indicates where the forbidden transitions 

locate between the energy levels comparing with the six allowed transitions. On the 

left of the figure are six allowed transitions with Ms = 112 to Ms' = -112, ~MI = 0 which 

lead to the predominant sextet. On the right are 10 forbidden transitions with Ms = 112 

to Ms' = -1 12, ~MI = ± 1. The probability of these forbidden transitions is relatively low 

raising ten small peaks (weak lines) between the six hyperfine (HF) lines. 

4.3.1 Quantities of Isolated Mn2+ Ions in Hexagonal and Cubic Surroundings 

In Section 4.1, the experimental ESR spectra are deconvoluted to the isolated 

Mn2+ components and the Mn2+ cluster components, as shown in Figure 4-2. All 

isolated Mn2+ lines for samples with substrate temperatures of 470°C, 500°C and 

550°C show variations in line intensities and in line widths. Taking Figure 4-1 (a) for 

example, the peak height of each HF line reduces gradually from left to right, while the 
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Figure 4-14. Locations of forbidden transitions L1M1= ±1 with Ms= 112 to Ms'= -112 in the 
energy level diagram. These forbidden transitions raise ten small ESR peaks. 



57 

line width broadens gradually in the same direction. If all Mn2+ centers sit in the same 

crystal structure, hexagonal or cubic, the sextet will demonstrate uniform peak intensity 

and a uniform line width, such as those presented in Figure 4-13. The deviation from 

this uniformity reveals the possibility that some Mn2+ ions are in a hexagonal 

environment while others are in a cubic one. Therefore, these ESR spectra of isolated 

Mn2+ ions can be interpreted as the superposition of two parts: one originating from 

hexagonal Mn2+ centers and one arising from cubic Mn2+ centers. Because the cubic 

line is "smooth" with just a sextet while the hexagonal line is more complicated with 

unique splittings, the superimposed spectrum will exhibit the hexagonal character in 

terms of the small peaks produced by the forbidden transitions. For example, in the 

ESR signal of the sample grown at 470°C, as shown in Figure 4-1 (a), six dominant HF 

lines are clearly resolved, which is the most important part of the axial Mn2+ spectrum. 

Additionally, weak doublets between the sextet due to forbidden transitions L1M[ = ±1 

are observed, indicating the presence of hexagonal ZnS phase which is conformed by 

XRD analysis as well. But this does not necessarily mean the absence of the Mn2+ ions 

sitting in cubic ZnS structure. 

Kreissl reported that in some cases the separation between the cubic and 

hexagonal HF lines can take place, where the cubic line position is a little bit to the 

right of the hexagonal lines [Kreissl, 1987]. This phenomenon is also recorded in 

HTCVD thin films, as shown in Figure 4-15 (a). The sample is grown at substrate 

temperature of 550°C. ZnS and Mn sources are heated to 940°C and 725°C 

respectively, and passed by 40 sccm Ar (with 1 % H2S) and 1.5 sccm HCl. Sharp ESR 
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peaks indicate a low Mn concentration and the presence of the isolated Mn2+ ions. It 

can be seen that the first HF line has the largest intensity. As the applied magnetic field 

strength is enhanced, traces of the hexagonal and cubic line separation is observed at 

the second HF resonance field, and the overall line intensity decreases while the overall 

line width increases. Then, splittings between the originally overlapped hexagonal and 

cubic peaks become more and more obvious at higher and higher field. Five doublets 

with relatively high intensity corresponding to forbidden transitions ~MI = ±1 also 

emerge. Accordingly, two sextets, one for the hexagonal component and one for a 

cubic one, are superimposed to simulate the hexagonal and cubic line splitting. Figure 

4-15 (b) shows the simulation result. The Gaussian line shape is employed because of 

its fitness to the isolated Mn2+ lines. 

However, the ESR component of the isolated Mn2+ ions at 470°C, 500°C and 

550°C described earlier has a broad line width; therefore, such a splitting between the 

hexagonal line and the cubic line can not be easily resolved. The two components, 

hexagonal and cubic, lead to different peak intensities and different line widths. 

