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 Near infrared emitting alternating current thin film electroluminescent (ACTFEL) 

phosphors were fabricated by simultaneous R.F. magnetron sputtering from both a target 

of doped ZnS and an undoped ZnS target.  The intensities of both near infrared (NIR) and 

visible emission from ZnS doped with thulium (Tm), neodymium (Nd), or erbium (Er) 

fluorides were dependent on deposition parameters such as target duty cycle (varied from 

25 to 100% independently for the two targets) and substrate temperature (140-180oC), 

with lower temperatures giving 400% better NIR brightness.  By optimizing the rare earth 

concentration between 0.8 and 1.1 at%, the near infrared irradiance was improved by 

400% for each dopant.  The increase in brightness and optimal concentrations are 

attributed to decreased crystallinity and increased dopant interaction at higher rare earth 

concentrations.  The brightness increase with decreasing deposition temperature was 

attributed to a reduction of thermal desorption of the ZnS during deposition, and 

xiii 



consequently thicker films and optimized rare earth concentration.  Luminescent decay 

lifetimes were short (20-40 µsec) because of a high concentration of non-radiative 

pathways due to defects from the strain of the large rare earth ions on the ZnS lattice.  

The threshold voltage for visible and near infrared emission was identical despite 

emission of NIR and visible light resulting from electrons relaxing from low and high 

energy excited levels, respectively.  The optical threshold voltages were identical to the 

electrical threshold voltages, and it was concluded that at the voltages necessary for 

electrical breakdown, the accelerated electrons had enough energy to excite either the 

visible or NIR emitting levels.  Phosphors doped with Nd exhibited increased internal 

charge at higher dopant concentrations despite a reduction in phosphor field (i.e. reduced 

applied voltage) In contrast; the charge did not change appreciably for Er and decreased 

for Tm doped films at reduced fields.  The charge differences were attributed to dopant 

effects on the distribution of states near the interfaces.  It was postulated that Nd doped 

devices have a shallower state distribution, while the majority of states in Tm doped 

devices are deeper and require higher fields for tunnel injection.  The electrical behavior 

of all of the devices also demonstrated that field clamping occurred despite non-ideal 

phosphor breakdown during device operation.  It is postulated that a high breakdown 

strength, low dielectric constant, interface layer is formed during deposition, and reduces 

capacitance before and after phosphor breakdown and results in field clamping.  The 

thickness calculated for the interface layer decreases with increasing deposition 

temperature implying that the layer is formed during deposition, and this decreasing 

thickness results from increased atomic mobility at higher temperatures. 
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CHAPTER 1 
INTRODUCTION 

Recently, much interest has been given to technologies for emitting visible light for 

use in flat panel displays.  One of these technologies is the alternating current thin film 

electroluminescent device (ACTFELD) [1].  While visible emitting ACTFEL devices 

have garnered much attention, little attention has been given to infrared emitting devices.  

Near infrared emitting ACTFEL devices are suitable for applications that require 

mechanically robust, thermally stable devices than have lower power consumption than 

infrared emitting resistive devices. 

ZnS doped with various rare earths ions are promising materials for the 

development of infrared emitting ACTFEL phosphors [2].  While phosphors such as ZnS 

doped with Tm, Nd or Er emit blue, orange, and green visible light, they also emit 

strongly in the near infrared region (0.7-2 um).  However, infrared emission from these 

phosphors is undesirable when used for their visible output.   In this study the relationship 

between visible and infrared emission and the determination of the deposition conditions 

necessary for maximizing the infrared output of these devices has been performed. 

Chapter 2 will present background information on infrared emitting devices as well 

as a review of ACTFELD structures and operation.  In chapter 3 the experimental and 

characterization methods and equipment used in this study will be presented.  In chapter 

4, results will be presented that show a dramatic increase in the infrared output of the rare 

earth doped ZnS by alteration of deposition conditions during R.F. magnetron sputtering.  

It will be shown that the rare earth concentration is a critical parameter determining the 

1 



2 

intensity of infrared and visible emission.  Chapter 5 will present electrical 

characterization data and a discussion of the factors limiting the output of these materials 

and devices.  Finally, conclusions will be presented in chapter 6. 

 
 

 



CHAPTER 2 
BACKGROUND 

2.1 Introduction 

 Much work has recently been done on the development of visible thin film 

phosphors for use in flat panel displays.  Thin film phosphors which emit in the infrared 

have often been overlooked.  While infrared phosphors do not have the same markets as 

their visible counterparts, there are applications in which infrared alternating current thin 

film electroluminescent devices (ACTFELDs) are desirable.  Industry can use infrared 

emitting devices for absorption based gas sensors or production of thermal bandages and 

the auto industry has investigated infrared systems for improving safety during night 

driving [3].  Military applications include night vision, friend/foe identification, scene 

projectors for night mission training, and infrared portable computer screens for night 

operations. 

 Industrial gas sensors operate by light absorption of a gas through the vibration-

rotation bands of polar molecules.  When these bands are centered at wavelengths 

characteristic of the bending and stretching of the molecules, the absorption depends on 

the number of molecules in the light path [4].  For example, devices with emission at 761 

nm can be used to detect oxygen [5].  Currently thermal sources, such as tungsten lamps, 

are the light sources for most gas sensors.  However, advances in semiconductor 

technology and a decrease in component costs can lead to the replacement of filtered 

thermal sources in gas sensors. 

3 
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 Automobile companies such as Daimler Chrysler are testing infrared illumination 

systems to make night driving safer.  Daimler Chrysler has fitted active night vision 

systems onto its Jeep Grand Cherokee and had tested the system on a bus.  The bus’s 

night vision system allows the driver to “see” further than with conventional headlights 

without blinding oncoming drivers [6].  Other auto companies currently investigating 

night vision include Acura, Cadillac, and Volvo [7]. 

 The United States military has wanted to engage its enemies under cover of night 

since the revolutionary war.  Such attacks proved to be extremely dangerous until 

effective night vision equipment was developed.  The first true night vision systems were 

developed during World War II in the form of infrared sniper scopes.  These scopes 

emitted an infrared light that the scope could detect and turn into a visible picture.  While 

current military practice focuses on passive night vision (the amplification of existing 

light), active night vision may be a more effective tool.  During desert storm military 

helicopters had infrared aiming lights installed on their landing skids to avoid sand dunes.  

The helicopters were in no danger of being seen because the Iraqi army did not have near 

infrared detection devices [8].  IFF (identification friend or foe) has concerned the 

military since World War II.  IFF was developed in England to avoid shooting down their 

own planes when they returned home.  IFF is a concern whenever aircraft are in the sky 

[9]. 

 Infrared emitting phosphors can be used in each of these applications.  A 

phosphor is a material that emits light when excited by an energy source.  Emission that 

ceases within 10 nanoseconds of the excitation is known as fluorescence [10].  Longer 

lasting luminescence, known as phosphorescence, can last hours [11].  The exciting 
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energy can be photonic, electronic, ionic, or thermal.  Thin film phosphor devices usually 

operate in one of several ways.  Photoluminescent devices are excited by higher energy 

photons from sources such as ultraviolet lamps or lasers [12].  Cathodoluminescent 

devices, such as televisions, operate by the emission of electrons from a tip or electron 

gun that strike the film [13].  Electroluminescent devices use an applied electric field 

across the phosphor to induce luminescence [14]. 

 Research into rare earth doped zinc sulfide has been concentrated on the search 

for efficient red, green, and blue phosphors; infrared emission from these materials was 

overlooked or actively discouraged to improve the efficiency of visible emission.  Zinc 

sulfide doped with thulium is a blue emitting phosphor whose emission is generally too 

weak for use as a display phosphor however; it exhibits significant near infrared (NIR) 

emission [15].  Neodymium and erbium doped zinc sulfide also emit in both the visible 

and infrared regions.  Neodymium emits in the orange and erbium emission is stronger in 

the green regions, with weaker emission in the red.  Unlike thulium and neodymium, the 

infrared emission from erbium has been of interest, mainly for telecommunications [16].  

Strontium sulfide also has been studied as a host for rare earth phosphors.  While SrS is a 

better host for blue devices due to its superior electron high-field transport properties 

[17], ZnS is better for infrared.  Hot electrons (the excitation source in electroluminescent 

ZnS doped with TmF3 or other rare earths, as shown below) in ZnS do not appear to have 

enough energy to excite shorter wavelength luminescent centers [18].  This leads to 

decreased blue emission compared to SrS, but these electrons can stimulate infrared 

emission.  As discussed below, the ratio of infrared to visible emission is dependent on 

deposition conditions. 
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 Modification of the phosphors, including codoping with alkalis such as lithium, 

has been tested to improve the visible brightness of ZnS:RE films by lowering the 

symmetry around the rare earth [19].  These alterations succeeded in decreasing the 

infrared to visible ratio.  In addition, others have introduced oxygen into the phosphor 

films in an effort to increase the visible luminescence.  While this was effective in 

increasing the blue emission in ZnS:TmF3, it also increased the infrared output.  These 

increases are thought to result from reduced non-radiative transitions at sulfur vacancies 

[20].  The non-radiative transitions are caused by the defects produced at the sulfur 

vacancies.  It is possible to improve the crystallinity of the ZnS by annealing etc. without 

needing to add oxygen.  Finally, because of the decrease in infrared emission, doping 

with alkalis should be avoided if an infrared emitter is desired.  For these reasons rare 

earth doped ZnS phosphors used for infrared emission are often deposited simply as 

fluorides. 

2.2 Infrared Emitters 

There are several sources of infrared light other than thin film devices.  The most 

common are light emitting diodes (LEDs), lasers, and thermal emitters.  Infrared LEDs 

are the analog of the common visible light LEDs.  One of the possible drawbacks with 

LEDs is that they are limited to a fairly large size compared to the possible pixel size of 

an electroluminescent thin film.  This makes LEDs undesirable for screen applications 

such as scene projectors or more flexible applications such as thermal bandages.  

However, rare earth ACTFLED phosphors can be used in LEDs for other applications by 

depositing the phosphor on a blue emitting GaN chip and using the blue light to photo 

excite the phosphor (Figure 2-1).  A major drawback of such a design is a loss of 

efficiency [21]. 
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Figure 2-1 Sketch of phosphor-LEP lamp 

Infrared lasers can be much more intense than infrared ACTFEL devices but they 

are usually limited to applications that an ACTFELD would not be suited for.  Infrared 

lasers are useful for directional applications such as target identification but fail when a 

more omni-directional device is needed.  In addition a lasers emission wavelength is 

unstable with temperature, drifting several nanometers as the temperature changes [22]. 

Applications such as gas sensors need stable light sources to function properly.  Infrared 

lasers can also have problems with long-term stability due to amplitude variations when 

wavelength modulated [23]. 

Thermal emitters are similar to the filament of an incandescent light bulb.  The 

main differences are the material used and the temperature of the glower.  A common 
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type of thermal emitter is the Globar.  Globars are silicon carbide rods that are heated a 

desired temperature.  The emission of the globar approximates that of a blackbody source 

at the same temperature [24].  Two of the drawbacks of thermal emitters are that they 

need to be heated to elevated temperatures to emit strongly in the near infrared and 

because of their blackbody character they do not emit at distinct wavelengths but instead 

over a wide spectrum. 

2.3 Electroluminescent Device Structure 

 Electroluminescent devices are flat electrically driven light emitters that use an 

electric field to produce luminescence without heat generation.  The structure of an 

ACTFELD is essentially that of a dielectric-phosphor-dielectric sandwich.  A complete 

device consists of a conductor, insulator, phosphor, insulator, conductor stack deposited 

on a substrate [25, 26].  Thin film electroluminescent devices have two basic designs 

based on the same structure.  Typically, a ‘normal’ device is deposited on a transparent 

substrate with a transparent conductor and insulator between the phosphor and the 

substrate. The top dielectric may be transparent or opaque and the top conductor is often 

reflective.  A so-called ‘inverted’ structure is the same layer sequence deposited on an 

opaque substrate with a transparent top insulator and conductor.  An inverted structure is 

viewed through the top electrode while a regular device is viewed through the substrate  

(Figure 2-2)[15]. 
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Figure 2-2 Cross-sectional view of (a) normal and (b) inverted ACTFELD structure  

 



10 

Both standard and inverted ACTFEL devices are commercially used.  The choice 

of which structure to use depends on the application and processing requirements.  The 

typical transparent substrate structure has several advantages over the inverted structure.  

One advantage is that if a suitable top conductor, such as aluminum, is used then the 

device experiences self-healing breakdown [27].  Self-healing causes the top electrode to 

pull back from short circuit paths such as pinholes and defects preventing catastrophic 

device failure.  The electrode maintains effective contact to the rest of the device while 

isolating the short.  Another advantage of this structure is its inherent durability.  Since 

this device is viewed through the substrate, the films are protected.  An advantage of the 

inverted structure is higher processing temperatures.  At about 600oC the glass substrate 

commonly used for visible emitting normal structures begins to buckle and melt.  Using 

an inverted structure, a higher melting temperature material, such as silicon, can be used.  

A disadvantage of the inverted structure is that self-healing top electrodes are not 

possible with transparent conductors.  This means that the phosphor must have a very low 

defect density for the device to be reliable.   

Another ACTFEL device structure, commonly used for testing, is the one-insulator 

or “half stack” structure.  As the name implies, a half stack device is the same as either a 

standard or inverted device except that one of the insulators is missing, while a “full 

stack” device has both insulators. The removal of this insulating layer from the device 

reduces the time needed to produce a device by eliminating one of the processing steps.  

Another advantage of half stack devices is that they tend to run at lower voltages than a 

comparable full stack device.  However, half stack devices leave the phosphor layer more 

exposed than full stack devices and therefore exhibit poor long term reliability. 
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2.4 Device Physics 

 Understanding the basic physics of ACTFEL devices give insight into how they 

may be improved.  An ACTFEL device can be modeled as circuit in which the phosphor 

is represented as a capacitor shunted by back-to-back Zener diodes with the insulators 

represented as capacitors [28] (Figure 2-3).  Operation of an ACTFEL device follows five 

basic steps.  They are (1) electron injection from interface states, (2) electron transport 

across the phosphor, (3) excitation of luminescent centers, (4) photon emission from 

radiative recombination, and (5) electron trapping [29].  These steps are shown in figure 

2-4.   

 

Figure 2-3 Equivalent circuit for an ACTFEL device 
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Figure 2-4 Energy band diagram illustrating the five primary physical processes 
responsible for ACTFEL device operation 

 
 When the applied voltage is below the threshold voltage, the electrical circuit 

characteristics are that the Zener diodes are below their breakdown voltage.  Hence, an 

ACTFELD below electrical threshold can be modeled simply as three capacitors.  The 

capacitance for each of the layers can be modeled as parallel plate capacitors using the 

following equation. 
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t
A

C r 0εε
=  

 

where C is the capacitance of the layer, εr is the relative permittivity, ε0 is permittivity of 

free space, A is the area, and t is the thickness of the layer [30].  The equation for the 

whole device is simply that of three (or two in the case of a half stack) capacitors in 

series, 

bottomitopibottomiptopip

bottomitopip

CCCCCC
CCC

C
++

=  

where Cp is the capacitance of the phosphor and Citop and Cibottom are the capacitances of 

the top insulator and bottom insulator respectively.  For the half stack device this 

equation simplifies to 

ip

ip

CC
CC

C
+

=  

When the applied voltage becomes high enough, the phosphor reaches its threshold 

voltage; the circuit behaves as though the Zener diodes have reached their breakdown 

voltage; and the capacitance of the device is now just that of the insulating layers. 

Therefore, during device operation, injection of electrons from the insulator-phosphor 

interface into the phosphor occurs when a voltage large enough to breakdown the 

phosphor is applied to the device.  When threshold is reached, the electrons trapped in 

interface states can tunnel into the conduction band of the phosphor [31].  The large 

electric field in the phosphor layer accelerates the electrons to ballistic energies and they 

travel across the phosphor.  Sufficiently hot electrons may excite the host or non-

luminescent centers which then transfer energy to the luminescent dopant, or the 

electrons may directly strike the luminescent centers causing impact excitation or impact 
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ionization.  After this collision, the electrons are again accelerated and the process 

continues.  Once an electron travels across the phosphor from either the interface or from 

impact ionization, it will be captured by interface states on the other side of the phosphor.  

