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Alternating-Current Thin-Film Electroluminescent Device Optical
Excitation Experiments
Chapter 1
Introduction
The thin-film electroluminescent device is a promising candidate in the current

search for a new type of electronic display. Currently, most electronic displays are
either liquid-crystal-displays (LCDs) for smaller applications, or cathode-ray-tubes

(CRTs) for larger applications. The need for a more durable, lighter weight, greater
viewing angle display has led to the development of flat-panel displays as a possible al-

ternative. The devices investigated in this thesis fall into the category of alternatingcurrent thin-film electroluminescent (ACTFEL) devices. They offer many benefits

including light weight, high brightness, wide viewing angle, and the ability to make
very small devices used for heads-up displays. These combined factors make ACT-

FEL devices a flat panel display industrial contender.

ACTFEL devices, as the name suggests, are driven using an alternating current

(AC) voltage source. Light is produced in the device by excitation of luminescent
impurities by electrons which are accelerated by the applied field. The luminescent
impurities are intentionally added to the phosphor. By changing the type of luminescent impurity, the wavelength of light emitted from the device can be changed. Until
recently, the lack of an efficient blue phosphor has precluded commercial development

of a viable full-color ACTFEL flat panel display.

The purpose of this thesis is to investigate the operation and device physics of
ACTFEL devices by means of two optical excitation measurement techniques. The

first is an experiment in which ACTFEL devices are excited with an ultra-violet
(UV) laser pulse during device operation. UV photons absorbed in the phosphor
generate electron-hole pairs which are subject to the external applied voltage. The

transport of photo-injected carriers is measured by acquiring the voltage induced on

a sense capacitor in series with the device. The photo-induced charge (PIQ) and

2

the photo-induced luminescence (PIL) which is the light generated by the photoinjected carriers, are measured as a function of the maximum applied voltage. This

measurement allows observation of the transport of electrons and holes separately.

In addition, PIQ and PIL measurements facilitate decoupling of carrier transport
from carrier injection.
The second experiment, subthreshold voltage-induced transferred charge (VIQ),

consists of driving the ACTFEL device with a bipolar trapezoidal electrical pulse
until the ACTFEL device reaches steady-state and then illuminating the device with

broadband radiation from a xenon lamp. The maximum charge induced on a sense

capacitor in series with the device during the optical portion of the experiment is
related to the maximum applied voltage during the electrical portion of the experi-

ment. VIQ curves demonstrate that ionization of traps, giving rise to space charge
within the phosphor, occurs well below the conduction threshold. Different deposition methods yield very different VIQ aging trends due to the quality of the interfaces

and possibly the bulk of the crystal. These trends are discussed separately for evaporated, atomic layer epitaxy [ALE] (Cl), and ALE (DEZ) ZnS:Mn ACTFEL devices.

Chapter 2 is an overview of ACTFEL device operation and standard electrical
measurements as well as a review of literature relevant to the subject of optical excita-

tion of ACTFEL devices. Chapters 3 and 4 are detailed accounts of the two different

experiments, PIQ/PIL and VIQ. Each of these chapters includes: an introduction,
experimental apparatus, experimental procedure, theoretical basis and expected results, experimental results, and conclusions. Conclusions and recommendations for

future work are offered in Chapter 5.
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Chapter 2
Literature Review of ACTFEL Devices

Basic device structure and operation are presented in this chapter, as well as a
review of literature pertinent to the investigation of optical excitation experiments
of ACTFEL devices. Specifically, the work of Corlatan et al., and work from the

Heinrich-Hertz Institute (HHI) are reviewed as the basis of the PIQ/PIL work performed for this thesis. Also, the research of Vlasenko et al., on photo-depolarization

(PDP) is discussed since their experimental results are quite similar to those presented in this thesis via the VIQ method, as discussed in Chapter 4.

2.1

Device Structure
The structure of a standard ACTFEL device, as shown in Fig. 2.1, is a sand-

wich of phosphor between two insulating layers, with contacts on either side. The

device is normally grown on a glass substrate. The first layer to be deposited is a
transparent conductor, indium tin oxide (ITO). Next, a transparent insulator, aluminum titanium oxide (ATO) or barium tantalum oxide (BTO) is deposited onto

the stack. The phosphor is then deposited by sputtering, thermal evaporation, or
atomic-layer epitaxy (ALE), followed by another insulator, which is then topped off
by an aluminum contact.

For experimental purposes, it is most convenient to drive ACTFEL devices with
a bipolar trapezoidal waveform. The standard waveform has 5 ps rise and fall times

and a 30 As plateau, at a frequency of 1 kHz, as shown in Fig. 2.2. The letters on
the diagram serve as convenient points of reference when investigating the standard

electrical measurments. This trapezoidal pulse is employed rather than a sine wave
or triangle wave because of the constant applied voltage during the plateau of the

pulse. A constant applied voltage has many advantages, as discussed below.
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Figure 2.1. ACTFEL device structure.

E

F

J

H

Figure 2.2. Standard ACTFEL driving waveform.
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Figure 2.3. Standard ACTFEL experimental apparatus.
2.2

Experimental Apparatus
The standard experimental apparatus employed for ACTFEL characterization

consists of an arbitrary waveform generator (Wavetek model 395), a digital oscilloscope (Tektronix model TDS420), a computer (PC 486-66), a 100 nF sense capacitor,

and a high voltage amplifier, as shown in Fig. 2.3. The optical measurements neces-

sitate the use of additional equipment, but for standard electrical characterization,
this is all that is required. The arbitrary waveform generator is programmed by
the computer to output the bipolar waveform. The waveform is then amplified by
a custom high voltage amplifier which is used to drive the sample. The sample is

connected in series with a sense capacitor to ground. Standard electrical measurements are achieved by measuring the charge on the sense capacitor as a function of
the applied voltage. GPIB interfacing of the equipment allows all experiments to be

automated, and data acquired by the digital oscilloscope is stored in the computer.
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C i'1
C
Ci2

Figure 2.4. Three capacitor model of an ACTFEL device.
2.3 Electrical Characterization Techniques

The standard electrical measurements to be discussed are the capacitancevcitage (C-V), the charge-voltage (Q-V), the internal charge phosphor field (Q-FP),
and the maximum charge maximum applied voltage (Qmax-Vmai), also known as

the transferred charge measurement.
The charge-voltage (Q-V) experiment is a measurement of the charge measured
externally across the sense capacitor as a function of the external voltage applied

to the device. The standard ACTFEL device can be most simply modeled as three
capacitors in series, as shown in Fig. 2.4, where Cif and Cie refer to the capacitances
of the two insulating layers and Cp represents the capacitance of the phosphor layer.

The insulators and the phosphor are all modeled as capacitors, with the phosphor
modeled as a variable capacitor. As the phosphor breaks down and conduction
is achieved, the phosphor capacitance goes to infinity since conduction essentially
shunts the phosphor capacitance out of the circuit. Since capacitors in series add
reciprocally, the capacitance of the ACTFEL device is expected to increase as conduction occurs. Since capacitance is equal to the partial derivative of the charge with
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Figure 2.5. Example Q-V plots.
respect to the voltage, the slope of the Q-V curve is the capacitance of the device. A
typical Q-V curve shows two distinct regions corresponding to operation below and
above the onset of conduction, as shown in Fig. 2.5.
Below the onset of conduction a smaller slope is observed; this corresponds to

the reciprocal sum of the phosphor capacitance and the insulator capacitances. A
discontinuity in the slope is observed at the turn-on voltage. Above the turn-on
voltage, the Q-V slope corresponds to only the reciprocal sum of the two insulators.
The best method for determining the total and insulator capacitance (assuming the
device is well behaved) is to calculate the slopes of the Q-V plot above and below turn-

discussed below. In
on, respectively. The slope of the Q-V curve is the C-V curve,
capacitor;
all electrical characterization, the ACTFEL device is in series with a sense

thus, the device under test has the same charge across it as the sense capacitor.
A Q-V curve is traversed in a counter-clockwise sense, starting at point A on the
driving waveform. Below turn-on, the Q-V curve is just a line at some angle with
respect to the coordinate axis; in this regime, no conduction charge is observed. Normally, Q-V measurements are taken at 20, 40, and 60 V above threshold. Assuming
the device contains no space charge (i.e. has either never been operated before, or
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Figure 2.6. Example C-V plot.
has just been optically reset) the charge on the sense capacitor will increase with
increasing voltage from point A to point B. From point B to point C on the Q-V
curve, the voltage across the device is still increasing and the slope of the Q-V curve
is constant. Between C and D, the voltage is constant and a slight increase in the

slope is observed, as explained below. From D to E, the voltage decreases and a
corresponding decrease in the charge is observed. From E to F, the voltage is zero
and the change in charge is referred to as "leakage charge". Points F-J correspond
to the negative pulse, with the same regions of operation, only in the opposite sense.
The capacitance-voltage (C-V) measurement is accomplished by acquiring

the voltage applied to the ACTFEL device and the voltage induced across the sense

capacitor as a function of time. The derivatives of both the applied voltage and
the charge induced on the sense capacitor are obtained and used to calculate the
capacitance of the device as a function of the applied voltage. Since i = dq(t)/dt and

C = dq(t)/dv(t), by taking dye/ (t)/dt (the derivative of the voltage dropped across
the ACTFEL device with respect to time), dq(t) /dt can be divided by dve/(t)/dt to
obtain dq/dv,/, the capacitance. An example capacitance-voltage curve is shown in
Fig. 2.6.
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Figure 2.7. Example Q-Fr plot.