Computer simulation is used to separate the hexagonal component from the cubic 

component by superimposing two sextets to fit the experimental spectra. The sextets 

can have different intensities but are given the same line width. In addition, all six lines 

of a given sextet have identical intensity and line width. Figures 4-16, 17 and 18 show 

the comparison of (a) experimental spectra for the samples deposited at substrate 

temperatures 470°C, 500°C, 550°C and (b) the simulated spectra. Small peaks due to 

forbidden transitions in the central part of the spectra, as shown in Figure 4-1, are 
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Figure 4-16. Comparison of (a) experimental ESR spectrum for the film grown 
at 470°C with (b) simulated ESR spectrum. Both hexagonal and cubic 
components are included in the simulated spectrum. 
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Figure 4-17. Comparison of (a) experimental ESR spectrum for the film grown 
at 500°C, (b) simulated ESR spectrum and (c) the two components 
corresponding to isolated Mn2+ and Mn2+ clusters. 
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Figure 4-18. Comparison of (a) experimental ESR spectrum for the film 
grown at 550°C, (b) simulated ESR spectrum and (c) the two components 
corresponding to isolated Mn2+ and Mn2+ clusters. 
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ignored. These doublets broaden at both higher resonance fields and higher Mn2+ 

concentrations. Good agreement between the experimental and the calculated spectra 

are achieved ignoring the central weak lines. The variations of peak height and line 

width are achieved in the simulation. 

The intensity ratio of Mn2+ ions in hexagonal lattice sites to that in cubic sites, 

which is calculated by comparing the intensities of both contributions of the ESR 

spectra, is always around 3. Table 4-4 summarizes the calculation results. A typical 

XRD pattern of these samples is shown in Figure 4-19. It demonstrates polycrystalline 

films with strong preferred orientation at 28 = 28.6°. Weak diffraction peaks at 28 = 

39.6° and 51.8° suggest that a hexagonal phase is present since they correspond to the 

(l02) and (l 03) hexagonal phase directions, respectively, and are not present in the 

XRD pattern of cubic films [Chen, 1998]. As probed by ESR, the cubic ZnS phase in 

which cubic Mn2+ centers sit also exists in the film. However, no characteristic cubic 

patterns, such as peaks at 33.1 °or 69.4° corresponding to the (200) and (400) directions, 

respectively, are detected. This implies that, cubic ZnS phase may have a (111) 

preferred orientation with an XRD peak at 28 = 28.6° overlapping with the peak of 

(002) preferred growth direction in the hexagonal structure. An alternative explanation 

is that these films have a polytype structure. 

Figure 4-20 shows the dependence of the ratio of the hexagonal Mn2+ to cubic 

Mn2+ on the substrate temperature. It indicates that the relative number of the Mn2+ ions 

in hexagonal environment increase slightly with temperature. This dependence may be 

explained by the fact that the hexagonal phase is the more stable structure at higher 
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temperature. When the substrate temperature increases, the cubic ZnS phase available 

in the host material tends to transform to hexagonal structure, and the original cubic 

Mn2+ centers begin to sit in hexagonal surroundings as a result. However, the 

magnitude of this effect is small. 

Table 4-4. Crystal Site oflsolated Mn in ZnS:Mn vs. Substrate Temperature 

Substrate temperature (OC) 
Isolated MnL+ (105 ImmL sample) 

2+ - 2 Hexagonal Mn (l0) Imm sample) 
. 2+ 5 2 

CUbIC Mn (10 Imm sample) 

4.3.2 Determination of ESR Parameters 

470 
2.2 
1.63 
0.57 

500 
3.0 

2.24 
0.76 

550 
1.0 

0.75 
0.25 

The ESR spectra of ZnS:Mn polycrystalline thin films described in this study 

A 

are described by the spin Hamiltonian, H: 

H= gPH·S + AS·I + D[Sz2_1I3S(S+l)] 

The first term represents the Zeeman interaction term where the g value is the 

electronic spectroscopic splitting factor. The second term describes the hyperfine 

interaction term where A is the hyperfine splitting constant and I is the nuclear spin 

angular momentum. The last term represents the fine structure splitting term where D 

is the second order zero-field splitting parameter. S is the electron spin angular 

momentum, and Sz is the component of S in the Z direction. The value of D is non 

zero only in crystal fields with symmetries lower than cubic [Kennedy, 1995]. 
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Therefore, for cubic Mn2+ centers, the last term is zero, and no fine structure can be 

observed. The spectrum has six "smooth" hyperfine lines, as shown in Figure 4-13(a). 