It is possible that electrons can be trapped in bulk states creating a space charge on the 

other side of or throughout the phosphor.  Once the next voltage pulse arrives, the 

polarities of the electrodes are switched and the process begins again in the opposite 

direction.    

The interface between the insulator and the phosphor can be modeled after a 

Schottky barrier.  The tunnel emission for a Schottky barrier is given by [32]  

( )










−
≈

qhE
BqmEJ

3
28exp

2
3*

2 φπ  

where E is the electric field, m* is the electron effective mass, q is the charge of an 

electron, ΦB is the barrier height, and h is Planck’s constant.  For interface state 

emission, the equation must be modified by replacing the barrier height with the interface 

trap depth.  While the tunneling is temperature independent, the device current is 

temperature dependent.  Thermionic emission has been suggested as an additional 

mechanism for charge injection.  The Richard-Dushman equation for thermionic 

emission is [33]  

r
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e emqJ
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= 32

2
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τ  

where Je is the electric charge flux, τ is the temperature multiplied by Boltzmann’s 

constant, m is the mass of an electron, q is the charge of an electron, ≤ is Planck’s 
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constant divided by 2Β, and W is the work function.  This equation is for the metal-

vacuum interface, so in the ACTFELD case the equation must be modified to take the 

phosphor’s electron affinity into account.  Roughening of the insulator-phosphor 

interface creates a wider interface region resulting in a broader distribution of interface 

trap energy.  This can lower the field necessary to turn on the EL device [34].   

  Once the electrons have been injected into the phosphors conduction band, they 

must be accelerated to high enough energies to induce luminescence (typically >2eV).  

The electric field in the phosphor can be calculated by rearranging Maxwell’s equations 

for a series of capacitors yielding 

tot
ippi

i
p V

dd
E 











+
=

εε
ε

 

where Ep is the phosphor electric field, ε is the dielectric constant, d is the thickness of 

the layer, and the subscripts i and p are for the insulator and phosphor, respectively.  

Inserting typical values for the dielectric constants and the thickness yield electric fields 

of about 2 to 2.5 MV/cm.  Electrons accelerate very quickly in this high field.  Their 

energies are limited by scattering, which can occur by several mechanisms, including 

low-energy quantum states [35].  Interface roughening, as mentioned earlier, broadens the 

energy distribution of traps at the interface.  A broad energy distribution will allow 

tunneling of electrons in higher energy states to occur at lower electric fields.  The 

acceleration due to the weaker field will result in lower energy ballistic electrons.  The 

lower fields will not accelerate the electrons to as high an energy as would a large field.  

The energy levels necessary for infrared radiative transitions lie lower than those for 

visible emission, so it would appear that the lower energy electrons would result in 
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increased infrared emission at lower voltages.  However, this has not been tested, so it is 

unknown how the relative emission from visible and infrared emitting transitions will be 

affected. 

 Energetic electrons may cause excitation of the host material or directly excite the 

luminescent centers in the phosphor.  As the excited host ions return to a lower energy, 

the excited electrons may transfer energy through exciton states to the luminescent 

centers in the device or lose the energy to phonons, plasmons or Auger transitions [36].  

With high enough energies the hot electrons can interact with the luminescent centers 

promoting ground state electrons to higher energy levels.  As previously mentioned, the 

electrons can either be promoted to the conduction band of the host or to a higher level 

within the atom through impact ionization and impact excitation respectively [37].  The 

probability of an interaction is related to the impact cross section which will be discussed 

in the phosphor luminescence section.   An electron that is impact excited to a higher 

energy level can then de-excite radiatively or non-radiatively.  Non-radiative de-

excitation usually occurs through phonon generation.  Phonon energies are small 

compared to photon energies, usually about 20 meV [38].  Radiative de-excitation occurs 

through photon generation with the photon energy matching the energy level transition of 

the electron [39].  When the electron promoted into the conduction band of the host 

material is carried away by the electric field, it will either impact an ion in the phosphor 

or be carried to the interface.  A luminescent center can only emit light when it captures 

another electron through a non-radiative transition from the conduction band into one of 

the atoms excited states.  If the band gap of the host is a lower energy than the excited 

state of the luminescent center, visible or near IR emission is greatly reduced [40].   
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 The previous description does not take into account space charge, a very common 

occurrence in ACTFEL devices [41].  Some of the electrons or holes in the phosphor may 

be trapped in bulk trap states and create a space charge.  The space charge will produce 

bending of the bands near the interface causing the field across the phosphor to be non-

uniform.  If holes are concentrated near the cathode then the field will have an increased 

strength near the cathodic interface and lower strength as it approaches the anode (Figure 

2-5).  Space charge is presumed to result from ionization of deep traps at the interface, 

field emission from bulk traps, or band to band impact ionization and subsequent hole 

trapping [42,43,44].  Space charge in SrS phosphors has been photo-induced [45].   Space 

charge generation in ZnS:MnCl has been attributed to the impact ionization of zinc 

vacancies that are part of chlorine-zinc complexes [46].  Zinc-fluorine complexes formed 

when using fluorides instead of chlorides as the starting compounds could lead to similar 

states.   

2.5 ACTFELD Materials 

2.5.1 Substrates 

The substrate for a standard ACTFELD needs to be transparent, smooth, robust, 

and preferably inexpensive.  The substrate of a visible ACTFELD is often Corning 7059 

soda-lime glass.  Corning 7059 glass has a softening temperature of about 600oC so rapid 

thermal annealing below 650oC is possible but anything higher will deform the substrate 

[47].  Smaller samples, up to 2 inches square, may be annealed up to 850oC for short 

times.  In addition, Corning 7059 glass is free of alkalis; so alkali diffusion into the 

device is avoided [48].  For phosphors requiring higher temperature anneals or for mid-  
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Figure 2-5 Energy band diagram of an ACTFEL device with and without space charge in 
the phosphor layer 
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infrared applications, Corning 7059 glass is an unsuitable choice.  High 

temperature glass is often too expensive to be a viable option, but silicon is a suitable 

choice for use with inverted structures or mid-infrared applications.  Silicon is readily 

available and inexpensive and, with proper doping, can be used as the bottom contact for 

the inverted structure.  A silicon substrate will withstand annealing up to 1400oC before 

melting, so high temperature processing is limited by the robustness of the deposited 

layers.  Silicon has already been used for active matrix displays where each pixel was 

controlled using a circuit array on the wafer [49]. 

2.5.2 Insulators 

In a full stack device the phosphor is sandwiched between two dielectric layers and 

in a half stack device the phosphor is deposited onto a dielectric layer.  The insulator 

affects the phosphor-insulator interface that determines the interface states that play a 

large role in the production of the current necessary for light generation [50].  More 

importantly, these layers contribute to the stability of the device by preventing large 

currents from flowing through the phosphor when the device is driven at the large 

voltages, typically 2 Mv/cm, needed for electrical breakdown.  Because of the high 

electric fields present during device operation, the insulator needs high dielectric 

breakdown and needs to be as defect free as possible.  The insulator should also prevent 

charge leakage into the phosphor layer.  In addition, the dielectric layers need high 

thermal stability to withstand heat treatments and the insulators also need to adhere well 

to the phosphor and the contacts.  Also, in order to prevent the diffusion of foreign 

species into the phosphor layer, the insulator should be chemically stable.  Finally, as 

with the bottom contact in a standard structure, the dielectric layer should be as 
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transparent as possible to the emission wavelengths of the device.  So, the essential 

insulator requirements for use in ACTFEL devices are as follows [51]: 

1. Sufficient dielectric breakdown electric field, FBD 

 2. High relative dielectric constant, εr 

 3. Small number of defects and pinholes 

 4. Good adhesion to phosphor and contacts  

5. Transparency 

 6. Good thermal and chemical stability 

 7. Small dielectric loss factor, tanδ 

 In order to have efficient device operation, as much of the applied voltage as 

possible should be dropped across the phosphor layer.  The proportions of the voltage 

dropped across the phosphor and insulators are determined by the capacitance of the 

phosphor, Cp, and the capacitance of the insulator, Ci.  As discussed in section 2.4, the 

capacitances of the layers are determined using 

t
C roεε
=  

where εo is the permittivity of free space, εr is the relative permittivity, and t is the 

thickness of the layer.   

In order to maximize the voltage drop across the phosphor, the capacitance of the 

insulator should be much larger than the capacitance of the phosphor.  Using the above 

equation, either the insulator should be very thin or the relative dielectric constant of the 

insulator should be large.  Unfortunately, charge leakage has been shown to occur in 

insulators that are thinner than 50 nm [52].   As noted above, high dielectric breakdown 

strength is necessary for insulators because if the phosphor becomes a virtual short after 
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breakdown then the additional voltage will be dropped across the insulators increasing 

the electric field they experience.  The thinner the insulator the larger the field; however, 

most insulators with high dielectric constants have low breakdown strengths.  In addition, 

insulators with high dielectric constants often exhibit propagation breakdown, which 

occurs when a small portion of the insulator breaks down forming a short that heats up 

the insulator leading to catastrophic failure.  On the other hand, many insulators with 

lower dielectric constants experience self-healing breakdown in which the breakdown 

areas become an open instead of a short circuit so they do not exhibit catastrophic 

breakdown.  See Table 2-1 for a list of insulators and their properties [49]. 

Pinholes and defects in the insulator should be minimized to prevent device failure.  

If the insulator experiences propagating breakdown, a pinhole or defect can lead to failure 

of the entire device.  Stability of the device also requires that the insulating layers adhere 

well to the contacts and the phosphor.  Insulators with poor adhesion will cause the 

device lifetime to be short.  Obviously, the bottom insulator of a standard ACTFEL 

device has the same requirement as the bottom contact in that it needs to be transparent to 

the emitted light.  Again, like the bottom conductor, the insulators need to be able to 

withstand the thermal processing of the device.  The bottom insulator must also be 

chemically stable so that it does not affect the conductivity of contacts such as ITO, or 

modify the composition of the phosphor layer.  Finally, the insulator must be able to 

maintain the charge balance in the device.  The insulator can cause charge loss or leakage 

disrupting the proper function of the ACTFELD.  Because of this it is believed that 

leakage charge, as can occur with thin layers, negatively affects device operation [53].  

For this reason, the loss factor of the insulator should be kept small.   
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Table 2-1 List of insulators used in ACTFEL devices and their properties of interest 

Insulator Deposition εr FBD εoεrFBD Breakdown
Method* (MV/cm) (µC/cm2) Mode**

SiO2 Sputtering 4 6 2 SHB
SiOxNy Sputtering 6 7 4 SHB
SiOxNy PVCD 6 7 4 SHB
Si3N4 Sputtering 8 8 to 9 4 to 6 SHB
Al2O3 Sputtering 8 5 3.5 SHB
Al2O3 ALE 8 8 6 SHB
SiAlON Sputtering 8 8 to 9 4 to 6 SHB
Y2O3 Sputtering 12 3 to 5 3 to 5 SHB
Y2O3 EBE 12 3 to 5 3 to 5 SHB

BaTiO3 Sputtering 14 3.3 4 SHB
SmO3 EBE 15 2 to 4 3 to 5 SHB
HfO2 Sputtering 16 0.17 to 4 0.3 to 6 SHB

Ta2O5-TiO2 ALE 20 7 12 SHB
BaTa2O6 Sputtering 22 3.5 7 SHB

Ta2O5 Sputtering 23-25 1.5 to 3 3 to 7 SHB
PbNb2O6 Sputtering 41 1.5 5 SHB

TiO2 ALE 60 0.2 1 PB
Sr(Zr,Ti)O3 Sputtering 100 3 26 PB

SrTiO3 Sputtering 140 1.5 to 2 19 to 25 PB
PbTiO3 Sputtering 150 0.5 7 PB

BaTiO3**** Press/sinter 5000 ? ? ?
Westaim proprietary*** Press/sinter 1700 ? ? ?

 

2.5.3 Conductors 

In a normal ACTFEL structure, the emitted light must be able to pass through the 

bottom insulator and the bottom contact.  This means that the most important property of 

the bottom contact is that it is transparent at the desired wavelengths.  In addition, the 

bottom contact must have an electrical resistivity low enough not to affect the 

capacitance of the device or cause resistive heating.  Finally, the contact must also be 

able to withstand the thermal processing of the device.  For wavelengths longer than 1150 

nm it is possible to use doped silicon as a bottom conductor in addition to being the 

substrate.  This has the benefits of reducing the number of deposition steps needed as 

well as the advantage of silicon’s tolerance for higher temperature processing.  
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For visible applications and those in the near IR the most common material for a 

bottom conductor is ITO, indium tin oxide, an alloy of ~90 wt% In2O3 and 10 wt% SnO3.  

ITO can be deposited in several ways including RF magnetron sputtering, plasma ion-

assisted deposition, focused ion beam, and pulsed laser deposition [54-58].  The ITO 

layer is typically 200 nm thick with a resistivity of ~1x10-4 Ω-cm.  This provides a sheet 

resistance of 5-10 Ω/□.  ITO is transparent over the visible and near infrared range 

because the bandgaps of In2O3 and SnO3 are both about 3.5eV.  ITO is conductive due to 

oxygen vacancies and Sn4+ ions occupying In3+ sites creating shallow donors a few meV 

below the conduction band [59].  So the conductivity of the layer can be reduced during 

annealing if not suitable protected.  In addition, transparent conductors may cause 

reliability problems for inverted structures because they do not exhibit self healing like 

some opaque conductors.   

The final layer of a normal ACTFEL device is typically an opaque top contact.  

Like the bottom contact, the top contact must be highly conductive but does not need to 

survive high temperature processing since annealing can be completed before the top 

contact is deposited.  In addition, this layer must be able to adhere well to the insulating 

layer in the case of a full stack device or the phosphor in the case of a half stack device.  

Aluminum is almost always the material of choice for the top contact.  Aluminum has 

many advantages including low cost and low resistivity.  In addition, aluminum adheres 

well to most insulators which makes it good at self-healing around short circuits.  Finally, 

aluminum is easy to deposit using either evaporation or sputtering.  Aluminum’s low 

melting temperature of 660oC is both an advantage and a disadvantage.  The low melting 

temperature makes aluminum easy to thermally evaporate, but is undesirable for inverted 
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structures when high temperature processing is needed.  For inverted structures other 

metals with higher temperature tolerances, such as tantalum, molybdenum, or tungsten, 

can be used [49].   

2.6 Phosphor Luminescence  

2.6.1 Host Materials 

 Determining the host material is an important first step in designing an 

electroluminescent device.  Thulium, erbium, neodymium, and dysprosium all have 

excited state energy levels between 6666 and 14000 cm-1 above the ground state at zero 

(corresponding to photons with wavelengths of 1500 nm to 715 nm in the NIR) [60]  

(Figure 2-6).  ZnS provides a suitable host for these infrared emitters ions for several 

reasons.  The typical phosphor fields during ACTFEL device operation exceed 1 MV/cm 

and depend on the thickness and dielectric constant of the phosphor [61].  The dielectric 

breakdown strength of ZnS is ~1.5 MV/cm [62].  This dielectric strength is sufficient for 

ZnS to act as an insulator below threshold and act as a conductor at high fields.  For near 

infrared devices the bandgap of the host must be at least 1.6eV while visible phosphors 

need a bandgap of 3.1eV.    ZnS has a bandgap of ~3.7eV at room temperature and is 

transparent from below 400 nm to past 10 µm [63].  The glass substrates typically used 

for this type of device are only transparent to about 4 µm; however, a silicon or 

chalcogenide substrate could be used for longer wavelengths [10].  The ITO often used as 

a transparent conductor has a plasma edge, the long wavelength cutoff for transparency 

dependent on carrier concentration, at ~1.8 µm.  As mentioned above, silicon can be used 

as substrate and bottom conductor for longer wavelength applications solving this 

problem. 
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In addition, hot electron distribution in ZnS is less energetic than in SrS, another 

common ACTFELD host material [18].  Low energy (cooler) electrons can only excite 

ground state electrons to the lower energy states on the luminescent centers.  This lower 

energy electron distribution shifts the strong luminescent emission for dopants such as 

Tm and Nd from the visible to the near infrared.  An example of this is that SrS:Nd 

produces an orange-white light while ZnS:Nd produces only orange.  This is because the 

neodymium doped ZnS phosphor has no emission shorter than 530 nm.  The emission at 

600 nm due to relaxation from the 2H11/2 to the 4I9/2 ground state is active in both hosts, 

but the higher 4G7/2 and 4G9/2 levels that produce shorter wavelength emission are more 

active in the SrS phosphor [64].  The difference is unlikely to be an effect of the host 

lattice symmetry due to the shielded nature of the 4f transitions in rare earths but the lack 

of high energy electrons would produce weaker visible emission compared to infrared 

emission [65].  Table 2-2 shows a comparison of the properties of ZnS and SrS [49]. 