The internal charge

phosphor field (Q-FP) curve is traversed in a clockwise

direction, once again starting at point A on the driving waveform. The phosphor
field is calculated from

fp(t) =

1

[V2 (t)

V3 (t)})

(2.1)

Up

where dp is the phosphor thickness of the device. This equation allows the phosphor

field to be calculated if accurate values for the capacitances and the thickness are
known. A typical Q-Fp curve, as shown in Fig. 2.7 is calculated using the insulator
capacitance found from the slope of the Q-V curve above turn-on. Point A on the
Q-FP curve is offset from zero by the polarization charge which remains from the
previous opposite polarity pulse.

From point A to B the internal field increases, until at point B, ideally, the
internal field reaches a value which remains constant until point C. If the B to C
phosphor field is constant for applied voltages of 20, 40 and 60 V over threshold the

device is said to exhibit "field-clamping". The internal phosphor field is a constant
from B to C and the excess external applied voltage is dropped across the insulators.

From point C to D, the charge continues to increase, but the field decreases slightly;
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this is referred to as "field relaxation" . Then from D to E, the falling edge of the
electrical pulse, the field decreases linearly with no change in internal charge. From
E to F leakage charge is observed. Once again, points F through J correspond to the
negative pulse.

Other values of interest, which are labeled in Fig. 2.7, are the conduction charge

(Qcond) the polarization charge (shown as Qmax in Fig. 2.7), and the relaxation
charge (Qrelax)- The conduction charge is the total charge transferred across the

device during one pulse. The polarization charge is the charge which remains from

the last opposite polarity pulse. The beginning of the positive pulse is aided by the
positive charge remaining from the last negative pulse. The mechanism for relaxation

charge is not clear at this time [8], but the effect results in a decrease in the internal
field of the phosphor.

The final standard electrical measurement to be discussed is the maximum transferred charge versus maximum applied voltage (Qmax

Vmax), or transferred charge

measurement. For this experiment, the maximum charge on the sense capacitor,
which occurs at point D, is measured as a function of the maximum applied voltage.

A single Qmax data point is the result of averaging a number of electrical pulses at
the same Vniax Following acquisition of a specific Qmax at a given Vmax, the voltage

is ramped up to a new Vmax, the device is allowed to reach steady-state, and the next

Qmax data point is acquired. Of particular interest is the region where the device
first turns on; this is referred to as the threshold voltage. At this point the slope of
the Qmax Vinax curve has a discontinuity resulting from the onset of charge transfer.

2.4 Photo-Induced Charge and Luminescence Measurements

The photo-induced charge (PIQ) and photo-induced luminescence (PIL) measurement techniques were originally developed by Corlatan et al. who analyzed
evaporated ZnS:Mn ACTFEL devices with probe layers in which only certain regions

of the phosphor were Sm-doped. [9, 10] Initial work on PIQ/PIL was performed by
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Corlatan et al. in Belgium, as well as at the Heinrich-Hertz Institute (HHI) in Berlin.
To perform PIQ/PIL experiments, a laser is incident on the ACTFEL device while an

external voltage is applied to the device. The theoretical basis of PIQ/PIL measure-

ments is that electron-hole pairs are generated within (-40-60 nm [9] of the nearest
phosphor surface by an ultraviolet laser pulse. When the aluminum contact (the
near-surface electrode) is negatively biased, photo-induced electrons are transported

across the phosphor, while holes remain close to the phosphor/insulator interface at

which they are created.

The PIQ signal is the charge induced on a sense capacitor in series with the
device as a result of the photo-injected carriers. The PIL signal is the measured
luminescence that arises from excitation of luminescent impurities as the photoinduced electrons transit the phosphor. When the aluminum contact is positively
biased, photo-induced holes traverse the phosphor, giving rise to PIQ and PIL, and

electrons remain close to the phosphor/insulator interface at which they are created.
One of the advantages of PIQ/PIL experiments is that electron and hole trans-

port may be studied independently by simply changing the polarity of the DC bias.
The short absorbtion length of the phosphor in the UV portion of the electromag-

netic spectrum allows the electron and hole transport to be decoupled. If UV light
is evenly absorbed across the phosphor, then this experiment could not differentiate
hole transport from electron transport. Also, PIQ/PIL experiments allow the study

of transport independent of carrier injection; the carriers injected by the UV laser
pulse are not emitted from interface states, as in standard electroluminescent device
operation, but are generated within the bulk of the semiconductor by band-to-band
absorbtion of UV photons.

The PIQ/PIL experiments performed by Corlatan et al. differ from the experiments described in this thesis in a few important ways. Their samples possess probe
layers of phosphor selectively doped with luminescent impurities, while the samples

tested in this thesis are uniformly doped. Their experiments provide information
about the fields within the phosphor at different distances from the interface. By
fabricating samples with a doped probe layer, they could establish where the photo-
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induced luminance originates. If the electric field is large enough within the doped

probe layer for electrons (or holes) to gain enough kinetic energy to impact excite
luminescent centers, then light is produced. Conversely, if the field in the probe

region is below that needed for impact excitation, then no light is produced. The
average phosphor field may be estimated based on the applied voltage, but due to
band-bending from space charge, the local fields are not known. If a uniformly dis-

tributed space charge is assumed, then a cathode field can be calculated. However,
determination of the internal field as a function of distance is difficult.
The use of probe layers excited by UV laser photo-generated carriers is an excel-

lent means of determining internal fields. When the photo-generated carriers transit

the phosphor, the only region in which the carriers can create light is the doped
region; thus, if photo-induced light is observed, the field in the doped region must
be higher than the excitation threshold for luminescent centers.

Another difference between the work performed in this thesis and the work of

Corlatan et al. is that they do not perform a difference curve analysis of their data
by subtracting a data set in which the laser is not applied, as shown in Fig. 3.4.

Therefore, their PIQ/PIL data includes the effects of normal electroluminescence,
while the method employed in this thesis attempts to isolate the response to that of
only photo-injected carriers.

Corlatan et al. concluded that in ZnS:Mn ACTFEL devices hole transport may
give rise to impact excitation-induced electroluminescence, holes are approximately

half as efficient as electrons in contributing to the transferred charge, and that the
efficiency of hole transport (where efficiency is defined as PIL divided by PIQ) is significantly greater for holes than electrons. Their conclusion that the photo-induced
hole efficiency is greater than the photo-induced electron efficiency was very surpris-

ing to them. They interpreted this result as arising from differences in the electric
field profile in the phosphor for the cases of hole and electron transport.

In contrast, the PIQ/PIL measurement performed by the HHI group [11, 12, 13,
14, 15] differ significantly from that of Corlatan et al. and from that reported in this

thesis in that no optical reset pulse is used and the devices are driven continuously
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with an electrical pulse. In the HHI method, each set of data is obtained by driving
the device electrically with 100 pulses at a given voltage, followed by a measuring
pulse which is applied at the same time as the laser pulse. This allows the device to
reach steady-state before application of the laser pulse. However, the steady-state
condition is different for each voltage, whereas an optical reset pulse allows one to
start from the same initial condition before each measuring pulse.

HHI experiments are performed using SrS:Ce ACTFEL devices, as opposed to
the experiments presented in this thesis and the work of Corlatan et al., which focus

on ZnS:Mn ACTFEL devices. PIQ/PIL measurements performed by HHI using
multi-source deposited SrS:Ce ACTFEL devices show no evidence of hole transport.
[11, 12, 13, 14, 15] Thus, carrier transport in SrS:Ce ACTFEL devices is dominated

by electrons. PIQ/PIL trends point to the important role of dynamic space charge in
determining the behavior of SrS:Ce devices. Furthermore, PIQ/PIL measurements
provide evidence for electron multiplication in SrS at fields significantly below that
of the normal ACTFEL threshold, which is attributed to defect ionization.