2+ On the other hand, hexagonal Mn centers have lower symmetry, so the fine structure 

splitting is finite. Some weak lines appear out of the strong sextet, as shown in Figure 

4-13(b). The larger the D value is, the stronger the fine structure splitting is. A larger 

D value also leads to a bigger probability of the forbidden transitions. With a small 

number of ESR parameters (g, A and D) which are to be determined, the spin 

Hamiltonian is able to characterize how energy levels of the paramagnetic Mn2+ centers 

incorporated into the ZnS thin films diverge as the applied magnetic field is varied. 

In order to determine the ESR parameters, a computer simulation of the 

spectrum is performed. As described before, ESR lines of isolated Mn2+ ions in 

samples with substrate temperature 470°C, 500°C, and 550°C are deconvoluted into 

hexagonal sextets and cubic sextets respectively. All six HF lines of a given sextet 

have identical intensity and line width. The computer program was provided by Dr. 

Joshua Telser from Roosevelt University, and is used to generate ESR patterns to fit the 

characteristic hyperfine lines in the deconvoluted hexagonal and cubic sextets 

separately. 

In the simulation, the resonance field is calculated by third-order perturbation 

1\ 

theory. First, the energy matrix is set up from the spin Hamiltonian H. The 

eigenvalues E of the spin Hamiltonian must satisfy the Schrodinger equation: 
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where \If represents the wave function of the spin states. The eigenvalues are found by 

solving the secular determinant of the energy matrix. These eigenvalues describe the 

energy levels of the Mn2+ spin system. With the resonance condition L1E = hv, the ESR 

line positions corresponding to permitted or forbidden electron transitions can be 

obtained. The effective field method [Bir, 1964] is employed to calculate the transition 

probabilities which are proportional to the ESR line intensities. In this approach, the 

transition probability is calculated as a product of the probabilities of the electron 

transition and of the nuclear one. If only allowed transitions, L1Ms = ± 1 with L1M, = 0, 

are considered, the overall transition probability takes the same value as the electron 

transition probability which is approximately a constant for each transition with Ms = 

112 to Ms' = -112; therefore, all HF lines in the sextet have the same intensity. 

However, if forbidden transitions are considered as well, the overall transition 

probability will be reduced by the nuclear factor which is determined by the nuclear 

spin state, the D value, and the direction of the external magnetic field with respect to 

the symmetry axis of the Mn2+ center. An effective field consisting of both external 

and internal magnetic fields is used during the simulation to calculate the ESR line 

intensity. The obtained resonance field and line intensity are used to generate a first 

derivative Gaussian or Lorentzian lineshape. The ESR line width, L1Hpp, is input as a 

constant. 

In this study, the hexagonal and cubic sextets of the isolated Mn2+ ions are 

simulated using the Zeeman term and the hyperfine splitting term of the spin 

Hamiltonian with allowed transitions Ms = 112 to Ms' = -112 and L1M, = 0. The fine 
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structure splitting term is ignored because high preCISIOn of the D value greatly 

depends on the good fitting of FS transitions Ms to Ms - 1 with Ms = 112, which 

corresponds to the outer weak lines in the spectra [Kreissl, 1986]. These outer weak 

lines are not clearly resolved in the experimental ESR patterns. In addition, the small 

peaks associated with the D term and forbidden transitions in the central part of the 

deconvoluted hexagonal sextet are omitted. Therefore, the zero-field splitting 

parameter, D, for the hexagonal lines are not included. Only the g value and the 

hyperfine constant A are determined. These two ESR parameters, g and A, are 

adjusted as the program's inputs till the best fit between the simulated spectrum and the 

experimental one is achieved. Each simulation run takes 42 minutes using a 120 MHz 

Pentium processor to generate a spectrum with 1024 data points. 