Table 2-2 Properties of ZnS and SrS 
Item llb-Vlb compound lla-Vlb compound

Material ZnS SrS
Melting point (ºC) 1800-1900 >2000
Band Gap (eV) 3.6 4.3
Transition type Direct Indirect
Crystal Structure Cubic zinc blende or Rock Salt

Hexagonal wurtzite (NaCl type)
Dielectric constant 8.3 9.4
Lattice constant (Å) 5.409 6.019
Ionic Radius (Å) 0.74 1.13
Ionicity 0.623 >0.785
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Figure 2-6 Energy level diagrams and radiant transitions of Tm3+, Nd3+, and Er3+ 
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The host material must also be insulating below its threshold voltage.  As discussed 

in the insulator section, this is to ensure a sufficient voltage drop across the phosphor.  In 

order to maximize the electric field across the phosphor layer, the capacitance of the host 

should be low.  Finally, electroluminescent phosphors are often annealed at temperatures 

in excess of 500oC so the phosphor host needs to have a melting temperature well above 

this.  In summary, ZnS is an excellent choice for the host material for rare-earth doped 

NIR emitting EL phosphors. 

2.6.2 Luminescent Centers 

 When choosing a host and a luminescent dopant combination care must be taken 

to ensure that the two are compatible.  The size and charge of the dopant will affect its 

performance in each host.  The luminescent dopant should be incorporated into the lattice 

without creating too many defects, since defects can act as non-radiant relaxation sites 

and reduce the luminance from the device.  Also, the charge of an incorporated ion must 

be accounted for.  If the charge of an ion in a substitutional site is different than the 

displaced ion, the charge difference must be compensated to maintain charge neutrality 

for the solid.  For this reason charge compensators, such as interstitial F1- and Cl1- 

compensating the 3+ rare earth ions substituting for Zn2+ ions, are introduced.  Table 2-3 

shows a list of common host and luminescent dopant ions for a sulfide based system [49]. 

The emitted light in ACTFEL devices comes from the luminescent dopant not host 

material.  These centers in phosphors luminesce by one of two mechanisms.  The first is 

through the recombination of electrons trapped in deep donor states and holes trapped in 

deep acceptor states.  The recombination energy depends on the trap depths of the donors 

and acceptors the as well as band gap of the host because of its effect on the  
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Table 2-3 Optical properties of common sulfide based EL materials 
Phosphor Emission Luminous
layer color efficiency
material 1 kHz 60 Hz η(lm/W)(1 kHz)

ZnS:Mn Yellow 5000 300 2-4

ZnS:Sm,F Reddish-orange 120 8 0.05
ZnS:Sm,Cl Red 200 12 0.08
CaS:Eu Red 200 12 0.05
ZnS:Mn/Filter Red 1250 75 0.8

ZnS:Tb,F Green 2100 125 0.5-1
ZnS:Mn/Filter Yellow-green 1300 80 -----
CaS:Ce Green 150 10 0.1

ZnS:Tm,F Blue 2 <1 <0.01
SrS:Ce Blue-green 900 65 0.44
ZnS/SrS:Ce Bluish-green 1500 96 1.3
ZnS/SrS:Ce/Filter Greenish-blue 220 14 0.2
CaGa2S4:Ce Blue 210 13 -----

SrS:Ce,Eu Eggshell-white 540 32 0.4
SrS:Ce/CaS:Eu Paper-white 280 17 -----
ZnS:Mn/SrS:Ce Yellowish-white 2450 225 1.3

Luminance
L (cd/m2)

 

trap depth.  Examples of this type of phosphor are ZnS doped with Al or Cl as donors and 

Ag, Au, or Cu as acceptors.  This type of phosphor is not used in ACTFEL devices 

because the high electric fields in the phosphor destabilize the traps and sweep the 

electrons and holes toward opposite sides of the film [66].   

 The second type of radiative relaxation operates through the electronic transitions 

of the luminescent ions.  This type of phosphor depends on the energies of the ground 

state and excited states of the individual ions and not the host.  The quantum mechanical 

selection rules governing electronic transitions are important to emission from this type 

of relaxation.  The spin and parity selection rules, governing transitions between states 

depending on the electronic spin or the symmetry of the stationary state wave function 

respectively, determine if a particular transition is allowed or disallowed.  Essentially, 

these rules state that transitions are allowed only if they are between states with the same 
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spin and disallowed for electronic shells with the same reflection property of the 

waveform, also called parity.  In other words transitions between the p and s shells or the 

f and d shells are permitted, but transitions within a particular shell or transitions between 

the d and s or f and p shells are forbidden [67].  Luminescent ions in this category include 

the 3+ ionized rare earths and transition metals ions such as Mn2+, Ag1+, and Cu1+. 

 Trivalent rare earth ions have filled 6s shells, incompletely filled 4f shells, and 

empty 5d shells.  This leads to the two types of excited state to ground state 

recombination that are observed in rare earths.  The first occurs when there are electrons 

excited from the 4f into the 5d shell, as in Ce3+ and Eu2+.  Because the transition is 

between the d and f orbitals the parity rule is not broken.  However, the transition in Eu2+ 

is spin forbidden while the transition in Ce3+ is not.  This means that the decay time of 

Ce3+ is much faster (several ns) than the decay time of Eu2+ (several µs) [39,68].  Since 

the 5d orbital has a higher energy than the 6s shell, 5d-4f transitions can be strongly 

affected by the crystal field around the luminescent center and can shift in wavelength 

depending on the host.  The other type of transition is the intra-shell 4f-4f transitions.  

This type of transition occurs in rare earths such as Tm3+, Nd3+, and Er3+ [39,68].  

Because these are intra-shell transitions they are forbidden by the parity selection rule 

and thus have longer decay times.  Since electrons in the 4f shell are shielded by those in 

the 6s shell, these transitions are relatively well shielded from crystal field effects and 

characterized by sharper transition lines. 

2.6.3 Rare Earth Doped ZnS 

A variety of techniques have been used to deposit rare earth doped zinc sulfide 

films, including CVD (chemical vapor deposition), MOCVD (metal oxide chemical 

vapor deposition), and thermal evaporation [69-71].  At room temperature ZnS exhibits 
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two crystal structures, a zincblende cubic structure called sphalerite and the hexagonal 

wurtzite phase.  The properties of these phases are given in Table 2-4 [72].  The effect of 

phase on the luminescent centers is minimal because they have similar properties and 

symmetry.  As mentioned above; Tm, Nd, and Er emit by parity forbidden 4f intrashell 

transitions.  Because of this the spectra from each of these dopants exhibits little change 

due to crystal field effects and each one typically has luminescent decay times in the ms 

range [73]. 

Table 2-4 Physical properties of ZnS 
Parameter

Zincblende Wurtzite
Lattice Constant (Å) 5.409 a=3.814; c=6.258

Mass Density (g/cm3) 4.08 4.1
Melting Point (K) 2100 2100

Heat of Formation (kJ/mol(300K)) 477 -206
Specific Heat (J/kg-K(300K)) 472

Debye Temperature (K) 530

Value

 

2.6.3.1 ZnS:Tm 

ZnS doped with Tm exhibits both visible and infrared emission.  The NIR peak is 

near 800 nm while the visible emission is largely in the blue at 480 nm with weaker 

emission possible in the red region at 650 nm [74].  Photoluminescent excitation of 

thulium doped zinc sulfide takes place through efficient energy transfer from the ZnS 

host to the luminescent centers [75].  Sputter deposited films have exhibited the highest 

photoluminescent infrared to blue intensity ratios [76].  Infrared electroluminescence is 

often achieved by direct impact excitation of the rare earth by hot electrons [77].  The 

low hot electron energy in ZnS, as mentioned above, makes it less likely that direct 

impact excitation will produce higher energy blue light resulting in weaker visible 

emission.  In addition, in a ZnS host, the impact cross section of the 1G4 level, from 

which blue light is produced, is much smaller than that of the 3F4 energy level, from 
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which the 800 nm infrared light is produced [78] (Figure 2-7).  Due to this difference in 

excitation mechanisms, ZnS:Tm excited by PL tends to have increased blue luminescence 

while EL favors the infrared emission.   

 

Figure 2-7 Impact cross sections of the 3F4 and 1G4 levels in Tm3+ [78] 

2.6.3.2 ZnS:Er 

 Erbium is the rare earth most people think of when considering infrared.  This is 

because of the proliferation of erbium-based infrared telecommunications equipment.  

Erbium is doped into fiber optic cables for transmission in the fibers absorption minimum 

at 1550 nm [79].  In addition to the 1350 and 1550 nm lines used for telecommunications, 

ZnS doped with erbium also emits in the NIR at 990 nm, weakly in the red (660 nm) and 

strongly in the green (530 nm). Unlike ZnS:Tm in which the infrared emission originates 
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from a lower energy state than the visible, ZnS:ErF3 green emission at 530nm originates 

from 4S3/2 (18900 cm-1) with decay to the 4I15/2 ground state while the near infrared at 

990nm starts at from the higher  2F7/2 (20100 cm-1) and decays to the 4I11/2 (10100 cm-1) 

excited state [80].  The emission of NIR light from the higher energy state implies that 

ZnS is a poor host choice for infrared emitting Er however emission from the 4I11/2 state 

to the ground level also emits at ~1000nm. 

2.6.3.3 ZnS:Nd 

 Neodymium is a rare earth element with four transitions in the near infrared.  

These transitions have wavelengths of 900 nm, 1060 nm, 1365 nm, and 1800 nm [81].  

The transitions responsible for the 900 and 1060 nm emission are from the 4F3/2 to the 

4I9/2 and 4I11/2 levels respectively, and the excited state is lower in energy than the 2F11/2 

and 4G7/2 states from which the visible emission originate. (Figure 2.6) In previous 

studies ZnS:Nd was found to have the highest near infrared electroluminescence of any 

ZnS:RE phosphors [82].  Direct current electroluminescence of ZnS:Nd films has also 

been found to be more efficient than ZnS:Tm films under similar conditions [83].   

2.7 Electrical and Optical Characterization 

Optical characterization is useful because the ultimate goal of most ACTFELD 

research is light output of a specific color at the lowest possible input power.  The 

characterization properties of most interest are brightness versus voltage, power 

efficiency, and the emission spectrum of these devices.  Because the electrical properties 

of an ACTFEL device are critical to its EL performance, electrical characterization is 

useful for understanding the fundamental materials properties.  Four types of electrical 

data will be discussed: charge versus voltage (Q-V), capacitance versus voltage (C-V), 
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internal charge versus phosphor field (Qint-F), and maximum charge versus maximum 

applied voltage (Qmax-Vmax).   

2.7.1 Brightness versus Voltage 

The luminance of an ACTFEL device is very sensitive to the voltage waveform as 

well as the drive frequency and amplitude.  The most common types of waveforms are 

sinusoidal or trapezoidal.  If a trapezoidal waveform is used the luminescence is 

dependent on the amplitude of the pulse and the pulse width as well as the rise and fall 

times of the pulses.  Drive frequency has a large effect on the radiant output of an 

ACTFELD.  The emission intensity increases markedly (often nearly linearly) as the 

drive frequency increases.  As the frequency increases there are more pulses per given 

time yielding more excitation of the luminescent centers and higher brightness.  

However, the luminescent centers need time to de-excite.  If the drive frequency is faster 

than the luminescent relaxation time, EL output will be saturated and further increases in 

frequency do not produce increased luminance.  Also, the device may heat up at these 

higher frequencies leading to decreased luminescence due to thermal quenching, i.e. 

increasing probability of non-radiative recombination [84].  Frequencies of up to 7 kHz 

have been used but typical drive frequencies are 60 Hz to 2.5 kHz.    

Visible emitting phosphor brightness is discussed in terms of luminous flux, i.e. the 

photon flux convoluted with the wavelength response function of the human eye, with 

units of lumens, nits or candela/m2 [85].   However, infrared phosphor brightness must be 

specified using the irradiance (W/cm2) of the emitted light, since the human eye response 

is zero.  Brightness versus voltage (B-V) is a typical measure of ACTFEL devices, i.e.  

the brightness at the wavelength of interest measured at steadily increasing applied 

voltages.  A typical B-V curve is shown in Figure 2-8. 
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Figure 2-8 Brightness vs. voltage curve showing the threshold voltage 

Of course, the physical properties of the phosphor, and not just the voltage pulse, 

affect the luminescence of the device.  Three properties that have a large effect on the 

ACTFELD operation are the thickness of the phosphor film, the insulator capacitance 

(see above), and the concentration of the luminescent dopant.  As the phosphor becomes 

thicker there are more luminescent centers for an accelerated electron to impact.  In 

addition, a thicker phosphor will have a lower capacitance yielding a larger voltage drop 

across the phosphor layer.  Both of these effects cause thicker phosphor devices to be 

brighter than thinner ones.  However, as the thickness increases the operating voltage also 

increases, which is undesirable because of the size and expense of high voltage supplies.   

The choice of insulator affects how the voltage is dropped across the device as 

discussed above.  Recall that as the insulator capacitance increases with respect to that of 

the phosphor, the threshold voltage of the device will decrease because more of the 
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voltage will be dropped across the phosphor instead of the insulator.  Therefore a thin 

dielectric layer with a high dielectric constant and high breakdown strength is desired. 

Finally, the doping concentration of the luminescent impurity has a large effect on 

the emission characteristics of an ACTFEL device.  At low concentrations, typically < 

1mol% for most materials, the luminance increases steadily with increasing dopant 

concentration.  Once a maximum emission is reached at an optimum concentration of 

activator, the luminance will decrease with further concentration increases. This decrease 

has generally been attributed to concentration quenching, which results from interactions 

between neighboring centers that lead to non-radiative relaxation through self quenching 

or contact with killer centers such as defects or impurities [86]. 

2.7.2 Threshold Voltage 

 The optical threshold voltage, Vth, is the voltage at which the device begins to 

emit light, and is dependent on several physical properties including the capacitance of 

the insulator and the thickness of the phosphor.  There are several definitions of threshold 

voltage, but the most common is the voltage axis intercept of the extrapolation of the 

maximum slope portion of a B-V curve (Figure 2-8). Another common definition of EL 

threshold is that voltage at which a certain brightness value is achieved, such as 1cd/m2 

for visible emitters.  For this study the optical threshold voltage will be determined using 

the first method. A second type of threshold voltage is that where current is transferred 

across the phosphor in charge versus voltage (Q-V) tests. This is a measure of electrical 

threshold, and is commonly different from the optical threshold voltage.   

2.7.3 Efficiency versus Voltage 

 In addition to the brightness, the power efficiency of a device is an important 

quantity.  Power consumption is a critical concern for any device that needs to use 
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batteries, e.g. portable displays or sensors.  Hence it is desirable to know the light 

produced per unit power input.  For visible emission this is termed the luminous 

efficiency and is described in lumens per watt.  As discussed above, for infrared emitters 

lumens are inapplicable so power efficiency is expressed as watts of optical output per 

watt of electrical input.  The input power can be determined using 
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where A is the area of the device, τ is the period of the driving waveform, v(t) is the 

applied voltage, and i(t) is the current.  The output power can be determined by knowing 

the sensitivity of the detector (determined by using a calibrating light source with a 

known power output).  This output power efficiency can be plotted versus the input 

voltage of the device yielding an efficiency versus voltage plot (Figure 2-9). 