2.5

Photo-Depolarization and Aging Experiments

Results of photo-depolarization (PDP) experiments performed by Vlasenko et
al. are similar to results in this thesis research obtained by the VIQ technique.
[16] The PDP experiments are performed by applying a below-threshold DC voltage
to the device and then stimulating the ACTFEL device with a variable wavelength
light source. As the device is illuminated, an excitation wavelength-dependent photocurrent is measured. The polarity of the applied DC voltage is then reversed and the

device is photo-depolarized (i.e. optically reset) once again. The ACTFEL device is
not electrically excited during PDP measurements. Following measurement of PDP

for both polarities, the device is aged for a period of 10 hours with a 5 kHz sine
wave with a tranferred charge of 1 pC/cm2. PDP experiments are then performed
on the aged sample and this data is then used to determine the aging properties of
the phosphor as well as the interfaces.
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The most pertinent result of the PDP experiment is the possibility of negative
space charge being present in the ZnS:Mn phosphor layer. The traditional understanding of the physics of ZnS:Mn ACTFEL devices has given rise to the supposition
that only positive space charge occurs in these devices. The measured PDP curves

of ALE deposited ZnS:Mn ACTFEL devices are asymmetrical with respect to the
polarity of the charging voltage, which is attributed to electron traps of energy depth

1.2 eV, which give rise to negative space charge.

Kononets et al. perform PDP experiments on ALE ZnS:Mn ACTFEL devices
deposited with two different precursor gases, one containing chlorine, the other containing diethyl zinc (DEZ), an organic compound. [17] The PDP aging trends give

very different results for the two different precursor gases. The data suggest that
the energy bands are bent differently for each interface. It is thought that the aging
process in Cl-deposited ZnS:Mn ACTFEL devices is due to migration of Cl resulting

in a shallower source of free electrons; i.e. the Cl atoms diffuse and sit on S sites,
becoming shallow donors following aging.

In contrast, the PDP polarity reverses after aging of ALE (DEZ) ACTFEL
devices, presumably because the interfaces are depleted of electrons. This effect
is observed after only minutes of operation, and is attributed to a thin interlayer
with a lower work function which is generated near the interfaces. Electrical, optical
(brightness-voltage (B-V)), and PDP aging trends show that the chlorine-deposited
phosphor degrades much faster and more dramatically than the DEZ-deposited film.
Vlasenko et al. also perform PDP experiments on evaporated ZnS:Mn ACTFEL

devices. [16] PDP spectra are acquired after the ACTFEL devices are aged for 3 h
and then again after 10 h using a 5 kHz sine wave. The results of this study show

a decrease in the concentration of both acceptor and donor-like traps within the
phosphor. The decrease in concentration is attributed to gettering of the defects to

grain boundaries during drift. This results in a decrease of the Fermi level within
the phosphor.
Vlasenko et al. find evidence from PDP that Cl-sf- in ALE (Cl) ZnS:Mn ACTFEL

devices exists at an energy depth of 0.3 eV. Vlasenko et al. also find evidence that
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oxygen in ALE (DEZ) ZnS:Mn ACTFEL devices exists at an energy depth of 0.9-

1.2 eV. The findings of the VIQ experiment, as well as electrical characterization
performed concomitant with the VIQ experiments, support the findings of Vlasenko

et al., as discussed in Chapter 4.
Previous work on the aging trends of ZnS:Mn ACTFEL devices is now investi-

gated. The aging trends of ZnS:Mn ACTFEL devices have been studied by several

groups. Bossche et al. find that aging with asymmetrical waveforms provides evidence for migration of traps as a possible mechanism for aging of evaporated and
ALE ACTFEL devices. [18] Their method shows that shallow donor states generated

during aging may be made to migrate by applying a DC field to the ACTFEL device.

It is postulated that these traps move from the insulator into the bulk of the ZnS
layer.

Soenen et al. investigate the aging behavior of ALE ZnS ACTFEL devices with
different precursor gases. [19] Precursors containing Cl and precursors which do not
contain Cl are used in the deposition of undoped ZnS. Conclusions drawn from their

experiments suggest that Cl is not responsible for the softening characteristics observed in the electrical (C-V) and optical (B-V) aging trends of the ACTFEL devices

studied. Also, evidence is found which suggests that donors are initally created near

the first grown (bottom ITO)) interface, with subsequent aging generating donors
near the last grown (top (Al)) interface.
The main studies which are pertinent to this thesis involve observing changes in

C-V curves with aging. C-V curves can shift either positively or negatively (p-shift

or n-shift) depending on the deposition method. If the above-turn-on C-V curve
deviates from the ideal, i.e. C does not equal Ci (the physical insulator capacitance),

two situations are possible. First, the measured capacitance is less than Ci due to
inadequate sourcing of carriers. Second, the measured capacitance is greater than
Ci due to space charge in the phosphor. [20] The existence of overshoot in a C-V
curve is also thought to be evidence of space charge in the phosphor. Softening of
the turn-on portion of a C-V curve is indicative of electrons being injected from bulk

trap states. [20]
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The three ZnS:Mn phosphor layer deposition methods investigated for this thesis

are evaporated, ALE(C1), and ALE(DEZ). Evaporated ZnS:Mn ACTFEL devices
tend to exhibit a rigid p-shift of the C-V curve with aging. [21] However, after
long aging times (24 hours at 3 KHz), the C-V curve begins to exhibit rigid n-shift
which saturates after a very long aging period (a week or so). ALE deposited ZnS:Mn
ACTFEL devices tend to show very little change in the C-V curve if a DEZ precursor
is used. ALE ZnS:Mn ACTFEL devices deposited with Cl show softening of the C-V
curve when the first deposited interface is sourced, and p-shift of the C-V curve when

the last deposited interface is sourced. [20]

In summary, the aging trends of importance to this thesis are (i) softening of
the C-V curve, (ii) shifting of the turn-on voltage of the C-V curve, and (iii) overall
degradation of the brightness of the device. Item (ii) is of particular interest because

it can be correlated to the VIQ, as discussed in Chapter 4.

17

Chapter 3
Photo-Induced Charge and Luminescence Measurements

3.1

Introduction
Photo-induced charge (PIQ) and photo-induced luminescence (PIL) measure-

ments have been employed by several groups for the characterization of ACTFEL
devices [9, 10, 11, 12, 13, 14, 15]. PIQ and PIL experiments involve the creation
of electron-hole pairs (generated by a short ultraviolet laser pulse) in the phosphor
near one of the phosphor/insulator interfaces, transport of this photo-induced charge

across the phosphor (aided by the application of a DC voltage across the ACTFEL
stack), and measurement of the charge transferred across the phosphor layer or the
luminescence emitted from the phosphor layer, respectively, as a function of the mag-

nitude of the applied DC voltage. For a discussion of previous PIQ/PIL work, refer
to, Section 2.4.

The purpose of this section is to present a PIQ/PIL study of commercial-quality
evaporated ZnS:Mn ACTFEL devices of variable phosphor thickness. The trends
found in this study are consistent with the work of Corlatan et al. [9, 10] In agreement

with Corlatan et al., the efficiency of elecgtron transport is found to be greater than

that of hole transport. In contradiction with Corlatan et al., this is attributed to
hole trapping which modifies the electric field profile in the phosphor. Moreover,
the data which appears to be due to hole transport is attributed to electrons being
injected from the opposite phosphor-insulator interface.
A word of caution is required when comparing PIQ/PIL data of different groups.

Of the three groups reporting PIQ/PIL results, all perform these experiments in a
different manner. Our procedure is very close, but not identical, to that of Corlatan
et al. but is very different from that of the HHI group. Differences between PIQ/PIL
procedures are discussed in the following section.
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3.2

Experimental Procedure
The samples used in this study are fabricated at Planar America and consist

of a standard ACTFEL structure with SiON top and bottom insulators, evaporated
ZnS:Mn as the phosphor layer, an indium-tin oxide (ITO) bottom contact, and alu-

minum top contact. The top and bottom insulator thicknesses are approximately
110 nm and 180 nm, respectively, for all three of the ACTFEL devices used in this

study, whose phosphor thicknesses are 300, 700, and 950 nm, as seen in Fig. 2.1.

For PIQ/PIL experiments, a -15 nm thick semi-transparent layer of aluminum is

thermally evaporated onto the sample so that a small portion of this layer overlaps neighboring thick aluminum dots, but the majority of the thin contact covers

the uncontacted ACTFEL stack. The purpose of this semi-transparent aluminum
layer is to allow ultraviolet laser radiation to pass through the thin contact, creating

electron-hole pairs in the phosphor, and yet to allow carriers to be collected via the
semi-transparent contact.