Figure 4-21 shows part of the simulation result for hexagonal line and cubic line 

for ZnS:Mn processed at different substrate temperatures. The values of g and A 

obtained are summarized in Table 4-S. g values of the Mn2+ cluster lines at sooDe and 

ssoDe substrate temperature are also listed. The hyperfine constant A is calculated to 

be around -6Sx I 0-4 cm-1 indicating that Mn2+ ions occupy Zn lattice sites in the ZnS 

host material [Adachi, 1993]. The sign of the constant A is taken as negative because 

Group II-VI compounds usually have negative signs [Nakamura, 1993]. The g-values 

for Mn is 2.003 for hexagonal sites and 2.002 for cubic sites. These values are 

consistent with other literature [Kreissl, 1986]. 
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Figure 4-21. Comparison of calculated ESR spectra using spin Hamiltonian with 
deconvoluted hexagonal line for film grown at 470°C in (a), and comparison with 
deconvoluted cubic line for film grown at 500°C in (b). Gaussian lineshape with 7.8 
Gauss line width in (a) and 14.1 Gauss line width in (b) are chosen. 
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Table 4-5. ESR Parameters Determined from the Computer Simulation. 

Substrate g-value A (10-" cm- ) 

Temperature Isolated MnL
- Cluster MnL

- of Isolated Mn2+ 

(oC) Hexagonal Cubic Hexagonal Cubic 
470 2.003 2.002 / -65.2 -64.5 
500 2.003 2.002 2.007 -65.3 -64.6 
550 / / 2.007 / / 

4.3.3 Angular Dependence 

In order to get the information about angular dependence of HTCVD prepared 

ZnS:Mn thin films, ESR spectra are recorded for the same sample at different 

directions with respect to the applied magnetic field. Figure 4-22 presents the typical 

dependence of ESR spectra on the angle e between the external magnetic field and a 

vector normal to the film substrate. It can be seen that, as the sample is rotated in the 

cavity, the line positions and the line widths of the spectra do not change significantly, 

indicating that the Mn2+ centers are nearly randomly oriented in the ZnS:Mn thin film. 

Because the sample is a polycrystalline film, a highly regular crystal structure in long-

range order does not exist. Statistically, the Mn2+ centers can take any orientation with 

respect to the applied magnetic field. 

4.4 Luminescence Concentration Quenching 

Strong luminescence brightness is needed in EL device fabrication. However, 

EL requires fabrication of an entire device. In order to study the influence of the 
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Figure 4-22. Dependence ofESR spectra on the angle 8 of (a) 0°, (b) 45°, (c) 90° 
between the external magnetic field and a vector normal to the film substrate. 
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substrate temperature on the brightness of thin films deposited by HTCVD, 

photoluminescence (PL) of the phosphors was studied. 

Figure 4-23 shows the room temperature PL spectra of ZnS:Mn phosphors 

grown at substrate temperature of 470D C, 500D C and 550D C, respectively. ESR spectra 

of these three samples is shown in Figure 4-1. It can be seen that PL spectra of films 

grown at 500DC and 550DC show a strong yellow orange emission around a wavelength 

of 585 nm, corresponding to the relaxation transition from the 4T1 (0) excited state to 

the 6A1 (S) ground state of the Mn activator. The PL spectrum of the film grown at 

470D C demonstrates a dominant red emission peak with a blue-shifted shoulder. This 

spectrum can be deconvoluted into two Oussian peaks, as presented in Figure 4-24, 

centered at 595.0 nm and 633.5 nm respectively. The first peak is associated with the 

standard yellow orange emission of Mn center in ZnS host. The second peak, which 

has a higher intensity than the first one, will be discussed in more detail. In addition to 

the characteristic yellow orange emission, the sample grown at 500D C shows a weak 

blue luminescence at 445 nm which is attributed to the blue emission center consisting 

of CI donor on the sulfur site and Zn vacancy acceptor [Chen, 1998]. 

As the substrate temperature increases, the PL brightness goes through a 

maximum while the Mn2+ concentration increases. The yellow orange emission of the 

film grown at 500DC is three times stronger than that of the other two samples. This 

maximum PL intensity occurs when the sample has the greatest absolute number of 

isolated Mn2+ ions; while the film grown at 550D C has a higher total concentration of 

Mn2+, only 5% are isolated. 
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Figure 4-23. Photoluminescence spectra of films grown with substrate temperatures of 
(a) 470°C, (b) 500°C, (c) 550°C. The excitation wavelength is 330 nm. 
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Figure 4-24. Deconvolution of the PL spectra for the film grown at 470°C into two principle components 
with peaks at 595 nm and 633.5 nm. 
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Figure 4-25 plots the dependence of the ESR line width, ~Hpp, for isolated Mn2+ 