 

Figure 2-9 ACTFELD efficiency versus drive voltage 
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2.7.4 Electrical Testing 

The typical circuit used for electrical testing (Figure 2-10) employs a Sawyer-

Tower arrangement with either a sense capacitor or a sense resistor [29].  An arbitrary 

waveform generator is used to produce a voltage pulse that is then amplified and used to 

drive the circuit consisting of a series resistor, the ACTFEL device and a sense element in 

series.  The series resistor is used to limit the current to the ACTFELD in the case of 

catastrophic failure.  If the sense element is a capacitor then the external charge of the 

device is measured, while external current can be measured by using a resistor as the 

sense element.  If the capacitor is used its capacitance value must be much larger than 

that of the device.  If a resistor is used as the sense element, its resistance is typically near 

100Ω.  In the case of a resistor, if the resistance is too large, the dynamic response of the 

device will be delayed as the RC time constant of the circuit increases.   

 

Figure 2-10 Schematic of a Sawyer-Tower test setup 
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    The typical waveform used for testing is a bipolar trapezoidal waveform as 

discussed above and shown in figure 2-11.  The pulses have a rise and fall time of ~5µs, a 

30µs plateau, and a frequency between 60 Hz and 2.5 kHz.  The labels A-J are used to 

designate important points during the cycle.  Most of the points are self explanatory 

except for points B and G.  These points are to designate the electrical threshold voltages, 

i.e. the voltages at which the phosphor begins to conduct charge.  This labeling scheme is 

common in the literature and will be used for throughout this document in discussions of 

electrical properties and the matching of points on Q-V, Q-F data curves with points on 

the driving waveform [29]. 

 

Figure 2-11 Trapezoidal waveform with important points marked for reference 

2.7.5 Charge versus Voltage (Q-V) 

 The most basic measure of the electrical characteristics of ACTFEL devices is the 

charge versus voltage (Q-V).  A Q-V plot displays the charge stored between the external 

terminals of the capacitive ACTFEL device versus the voltage across the terminals.  
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When the device is driven below the electrical and optical threshold voltages, the plot is 

simply a straight line with a slope equal to the total capacitance of the device (assuming 

leakage current is negligible).  When the device is driven above electrical and/or optical 

threshold, the Q-V plot becomes a hysteresis loop due to the dissipative charge 

conduction through the device.  Hence, the electrical threshold can be determined as the 

voltage at which the plot becomes hysteretic.  The voltage drop across the ACTFEL 

device can be found from V2 and V3 by using  

)()()( 32 tVtVtVEL −= . 

When using a sense capacitor, the external charge can be determined using 

)()( 3 tVCtq sexr =  

where Cs is the sense capacitance.  When using a sense resistor, it is first necessary to 

calculate the current passing through the device.  Since the current through each element 

will be the same, the current through the ACTFEL device can be determined using 

seriesR
tVtVti )()()( 21 −

= . 

The external charge can then be found by integrating this current over time, such that 

∫=
t

ext dttitq
0
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 An example Q-V plot using the labeling scheme from above is shown in figure 2-

12.  The voltage labeled Vto in figure 2-12 is the turn on voltage of the device, which is 

different from the electrical threshold voltage due to the polarization charge, Qpol. The 

plus and minus superscripts are to signify which occurred during the positive waveform 

pulse and which occurred during the negative pulse.  Positive is defined as when the 

voltage pulse is applied to the Al electrode and negative is when the pulse is applied to 
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the transparent electrode.  The polarization charge is the result of charge buildup at the 

phosphor-insulator interface creating a charge imbalance in the phosphor at the 

conclusion of a pulse.  The polarization charge may help the next pulse because the built-

up charge at the phosphor-insulator interface creates an electrical field that is the same 

polarity as that of the pulse.  The threshold voltage may be defined as 

)(lim
0 poltoQth QVV

pol →
= . 

The polarization charge may be reduced by the leakage charge, Qleak, over the time 

between voltage pulses (during segments EF and JA).  Leakage charge results from 

electrons escaping relatively shallow states due to the polarization field.   

 

Figure 2-12 Typical Q-V plot 

The other types of charge occur during the voltage pulses.  The conduction charge, 

Qcond, is the charge conducted through the ACTFEL device from device turn-on until the 
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end of the voltage plateau (segments BD and GI).  The conduction charge is essentially 

the charge flow responsible for impact excitation or ionization of the luminescent centers, 

assuming the charge conduction between electrical and optical thresholds is small.  Qrelax 

is the relaxation charge, the charge that flows during the plateau portion of the voltage 

pulses (segments CD and HI).  The term relaxation charge is used because the flow of 

this charge, at a constant voltage, sets up an electric field opposed to the total field across 

the phosphor.  Finally, the maximum charge, Qmax, is the charge at the maximum voltage 

measured across the sense element for a given applied voltage.  Qmax differs from the 

other charges discussed in that it is taken in reference to the zero point of the charge axis 

instead of being referenced to a specific point of the driving voltage waveform.  Qmax is a 

useful term for evaluating transferred charge, as will be shown later. 

The Q-V curve is useful for determining several parameters of an ACTFEL device.  

First, as discussed above, below the turn-on voltage the slope of the Q-V curve is a 

measure of the total device capacitance.  Second, above the turn-on voltage the phosphor 

is assumed to be a conductor, which means that the Q-V slope can be used as a measure 

of the capacitance of the devices insulator layer(s).  Care must be taken when 

determining this because several factors may skew this measurement in a real device.  If 

the phosphor is not completely shorted then the slope will be less than the insulator 

capacitance due to some remaining phosphor capacitance and/or resistance.  If there is a 

build-up of space charge in the phosphor, the slope may be larger than that of the 

insulator capacitance [28].  Third, the area inside the Q-V curve is proportional to the 

input electrical power density delivered per pulse [87]. 
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2.7.6 Capacitance versus Voltage 

A capacitance versus voltage (C-V) plot allows the measurement of the dynamic 

capacitance of an ACTFEL device against the voltage across the terminal during the 

rising edge (segments AC and FH) of the voltage pulse.  C-V plots are derived from the 

data obtained during measurements for Q-V; the slope of the Q-V plot during the rising 

edges of both pulses is plotted.  The capacitance is calculated using  

dt
tdv

tivC
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)()( =  

where i(t) is the current derived using the inverse of the previous equation for dqext(t), 

dt
tdq

ti ext )(
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These reduce to the following formula,  
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An example of a C-V plot is shown in figure 2-13.  The total physical capacitance, 

Ct
CV, is the capacitance of the whole device below the turn-on voltage and is usually in 

good agreement with the capacitance calculated from dielectric constant and film 

thickness measurements, Ct
phys.  Ci

phys, the capacitance above turn on is simply that of the 

insulators, since the phosphor is shorted (broken down) at higher voltages.  Ci
CV, is the 

measurement of the capacitance above turn-on and, in the ideal case, should equal the 

calculated insulator capacitance.  Usually, however, the value of Ci
CV is either above or 

below the value of the ideal case.  Ci
CV less than the calculated value occurs when the 

phosphor does not completely short, resulting in some remnant capacitance.  Ci
CV can be 

larger than Ci
phys if there is dynamic space charge built up in the phosphor that decreases 
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the total phosphor field, as discussed previously.  Space charge can also lead to CV 

overshoot, a sudden increase followed by a decrease at higher voltages in the capacitance 

when the device turns on. 

 

Figure 2-13 Typical C-V plot 

2.7.7 Internal Charge versus Phosphor Field 

Internal charge versus phosphor field (Qint-Fp) is a technique used to provide 

information field clamping or charge relaxation, which are difficult properties to 

determine from a Q-V plot [88].  In a Q-V plot the total charge (capacitive plus phosphor 

charge) and total device voltage are studied, not just the charge and voltage across the 

phosphor.  The Qint-Fp data are the charge transported in the phosphor layer and the 

electric field in the phosphor layer only. 

The internal charge of the phosphor can be determined from 
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where q(t) is the internal charge, Ci and Cp are the insulator and phosphor capacitances, 

respectively, qext is the external charge, and v2 and v3 are the voltages measured on each 

side of the device.  The phosphor field is obtained using 
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where dp is the phosphor thickness.  These equations basically use the raw data from a Q-

V curve, remove the capacitive displacement charge, and remove the voltage drop across 

the insulators to calculate the field across the phosphor.  The equations are developed 

from the equations used to describe an ACTFELD with a phosphor layer free from space 

charge [89].  A typical graph of Qint-Fp is shown in figure 2-14.  Unlike a Q-V plot the 

Qint-Fp loop goes in a clockwise direction.  A Qint-Fp plot shows several of the same 

quantities as in a Q-V plot, but these are only charges and fields in the phosphor.  The 

charge information shown is Qcond, the conduction charge transported across the 

phosphor, Qpol, the polarization charge stored at the phosphor/insulator interface, Qleak, 

the leakage charge between the voltage pulses, Qrelax, the relaxation charge flowing 

during the voltage pulse plateau, and Qmax, the maximum charge across the phosphor 

(Figure 2-14).  The other information available is the steady state field, Fss.  Field 

clamping, when the charge flow through the device is sufficient to counteract the 

increasing field generated by increasing the applied voltage, can be determined by 

comparing Fss at different voltages above the threshold voltage.  If there is field 

clamping, then Fss will be independent of voltage above threshold.  Some devices 
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demonstrate field overshoot because of dynamic space charge effects that are usually 

manifested around points B or G in the Qint-Fp plot [90]. 

  

Figure 2-14 Typical Qint-Fp plot 

Reduction of Q-V data to Qint-Fp data depends on knowing the capacitance of the 

phosphor and insulator(s) as well as the thickness of the films.  Uncertainty in the 

capacitances results in distortion in the Q-Fp plots.  The capacitance values can be refined 

using their effects on the shape of these plots [91].  Often the capacitance values are 

adjusted to obtain a vertical slope for the BC and GH portions and a horizontal slope for 

the ED and IJ segments of the plot (Figure 2-14).  If there is a large amount of space 

charge then the capacitance values will be larger than the physically measured values.  If 

the phosphor thickness value is incorrect, there is inaccuracy in the phosphor field.  So, 

great care must be taken when using a Qint-Fp plot versus Q-V or C-V plots to make sure 

that the data are meaningful. 
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2.7.8 Maximum Charge versus Maximum Voltage 

 The final electrical characterization technique, maximum charge-maximum 

voltage (Qmax-Vmax), measures the transferred charge at the maximum pulse amplitude for 

several applied voltages [92].  Typically there are two types of charge measured, the 

internal charge, Qmax, and the external charge, Qe
max.  The internal charge values can be 

taken from the maximum charge points (points D and I) in the Q-Fp plot, while the 

external charge values, known as a Qe
max –Vmax or ∆Q-V plot, can be taken from the 

maximum charge values of the Q-V plot [87].   

 Figure 2-15 shows a typical Qmax-Vmax plot for an ACTFEL device.  Often charge 

values from both the positive and negative pulses are plotted simultaneously to determine 

if the charge transfer in the device is symmetric.  Care must be taken because the 

accuracy of the Qmax values is affected by the accuracy of the phosphor and insulator 

capacitances.  The Qmax-Vmax plot looks similar to a B-V curve and is a measure of the 

internal charge needed for a desired brightness.  Qe
max-Vmax data are more reliable than 

Qmax-Vmax data because it is directly measured so capacitance inaccuracies are 

unimportant.  Above threshold, the slope of the Qe
max-Vmax plot is proportional to the 

insulator capacitance.  If the slope is too small then there is insufficient transferred 

charge.  If the slope is too large then there is more than the expected transferred charge, 

possibly caused by dynamic space charge.  The voltage derivative of Qe
max-Vmax (Figure 

2-16) is a direct measure of the capacitance and can give information about how the 

capacitance changes with voltage.  Dynamic space charge can lead to C-V overshoot 

which is easily seen in this type of plot. 
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Figure 2-15 Typical Qmax-Vmax plot 

 

Figure 2-16 Typical Qe
max-Vmax plot

 



CHAPTER 3 
EXPERIMENTAL PROCEDURE 

3.1 Substrate and Target Preparation 

Zinc Sulfide doped with rare earth fluoride thin films were deposited onto 2.5 x 5 

cm 7059 glass coated with 360 nm of a polycrystalline indium tin oxide (ITO) transparent 

conducting electrode and 160 nm of amorphous aluminum titanium oxide (ATO) 

transparent dielectric layer obtained from Planar Systems.   The substrates were cleaned 

in a UVOCS Inc. ultraviolet light ozone cleaner for six minutes in air to remove organic 

contaminants. They were then blown clean with dry nitrogen to remove any particles.  In 

addition, substrates (2.5 x 5 cm) of bare 7059 glass were prepared by the same methods 

for simultaneous coating, the used for film thickness measurements and destructive 

testing.  Several targets were used for deposition of the doped ZnS films.  All of the 

doped targets were pressed powder, were 5 cm in diameter, 0.65 cm thick, and were 

manufactured by Target Materials Incorporated.  The targets included ZnS doped with 

1.5mol% of either 99.9% pure TmF3, NdF3, or ErF3.  In addition, a CVD grown plate of 

pure, undoped, dense ZnS from Morton Thiokol was cut with a diamond saw and used as 

an undoped target.  All targets were conditioned for one hour after any break in the 

vacuum of the deposition system. 

3.2 Sulfide Sputter Deposition System 

Films were deposited by RF planar magnetron sputtering in a high vacuum 

chamber using a Leybold Trivac rotary vane pump for backing and roughing, and a 

Leybold 1600W magnetic levitation turbomolecular pump with a Leybold Mag.DriveL 
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controller.  The ultimate pressure of the system varied between 6 x 10-7 and 2 x 10-6 Torr 

as measured by a hot filament ionization gauge.  The system is designed to run as many 

as three sputter sources simultaneously.  An Angstrom Science Onyx 2 magnetron 

sputtering gun was used for the undoped target and an AJA A300 magnetron sputtering 

gun was used for all of the doped targets.  During dual rare earth depositions the 

Angstrom Science gun held the thulium doped target.  The target face of the Angstrom 

Science gun was 10 cm from the substrates while the target face of the AJA gun was 5 

cm away.  Power to each gun was supplied by an RFPP RF5S radio frequency controller 

with an RFPP matching network.  Duty cycles of 25, 50, 75, and 100% were used with a 

consistent pulse width of 40 milliseconds and varying delays between each pulse..  RF 

power was set to 120 watts in all cases.  By independently varying the duty cycles used 

for two targets (e.g. undoped ZnS and ZnS:RE), the concentration of the rare earth (RE) 

fluoride in the thin films can be varied.  A schematic of the deposition chamber is shown 

in figure 3-1.  The substrates were held on a multi-sample platter consisting of four 2 x 2” 

sample mounting positions that was rotated at 11 seconds per cycle to ensure that the film 

deposited at each sample position was identical.  A schematic of the sample holder and 

sample positions is shown in figure 3-2.  Deposition rates varied from 4.0 to 12.5 nm/min 

depending on the duty cycles of the targets and the substrate temperature.  Deposition 

times were varied to maintain film thicknesses between 0.2 and 0.6 µm, depending on the 

experimental run.  These parameters resulted in deposition times from 50 minutes to 220 

minutes, depending on the target materials and duty cycles. 
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Figure 3-1 Schematic of the sputter system used for RF magnetron sputtering 
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Figure 3-2 View of sample platter showing substrate positions and spaces for additional 
substrates 

 
Ultra high purity argon was used as the sputter deposition gas.  The gas was 

introduced into the chamber using Unit UFC 1100A 20, 50, and 100 sccm mass flow 

controllers for three inlet lines.  The argon pressure was regulated using the flow 

controller and a throttle valve before the turbo pump.  Using this method, the argon 

pressure was maintained at 2x10-2 Torr measured by a baritron capacitance gauge. 