The theoretical basis of PIQ/PIL measurements is that electron-hole pairs are
generated within '40 -60 nm [9] of the nearest phosphor surface by an ultraviolet laser

pulse. When the aluminum contact is negatively biased, photo-induced electrons are

transported across the phosphor, while holes remain close to the phosphor/insulator
interface at which they are created, as seen in Fig. 3.1.

The PIQ signal is the product of the number of photo-generated electrons mul-

tiplied by the distance that each electron travels. The PIL signal is the measured
luminescence that arises from impact excitation of Mn as these photo-induced elec-

trons transit the phosphor. When the aluminum contact is positively biased, the
holes traverse the phosphor, giving rise to PIQ and PIL, and electrons remain close

to the phosphor/insulator interface at which they are created, as seen in Fig. 3.2.
The PIQ/PIL experimental apparatus is shown in Fig. 3.3. The ultraviolet
radiation is generated by a nitrogen laser at a wavelength of 337 nm which pumps a

dye laser tuned to 500 nm, which then passes through a doubling crystal to create
250 nm radiation pulses with intensity of 1-2 nJ/pulse. Since the band gap of ZnS
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Figure 3.1. Energy bands for a negatively biased PIQ/PIL experiment.
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Figure 3.2. Energy bands for a positively biased PIQ/PIL experiment.
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Figure 3.3. Experimental apparatus for PIQ/PIL experiments.
is 3.7 eV (330 nm), this photon energy is sufficiently large to create electron-hole
pairs by band-to-band generation. The DC voltage applied to the ACTFEL device
is generated by an arbitrary waveform generator (Wavetek model 395) and amplified
by a high voltage amplifier. The PIQ signal is measured by means of a 100 nF sense

capacitor in series with the ACTFEL device via a digitizing oscilloscope (Tektronix
model TDS 420A). The PIL signal is measured by placing a fiber-optic bundle at the

edge of the glass substrate and passing the collected light through a monochrometer (Jarrell-Ash model 82-140) to a photo-multiplier tube (Hamamatsu model R928)
which is then monitored by the digital oscilloscope.

In a PIQ/PIL experiment, the PIQ and PIL signals are measured as a function
of the magnitude of the applied voltage across the ACTFEL device.
Three different methods of obtaining PIQ/PIL were investigated: 1) no optical
reset, new voltage each time. 2) electrical clearing pulse. 3) optical reset.
The first method yields preliminary results which look promising, but each laser
pulse occurs with the device in a different state, i.e. interface state occupancy differs
and bulk states are ionized to varying degrees based on the previous electrical pulses.

For this method of accomplishing PIQ, the device is continuously electrically stimu-
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lated with a laser pulse occuring every 1000 electrical pulses. Later research showed

that 1000 pulses (below threshold) arc not sufficient to fully eliminate the effects of
the previous laser pulse. If the de vice is driven continuously with a 50 V pulse, the
bands are bent by some amount, due to static space charge, leading to cathode field

enhancement which would aid the transport of photo-injected carriers. This effect
is even stronger if the device is driven by above-threshold voltage pulses. Also, once

the device is driven above-threshold, space charge remains trapped in the device for

a very long time. Thus, aging a device at 40 V over threshold and then operating
it at low voltages gives misleading results, as the device contains a large amount of

static space charge. The possible generation of static space charge below threshold
is discussed in detail in the next chapter. The purpose of PIQ/PIL experiments is to
optically stimulate the device with the laser while the device is experiencing a known
internal field.

The lack of a constant starting point for each new voltage led to attempts to use
an electrical clearing pulse, as developed by Hitt for standard electrical measurments

[22]. If an ACTFEL device is driven with a constant above-threshold voltage, each
new voltage/laser pulse will see the same initial condition. When voltage pulses

are applied above threshold, the ACTFEL device reaches steady-state quickly, as
opposed to the application of below-threshold pulses, in which case many thousands

of voltage pulses are required to reach a steady state.

For electrically reset PIQ/PIL experiments, the ACTFEL device is driven at
r-s,10

20 V over theshold throughout the duration of the experiment; the voltage

pulse which is applied concomitant with the laser pulse is varied from 0 V to 40
V over threshold. However, since space charge is present in the device due to the
electrical reset pulses, all measurements, including those acquired at voltages below

the threshold voltage, are influenced strongly by the presence of space charge in
the phosphor. When the laser pulse is applied concomitant with a below-threshold
voltage pulse, the energy bands are bent due to the space charge generated by the
previous electrical clearing pulse. Thus, the results from electrically reset PIQ/PIL

experiments were found to be unsatisfactory due to the space charge generated by
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Figure 3.4. PIQ/PIL timing diagram. Dashed lines denote data acquired in the
absence of the laser pulse.

the clearing pulses. This led us to the use of an optical reset pulse between each
electrical/laser pulse, as described below.
To accomplish optically reset PIQ/PIL measurements, a xenon lamp is used to
apply an optical reset pulse between each DC voltage/laser pulse. A timing diagram

for the PIQ/PIL measurements is shown in Fig. 3.4. The ACTFEL device is first
reset with a 10 s optical reset. Next, a positive voltage pulse with a 5 is rise and fall
time and a 100 ps plateau is applied. 30 us after the beginning of the electrical pulse,

a 3 ns laser pulse is applied. The maximum charge induced on the sense capacitor

and the integrated area of the PMT signal (the total light output) generated by
the device for that pulse are acquired by the digital oscilloscope and saved by the
computer. The ACTFEL device is then optically reset again and a negative voltage

pulse is applied. Once again, the maximum charge induced on the sense capacitor

and the signal from the PMT is stored.
For each maximum applied voltage, two sets of PIQ/PIL data are acquired. The
first set of data is obtained when the voltage pulse is applied in the absence of a laser

pulse, shown in Fig. 3.4, while the second set is obtained when both the voltage
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pulse and the laser pulse are applied, as seen in Fig. 3.4. These two sets of data are
then subtracted from one another in order to isolate the photo-induced PIQ and PIL

signals. After aquisition of four sets of data, the two sets described above for both
positive and negative applied voltages, the maximum applied voltage of the pulse is

increased and the process is repeated. PIQ and PIL data are taken in 5-10 V steps
from 0 V to 20-40 V above threshold for three different evaporated ZnS:Mn phosphor

thicknesses. Additionally, a PIQ/PIL efficiency is determined by dividing the PIL by

the PIQ and is a measure of the efficiency of the photo-induced transferred charge
(electrons or holes) at generating luminescence.

3.3

Experimental Results and Discussion
The experimental results of this study are presented in Figs. 3.5-3.10 in which

PIL and PIQ are plotted as a function of the DC voltage applied to the ACTFEL
device. In all PIL and PIQ plots, the electrons are symbolized as filled circles and
the holes as empty circles. The PIL results are discussed first.

A definite PIL threshold is evident for all three ACTFEL devices measured, as
seen in Figs. 3.5-3.7. This PIL threshold corresponds to the phosphor field at which
the photo-injected carriers are hot enough to excite luminescent impurities. PIL is

expressed in arbitrary units; no direct comparison should be made between Figs.
3.5-3.7.

All of the data sets have a base line offset which is due to the photo-luminescence

(PL) response of the device. The PL response is the light produced by the laser
exciting the phosphor in the absence of an electric field-induced response. Therefore,

the PL offset base line can be taken as the origin when calculating the threshold
field. The PIL phosphor threshold field is calculated from

Fth =

Vth

dp( Ci + Cp)

(3.1)

where Vth is the voltage intercept of the PIL with the PL offset base line (Figs.
3.5-3.7), dp is the phosphor thickness, and Cp and Ci are the phosphor and insulator
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Figure 3.5. PIL of a 950 nm phosphor thickness evaporated ZnS:Mn ACTFEL
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Figure 3.7. PIL of a 300 nm phosphor thickness evaporated ZnS:Mn ACTFEL
device.

capacitances, respectively. The calculated phosphor threshold fields are 1.05 MV/cm

for the 950 nm sample, 1.04 MV/cm for the 700 nm sample, and 1.03 MV/cm
for the 300 nm sample, as obtained from Figs. 3.5-3.7, respectively. The data
sets show a PIL threshold for the holes as well, but it is the contention of this
thesis that these thresholds actually arise from electron injection from the opposite

interface, as discussed below. The reason that the PIL reaches a peak and then
decreases is believed to be an artifact arising from the difference curve analysis; the

photo-injected carriers contribute a small fraction of the light at higher fields where
electroluminescence dominates. Therefore, the data points for voltages greater than
the peak voltage are not meaningful and the PIL peak is not significant.