ESR spectra and the PL peak intensity for only the yellow orange emission on total Mn 

spins per unit surface area of sample. It indicates that the PL intensity and the ESR 

~Hpp change in a very similar manner with Mn doping levels, and that the variation in 

PL intensity and the variation in ESR ~Hpp correlate directly. Therefore, for ZnS:Mn 

thin films deposited by HTCVD, the concentration quenching of PL brightness at high 

Mn concentration is believed to be caused by formation of Mn2+ pairs and other Mn2+ 

clusters corresponding to the ESR ~Hpp narrowing originating from the exchange 

interaction. Because of the small distance between clustered Mn2+ ions, the spin-spin 

exchange interaction, in which the spin energy of the electron is shared with other 

electrons or nuclei, and the spin-lattice exchange interaction, in which the spin energy 

is shared with the thermal vibrations of the lattice, are quite strong. Therefore, the 

probability of a nonradiative transition is increased, and this leads to the luminescence 

concentration quenching of ZnS:Mn thin films. As shown in Figure 4-26, the PL peak 

intensity of yellow orange emission increases linearly with the peak-peak width of ESR 

lines for isolated Mn2+ ions. This linear relationship may imply that the ESR line width 

for isolated Mn2+ centers can be used as a prediction of photoluminescence brightness. 

Concentration quenching for electro luminescence (EL) is also studied. Figure 

4-27 shows the relationship between the EL brightness, ESR peak-peak width and the 

measured Mn concentration of six samples prepared by HTCVD under different 

processing conditions. The details of device processing and EL brightness 

measurement are described by Husurianto [Husurianto, 1999]. The absolute Mn 
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concentration of the phosphor layer, which varies from 0.2 atomic % to 5.6 atomic %, 

is measured by electron microprobe. EL brightness is also quenched as soon as the 

ESR exchange narrowing takes place. It is indicated that the decrease of the EL 

brightness and the ESR line width occurs in vicinity of 0.4 atomic% Mn which should 

be an optimal value. This is different from the value of 1 atomic% reported in the 

literature [Yu, 1995]. Unlike the PL case, there is not a simple linear relationship 

between the EL brightness and the ESR line width. Besides the Mn concentration, 

other factors in the ACTFEL device, such as the quality of the insulating layer and the 

interface between the insulating and phosphor layer, may also influence the device's 

performance. 

As described before, red PL emission at 633.5 nm is detected for the film grown 

at 470°C substrate temperature. Red photoluminescence has been reported before in 

heavily doped ZnS:Mn crystals. Two red emission mechanisms have been proposed. 

Both of them are based upon the presence of high Mn concentration. The first one 

involves the formation of MnS phase at a heavy Mn doping level [Thong, 1984]. The 

second one is associated with radiationless energy transfer in Mn clusters [Benoit, 

1984]. As can be seen from Figure 4-1 and Table 4-2, the sample grown at 470°C 

substrate temperature has the lowest Mn concentration. All Mn2+ ions doped into the 

film are very isolated. No trace of Mn2+ clusters is probed by ESR. In addition, the 

MnS phase is not detected in the ESR spectrum and the XRD patterns. Therefore, the 

mechanism of the red emission in this case is not due to MnS phase or Mn2+ ion 

clusters, as previously proposed. 
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Figure 4-28 plots the integrated intensity of the total PL emissions, including 

yellow orange and red luminescence but excluding the blue satellite, of films grown at 

470oe, 5000 e and 5500 e versus their isolated Mn2+ spins per unit surface area of the 

sample. A straight line which approximately passes through the origin is obtained. This 

plot suggests a clear physical meaning: the more isolated Mn2+ that is available in the 

phosphor, the brighter yellow-orange and red emissions are, and none of this 

photoluminescence will be emitted if isolated Mn2+ ions vanish. Moreover, the straight 

line implies that the isolated Mn2+ ion is the only efficient luminescent center for the 

characteristic yellow orange emission. On the other hand, the mechanism of the 

concerned red emission is also related to the isolated Mn2+ ions within the case studied. 