The substrates were radiatively heated by an array of resistive carbon cloth 

filaments.  A graphite plate was situated above the heater clothes and used as the seat for 
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the sample platter.  The platter holding the samples rested on four 1.25 cm high ceramic 

feet to reduce conductive heating.  The sample positions were square holes in the platter 

with small ledges for the samples to rest on two sides.  See figure 3-3 for a schematic of 

the heating system.  Deposition temperatures were measured by a thermocouple 

positioned just above, but not contacting, the platter surface.   

 

Figure 3-3 Schematic of the heating system in the sputtering system 

3.3 Top Contact Deposition 

All of the devices tested were of the half stack configuration, i.e. no top dielectric 

layer was deposited.  A stainless steel shadow mask was used to create an array of 

aluminum contacts directly on the phosphor surface.   The aluminum was thermally 
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evaporated onto the phosphor using an Edwards Coating System E306 thermal 

evaporator (base pressure of 1x10-5 Torr).  The aluminum contacts were 0.3 cm diameter 

circles between 190 and 250 nm thick.  The bottom conductor was the ITO layer.  The 

ITO was buried under the ATO and phosphor layers so these layers needed to be 

removed before the bottom contact can be connected.  To achieve contact, the phosphor 

layer and the ATO layer were removed by scratching with a diamond scribe.  Once the 

layers were removed, a multimeter was used to test conductivity in the scratched area to 

ensure that the ITO layer was exposed.  Once ITO contact was confirmed, an indium wire 

was melted with a soldering iron into the scratched area to create a contact to the ITO.   

3.4 Sample Handling and Storage 

Substrates and incomplete devices (devices with no top contact) were stored in a 

nitrogen cabinet under a steady dry nitrogen flow.  Completed devices were stored either 

in the nitrogen cabinet or in a standard cabinet under normal room humidity.  Time 

delays from a day to over a year occurred between deposition of the phosphor and 

deposition of the top contact.  Varying time delays also occurred between sample 

completion and device testing.  All samples were handled with latex or nitrile gloves 

and/or with tweezers.  Note that storage in a humid environment after device completion 

and the various time lags during device construction did not appreciably affect device 

performance. 

3.5 Sputtered Film Characterization 

The sputtered films were characterized using a variety of techniques including 

optical interferometry, x-ray diffraction (XRD), electron microprobe (EMP), energy 

dispersive x-ray spectroscopy (EDS), photoluminescence (PL), photoluminescent 

 



54 

excitation (PLE), electroluminescence (EL), time resolved electroluminescence, and 

electrical measurements. The details are provided below.  

3.5.1 Thickness Measurements 

 Optical interferometry [93] was used to measure the thickness of each deposited 

film.  The films deposited on the bare 7059 glass substrates were used to avoid 

interference from the ITO/ATO layers.  The index of refraction of the film (2.5) and the 

substrate (1.5) is known.  Upon shining a beam of light onto the sample, interference 

patterns will be created from reflection at the air-film and film-substrate interfaces.  The 

frequency of the interference fringes is dependent on the thickness of the film and the 

optical index.  Using an in-house developed Excel macro, the film thickness can be 

determined by curve matching a calculated pattern to the experimental pattern. 

3.5.2 X-ray Diffraction (XRD) 

X-ray diffraction [94] was used to evaluate the ZnS crystallinity.  The 

diffractometer was a Phillips model APD 3720 operated at 40 kV and 20 mA.  The 

wavelengths used were from Cu Kα lines at 0.15406 and 0.15444 nm.  The Cu Kβ was 

blocked using a nickel filter.  The diffractometer was scanned over the range of 26.5o to 

31.5o to encompass the primary emission peak of both cubic and hexagonal ZnS at 28.5o.  

The goniometer scanned 0.01o per second with a step size of 0.01o.   

X-ray diffraction is used primarily to determine phase of a material but it may also 

be to determine crystal size, strain of the lattice, film thickness, and semi-quantitative 

composition analysis [95].  These parameters can be extracted from the diffraction peak 

intensity, width and position.   

Atoms can scatter x-rays, other photons, and electrons.  Diffraction consists of the 

constructive and destructive interference of the scattered wave.  Constructive interference 
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results in a diffraction signal causing an intensity peak while destructive interference 

results in no signal.  Constructive and destructive interference is the result of the 

periodically arranged atoms in a crystalline solid.  The atomic alignment necessary to 

cause constructive interference is defined by Bragg’s law 

nλ = 2dhkl sinθ 

where n is the order of the diffraction (typically 1), λ is the wavelength of the incident 

radiation, dhkl is the spacing between the atomic layers with Miller indices of (hkl), and θ 

is the angle between the beam of the incoming radiation and the normal of the plane of 

atoms [96]. 

 ZnS has two crystal structures, a cubic structure commonly called sphalerite and a 

hexagonal structure called wurtzite.  The crystal planes that can produce constructive 

interference vary with each crystal structure.  For example, face centered cubic lattices, 

such as sphalerite, can only produce reflections if the indices are all even or all odd [97].  

Sphalerite has an intense diffraction signal from the (111) plane at 28.58o.  Wurtzite has 

an intense diffraction signal from the (100) plane at 26.94o and another intense peak at 

28.53o from the (002) plane.  If the films are thinner than the penetration depth of the x-

rays (typically a few microns for ZnS) the peak heights will be artificially adjusted if the 

films are not all the same thickness.  Due to the thinness of the deposited films in this 

study (<1 µm) and the penetration depth of the x-rays, diffraction scans of films 

deposited on ATO/ITO substrates also exhibit diffraction peaks from ITO.  Since there is 

variation in the film thickness from sample to sample the full width at half maximum 

(FWHM) of the peaks is used to compare the crystallinity of the films.  As crystallinity 

decreases the FWHM of the peaks increases until, in the case of an amorphous material, 
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the XRD pattern appears as a series of low broad undulations.  In addition, the peak 

position can be used to determine if the film is strained because strain will cause an 

increase or decrease in the interatomic distance which, using Braggs law, will affect the 

value of θ [98].  

3.5.3 Electroluminescence 

Electroluminescent brightness was measured using various detectors depending on 

the wavelength range.  The excitation source was a custom built driver based on a design 

by Planar Inc.  The EL driver produced trapezoidal voltage pulses that had a rise time of 

5 microseconds, a plateau width of 5, 30, or 800 microseconds (typically used at 30 

microseconds), <5 microsecond fall time, and a frequency of 2.5 kilohertz.  The high 

voltage for the driver was supplied by a Sorensen DCS 600-1.7 high voltage power 

supply.  The current from the supply was limited to 0.025 amps and the voltage to 300 

volts.  The input pulses traveled through a 125±5 ohm resistor positioned before each 

terminal of the device.  The sample to be measured was placed on the sample holder as 

shown in figure 3-4.  The sample was placed on a glass slide attached to a mounting card 

and held in position by pogo pins that also acted as leads to the device.  The pogo pins 

were connected to terminals on the card that was then placed into a card holder attached 

to an x-z translation stage for alignment with the detector.   

The detector for 350 to 1200 nm was an Ocean Optics S2000 silicon CCD with 

Ocean Optics spectroscopic grating #13 installed.  (See Figure 3-5 for the response of 

grating #13.)  The data were processed by computer using OOIBase32.  OOIbase32 is a 

program written by Ocean Optics Inc. to gather and process data received by the Ocean 

Optics detectors.  OOIbase32 collects and displays spectral data in real time over a range 

from 200 nm to 1600 nm with integration times as short a 5 ms.  Other detectors, used 
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mainly for time resolved electroluminescence and described below, included an Oriel 

77341 photomultiplier for visible emission and an Oriel 71654 germanium detector for 

near infrared emission.  Calibration of the silicon CCD and photomultiplier tube was 

done using an Oriel 63358 45W tungsten halogen calibrated lamp.  Calibration of the 

germanium detector was done using a 99.9+% efficient blackbody source. 

 

Figure 3-4 Back view of the sample on the test stage  

The light path from the sample to spectrometer was an Ocean Optics VIS-IR 

optical fiber with an attached 74-VIS collimating lens.  The card and translation stage 

assembly were installed in a test housing designed to minimize stray light.  For a 
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schematic of the test stage assembly see figure 3-6.  Other detectors are described in the 

following section. 

 

Figure 3-5 Spectral sensitivity of the Ocean Optics #13 grating 
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Figure 3-6 Side view of the sample stage and fiber optic detection system 

3.5.4 Photoluminescence and Photoluminescent Excitation 

Photoluminescent brightness was measured using the same detectors used for 

electroluminescence [99].  The excitation source was an Oriel model 66902 lamp with a 

300W xenon bulb.  Broadband light from the xenon lamp was monochromatized by an 

Oriel Cornerstone 74100 spectrometer with 3 mm slits.  Emitted light was focused on the 

entrance slits of an Oriel MS257 monochromater.  An Oriel 77265 photomultiplier tube 

was used for detecting visible and near ultraviolet emission from 300 to 800 nm.  The 

detector used from 800 nm to 2µm was a germanium detector.  The detector for 2 to 5 um 

was a thermoelectrically cooled lead selenide detector.  Signal detection and chopping for 

noise reduction was controlled by an Oriel Merlin control unit.  Traq32, a program 
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created by Oriel Inc., controlled the MS257 and Cornerstone spectrometers.  Traq32 was 

written specifically to control Oriel spectrometers and to collect and process data.  Using 

Traq32, all spectrometer functions and data acquisition parameters can be specified.  

Unlike like silicon detector discussed above, data are collected by Traq32 by scanning the 

wavelength range, not at all wavelengths simultaneously. Data from Traq32 and 

OOIbase32 can be easily imported into Microsoft Excel for data processing and analysis. 

3.5.5 Electron Microprobe 

The electron microprobe [100] was one method used to determine film 

composition.  A JEOL Superprobe 733 was used.  Primary electrons were generated by 

thermionic emission from a tungsten filament.  The operating voltage was 8 kV.  Since 

the samples were on nonconductive bare glass substrates or on ITO/ATO substrates.  

Because high beam currents are used during microprobe analysis (~20 nA) all of the 

samples including the samples with ITO were evaporation coated with carbon to prevent 

charging.  For electron microprobe analysis (EMPA), characteristic x-rays generated 

from the inelastic ionizing collisions of electrons in the sample are used to quantitatively 

determine elemental concentrations.  The X-rays may be energy analyzed using 

dispersion by wavelength (wavelength dispersive spectrometry-WDA) or energy 

dispersion (EDS). For this study energy dispersive analysis was used but at higher 

currents, as discussed above, than the EDS analysis discussed below.  The microprobe 

data are quantitated based upon materials standards for the desired elements.  Film 

compositions were also determined with a x-ray spectrometer on an SEM as detailed 

below. 
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3.5.6 Energy Dispersive X-ray Spectroscopy (EDS) on a Scanning Electron 
Microscope (SEM)  

EDS was used to verify film composition.  A Hitachi S450 SEM with a Princeton 

Gamma-Tech Prism digital spectrometer as the x-ray energy analyzer was used.  Primary 

electrons were generated by thermionic emission from a tungsten filament.  The 

operating voltage was 20 KV.   The minimum usable voltage (10 KV was set by the fact 

that the L line emission from the rare earths require this energy to be excited. 20 KV was 

used, even with a greater penetration and excitation depth, because of reduced analysis 

errors as compared to those found when using the lower accelerating voltage with rare 

earths.  The samples measured were on ATO/ITO substrates and the ITO was sufficiently 

conductive to not require surface coating but the samples were daubed along their edge 

with carbon paint to make electrical contact with the sample holder and reduce charging 

from the sample.  Collection time was twenty minutes to ensure high enough signal to 

noise.  Rare earth and rare earth fluoride standards were used as references for 

determining the rare earth and fluorine concentration in each sample.  For the other 

elements, standardless quantification was used. 

 The high current electron microprobe analysis and the low current EDS use the x-

rays produced from atomic ionization induced by high energy electron bombardment.  

Inelastic scattering of the energetic electron causes an inner shell electron to be ejected 

from the atom.  When an outer shell electron de-excited to fill the inner shell hole either 

an Auger electron or a characteristic x-ray will be emitted.  For EDS, the emitted x-rays 

are collected by a silicon diode producing a charge pulse proportional to the energy of the 

incident x-ray.  These pulses are then amplified and processed to produce an energy 

spectrum of the incoming x-rays [101].  
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3.5.7 Time Resolved Electroluminescence 

Time resolved electroluminescence [102] was performed with an experimental 

setup similar to that of photoluminescence measurements.  The sample was placed in the 

same position used for photoluminescence; however the sample was excited using the EL 

driver and sample holder described in the electroluminescence section.  A Tektronics 

2024 digital oscilloscope or Tektronics TDS 3014 B digital oscilloscope was added to the 

setup in the following manner.  Channel one, called V1, of the oscilloscope was 

connected before the resistor to the positive input terminal of the sample holder.  Channel 

two, called V2, was connected to the positive side of the holder after the resistor.  

Channel three, called V3, was connected to the negative side of the device after the 

resistor.  Channel four of the scope was connected to the detector that was required using 

a splitter and BNC cable to connect the detector to the oscilloscope and Merlin detection 

system simultaneously (Figure 3-7). 
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Figure 3-7 System to measure time resolved luminescence and electrical data  

3.5.8 Electrical Measurements 

Electrical data were taken with the samples in position for electroluminescence 

measurements.  Leads from the oscilloscopes were connected in the same manner as for 

time resolved electroluminescence measurements.  Using V=IR and the known 

resistance, the current through the device can be determined by subtracting the value of 

V2 from V1.  Using the setup shown in figures 3-7 and 2-10, V3 corresponds to the 

current through the sample when divided by the value of the sense resistor and this was 

verified by subtracting the signal of V2 from that of V1.  The sense resistor was a 125±5% 

ohms.  The PMT was connected directly to channel four of the oscilloscope when time 

resolved measurements were made.  The horizontal resolution of the scopes was set to 

either 40 or 50 microseconds per division.  This resolution provided information on either 
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a positive or negative pulse.  The trigger value was 20 volts on the positive pulse edge.  

The vertical resolution was dependent on the voltage of the pulses or the signal from the 

PMT.  The data was either sent to a computer via a GPIB cable or saved directly to disk 

in the oscilloscope.  The data was processed using Excel.  The processing included 

determining the external charge of the device during operation.  The charge was 

determined by integrating the current through the device over time.  In addition, the 

capacitance and electric field in the device were determined by further processing of the 

data as detailed in section 2.7. 

 

 



CHAPTER 4 
PHYSICAL EFFECTS OF CHANGING TARGET DUTY CYCLES AND 
SUBSTRATE TEMPERATURE DURING RF MAGNETRON SPUTTER 

DEPOSITION 

4.1 Introduction 

In this chapter, the data on the effects of deposition conditions of ZnS:[RE]F3, 

where RE is Tm, Nd, and Er, are presented.  The objective of this study was to determine 

the effects of sputter deposition parameter changes on infrared electroluminescent 

intensity and to compare results from various rare earth dopants to draw trends to apply 

to other lanthanides.  It was found that changing the substrate temperature and the 

sputtering target duty cycles modified several structural properties of the phosphors that 

affect the infrared and visible emission.  Duty cycle changes are listed as 100 multiplied 

by the ratio between the duty cycle of the target doped with 1.5% rare earth fluoride to 

the total duty cycles of the doped target and the undoped target. So a ratio of 50 means 

that each of the targets was sputtering 100% of the time (100/(100+100) = .5 x 100 = 50) 

while a ratio of 33 means that the doped target was sputtered 50% of the time while the 

undoped target was sputtered 100% of the time (50/(100+50) = .33 x 100 = 33).  The 

substrates were heated so that the thermocouple described in chapter 3 measured 

temperatures ranging from 130 oC to 190 oC.   