The measured PIL threshold of -4.04 MV/cm is somewhat larger than the 0.7
MV/cm threshold field for impact excitation calculated via a full-band Monte Carlo

simulation, but it is in excellent agreement with the band-to-band impact ionization
threshold of 1 MV/cm from the Monte Carlo calculation. [23] Thus, a comparison of

the experimental PIL results and the full-band Monte Carlo simulation suggests that

the PIL threshold may be associated with the onset of electron multiplication due

26

N"
E

0

0.6

a)

(5 0.4

Va)
71 0.2

0
50

100

150

200

Maximum Applied Voltage (Volts)

Figure 3.8. PIQ of a 950 nm phosphor thickness evaporated ZnS:Mn ACTFEL
device.

to band-to-band impact ionization. This suggests that PIL is not due to only the
photo-injected carriers but is also due to carriers created by impact ionization. Alter-

natively, it is possible that the experimentally deduced 1.04 MV/cm PIL threshold
corresponds to the onset of Mn impact excitation and that the disagreement between
the measured and Monte Carlo simulated impact excitation thresholds arises because

of uncertainties in the the Monte Carlo simulation parameters.

Although this second interpretation is possible, it is preferable to attribute the
measured PIL threshold as arising from the band-to-band impact ionization thresh-

old for two reasons. First, in Figs. 3.5-3.7, no evidence for a second threshold
corresponding to the onset of band-to-band impact ionization is observed. Second,
it is believed that an important condition for efficient ACTFEL operation is that the
threshold field for band-to-band impact ionization be less than or equal to the thresh-

old for impact excitation. In an ACTFEL device, this condition leads to electron
multiplication of carriers sourced from interface states.

The PIQ curves for the ACTFEL device with a phosphor thickness of 950 nm
clearly show a region below 125 V where the holes are not as efficient at traversing

27

E

0.3
a)
P2

-c 0.2
a)

-0 0.1

0
a.

100

50

150

200

Maximum Applied Voltage (Volts)

figure 3.9. HQ of a 700 nm phosphor thickness evaporated ZnS:Mn ACTFEL
device.

0.5

ID)

0.2
0.1

0
0
-c

0

20

40

60

80

100 120 140 160

Maximum Applied Voltage (Volts)

Figure 3.10. PIQ of a 300 nm phosphor thickness evaporated ZnS:Mn ACTFEL
device.
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the phosphor, as seen in Fig. 3.8. In contrast, above 125 V the electrons and holes
have approximately the same PIQ efficiency, since the slope of the PIQ curve above

125 V is the same for both electrons and holes (i.e. the slope of a PIQ curve can be
viewed as a PIQ efficiency). The ACTFEL device with a phosphor thickness of 700
nm exhibits a similar trend, with lower hole PIQ efficiency below 75 V, and a similar
PIQ efficiency for electrons and holes above 75 V, as seen in Fig. 3.9. The ACTFEL

device with a phosphor thickness of 300 nm shows the electron PIQ efficiency to be
higher below 50 V and similar PIQ efficiency for electrons and holes above 50 V, as

shown in Fig. 3.10. The voltage at which the PIQ efficiency changes corresponds
to an internal phosphor field of -0.8 MV/cm for all three ACTFEL devices. This

value is in agreement with the findings of Lee et al. [23], who performed Monte
Carlo simulations of high-field electron transport in ZnS and calculate an impact
excitation threshold of 0.7 MV /cm. The value of 0.8 MV/cm obtained from the PIQ

experiment is an average field across the phosphor, the cathode field is significantly
larger if space charge is present, as discussed below.

The interpretation of these PIQ results suggests hole trapping in the phosphor
for lower fields; the PIQ efficiency of holes is less than that of the electrons since a
significant fraction of the photo-injected holes are trapped in the phosphor, while the

electrons transit the phosphor layer with very little trapping. This interpretation of
the PIQ data in terms of hole trapping is consistent with the analysis of Corlatan et
al. [9, 10].

As mentioned previously, the hole PIQ efficiency seems to be approximately equal

to the electron PIQ efficiency above a certain maximum applied voltage (-125, -,75,

and -,50 for ACTFEL devices with 950 nm, 700 nm, and 300 nm, respectively).
Corlatan el al. [9, 10] interpreted this as evidence that Mn impact excitation can

occur via hot holes. In contrast, another explanation of the experimental trends is
offered below.

It is more likely that the apparent hole transport is actually due to electron
transport in which electrons are injected from the opposite interface (i.e. back injection). As holes are trapped in the phosphor, the energy bands are bent, causing
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Figure 3.11. Apparent hole PIQ due to electron back injection.
an increase in the backside cathode field which effectively lowers the tunnel injection

barrier, as shown in Fig. 3.11. Thus, the apparent increase in the hole PIQ efficiency

at maximum applied voltages greater than 125, 75, and 50 in Figs. 3.8-3.10,
respectively, would actually correspond to an onset of electron injection from the
backside cathode interface. It is impossible to distinguish holes moving away from
the interface from electrons moving towards it. However, if back injection of elec-

trons does indeed occur, a shift in the PIQ threshold towards higher voltages with
lower laser intensity would be expected, due to less hole trapping and a concomitant

reduction in the cathode field enhancement. This hypothesis is tested by aquiring a

second set of PIQ experiments using a laser intensity 100 times less than that used
to acquire the first set of data, see Figs. 3.12-3.14.

For all three ACTFEL devices, a shift in the PIQ curve toward higher voltages

with reduced laser intensity is observed, consistent with the hypothesis that the
apparent transport of holes is actually the transport of electrons injected from the
opposite interface.

If hole trapping and backside injection are invoked to explain the observed in-

crease in the hole PIQ efficiency for phosphor fields greater than 0.8 MV/cm, it

30

N 0.04
E
0.035
C.)

0.03
0.025

0 0.02
0 0.015

3

C

0
4(5

0.01

0.005

25

50

75

100

125

150

175

200

225

25(

Maximum Applied Voltage (Volts)

Figure 3.12. Lower laser intensity PIQ mec3urement of a 9E0 nm ZnS:Mn ACTFEL
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Figure 3.13. Lower laser intensity PIQ measurement of a 700 nm ZnS:Mn ACTFEL
device.
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Figure 3.14. Lower laser intensity PIQ measurement of a 300 nm ZnS:Mn ACTFEL
device.

is possible to estimate the trapped hole concentration, p. This is accomplished by
assuming a cathode field of 2.2 MV/cm [24] and using
r cathode
P

rrneasuredi 26/3
P

j dp

(3.2)

which implicitly assumes a uniform distribution of trapped holes. Use of Eq. 3.2

yields an estimated p of 1-5 x 1017 cm" for the three ACTFEL devices tested.
These estimates do not seem unreasonable since they are somewhat larger than the
7 x 1016 cm' estimates of the static space charge charge density for evaporated
ZnS:Mn ACTFEL devices. [22, 24]

A drift length for holes may be estimated from the PIQ measurement. If the
electrons are assumed to transit completely across the phosphor, then at a given

voltage, the ratio of the hole PIQ to the electron PIQ multiplied by the phosphor
thickness of the device should yield an estimate of the average distance that holes
travel prior to being trapped (i.e. the drift length) at that applied voltage. Fig. 3.15

is a plot of the drift length as a function of the internal phosphor field.
Note that the lowest field points plotted in Fig. 3.15 are not reliable because of
the PIQ uncertainties. Also, the upward trend in the hole drift length of Fig. 3.15 for
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Figure 3.15. Hole drift length, as estimated by the PIQ hole to electron ratio, as a
function of applied phosphor field for three different evaporated ZnS:Mn ACTFEL
devices.

phosphor fields greater than 0.8 MV/cm arises from the onset of backside electron

injection, not an enhancement in the hole drift length. Thus, taking the relatively
constant, low-field portion of Fig. 3.15 as a measure of the drift length, the hole drift

length is estimated to be -480±70 nm. If holes are assumed to travel at a saturated
drift velocity of 107 cm/s, then the drift distance can be used to deduce an average

hole lifetime of N2 ps. Furthermore, if the hole trap density is assumed to be 7 x
1016 cm' [22, 24], the hole trap capture cross section can be estimated from

=

1

(3.3)

TVsatNt

where T is the hole lifetime, vsat is the saturated drift velocity, and Nt is the trap

density. Equation 3 yields an estimated capture cross-section of 7 x 10-13
This is a relatively large capture cross section. Capture cross-sections of this magnitude correspond to a coulombically attractive interaction between a trap and the

carrier to be trapped. [25] Thus, the large magnitude of this capture cross section

suggests that the trap is negatively charged prior to hole capture. It is speculated
that this hole trap is a zinc vacancy or, more likely, a zinc vacancy complex, since
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a zinc vacancy is a double acceptor. More work is required to conclusively identify

the physical nature of this hole trap.