4.5 Analysis of Mn Incorporation 

In Section 4.1, the activation energy, Ea, of the Mn incorporation into the ZnS 

lattice was calculated to be 137.4 kllmo!. This value is quite different from the 

activation energy for growth of undoped ZnS film, where Ea is 45 kllmol [Mikami, 

1991]. From Figure 4-3, the Mn luminescent center is incorporated into the ZnS host 

material by a surface limited process as characterized by the Arrhenius plot. The 

investigation of which step is the rate limiting process is useful to understand the Mn 

incorporation behavior. 

Surface processes occurring during Mn incorporation are shown in Figure 4-29, 

and described below: 
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Figure 4-29. Schematic of molecular processes occurring during 
Mn incorporation into the growing ZnS film in HTCVD system. 

(1) A MnCl2 gas molecule physically adsorbs on a free surface site: 

MnCl2 (g) ---3>-> MnCl2 (a) 

(2) MnCl2 dissociates forming atomic surface species Mn and CI: 

MnCI2 (a) -->33-- Mn (a) + 2CI 

83 

(3) These species diffuse along the surface. Mn is incorporated into the film 

occupying a Zn site when it finds a low energy site bonding with three S atoms 

in the three dimensional lattice (Figure 4-29 is a two dimensional schematic): 

Mn (a) -->33-- Mn (s) 
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(4) Two CI atoms bond with Zn and fonn a volatile product ZnCl2 adsorbed on the 

surface (these two processes, Mn bonding with S, and CI bonding with Zn, 

may proceed simultaneously): 

Zn + 2CI ---:>~ ZnCl2 (a) 

(5) ZnCl2 desorbs easily from the surface due to its high vapor pressure and is 

transported away. 

ZnCl2 (a) --:>-> ZnCl2 (g) 

The bonding energy ofMn-CI bond, D(Mn-CI), is estimated to be 394.6 kllmol. 

This value is calculated from the heat of the reaction: 

Mn (g) + Cl2 (g) --:>-> MnCl2 (g) 

Figure 4-30 shows the energy barrier between the initial state and the final state 

of the reaction, in which D(CI-CI) is the bonding energy of CI-CI, and the L1Hor is the 

reaction heat derived from the standard fonnation enthalpy [Barin, 1993]. Similarly, 

the bonding energy of Zn-CI bond is 319.3 kllmol which is weaker than that of Mn-Cl. 

Since the activation energy for growth of undoped ZnS is much smaller than the 

activation energy for the overall surface reaction of Mn incorporation, at the higher 

substrate temperatures, ZnS film growth can be mass transport limited while Mn 

incorporation is reaction limited. As a result, the film growth rate is relatively 

insensitive to substrate temperature. However, the Mn doping rate is highly 

temperature dependent leading to large variations in Mn concentration as demonstrated 

by the ESR spectra shown in Figure 4-1. 
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Figure 4-30. Schematic of energy barrier between initial state and final 
state of the reaction used to calculate the bonding energy of Mn-CI bond. 
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Examination of the energetics of the processes described above may indicate 

which step controls the incorporation of Mn into the lattice. The activation energy for 

undoped ZnS growth is significantly smaller, making a step directly associated with 

Mn the likely rate limiting process. Because mass transfer through the boundary layer 

does not exhibit exponential dependence on the substrate temperature, it is clear that 

neither transport of the halide to the substrate nor the transport of the volatile product 

away from the substrate is rate limiting. 

Physisorption of MnCl2 is exothermic which is not an activated process. The 

activation energy for incorporation of Mn atoms into the ZnS crystal lattice from Mn 

implanted films is reported as 63.7 kllmol [Warren, 1983], which is smaller than one 

half of the 137.4 kllmol in the HTCVD case. This implies that, once the Mn 
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dissociated from the triatomic MnCl2 molecule is available, the barrier for 

incorporation is much less than HTCVD growth. Presumably then the rate limiting 

step appears before atomic Mn is formed. Because the Mn-Cl bond is very strong, the 

process of MnCl2 dissociation could control the reaction rate of the whole surface 

process. 