4.2 Spectra 

None of the as-deposited phosphors exhibited photoluminescence.  The xenon lamp 

used as an excitation source was not intense enough to produce luminescence from this 

condition.  However, typical electroluminescence spectra obtained for as-deposited ZnS 

65 
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doped with Tm, Nd, or Er are shown in figures 4-1 to 4-3.  The spectrum from ZnS:TmF3 

has two major peaks at 480 nm and 800 nm and one minor peak at 650 nm.  These 

correspond to the 1G4 → 3H6, 3F4 → 3H6, and 3F3 → 3H6 transitions, respectively.  The 

ZnS:NdF3 spectrum exhibits one major visible peak at 600 nm and two major NIR peaks 

890 nm and 1080 nm as well as several minor peaks.  The major peaks are from the 2H11/2 

→ 4I9/2 for the visible emission and the 4F3/2 → 4I9/2 and 4F3/2 → 4I11/2 transitions for the 

NIR emission.  The ZnS:ErF3 phosphor has several major peaks.  The emission at 530, 

550, 660, and 1000 nm correspond to the 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, 4F9/2 → 4I15/2, and 

4I11/2 → 4I15/2 transitions respectively.  The energy levels and transitions are shown in 

figure 4-4 

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Irr
ad

ia
nc

e 
(m

W
/m

2 nm
)

 

Figure 4-1 Electroluminescent spectrum of ZnS:TmF3 
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Figure 4-2 Electroluminescent spectrum of ZnS:NdF3 
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Figure 4-3 Electroluminescent spectrum of ZnS:ErF3 
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Figure 4-4 Energy levels of rare earth ions and transitions luminescence producing 
transitions observed in Figs. 4-1, 4-2 and 4-3.  
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4.3 Target Duty Cycle Alteration 

 Changes in the duty cycles of the sputtering targets affect the infrared emission 

intensity of the ACTFEL devices.  The possible duty cycles for both the undoped target 

and the rare earth doped target were 100%, 75%, 50%, or 25%.  If one target was set to a 

duty cycle below 100% then the other was set to be on 100% of the time.  The duty 

cycles are listed as the ratio of doped target on time divided by on times of the doped and 

undoped targets.  The concentration of rare earth corresponding to each of the duty cycle 

ratios is different for each rare earth and is discussed in the following section. 

4.3.1 Concentration 

The effect of duty cycle on the concentration of the individual rare earths, as tested 

by EDS on the SEM and EPMA, is shown in figure 4-5.  The trend was for the 

concentration of each of the rare earths to increase as the relative duty cycle on the doped 

target increased.  As the duty cycle was changed the concentration of thulium in the 

phosphor increased from 0.6 at% to 1.4 at%.  As with the thulium doped samples, 

increasing the duty cycle increased the neodymium concentration in the phosphor.  The 

Nd concentration rose from 0.55 at% to over 2.0 at%, while the concentration of Er in the 

ZnS film exhibited the least change with changing duty cycle. 

4.3.2 Crystallinity 

 The full width at half maximum (FWHM) of the 28.5o x-ray diffraction peak of 

ZnS, which is observed from both the sphalerite (from the 111 plane) and wurtzite (from 

the 002 plane) phases of ZnS, was used to characterize the crystallinity of the ZnS:[RE]F3 

films.  The FWHM increased for all of the films as the rare earth doped targets duty cycle 

increased indicating that the host became less crystalline with increasing rare earth 

concentration.  The Tm and Er doped films experienced an increase in the FWHM of the 
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ZnS peak of over 30% while the data for the Nd doped films are too sparse to detect a 

trend (Figure 4-6). 
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Figure 4-5 Effect of target duty cycle on the Tm, Nd, and Er concentrations in the ZnS 
films measured by EDS and EPMA 
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Figure 4-6 Effect of duty cycle ratio on the full width at half maximum of the 28.5o x-ray 
diffraction peak of ZnS 

4.3.3 Thickness 

The undoped target was further away from the substrate (8 cm) than the doped 

targets (6 cm) yield resulting in a slower deposition rate for the pure material.  In 

addition, the sputter process changes the surface morphology of the targets as material is 

sputtered causing the deposition rate to change slightly (~10%) from one deposition to 

the next.  For each film, the deposition time was changed in an effort to maintain a 

uniform thickness between the samples of the same material.  This effort was successful 

for the Tm and Er doped films, however there was a large difference in thickness for the 

Nd doped phosphors.  Figure 4-7 shows the film thicknesses normalized to the thickest 

film for each material and shows that the film thicknesses were usually within 5% of the 
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average for ZnS:Tm and ZnS:Er however, there was a large discrepancy in ZnS:Nd 

thicknesses. 
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Figure 4-7 Normalized thickness of the rare earth doped ZnS films.  Deposition times 
were changed to attempt to achieve the same thickness for each rare earth 
film. 

 
4.4.4 Threshold Voltage 

The NIR optical threshold voltage of each of the materials is shown in figure 4-8.  

As will be shown in Chapter 5, the turn on voltage for infrared and visible emission is 

identical.  The turn on voltage for the Tm doped samples rose slightly as the Tm target 

duty cycle increased but the majority of samples maintained a turn on voltage of 

approximately 100 volts.   The Nd doped films exhibited a turn on voltage near 200 volts 

for the lower duty cycle ratios, but decreased to 130 volts for the higher duty cycle ratios.  
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The turn on voltage for the Er doped devices was consistently 110 volts except for the 

lowest duty cycle ratio. 
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Figure 4-8 NIR threshold voltages of the doped ZnS films with varying deposition duty 
cycles 

4.4.5 Infrared Emission 

Alteration of the target duty cycles had a large effect on the emission intensity of 

the near infrared emission.  The effect of duty cycle on the different materials is shown in 

figure 4-9.  The brightness of the near infrared peak was highest for each of the rare 

earths near the 50 ratio.  The Tm emission maximum was at a duty cycle ratio of 57 and 

the intensity decreased as the duty cycle ratio decreased.  In contrast, the maximum Nd 

and Er doped phosphor brightness were at lower duty cycle ratios and exhibited rapid 

declines in infrared emission as the duty cycle ratio increased.  There were similar trends 

for the visible emission from each phosphor. 
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Figure 4-9 Effect of target duty cycle on the near infrared emission of each rare earth 

4.5 Deposition Temperature Effects 

The substrates were radiatively heated by resistive carbon cloth heaters located 

below the sample stage to temperatures between 130oC and 190oC.  The duty cycle ratio 

that produced the brightest infrared emission at a substrate temperature of 160 C was 

used for each of the rare earth dopants to study the effects of varying the substrate 

temperature.  In addition, the deposition time for each material was the same (50 min for 

Tm and Er and 120 min for Nd) at each of the deposition temperatures. 

4.5.1 Concentration 

The effect of deposition temperature on the concentration of the different rare earth 

dopants is shown in figure 4-10.  As the temperature of the substrate was increased the 

concentration of thulium, as tested by EDS and EPMA, in the deposited phosphor film 

increased from below 0.5 at% to over 2 at%.  The concentration of Tm rose steadily 

 



75 

between 130oC and 170oC with a sharp increase at 180oC. As with the thulium doped 

samples, increasing the deposition temperature increased the neodymium and erbium 

concentrations in the phosphors.  The Nd concentration rose from below 1 at% to 1.5 

at%.  The concentrations of Er rose from 0.5 at% to 1.5 at% between 140oC and 190 oC.  

The Nd and Er concentrations experienced sharp rises at the higher tested temperature, 

similar to the thulium doped films. 
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Figure 4-10 Concentration of each rare earth in the ZnS films as a function of substrate 
temperature during deposition measured by EDS 

 
4.5.2 Crystallinity 

 The full width at half maximum (FWHM) of the 28.5o x-ray diffraction peak of 

ZnS, observed from both the sphalerite and wurtzite structures, increased for all of the 

films as the deposition temperature increased indicating that the host became less 
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crystalline at higher temperatures.  The Tm and Nd doped phosphors experienced an 

increase in the FWHM of the ZnS peak of  30% while the FWHM of the Er doped 

phosphor  increased by 50% (Figure 4-11). 
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Figure 4-11 Increasing FWHM of the ZnS 28.5o diffraction peak as the deposition 
temperature is increased 

 
4.5.3 Thickness 

As the deposition temperature was increased the thicknesses of each of the 

phosphor layers decreased as shown in figure 4-12.  The reduction in the thickness of the 

films ranged from 55 to 30% of the maximum thicknesses obtained between 140oC and 

150oC.   
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Figure 4-12 Decreasing phosphor thickness with increasing deposition temperature 

4.5.4 Threshold Voltage 

The turn on voltage also decreased as the deposition temperatures increased, 

presumably due to the reduced film thickness (Figure 4-13). For the Tm doped films the 

turn on voltage decreased from the maximum voltage of 130 volts at the lowest tested 

temperatures (140 C) to 90 volts at the 180oC deposition temperature.  The effects of 

deposition temperature on the turn on voltages of the Nd based phosphor were similar to 

those of the thulium doped sample.  The turn on voltage was at a maximum at the lowest 

deposition temperatures and then fell with increasing temperature.  For ZnS:ErF3 the turn 

on voltage dependence on deposition temperature was smaller than for the other 

materials, but higher deposition temperatures produced the lowest turn on voltages.   
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Figure 4-13 Optical turn on voltage variation with increasing deposition temperature for 
each material 

 
4.5.5 Infrared Emission 

Deposition temperature had a distinct effect on the emission intensity of the near 

infrared and visible emission as shown in figure 4-14.  The near infrared brightness was 

highest at the 140 C deposition temperature for each of the rare earth dopants.  Increasing 

deposition temperature steadily reduced the infrared emission in each case.  The overall 

intensity loss was close to 80% in all cases. 
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Figure 4-14 Decrease of near infrared irradiance with increasing deposition temperature 

4.6 Discussion 

 It is clear that changing the RE concentration and substrate temperature critically 

affected the properties of the phosphors.  The reason behind most, if not all, of the 

deposition temperature effects is because of Zn and S thermal desorption during 

deposition.  As the deposition temperature was raised the rare earth concentrations for 

each of the phosphors increased.  This is attributed to faster thermal desorption of the 

host species than the rare earth dopants.  This desorption is based on a lower sticking 

coefficient for Zn and S at elevated temperatures.  Thermal desorption has been used 

previously to affect zinc and sulfur concentrations in materials such as ZnSxSex-1 [103] 

and decreasing thickness with increasing deposition temperature in ZnS films deposited 
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by spray pyrolysis has been attributed to re-evaporation [104].  The rate of desorption is 

given by the Arrhenius type equation [105] 

ndes
n

n
desdes RT

E
kR Θ






 −=Θ= expν  

where Rdes is the rate of desorption, kdes is a desorption rate constant, Θ is the coverage, 

Edes is the desorption activation energy, and vn is the frequency factor of desorption. 

The changes in concentration due to duty cycle variations are simply explained by the 

increase in the amount of time the doped target was sputtered compared to the undoped 

target.  The variations from the expected trend for each material are the result of changing 

sputtering target morphologies affecting the sputtering rates. 

In addition to and because of the changing the rare earth concentrations, the 

higher desorption rates at higher deposition temperatures modified the thickness and 

crystallinity of the films.  Since the deposition times for the temperature series films were 

the same, the increased desorption of the host material as the temperature was increased 

resulted in thinner films, as was shown in figure 4-12.  Because the thickness was 

decreased, a lower electric field was necessary to breakdown the phosphors resulting in 

lower threshold voltages.  The decrease in threshold voltage with increasing substrate 

temperature correlates with the decrease in thickness, observed by the normalized values 

for each shown in figure 4-15.  The correlation between film thickness and turn on 

voltage is supported by the duty cycle series (Figure 4-16). 
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Figure 4-15 Comparison of NIR turn on voltage and phosphor thickness as deposition 
temperature is varied 
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Figure 4-16 Comparison of NIR turn on voltage and phosphor thickness as duty cycle and 
deposition time is varied 

Because the ZnS phosphors are crystalline as deposited, the change in crystallinity 

with changing deposition conditions could be measured using XRD.  It could be expected 

that the crystallinity of the films would increase with increasing deposition temperature 

due to the increased mobility of the sputtered species caused by increased thermal energy.  

However, the crystallinity of the phosphors decreased as the deposition temperature 

increased, as indicated by the increasing FWHM of the ZnS 28.5o diffraction peak.  The 

decrease in crystallinity is the result of increasing amounts of rare earths being 

incorporated into the ZnS matrix.  The rare earths incorporate substitutionally on the zinc 

sites.  The ionic radius of Zn2+ is 88 pm while the ionic radii of Nd3+, Er3+, and Tm3+ are 

112, 103, and 102 pm respectively [106,107].  The rare earths have an average radius that 

is 20% larger than the Zn ion resulting in the dopants creating more strain in the crystal 

 



83 

lattice.  The duty cycle data support this interpretation since samples were deposited at 

the same temperature and there is a general increase in rare earth concentrations 

correlating with a decrease in crystallinity.  As the rare earth concentration increases 

defect formation results in an increasingly poorer crystallinity and an increasing number 

of defects. 

The infrared emission was affected by each of the changes in the properties of the 

devices.  Decreasing the thickness of the film yields a smaller volume of phosphor to 

produce photons.  Because of this, the changing thicknesses of the phosphor films can 

mask how the concentration affects the NIR irradiance of the luminescent centers.  

Normalizing the thicknesses of the films gives a more accurate view of how the 

crystallinity and concentration affect the infrared output. This procedure is supported by 

the nearly linear correlation between brightness and film thickness shown in Figure 4-16. 

The data in Figure 4-17 show that the optimal concentration for all of the rare earths is 

near 1 at%.  The number of data points in Figure 4-17 is large because the data is from 

both the duty cycle series and the deposition temperature series.  This number compares 

well with reports in the literature for the maximum visible luminescence from these 

materials [74, 108,109].  Changes in irradiance are controlled by two competing 

processes as the rare earth concentration increases.  Higher rare earth concentrations 

mean that there are more luminescent centers available to radiate.  This would result in a 

steadily increasing brightness as the luminescent center concentration was increased.  

However, higher rare earth concentrations result in poorer crystallinity and possible non 

radiative interaction between neighboring luminescent centers.  It has been shown that 

ZnS doped with Eu has poorer crystallinity than ZnS doped with an element closer in size 
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to Zn, such as Mn [110].  As the crystallinity of the phosphor decreases there are more 

defects in the film.  The defects can act as non radiative relaxation sites decreasing the 

radiative efficiency of the devices.  Finally, dopant to dopant interaction is another 

increasingly prominent method of non radiative relaxation.  The increasing concentration 

of the rare earths can lead to concentration quenching [111-113, 86] caused by dipole-

dipole interactions or other non-radiative relaxation pathways between nearby rare earths.  

The result is that as the rare earth concentration is decreased below 0.8 at% and increased 

above 1.3 at%, the total infrared and visible irradiance of the films decreases 

substantially.   
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Figure 4-17 NIR irradiance as a function of rare earth concentration.  Note that the 
maximum occurs near 1 at% for each rare earth. 

 



85 

4.7 Comparison of Infrared to Visible Emission  

Shown in figures 4-18 to 4-20 are the peak intensities (in uW) of the infrared and 

visible peaks for each dopant over a range of rare earth concentrations, from ~0.5 at% to 

over 1.5 at%.  Even though there is a difference in the infrared and visible intensities with 

changing deposition conditions, the concentration with the maximum peak intensity is 

very similar.  The visible emission is affected similarly to the NIR emission by 

crystallinity, concentration quenching, charge flow, and phosphor field.  The slower 

luminescence reduction with increasing concentration for Nd doped phosphors can be 

explained by the state distribution of Nd.  As discussed in section 5.6.1, Nd seems to 

contribute shallower states than Tm or Er.  The shallower state distribution means that 

lower fields are necessary to inject them.  The lower fields produce lower energy 

electrons that are more suitable to exciting the lower energy levels that produce infrared 

luminescence. 
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Figure 4-18 B40 (left ordinate) for the NIR emission and B40 (right ordinate) for the 
visible emission in ZnS:TmF3 for various Tm concentrations  
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Figure 4-19 B40 (left ordinate) for the NIR emission and B40 (right ordinate) for the 
visible emission in ZnS:NdF3 for various Nd concentrations 
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Figure 4-20 B40 (left ordinate) for the NIR emission and B40 (right ordinate) for the 
visible emission in ZnS:ErF3 for various Er concentrations 

 

 

 



CHAPTER 5 
ELECTRICAL EFFECTS OF CHANGING TARGET DUTY CYCLES AND 

SUBSTRATE TEMPERATURE DURING RF MAGNETRON SPUTTER 
DEPOSITION 

5.1 Introduction  

Presented in this chapter are data on the electrical characteristics of EL devices and 

their effects on the optical performance of ZnS:[RE]F3 electroluminescent phosphors.  As 

described in section 2.7.5 the external charge and external voltage were used to calculate 

the current, internal charge and phosphor field of the device.  The purpose of this study 

was to determine how well the devices operate and to what extent the electrical properties 

of the phosphors (e.g. electrical threshold and phosphor field) have on the infrared and 

visible emission from the devices.  It will be shown that several electrical characteristics 

are the same for each of the rare earth dopants.  In addition, it is hypothesized that an 

interface layer is formed during deposition and is responsible for several of the electrical 

properties observed. 