Returning to the PIQ curves shown in Figs. 3.8-3.10, it is puzzling that the
electron PIQ signal increases monotonically over the entire range of the maximum

applied voltage. Since the strength of the PIQ signal is determined by the integral

of the product of the number of carriers transported times the distance that they
travel before being trapped, the monotonic nature of the electron PIQ signal appears

to suggest that either (i) more carriers are transported at larger applied voltages, or
(ii) carriers travel further at larger maximum applied voltages before being trapped.

Possibility (i) is preferred for explaining the electron PIQ trends shown in Figs.
3.8-3.10. Two possible reasons for carrier enhancement are offered. First, at the

higher phosphor fields concomitant with a larger applied voltage there may be an
increase in the number of transported carriers due to electron multiplication of the

photo-induced carriers as they transit the phosphor. Such electron multiplication
could occur via trap-to-band impact ionization, for example. Second, given the large

number of photons injected into the phosphor, it is likely that electron-hole pair
recombination of photo-injected carriers in the region near the incident interface will

be very high in the absence of an applied field. When an external field is applied,
more carriers will be extracted from the recombination region before they have a
chance to recombine, leading to the lack of saturation of the PIQ curves. If this
second mechanism is operative, the PIQ efficiency would be due to the extraction
efficiency of the photo-injected carriers as well as to the transport efficiency.

Finally the quantum efficiency, which is defined as the ratio of the PIL to the
PIQ, is shown in Figs. 3.16-3.18. These curves could be interpreted as indicating that
electrons and holes are equally efficient in exciting luminescent impurities, as reported

by Corlatan et al. [9, 10].

A more likely explanation, as mentioned previously, is

that the apparent hole transport trends are actually due to electron injection from the
opposite interface. This process is more efficient because hole trapping significantly
perturbs the electric field profile due to the formation of positive space charge. This

is in contradiction with the findings of Corlatan et al. [9, 10] who conclude that the
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Figure 3.16. Quantum efficiency of a 950 nm ZnS:Mn ACTFEL device.
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Figure 3.17. Quantum efficiency of a 700 nm ZnS:Mn ACTFEL device.
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Figure 3.18. Quantum efficiency of a 300 nm ZnS:Mn ACTFEL device.
hole-initiated PIQ/PIL trends are due to holes, and that hole-initiated Mn excitation
is more efficient than electron-initiated Mn excitation.

3.4

PIQ/PIL Conclusions

Photo-induced charge (PIQ) and photo-induced luminescence (PIL) measurements
of evaporated ZnS:Mn ACTFEL devices with variable phosphor thicknesses provide

information related to the transport of electrons and holes in the ZnS phosphor.
The PIL threshold field for electron transport is estimated to be -4.04 MV/cm. It
is suspected that this PIL threshold corresponds to the onset of electron-induced
band-to-band impact ionization, in agreement with Monte Carlo simulation of high-

field transport in ZnS. [23] However, it is possible that this threshold arises from
the onset of electron-induced impact excitation of Mn. The hole PIL threshold is

found to be an artifact due to electron injection from the interface opposite from
which the photo-induced holes are created. Hole PIQ curve trends are dominated

by hole trapping. Hole trapping is characterized by a drift length of 180±70 nm,
a hole lifetime of 2 ps, and a trap capture cross-section of 7 x 10' cm2. This is
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a large capture cross section, corresponding to a negatively charged deep level trap
whose charge state leads to very efficient hole capture due to the attractive coulombic

interaction between the trap and the hole. It is speculated that this hole trap is most
likely a defect complex involving a zinc vacancy.
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Chapter 4
Subthreshold Voltage-Induced Transferred Charge

4.1

Introduction to VIQ
The ACTFEL device characterization experiment discussed in this chapter is de-

noted subthreshold voltage-induced transferred charge (VIQ). The apparatus used to
accomplish VIQ is very similar to the apparatus used for standard electrical chara-

terization, but differs in that a xenon lamp is used to periodically optically reset
the phosphor to a flat-band condition, as shown in Fig. 4.1. The experiment is
performed by applying 20,000 trapezoidal bipolar pulses (5 ps rise/fall time and a

30 is plateau applied at 1 kHz) immediately followed by an optical pulse from a
xenon lamp. It is found that 10,000 bipolar voltage pulses are needed to reach
steady-state operation of the ACTFEL device when the voltage pulses are below the
EL conduction threshold, as discussed in Appendix A.1. The voltage of the bipolar

pulses is varied from zero volts up to the EL conduction threshold. The VIQ signal
is the peak voltage induced on a sense capacitor in series with the ACTFEL device
immediately following the application of a light pulse from the xenon lamp, as shown
in Fig. 4.2.

The operating hypothesis of this investigation is that the VIQ signal arises from
a redistribution of charge within the phosphor. Most likely, this charge redistribution
is due to applied-voltage-induced-ionization of relatively shallow traps; ionization of

traps generates both space charge and free carriers which are subsequently transferred

within the phosphor due to the applied voltage. The distinction between space charge

and transferred charge is that space charge is localized charge within the phosphor,

while transferred charge is due to carrier transport in the phosphor. Transport of
the ionization charge (i.e. transferred charge due to ionization of traps within the
phosphor) towards one of the interfaces and subsequent trapping of this ionization
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Figure 4.1. Experimental apparatus for VIQ measurements.
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Figure 4.2. Timing diagram for a VIQ experiment.
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charge into empty trap states which are presumably deeper than the traps from which

the carriers were originally sourced, may give rise to the VIQ signal. Subsequent
flooding of the ACTFEL device with electron-hole pairs via optical excitation from

the xenon lamp is believed to eliminate (or at least reduce) space charge in the
phosphor by resetting traps within the phosphor to charge states consistent with an
approximately flat-band situation.

Due to the n-type nature of ZnS, it is assumed that the traps responsible for VIQ

are all electron traps. The activity of a hole trap is dependent on the presence of
holes in the phosphor. No source of holes is present in an n-type material; therefore,

all traps referred to later in this section are assumed to be electron traps.

4.2

Experimental Procedure
VIQ experiments are performed using 20,000 (20 s) bipolar voltage pulses and

a 20 second optical reset, as indicated in Fig. 4.2. To accomplish VIQ experiments,

an oscilloscope is used to monitor the transient charge across the sense capacitor,
vsense(t). As shown in Fig. 4.1, the ACTFEL device is in series with a sense capacitor.

The ACTFEL device is illuminated by the xenon lamp during the optical resetting
of the device, as shown in Fig. 4.1. The oscilloscope is triggered concomitant with
the beginning of the light pulse, as shown in Fig. 4.2. The charge induced on the
sense capacitor reaches a peak value 100 ms after the beginning of the xenon lamp

pulse. The peak of the VIQ signal (as shown in Fig. 4.2) is attributed to a relatively
constant flow of charge from the ACTFEL device during the application of the light

pulse, as discussed in Appendix A.2. The VIQ response subsequently decays to zero

within ,5 s, as shown in Fig. 4.2. The duration of this decay is a result of the
RC time constant of the system; no charge is redistributed 3 or 4 seconds after the
application of the xenon lamp pulse.

A VIQ curve is generated by plotting the peak optically-induced charge on the
sense capacitor, denoted VIQ, as a function of the maximum applied voltage, Va of
the 20,000 electrical setting pulses, as shown in Fig. 4.3. The specific trends of the
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Figure 4.3. Example of a VIQ curve.
VIQ curves are discussed separately for each type of ZnS:Mn ACTFEL device in the

experimental results section of this chapter.
It is observed that when the VIQ experiment is performed with single wavelength

excitation, the VIQ response peaks at an excitation wavelength of 325 nm
eV), as discussed in Appendix A.3. The VIQ spectral response leads to the conclusion

that VIQ is due to electron-hole pairs generated near the phosphor-insulator interface

through which the light is incident. It is also observed that the polarity of VIQ is

independent of whether the light is incident through the ITO interface or the Al
interface, as discussed in Appendix A.4.
VIQ measurements are also performed using a buffer amplifier between the sense

capacitor and the oscilloscope such that the sense capacitor voltage does not have

a path to ground. This method of performing VIQ is accomplished by optically
resetting the ACTFEL device and then measuring the peak charge induced on the
sense capacitor immediately following the application of the bipolar electrical pulses.

Use of a buffer amplifier for VIQ measurments does not appear to be an optimal
means of acquiring data, as discussed in Appendix A.S.
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4.3

Description of a VIQ Curve
Four distinct regions are seen on the generic VIQ curve shown in Fig. 4.3:

(i) Region 1 corresponds to below VIQ threshold operation; no charge is redistributed

during the electrical pulses and no charge is reset during the optical pulse.