In Section 4.4, PL red emission is detected at the lowest substrate temperature, 

470°C, and is not associated with MnS phase or Mn2+ clusters. It is proposed that this 

red emission is caused by incomplete dissociation of MnCI2. At this lower 

temperature, there is less thermal energy to break the Mn-CI bond. The red emission 

would then be due to the Mn-CI defect pair, i.e. either an interstitial or substitutional CI 

sitting next to a Mn. As characterized by ESR, the Mn concentration of the film grown 

at 470°C, which shows red emission, is quite low. In this situation, the Mn2+ ion sits in 

tetrahedral site [Thong, 1984]. According to Tsay and Helmholz's study [Tsay, 1969], 

no chlorine ligand ESR hyperfine structure can be resolved even for the tetrahedral 

(MnCI4)2- complex formed in two Zn-organic single crystal hosts. Therefore, it is quite 

possible that a unique ESR signal produced by Mn-CI defect pair is not detectable. 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

5.1 Conclusions 

ZnS:Mn thin films grown by halide transport chemical vapor deposition have 

been studied by electron spin resonance. ESR spectra of films grown at three different 

substrate temperatures are analyzed. Mn concentration is estimated from the ESR line 

shape. Isolated Mn2+ ions and Mn2+ clusters are identified. Mn2+ clusters are examined 

. f M 2+· d M 2+ . I HIM 2+ d b' M 2+ III terms 0 n pairs an n tnp ets. exagona n centers an cu IC n 

centers are also distinguished. Computer simulation based on a quantum mechanical 

model is performed to determine the ESR parameters. Luminescent properties of 

ZnS:Mn films are also explained by the information revealed from ESR study. The 

results of this work are summarized as follows: 

1. Mn concentration of the films is greatly affected by the substrate temperature from 

470°C to 550°C. As substrate temperature increases, Mn concentration increases 

dramatically. 

2. The process of the Mn incorporation into the ZnS host is controlled by surface 

reaction over 470°C to 550°C temperature range with an activation energy of 137.4 

kllmol which is much greater than the activation energy for growth of undoped 

ZnS. 
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3. When Mn concentration increases, the number of isolated Mn2+ ions decreases 

while the population of Mn2+ clusters coupled by exchange interaction increases. 

The ratio of isolated Mn2+ demonstrate a linear relationship with the substrate 

temperature. 

4. Only isolated Mn2+ ions exist in the film grown at 470°C. For films with substrate 

temperature of 550°C, most Mn2+ ions are clustered in forms of pairs and triplets, 

and Mn2+ triplets dominate. 

5. Mn2+ centers sit in both hexagonal and cubic surroundings. The ratio of hexagonal 

Mn2+ to cubic Mn2+ is always around 3 and increase slightly with the substrate 

temperature. 

6. The calculated ESR parameters indicate that Mn2+ ions occupy the Zn lattice sites 

in the ZnS host material. 

7. Mn2+ centers are nearly randomly oriented in the ZnS:Mn thin films showing no 

angular dependence in the ESR spectra. 

8. ZnS:Mn film grown at 500°C substrate temperature shows the strongest 

photoluminescent brightness. Concentration quenching occurs at higher substrate 

temperature, hence, at higher Mn concentration. This phenomenon, as well as 

concentration quenching of EL brightness, is caused by the formation of Mn2+ 

clusters which increases the probability of nonradiative transitions due to strong 

exchange interaction between coupled Mn2+ ions. 

9. Isolated Mn2+ ion is the only efficient luminescent center for the characteristic 

yellow-orange emission. 
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10. ESR line width for isolated Mn2+ centers can be used as a prediction of 

photoluminescence brightness. 

11. The rate controlling process for Mn incorporation is proposed to be related to the 

dissociation of MnCl2 on the surface of the growing film. 

12. Red emission of the film grown at the lowest substrate temperature, 470°C, IS 

proposed to be caused by the Mn-CI defect pair, 1.e., either an interstitial or 

substitutional CI sitting next to a Mn, due to the incomplete dissociation of MnCI2. 

5.2 Recommendations for Future Work 

In order to study the Mn behavior in ZnS:Mn thin films prepared by HTCVD 

more deeply, some recommendations are given below: 

1. Calculate the Mn concentration quantitatively from ESR spectra. A standard 

sample is required. In addition, the thickness of the thin film needs to be known to 

calculate the concentration in terms of atomic percentage. 