5.2 Charge-Voltage (Q-V) Data 

 The external charge versus voltage (Q-V) data for ZnS doped with each of the 

rare earths is shown in figures 5-1 to 5-3.  Each pulse begins at the origin because the 

positive and negative pulses were recorded separately so no information about the 

leakage or polarization charges [114] could be obtained.  The change in the falling edge 

slope (points D to E or I to J from figure 2-11) as voltage is increased is an artifact due to 

resolution changes of the oscilloscope during measurement and was not considered 

during analysis.  By taking the difference in charge between points A and E or F and J the 

89 
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external charge transferred across the device can be determined.  This uses the 

assumption that the slope from point A to B is the same as the slope from point D to E 

and also follows for the negative pulse.  Based on each of the Q-V figures, this 

assumption is valid.  Plotting the transferred charge for each voltage produces a plot 

similar to a brightness-voltage curve.  This can be used to determine the electrical 

threshold of the device by tracing back the curve, similar to determining optical threshold 

from a B-V curve.  This information can be used to relate the electrical threshold of the 

device with the optical threshold voltages.  The threshold voltages for each phosphor are 

shown in figures 5-4 and 5-5.  Figures 5-6 and 5-7 shows the Q-V traces at B40 for Tm 

and Nd doped samples as the deposition temperature is changed.  Note that the 

transferred charge in the Tm doped devices decreases with increasing deposition 

temperature while the transferred charge remains constant for the Nd doped devices.  

Also notable is that as the deposition temperature increased the amount of external charge 

in the device decreased.  Finally, there is no curving from points C to D and G to H 

indicating that there is no dynamic space charge in these devices [47].   

 

 



91 

-3

-2

-1

0

1

2

3

-150 -100 -50 0 50 100 150

Voltage (volts)

Ex
te

rn
al

 C
ha

rg
e 

( µ
c/

cm
2 )

100
110
120
130
140
150

 

Figure 5-1 Typical Q-V data for ZnS:TmF3 at drive voltages between 100 and 150 volts  
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Figure 5-2 Typical Q-V data for ZnS:NdF3 at drive voltages between 80 and 170 volts 
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Figure 5-3 Typical Q-V data for ZnS:ErF3 at drive voltages between 80 and 150 volts 
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Figure 5-4 Electrical threshold voltages for each phosphor as a function of duty cycle 
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Figure 5-5 Electrical threshold voltages for each phosphor as a function of deposition 
temperature 
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Figure 5-6 Plot of Q-V of ZnS:TmF3 at B40 with increasing deposition temperature (140-
180oC) 
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Figure 5-7 Plot of Q-V of ZnS:NdF3 at B40 with increasing deposition temperature 

5.3 C-V Data  

 Charge versus voltage (C-V) data were obtained from the Q-V data as described 

in Chapter 2.7.6.  Figures 5-8 to 5-10 show typical C-V plots for Tm, Nd, and Er doped 

ZnS.  The total capacitance of the device before breakdown is typically near 10 nf/cm2 

for each of the devices but this varies from 3 to 12 nf/cm2 depending on the phosphor 

thickness (varies from 200 to 1200 nm).  For an ideal device the capacitance after 

phosphor breakdown should be solely the insulator capacitance and should be the same 

for each device.  The capacitance of the insulator is 64 nf/cm2 (determined from an ATO 

thickness of 220 nm and a dielectric constant of 16).  All of the Tm doped phosphors 

exhibited a difference of 10 nf/cm2 between the pre-breakdown capacitance and the post-

breakdown capacitance.  The Nd doped phosphors had a capacitance difference of 14 
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nf/cm2 while the Er doped samples had a difference of 16 nf/cm2.  The post-breakdown 

values were the same for each phosphor but different between the phosphors.  This value 

was used as the insulator capacitance to generate the Qint-Fp plots described below instead 

of the physical insulator capacitance value of 64 nm/cm2.  The low capacitance values 

imply that the phosphors have not broken down.  This is not believed to be the case and 

will be discussed below.  In addition to the lower than ideal capacitance values after 

breakdown, the C-V plot has a slope after breakdown implying that there is a resistive 

component.  Finally, none of the phosphors exhibited C-V overshoot indicating that there 

is no dynamic space charge in these devices, as previously mentioned for the Q-V plots. 
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Figure 5-8 Typical C-V data for ZnS:TmF3 at drive voltages between 100 and 150 volts  
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Figure 5-9 Typical C-V data for ZnS:NdF3 at drive voltages between 80 and 170 volts 
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Figure 5-10 Typical C-V data for ZnS:ErF3 at drive voltages between 80 and 150 volts 

5.4 Qint-Fp Data 

 Internal charge and phosphor field data (Qint-Fp) were also derived from the Q-V 

data as discussed in Chapter 2.7.7.  The phosphor and insulator capacitance values are 

critical to the production of Qint-Fp plots.  The values for the insulator capacitance and 

total device capacitance were taken from a C-V plot for each sample, as shown in the 

previous section.  The phosphor capacitance was determined using 

ti

it
p CC

CC
C

+
=  

where Cp is the phosphor capacitance, Ct is the total device capacitance, and Ci is the 

insulator capacitance.  Because the positive and negative pulse Q-V data is generated 

separately the Qint-Fp data is also calculated separately.  The data for each pulse originally 

begins at the origin.  First, the two separate plots are shifted horizontally by half of the 
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distance from the y-axis to point E on the positive pulse graph.  The two data sets are 

joined at the end point of the positive pulse data and the beginning point of the negative 

pulse data (points E and F).  This join point can be seen in quadrant one of each plot and 

trends toward the upper right as the voltage is increased.  The plots are finally centered 

vertically by setting the first and last points of the positive pulse equidistant from the x-

axis.  Because of this processing no information can be gained about the leakage charge.  

Figures 5-11 to 5-13 are Qint-Fp graphs for devices with each dopant as the voltage is 

increased.  As the voltage increases in each device the phosphor field approaches a 

constant value, a phenomenon known as field clamping.  Field clamping implies that the 

phosphor is completely broken down and is at odds with the capacitance data.  A solution 

for this discrepancy is proposed below.  As the deposition temperature was increased, the 

phosphor field and internal charge in the Tm doped samples decreased as shown in figure 

5-14.  Figure 5-15 shows that while the electric field in the Nd doped samples dropped as 

in the Tm doped samples the internal charge rose as the deposition temperature increased.  

Figure 5-16 shows that for the Er doped samples, the phosphor field decreased with 

increasing temperature except for at 180 oC.  The differences in internal charge for the 

different dopants demonstrate the differences in the distribution of interface states for 

each material. 
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Figure 5-11 Internal Charge vs. phosphor field for increasing voltage in ZnS:TmF3 
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Figure 5-12 Internal Charge vs. phosphor field for increasing voltage in ZnS:NdF3 

 



104 

 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-2 -1 0 1 2

Phosphor Field (Mv/cm)

In
te

rn
al

 C
ha

rg
e 

( µ
c/

cm
2 )

100v
110v
120v
130v
140v
150v

 

Figure 5-13 Internal Charge vs. phosphor field for increasing voltage in ZnS:ErF3 
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Figure 5-14 Internal charge vs. phosphor field for ZnS:TmF3 as the deposition 
temperature is changed 
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Figure 5-15 Internal charge vs. phosphor field for ZnS:NdF3 as the deposition 
temperature is changed 
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Figure 5-16 Internal charge vs. phosphor field for ZnS:ErF3 as the deposition temperature 

is changed 

5.5 Time Resolved Electroluminescence 

 Time resolved electroluminescence (TREL) data were taken as described in 

chapter 3.3.7.  Figure 5-20 shows the luminescence of ZnS:TmF3 for the 480 nm and 800 

nm emission during a 30µs pulse.  The pulses are normalized to the same maximum 

value.  Notice that the NIR emission rises slower and peaks later than the visible.  The 

large spikes at the beginning and end of the voltage pulse are due to electrical noise and 

are not ‘pulses’ of luminescence.  This noise is also seen in figures 5-21 and 5-22, TREL 

graphs for Nd and Er doped phosphors, respectively.  The Nd phosphor graph shows the 

electroluminescence at 600 nm for voltage pulses of 5 µs and 30 µs while the figure 5-22 

shows the electroluminescence of Er at 530 nm.   As can be seen by the difference in 

decay rates in figure 5-21, excitation for radiative transitions occurs during the steady 

state portion of the voltage pulse in addition to during the rising edge.  Figures 5-23 to 5-
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27 show the data from the previous three graphs on a logarithmic scale to determine the 

decay constant for each material.  The figures show that the each emission can be fitted 

with two decay constants.  The 480 nm emission decays with 9 and 17 µs time constants 

while the 800 nm emission had time constants of 11 and 19 µs.  The 600 nm emission of 

Nd had time constants of 3.3 and 15 µs when excited by a 30 µs voltage pulse and 2.5 

and 13 µs for excitation by a 5 µs pulse.  Finally, Er decays with 6 and 14 µs time 

constants. 

5.5.1 Discussion of TREL Data 

  The luminescent decay of these devices highlights several aspects of their 

operation.  The decay in all of the films is much faster than the decay from other ZnS 

phosphors with dopants in which luminescence originates from a forbidden transition, 

such as manganese and terbium [115].  Both manganese and terbium doped ZnS exhibit 

decay times on the order of a millisecond while the decay from all of the present dopants 

is on the order of 15 µs.  The decay rates for Tm are comparable to those reported by 

Sohn and Hamakawa [20], while the decay rate for Er is similar to primary decay rate 

reported by Wang et al. [116].  These fast decay rates imply that either the crystal field 

around the dopants is relaxing the selection rules, or the emission is dominated by non 

radiative recombination.  Since the 4f transitions in rare earths are shielded by 6s shell it 

is unlikely that the selection rules would be broken enough to permit such fast decay. 

There is no evidence to this effect, i.e. no color changes in the emission that should 

accompany strong crystal field effects.  

While manganese is very similar in size to zinc the rare earth ions are much larger 

causing a larger lattice distortion.  Also, terbium has been added as a phosphor dopant as 

an oxifluoride [117] and not a fluoride like the rare earths in this study.  The ionic radius 
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of oxygen (~140 pm) is much smaller than that of sulfur (~185 pm) for which it would 

substitute in the lattice.  The incorporation of oxygen is likely to reduce the strain on the 

lattice generated by the large Tb ion, thereby reducing the effects of non radiative decay 

in this phosphor.  If the fluorine rests in an interstitial site, there is no strain compensating 

ion incorporation in these phosphors, however, an interstitial fluorine ion, with an ionic 

radius of ~120 pm, will not add strain because it is smaller than the interstitial volume.  

Because relaxation of selection rules is unlikely, non-radiative decay is the most probable 

cause of the fast luminescent decay in these materials.  The luminance of the blue 

emission from the Tm doped devices was ~0.02 cd/m2.  The speculation of an increase in 

non-radiative decay is supported by the low irradiance of these devices compared to the 

brightness of annealed devices, as shown in table 2-3.     

As can be seen by the plots of the ZnS:TmF3 TREL, the decay of the infrared 

luminescence is slower than the visible.  Tm has two possible excited states for 

luminescence near 800 nm, decay from the 1G4 (the same excited state as for the blue 

emission) to the 3H5 level or a transition from the 3F4 to the 3H6 ground state.  The 

emission at 800 nm also peaks later in the voltage pulse than does the 480 nm emission.  

This is evidence that, since emission from the same level should decay at the same rate, 

the higher 1G4 level is pumping the lower 3F4 level.   

Figures 5-22 and 5-23 show that the luminescent decay in Nd doped devices is 

faster for a 5 µs voltage pulse than for a 30 µs pulse.  The shorter pulse ends just as the 

luminescence is peaking while the longer pulse plateau endures for most of the 

luminescence decay period.  This demonstrates that Nd continues to be excited during the 

entire voltage pulse and not just during the rising edge.  A close look at the decay after 
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the 30 µs pulse for each material shows that each of the dopants experiences continuous 

excitation during the pulse. 
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Figure 5-17 Time resolved electroluminescence of the NIR and blue emission from 
ZnS:TmF3 
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Figure 5-18 Time resolved electroluminescence of the visible emission from ZnS:NdF3 
for voltage pulse durations of 5 and 30 µs 
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Figure 5-19 Time resolved electroluminescence of the visible emission from ZnS:ErF3 
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Figure 5-20 Log plot of TREL decay of the 480 nm emission from ZnS:TmF3 
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Figure 5-21 Log plot of TREL decay of the 800 nm emission from ZnS:TmF3 
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Figure 5-22 Log plot of TREL decay of the 600 nm emission from ZnS:NdF3 for a 30 µs 
voltage pulse 
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Figure 5-23 Log plot of TREL decay of the 600 nm emission from ZnS:NdF3 for a 5 µs 
voltage pulse 
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Figure 5-24 Log plot of TREL decay of the 530 nm emission from ZnS:ErF3  

5.6 Discussion 

5.6.1 Q-V Analysis 

 From the data presented in the previous sections it is clear that the electrical 

properties of rare earth doped ZnS change dependent upon the dopant.  As shown in 

section 5.2 and figures 5-1 to 5-3, the critical voltage for charge injection (point B) 

decreases as the drive voltage is increased for each phosphor.  This fact has often been 

reported [29,114] and can be explained by the amount of charge flowing at increasing 

voltages.  As the amount of charge flowing through the device is increased more electron 

interface trapping states will be filled for each pulse.  Electronic states with the deepest 

energy will fill first and continue filling to progressively shallower energies as the 

amount of charge increases.  At higher voltages, shallower electron states are filled and 
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charge from these states will tunnel inject at lower fields.  Hence, charge injection begins 

at lower critical voltages as the drive voltage is increased. 

 As the deposition temperature is increased the total external charge in the Tm 

doped devices dropped while the charge in the Nd doped phosphor remained constant 

(Figures 5-4 and 5-5).  The amount of decreased charge appears to be concentration and 

dopant dependant.  It is possible that the energy of electron trapping interface states 

induced by Tm have deeper energy distributions as compared to Nd.  If this is the case 

there will be fewer shallow states filled in the Tm doped phosphors.  The deeper trap 

states will require higher fields to inject charge through the device while a shallow 

distribution of electrons could still be injected at lower voltages (figure 5-25).  Despite 

the decreased threshold voltage of the higher temperature films, the transferred charge 

remained the same for all of the Nd doped samples while it dropped for the Tm samples. 