(ii) Region 2 corresponds to operation between the VIQ threshold and the onset
of pre-threshold glow. In this region, the magnitude of the VIQ signal increases
but no visible light is emitted from the ACTFEL device during application of the
bipolar voltage pulses. In this regime, VIQ charge flows in a unidirectional manner

from regions in the phosphor which possess the shallowest filled traps to regions
with deeper traps. The threshold voltage for the onset of VIQ is denoted VtvhiQ, as
indicated in Fig. 4.3.

(iii) Region 3 begins with the onset of pre-threshold glow and ends with the onset

of significant EL conduction. The onset of pre-threshold glow corresponds to the

voltage necessary to cause the ACTFEL device to first emit light. The spectrum
of the pre-threshold glow is consistent with impact excitation of Mn luminescent
impurities. The VIQ signal is believed to decrease in magnitude above the onset of

the pre-threshold glow because there is a competition between unidirectional VIQ
charge and bidirectional (i.e. the charge moves in either direction, subject to the

polarity of the bipolar electrical pulse) pre-threshold conduction charge. When the

amount of pre-threshold conduction charge is approximately as large as the VIQ

charge, the unipolar VIQ charge distribution is extinguished by the bidirectional
flow of conduction charge. It is observed that the VIQ response for voltages below
the EL conduction threshold is independent of the polarity of the last applied bipolar

voltage pulse (due to the fact that very little charge is transferred per pulse).
(iv) Region 4 corresponds to operation above the EL conduction threshold. The VIQ

response bifurcates with respect to the polarity of the last voltage pulse and grows
precipitously when the conduction threshold is reached due to the formation of polarization charge. The magnitude and polarity of the polarization charge depends on
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the polarity of the last pulse in the applied bipolar voltage pulse train. Polarization
charge is the charge stored within the phosphor following an electrical pulse above
the EL conduction threshold. Above the EL conduction threshold, the magnitude

of the polarization charge is much greater than the magnitude of the VIQ. Thus,
when an optical pulse is applied following electrical pulses above the EL conduction
threshold, the redistribution of polarization charge, rather than the redistribution of

charge generated by the ionization of traps, is measured.
Three important aspects of VIQ curves, such as the one shown in Fig. 4.3,

are established in the following discussion of this section. First, the VIQ threshold
voltage, denoted VtvhiQ, may be used to estimate the depth of the shallow traps
responsible for VIQ, as discussed in Section 4.4. Second, the onset of pre-threshold
glow may be accurately assessed from the voltage at which the VIQ reaches a peak.
Third, the EL conduction threshold may be precisely determined from the voltage at
which the VIQ bifurcates due to the onset of significant polarization charge buildup.

4.4

Analysis of VIQ Curves

Four important features of a VIQ curve are: (i) the polarity of VIQ, (ii) the
magnitude of the VIQ peak, (iii) the voltage at which the VIQ peak(s) occur (i.e.
the onset of pre-threshold glow), and (iv) the voltage at which VIQ is first observed,
denoted Vtvhic2, as shown in Fig. 4.3. Prior to discussing each of these topics in detail,
an analysis of possible phosphor energy band diagrams which could give rise to VIQ
is presented.

4.4.1

Polarity of VIQ Signal

The polarity of the VIQ signal may yield information about the location of the
traps responsible for VIQ. VIQ polarity may also yield information about the donor
or acceptor-like nature of the traps. Figures 4.4-4.7 show several possible VIQ energy
band diagrams during the optical reset portion of the experimental sequence when
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Figure 4.4. VIQ energy band diagram showing negative charge trapped at or
near the bottom (ITO) phosphor/insulator interface. For this case, transport of
photo-injected electroi.s generated near the bottom (ITO) interface gives rise to a
positive polarity VIQ signal.
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Figure 4.5. VIQ energy band diagram showing positive charge trapped at or near the
bottom (ITO) phosphor/insulator interface. In this case, transport of photo-injected
holes generated near the bottom (ITO) interface gives rise to a negative polarity VIQ
signal.
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Figure 4.6. VIQ energy band diagram showing positive bulk space charge. (a)
Initially, transport of photo-injected electrons generated near the bottom (ITO) interface gives rise to a positive polarity VIQ signal, as sensed on a capacitor connected
to the ITO side of the ACTFEL device. These photo-injected electrons also recombine with ionized traps, yielding the energy band picture shown in (b). (b) After
some positive bulk space charge has been annihilated by the initial photo-injected
electrons, transport of photo-injected holes gives rise to a negative polarity VIQ
signal.
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Figure 4.7. VIQ energy band diagram showing negative bulk space charge. (a)
Initially, transport of photo-injected holes generated near the bottom (ITO) interface
gives rise to a negative polarity VIQ signal, as sensed on a capacitor connected to
the ITO side of the ACTFEL device. These photo-injected holes also recombine with
ionized traps, yielding the energy band picture shown in (b). (b) After some negative
bulk space charge has been annihilated by the initial photo-injected holes, transport
of photo-injected electrons gives rise to a positive polarity VIQ signal.
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the VIQ signal is monitored as the maximum transient voltage developed across
the sense capacitor. Note that the energy band diagrams chosen correspond to the
simplest possible space charge distributions. Furthermore, these figures indicate that
a given space charge distribution can give rise to VIQ curves with positive or negative

polarities. Certain charge distributions, such as those shown in Figs. 4.6-4.7, may
give rise to a transient across the sense capacitor in which there is both positive and
negative polarity VIQ signal; these are referred to as dual polarity VIQ signals. Dual
polarity VIQ is observed in high-temperature measurements of ALE(DEZ) ACTFEL

devices, and at room temperature for SrS:Ce ACTFEL devices. Experimental data
shown in Sections 4.5.1 and 4.5.6 show that positive, negative, and dual polarity VIQ
signals are possible.

The simplest possible VIQ space charge distribution is shown in Fig. 4.4, which

shows negative charge near the bottom (ITO) interface and positive charge near the

top (Al) interface. The VIQ space charge shown in Fig. 4.5 is identical to that
shown in Fig. 4.4 except that the polarities of the charge trapped at the interfaces
are reversed. For both of these cases, the unidirectional VIQ charge is assumed to

be sourced from traps at one interface and trapped at deeper trap states at the
opposite interface. Such an interfacial charge trapping situation yields a simple

energy band picture in which the field is uniform across the phosphor. When the
device is flooded with above-bandgap energy photons following the application of

the bipolar voltage pulses, the photo-injected electron-hole pairs generated in the
phosphor are transported subject to the internal phosphor field established by space
charge within the ACTFEL device. The VIQ polarity is established by the direction
of flow of the photo-generated carriers, as illustrated in Figs. 4.4-4.5. Additionally,

the energy band pictures shown in Figs. 4.4 and 4.5 show that the VIQ polarity
does not change if the photo-injected carriers are generated by illumination from the

opposite interface (i.e. the top (Al) interface).
Experiments show the VIQ polarity to be independent of whether the ACTFEL

device is illuminated from the ITO side or the Al side for all ACTFEL devices included in this thesis, as discussed in Appendix A.4. Thus, the energy band diagrams
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shown in Figs. 4.4 and 4.5 are consistent with the experimental results reported in
Sections 4.5.1-4.5.6.

A slightly more complicated phosphor energy band diagram showing positive
bulk space charge is shown in Fig. 4.6 (a). In this case, transport of photo-injected
electrons initially yields a positive polarity VIQ signal when illuminated from the
ITO side which then becomes a negative polarity VIQ signal due to hole transport,

as shown in 4.6 (b). In contrast, when the ACTFEL device is illuminated from the
Al side, the energy band diagrams shown in Fig. 4.6 (a) would exhibit a negative
polarity VIQ signal followed by a positive polarity VIQ signal.
Figure 4.7 shows an energy band diagram possessing negative bulk space charge.

This profile initially yields a negative polarity VIQ signal, due to hole transport,
when illuminated from the ITO side followed by a positive polarity VIQ signal, due

to transport of photo-injected electrons, as shown in Fig. 4.7 (b). The energy band

diagrams shown in Figs. 4.7 (a) and (b) would exhibit a positive polarity VIQ
followed by a negative polarity VIQ when illuminated from the Al side.
The energy band diagrams shown in Figs. 4.4-4.7 represent the simplest possible

cases of trapped charge distribution. Actual charge distributions in ACTFEL devices

investigated are likely to be somewhat more complicated than the generic energy
band diagrams shown, as discussed in Sections 4.5.1-4.5.6.