2. Make ESR measurement at low temperature to achieve higher resolution. If weak 

lines outside the central part of the spectra can be resolved, the zero-field splitting 

parameter, D, can be determined with satisfied accuracy from computer simulation 

basing on spin Hamiltonian. Moreover, unique ESR signals attributed to the 

proposed Mn-CI defects may appear in low temperature spectra. 
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3. Study the samples after thermal annealing. If Mn ions in clusters tend to diffuse 

due to obtaining more thermal energy in high temperature environment, the Mn 

distribution profile will change, and this variation can be detected by ESR. 

4. Determine the ratio of hexagonal phase to cubic phase in ZnS host lattice by other 

instruments. If the value is quite different from 3, which is the ratio of hexagonal 

Mn2+ centers to cubic Mn2+ centers calculated by ESR, it may indicate that Mn2+ 

ion has different distribution profiles in two crystal structures. In other words, Mn 

may prefer occupying either hexagonal site or cubic one as a priority. 
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APPENDICES 



Appendix A 

Deconvolution of ESR Spectrum into Isolated Mn2+ Line and 
Mn2+ Cluster Line 

97 

The shapes of ESR lines are usually described by Gaussian line shape, 

Lorentzian line shape, or a weighted average combined by Gaussian and Lorentzian. 

Analytical expressions of Gaussian and Lorentzian for ESR absorption line are 

as follows: 

Gaussian: 

Lorentzian: 

Y = a·e 
_hx

' 

a 
y=---

1 + bx 2 

where: a and b are constants. 

Detailed expressions in terms of measurable experimental parameters for ESR 

derivative spectrum can be obtained after some mathematics: 

Gaussian: y'(x) = -3.29744 J. (x - xo) 
tJI,,1' 

Lorentzian: '( ) = -32 tJll'/ . J. (x - xo) y X J J J 

[3tJ1pp - + 4(x - Xo t]-

where: I - peak intensity (height), [Arb. Unit] 

~Hpp - peak-peak width, i.e. full width between extrema 

of the first derivative curve, [Gauss] 

Xo -line position, i.e. resonant magnetic field, [Gauss] 
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With lineshape function, ESR spectrum for clustered Mn2+ ions which is a 

broad single line can be simulated by choosing the line shape and inputting the peak 

intensity, peak-peak width and line position. The ESR sextet for isolated Mn2+ ions is 

obtained by subtracting the simulated cluster line from the experimental spectrum. The 

best fit can be reached by the principle of least-squares method, and the cluster-line

like background can no longer be observed superimposing on the isolated Mn2+ 

spectrum. Through this procedure, the experimental ESR spectra can be deconvoluted 

into isolated Mn2+ lines and Mn2+ cluster lines. 
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Appendix B 

Calculation of the Activation Energy Ea 

Assumption: the overall surface reaction of Mn incorporation is apparent 1 st order, 

irreversible. 

A (gas) ------:;>,. B (solid) 

reaction rate: 
dB 

r= - = k [A] 
dt 

where B is the amount of solid product, and [A] is the concentration of gas reactant. 

In HTCVD reactor , [A] ~ constant = C] 

dB 
r=-=kC] 

dt 

_1'''_ 

reaction rate constant: k = ko• e RI (Arrhenius equation) 

at constant temperature, T, during each deposition run, k is constant, 

r is constant. 

integrating dB = r dt 

!~lB = ! r . dt = r ! dt 

B = rt 

~ r=B/t 

B oc total Mn spins per unit surface area of sample oc ESR integrated intensity divided 

by surface area of sample. 

Let B' = total Mn spins per unit surface area of sample 



B = constant· B' = C2 • B' 

k = ~ = Bit = C2 • B' I t 
C1 C1 C1 

For each sample, t = 3 hours = constant = C3 

k = B'· C4 where C = C2 

4 CC 
1 3 

-~""
From k = ko• e RI 

In B' = In(~) _ Eu .( l) 
C4 R T 

In B' - liT is a straight line (see Figure 4-3). 

The equation describing this straight line is: 

y = -16521x + 34.511 

Intercept ~ In ( ~) ~ 34.511 

E Slope = __ u = -16521 
R 

Activation Energy Ea = 16521 x 8.314 = 137.4 x 103 llmol = 137.4 Kllmol. 
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