 

Figure 5-25 Energy band diagram of an ACTFEL device showing how the distribution of 
interface states can affect the electric field necessary for tunnel injection 
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 Even though the critical voltage for charge injection drops with increasing drive 

voltage, the electrical threshold of the device is defined as the voltage obtained from the 

slope extrapolation of the Qe-Vmax plot as shown in figure 5-26. The electrical thresholds 

for phosphors with varying duty cycles and deposition temperatures were shown in 

figures 5-4 and 5-5.  Data for the optical threshold for NIR emission were shown in 

chapter 4.  It was expected that the optical threshold for NIR emission would be at a 

lower voltage than for visible emission because the NIR emission from each rare earth 

originates from a lower energy excited state than the visible emission.  Shown in figures 

5-27 to 5-29 are B-V curves comparing the optical threshold for visible and infrared 

emission from each material.  The optical threshold voltages for visible and NIR emission 

are the same in all cases.  In figures 5-30 and 5-31 the electrical and optical threshold 

voltages are compared for each phosphor.  The optical and electrical thresholds are equal 

within experimental noise.  It appears that when electrical threshold is reached, the 

electric field is sufficiently high that injected electrons have enough energy to excite both 

the visible and NIR emission excited states.  While the NIR and visible optical thresholds 

are the same for ZnS, Kim et al. [118] have reported lower optical thresholds for NIR 

versus visible emission for rare earth doped GaN.  
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Figure 2-26 Transferred charge versus maximum applied voltage showing the electrical 
threshold for a typical ZnS:TmF3 device 

 



121 

 

0

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

0.0008

0.0009

0.001

100 120 140 160 180

Voltage (volts)

Irr
ad

ia
nc

e 
(m

W
/m

2 nm
)

800 nm
650 nm
480 nm

 

Figure 5-27 Irradiance from ZnS:Tm versus applied voltage showing the optical 
threshold is the same for NIR and visible emission   

 



122 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

100 110 120 130 140 150 160 170 180

Voltage (volts)

Irr
ad

ia
nc

e 
(m

W
/m

2 nm
)

892 nm
815 nm
602 nm

 

Figure 5-28 Irradiance from ZnS:Nd versus applied voltage showing the optical threshold 
is the same for NIR and visible emission 
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Figure 5-29 Irradiance from ZnS:Er versus applied voltage showing the optical threshold 
is the same for NIR and visible emission 
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Figure 5-30 Comparison of optical and electrical threshold voltages with changing duty 
cycle ratios for each dopant  
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Figure 5-31 Comparison of optical and electrical threshold voltages versus deposition 
temperature for each dopant  

5.6.2 C-V Analysis 

 As mentioned in the previous section, the critical voltage for charge injection 

shifts to lower voltages as the applied voltage is increased.  This is easy to see in the C-V 

plots for each dopant (Figures 5-8 to 5-10).  The ATO dielectric has a dielectric constant 

of 16 resulting in a capacitance of ~64 nf/cm2 for the 220nm thick layer.  In each case the 

capacitance after the critical voltage for charge injection is less than expected, i.e. is ~20-

30 nf/cm2 for every sample.  The lower capacitance value implies that the phosphors do 

not completely break down above the critical voltage.  As will be discussed below, the 

phosphor does appear to be completely broken down.  This implies that the unexpectedly 

small insulator capacitance is not a bulk effect.  In addition, there is a resistive 

component after the phosphor has broken down as evident from the positive slope of the 

 



126 

C-V curve after electrical breakdown, this behavior has been observed in ZnS:Mn thin 

films [48].  In the ideal model of an ACTFEL device, after break down the resistivity 

should be close to zero.   

To explain these data, formation of an interface layer with high electrical 

breakdown strength is postulated.  This layer could be formed at the ATO/phosphor 

interface during deposition, by oxidation of the phosphor surface, and/or reaction at the 

phosphor/aluminum interface.  It has been shown that sputter deposited ZnS grows as 

columnar grains, but that there is an equiaxed polycrystalline layer (~100 nm thick in 

ZnS:Mn doped with KCl) at the dielectric interface [119].  Also, the films are exposed to 

air before the deposition of the final contact making an oxide layer probable.  If the 

interface layer or layers change thickness with deposition temperature and are more 

resistive than the phosphor, then there would be a constant change between the 

capacitance before conduction onset and the capacitance after conduction onset.  An 

explanation of the possibility of an interface layer is discussed in section 5.6.4. 

5.6.3 Qint-Fp Analysis 

 The contribution of the rare earth dopants to the energy distribution of electron 

trapping states in the phosphors was discussed above in section 5.6.1 is consistent with 

data in figures 5-14 to 5-16.  As the rare earth concentration increases with deposition 

temperature, the internal charge in the Tm doped films decreases, while internal charge 

increases for Nd doped phosphors even with the decrease in phosphor field.  If the higher 

concentration of Tm leads to a higher concentration of deeper energy states, a lower 

internal charge would be expected because the field will not be strong enough to tunnel 

inject the charge from these deeper states.  If Nd were to contribute shallower states to 

 



127 

the distribution, then even with a lower phosphor field, there will be more charge injected 

at a lower field.  The internal charge versus Er concentration was constant within 

experimental noise, implying that Er did not significantly change the energy distribution 

of trapping states.   

 The relation between NIR emission, phosphor field and internal charge in Tm 

doped films is shown in figure 5-32, while figures 5-33 to 5-36 show the same for Nd or 

Er doped devices.  For Tm and Er, increased NIR peak intensity correlates with an 

increased phosphor field but not increased internal charge.  This implies that increased 

brightness results from a hotter electron distribution (i.e. increased phosphor field), not 

more electrons (increased internal charge).  This is consistent with the conclusion above 

that both Tm and Er have deeper energy trapping state distributions.  The charge trapped 

in the deeper states needs a higher field for injection and results in hotter ballistic 

electrons.  In the case of Nd, there is no clear relation between the phosphor field and 

infrared intensity.  In addition, increased internal charge is observed as the Nd 

concentration increases, while the infrared brightness decreases.  These observations are 

consistent with a shallow energy trap distribution for Nd since shallow traps would 

require lower fields to inject charge and lead to cooler ballistic electrons, plus electrons in 

shallow traps are more likely to be excited by other electrons, increasing the internal 

charge.  Without an increase in brightness with an increase in field or charge, brightness 

would be expected to increase with increasing concentrations.  While this expectation is 

realized at low concentrations, the decrease in brightness above 1 at% Nd can be 

attributed to non-electrical effects such as concentration quenching and decreased 

crystallinity at higher Nd concentrations, as discussed in the previous chapter.   
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Figure 5-32 Normalized internal charge, phosphor field and NIR brightness versus Tm 
concentrations in ZnS:TmF3.  Note that while the average of internal charge is 
nearly constant, the trend for both B40 and Fp is down as the temperature 
increases. This correlation is discussed in the text 
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Figure 5-33 Relation of internal charge and phosphor field with NIR brightness for 
ZnS:NdF3 with changing deposition temperature  
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Figure 5-34 Relation of internal charge and phosphor field with NIR brightness for 
ZnS:NdF3 with changing target duty cycle 
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Figure 5-35 Relation of internal charge with NIR brightness for various Nd 

concentrations in ZnS:NdF3 
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Figure 5-36 Relation of internal charge and phosphor field with NIR brightness for 
ZnS:ErF3 with changing deposition temperature.  Note that the brightness 
correlates with Fp and not with the internal charge 

5.6.4 Interface Layer Discussion  

The Qint-Fp plots (Figure 5-11 to 5-13) show that each of the phosphors exhibits 

pseudo field clamping, as evidenced by the near constant phosphor field at higher 

voltages.  Field clamping occurs when the charge is free to flow through the phosphor so 

that any increase in the phosphor field due to increased voltage is canceled by increased 

charge at the interface resulting in a ‘counter field’ which results in a constant phosphor 

field with increasing voltages.  When the phosphor field is not constant but increases 

slightly in proportion to increasing voltage, due to incomplete cancellation by charge 

accumulation, then pseudo field clamping is observed.  Field clamping is normally 

observed only during complete breakdown of the phosphor because of the need for rapid 
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charge movement. Based on the C-V data in figures 5-8 to 5-10, it appears the phosphors 

in this study did not completely break down, because the capacitance above the voltage 

required for charge injection was lower than that of the insulator alone.  However, if there 

is an interface layer that does not breakdown above the voltage necessary for charge 

injection, the bulk phosphor could breakdown enough to produce field clamping while 

appearing to remain capacitive.  If there is an interface layer below the aluminum contact 

then there could be charge build up on both sides of the phosphor. 

 A single amorphous ZnS interface layer created during deposition is probable.  

Thin film ZnS grown by spray pyrolysis can be amorphous [120] and the successive ionic 

layer adsorption and reaction technique (SILAR) has produced films that are amorphous 

for the first 250 nm and then become polycrystalline [121].  Sputtered and electron beam 

evaporated ZnS:Mn films have exhibited a 100 nm to 200 nm thick layer of small 

equiaxed grains before the columnar growth typical of ZnS films [118, 122].  Because the 

rare earths are much larger than Zn or Mn (~100 pm ionic radii for rare earths compared 

to ~70 pm for Zn and Mn) an amorphous layer instead of a small grained layer is not 

unlikely.   

 It is hypothesized that a layer of amorphous ZnS between 80 and 170 nm thick is 

grown during deposition and that the thickness of the amorphous layer depends on the 

rare earth dopant and the deposition temperature.  Using the C-V data collected and 

knowing the capacitance of the ATO layer (64 nf/cm2, as discussed above) the required 

capacitances of the bulk ZnS film and the interface layer can be calculated.  The 

capacitance of a material is given by 

d
C rεε 0=  
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where εo is the permittivity of free space, εr is the relative dielectric constant, and d is the 

thickness.  If there is no interface layer, based on the C-V data, the dielectric constant of 

the ZnS film needs to be ~4.5.  The typically cited dielectric constant of ZnS is between 

8.0 and 8.5 [123, 124].  A dielectric constant of <5 for a polycrystalline layer of ZnS 

seems low, however, the American Institute of Physics Handbook warns that 

“Discrepancies in the dielectric constant of the order of 10% are frequently found in the 

literature.” [125]. In addition, the dielectric constant is dependant on the temperature and 

crystallinity of the material as well as the measurement frequency [122, 125, 126].  The 

dielectric constant of thin film BaTiO3 has changed from ~20 to over 100 when the film 

is changed from amorphous to polycrystalline [122].  On the basis of poor crystallinity 

for the bulk ZnS and a drive frequency of 2.5 kHz of ~6.4 (20% lower than typically 

reported) does not seem unreasonable.  Because of its amorphous nature the dielectric 

constant assigned to the interface layer is 4.0 (50% lower than typically reported).   

 Calculations of layer thicknesses were done using the previous equation and 

ilftb CCCC
1111

++=  

where Ctb is the total capacitance below the critical voltage, Cf is the bulk ZnS film 

capacitance, Cl is the interface layer capacitance, and Ci is the insulator capacitance for 

the capacitance below the injection voltage.  The layer thicknesses above the injection 

voltage were calculated using 

ilta CCC
111

+=  

where Cta is the total capacitance above the injection voltage.  From the dielectric 

constants listed above and the capacitances from the C-V data, interface layers of ~35%, 
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~22%, and ~27% the total film thickness for Tm, Nd, and Er doped phosphors 

respectively provide capacitances within 10% of those measured when the deposition 

temperature was changed.  Figures 5-37 and 5-38 show the interface layer thicknesses of 

ZnS:TmF3 and ZnS:NdF3 calculated for various deposition conditions.  Samples 

deposited at the same temperature with varying sputter target duty cycles obtained results 

within 10% of the measured capacitance for a constant interface layer thickness.  Studies 

have shown that the capacitance above the injection voltage increases to ~64 nf/cm2 with 

annealing [127].  This is in agreement with the decrease in interface layer thickness with 

increasing deposition temperature.  The decreasing interface layer thickness is attributed 

to increased atomic mobility resulting in faster crystallite formation during deposition 

and the conversion from amorphous to polycrystalline when annealed.  Studies of 

ZnS:Mn support this description having shown that the fine grained layer in those devices 

exhibits strong crystal growth with annealing [122]. 
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Figure 5-37 Calculated interface layer thicknesses for ZnS:TmF3 as a function of 
deposition temperature and duty cycle (Duty cycle data plotted at the duty 
cycle + 100 i.e. a duty cycle ratio of 50 is plotted at 150) 
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Figure 5-38 Calculated interface layer thicknesses for ZnS:NdF3 as a function of 

deposition temperature and duty cycle (Duty cycle data plotted at the duty 
cycle + 100 i.e. a duty cycle of 50 is plotted at 150) 

 



CHAPTER 6 
CONCLUSIONS 

 

6.1 Deposition Effects on the Physical Properties and Optical Properties of ZnS:RE 
Phosphors 

The effects of deposition conditions during simultaneous R.F. magnetron sputtering 

of undoped and doped ZnS targets on the electroluminescent emission of near infrared 

and visible light from ZnS ACTFEL devices doped with TmF3, NdF3, or ErF3 have been 

studied without annealing.  It was shown that changing the target duty cycle (50% to 

100%) in the dual target deposition system or changing the substrate temperature (130-

190C) can dramatically change the properties and performance of these devices.   

EDS and EPMA showed that the rare earth (Tm, Er, or Nd) concentrations 

increased with increasing deposition temperature.  This increase was attributed to 

increased thermal desorption of the host species as the temperature was raised, consistent 

with a decrease in ZnS deposition rate as the deposition temperature was raised.  It was 

also shown that as the concentration of the rare earth was increased by either an increased 

deposition temperature or increase in the doped sputter target duty cycles, the 

crystallinity of the phosphor film decreased.  The RE ions substitute for Zn ions in the 

lattice and the large rare earth ions create strain in the crystal lattice leading to decreased 

crystallinity.   

The concentration of rare earth is one of the most influential factors for controlling 

the electroluminescent power from the device.  The brightest NIR and visible emission 

138 
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was produced by phosphors with a rare earth concentration of 0.8 to 1.1 at% for each 

dopant.   The near infrared emission from these ZnS:RE phosphors was increased form 

300% to 700% by decreasing the rare earth concentration from 2 at% to 0.9 at%.  The 

decrease in brightness at rare earth concentrations >1 at% was attributed to concentration 

quenching and reduced crystallinity.   

Time resolved data from the visible emission of each phosphor allowed calculation 

of the luminescent decay times which were ∼100 times faster than expected from these 

materials after annealing.  This fast decay was attributed to a large fraction of the excited 

electrons decaying non-radiatively due to poor crystallinity of the as deposited samples.  

In addition, it was found that excitation of the luminescent centers occurs during the 

plateau of the driving waveform in addition to the rising edge of the pulse increasing the 

irradiance when driven by longer pulses.  The NIR emission from Tm has a slower rise 

time and a slower decay time than the visible emission suggesting the possibility that the 

1G4 level that produces the visible emission is feeding the 3F4 level that produces some of 

the NIR emission. 

6.2 Electrical Properties of ZnS:RE Phosphors 

 The optical threshold voltages for visible and near infrared emission were 

expected to be different because of the differing energies in the excited states responsible 

for the luminescent transitions, however the experimental data showed that the threshold 

voltages were the same for the NIR and visible emission for each phosphor.  The optical 

threshold voltage was equal to the electrical threshold voltage in each case.  It was 

speculated that the field necessary to create electrical breakdown was sufficient to 

accelerate injected electrons to high enough energy to excite both the NIR and visible 
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transitions.  While the electric field in the films for each dopant decreased for the thinner 

films deposited at higher deposition temperatures, the internal charge through phosphors 

doped with Nd increased while the internal charge in the Tm phosphors decreased.  This 

difference was attributed to the depth of the interface states as modified by dopant.  It is 

proposed that Nd creates a shallower energy state distribution than Tm or Er, so Nd 

doped phosphors will have more electrons injected from shallow state traps even at the 

lower field.   

Finally, all of the devices exhibited capacitances that were lower than expected 

after electrical breakdown and they also exhibited pseudo-field clamping.  The low 

capacitance implies that the phosphor is not fully breaking down, but this fact is not 

consistent with the observation of field clamping, which requires fast charge transport.  It 

was postulated that an amorphous interface layer with low dielectric constant, high 

electrical break down strength was formed during deposition.  While the majority of the 

phosphor layer fully breaks down at the threshold voltage, allowing charge to flow fast 

enough for field clamping to occur, the interface layer does not breakdown and continues 

to contribute to the capacitance, and lowers the value from that of the insulator alone.  

Calculations show that the interface layer is consistently 35%±10% as thick as the total 

deposited film for ZnS:Tm and 22%±10% of the thickness for ZnS:Nd, indicating that the 

layer is formed during deposition of the films and not after removal from the deposition 

chamber.  The interface layer will significantly decrease the brightness of the device 

because of its higher breakdown strength and amorphous nature. 
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