4.4.2

Magnitude of VIQ Peak

The maximum magnitude of the VIQ peak is believed to be related to the
density of traps in the phosphor. The VIQ trap density, NVIQ, may be estimated
using the simple relation
NVIQ =

QqA
VIQ
,

(4.1)

where QVIQ is the measured VIQ charge, q is the elementary charge, and A is the
ACTFEL device cross-sectional area. QVIQ is evaluated as
QVIQ = CsVIP7 eiaQk

(4.2)
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where C, is the sense capacitor capacitance (100 nF) and V117/aQk is the maximum

magnitude of the VIQ voltage developed across the sense capacitor. Finally, the
VIQ trap density may be estimated as
1VVIQ =

Cs qlaZjc

(4.3)

Note that the units of NVIQ are number of traps/cm2. If the VIQ trap density is
assumed to be uniform across the phosphor layer (usually a poor assumption), the
number of traps per unit volume may be assessed by dividing NvIQ by the phosphor
thickness, dp.

4.4.3

VIQ Peak Voltage

The applied voltage at which the VIQ signal is a maximum corresponds to the

onset of the pre-threshold glow (i.e. the voltage at which light is detectable to the
naked eye). It is likely that this peak arises from a competition of the unidirectional

VIQ charge with the bidirectional flow of pre-threshold conduction charge, as discussed in Section 4.3 (iii). One of the merits of the VIQ method is the precision with

which the onset of the pre-threshold glow may be monitored.

4.4.4

The VIQ Threshold Voltage
At voltages below Vtvh/c2, no photo-generated current transferred charge is mea-

sured during the light pulse following the application of bipolar voltage pulses. At
Vtvh/Q, a measurable photo-generated transferred charge is first detected, leading to

the conclusion that at this applied voltage, traps are beginning to ionize. The external applied voltage necessary to initiate VIQ trap ionization may be converted to an
internal phosphor field, denoted FvhiQ, via
rVIQ

'th

C217thIQ

dp(Ci + Cp)

(4.4)

where Ci and Cp are the insulator and phosphor capacitances, respectively, and dp
is the thickness of the phosphor layer. Ftvh/c2 is employed later in this subsection to
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estimate the trap depth. The VIQ threshold voltage, Vtvh/Q, is related to the depth
of the traps giving rise to the VIQ signal. In the remainder of this subsection, the
current density associated with the minimum sensitivity of the VIQ measurement
apparatus is equated to a calculated current density in order to estimate the energy
depth of the trap responsible for VIQ.

Determination of the minimum sensitivity of the VIQ apparatus can be used
to estimate the energy depth of the trap responsible for the VIQ signal. In a VIQ
experiment, the voltage induced across a sense capacitor in series with the ACTFEL

device during the application of a xenon lamp light pulse is measured. Since the
voltage induced on the sense capacitor is due to the flow of photo-generated carriers
(i.e. a photo-induced current), the voltage induced on the sense capacitor can be

equated to a current density. The minimum detectable voltage, Vmin, on the sense
capacitor can be equated to a minimum measurable current density, denoted JM,
via
C 3Vmin
17776 = tminA

(4.5)

where train is the minimum time measurable during a VIQ voltage transient (-4.0
ms) and A is the cross-sectional area of the ACTFEL device (0.085 cm2). Since Cs =

100 nF and Vmin = 1 mV, Jnno = 1/./A/cm2. Note that VIQ trap depth estimates
do not depend strongly on J71771PQ so that the accuracy of this estimate is considered
adequate.
Assuming that the photo-induced current is associated with the filling of traps

which were ionized by the bipolar voltage pulses, Jfft2 may be directly related to
the emission of traps during the bipolar voltage pulses. The total ionization charge

generated during the electrical pulses is the product of the number of traps ionized
multiplied by the emission rate of the traps responsible for VIQ. Thus, JVinc2 can be
equated to the total number of traps responsible for the VIQ signal multiplied by the

emission rate of each trap. However, note that the voltage measured on the sense
capacitor during VIQ corresponds to an external voltage. The external voltage is the

voltage dropped across the entire ACTFEL device, while the internal voltage is the
actual voltage dropped across the phosphor. In order to equate J;77176 to the emission
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rate, en, the internal voltage must be used to calculate the average internal field in
the phosphor. This leads to the following equation relating Jr/T6 to the emission rate
and the number of traps,
rain

(

`/TVIQ

c.

CZ

c

(4.6)

)gen-l\TV IQ-

In order to use Eqn. 4.6, an expression for the trap emission rate, en, must
be developed. The total emission rate, en, is due to the sum of thermal emission,
pure tunneling, enPT, and phonon-assisted tunneling, en PAT [26]. The
following equations are used to obtain en, as a function of the phosphor field for a
enthermal ,

given trap depth and trap capture cross-section.
PT+ en
thermal + enPAT ,
) = en

(4.7)

en(FVIQ\

th

where
enPT (FtvhIQ)

qFtvhIQ

exP

4 (2m* )1/2Et312 )
3
qrtFtliic2

(AEit)5/3 )]

(1

Eit
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Eit AEit)
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EitIkT
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LE,t1kT
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(4.8)

(4.9)

(4 (2m*)1/2(kT)3/2)
3

qhFivhIQ

x

(AEit)5/3)}dz ,

(4.10)

zkT

where z is the variable of integration in equation 4.10, and where A Eit is defined as
AEit

(qFvh/Q )12
q

(4.11)

71Ep

In the above equations, Ed is the energy of the trap, and m* is the effective mass of
an electron. Values used for constants in the above equations are: the permittivity

of the phosphor, c = 8.3(60); the trap density, NVIQ

1011

2 or 1012 cm-2, as

determined in Section 4.2; the thermal capture cross section, a, is varied as discussed
below; the effective mass, m* = 0.18(m0) [23]; the effective density of states, N, =
2(27r-m*kT/h2)3/2 cm-3; and the thermal velocity, with = (3kT/m*)1/2 cm/s.
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The VIQ trap depth may now be estimated in the following manner. The VIQ
trap density, NVIQ7 and the threshold field, Ftvh1Q, are established from a VIQ measurement. According to Eqn. 4.6, knowing NV IQ specifies en. Subsequently, the trap

depth, Eit, is determined by iteratively solving Eqns. 4.6-4.11 as a function of Eit
until the appropriate value of Eit is found which yields the specified en. However

to accomplish the iterative solution of Eqns. 4.6-4.11, Ftvh1.(2 and the trap capture
cross-section, a, must be known. FihN is determined from the VIQ experiment. In
contrast, a is not known. Therefore, if this procedure is employed, pairs of Ett and a

may be estimated together, but there is insufficient information to obtain a unique
estimate of Eit.

By performing VIQ measurements at different temperatures, the trap depth
and capture cross-section may be uniquely determined for ACTFEL devices exhibit-

ing 'well-behaved' VIQ trends (see Sections 4.5.1-4.5.6). Temperature-dependent
VIQ measurements presented in Section 4.5.2 show that FtvhIQ shifts as a function

of temperature. Thus, with changes in temperature, JViti occurs at a different internal phosphor field intensity. Subsequently, an iterative solution of Eqns. 4.64.11 is performed at the same temperatures as used in the temperature-dependent
VIQ experiments in order to obtain multiple estimates of Eit and a and to use the
temperature-dependence of the en equations as a means of uniquely determining Eit

and a.
In practice, temperature-dependent V1Q measurements do not uniquely deter-

mine Eit and a, probably due to uncertainties inherent in the VIQ experiment and
theoretical analysis. However, temperature-dependent measurements do appear to
specify a possible range of Eit's and a's. Thus, in Sections 4.5.2-4.5.7 in which results

are presented, tables of trap depths paired with capture cross-sections are presented.
The capture cross-section is varied in the iterative solution until the standard devia-

tion of the value of trap depth between iterative solutions at different temperatures
is minimized. The capture cross-sections which provide the least deviation between

trap depths necessary to satisfy Eqn. 4.6 at different temperatures are considered to
define the range of the most likely capture cross-section and trap energy depth.
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4.5

Experimental Results
The VIQ experiment is performed using ZnS:Mn samples deposited by three

different methods: thermal evaporation, atomic layer epitaxy with chlorine as a
constituent of the precursor gas [ALE (Cl)], and by atomic layer epitaxy with diethyl

zinc as a carrier gas [ALE (DEZ)]. The method of deposition has a strong effect on
the electrical characteristics of the ACTFEL device. The VIQ results for these three
different samples are discussed separately in the following subsections.

VIQ of Thermally Evaporated ZnS:Mn ACTFEL Devices

4.5.1

The first sample to be discussed is a thermally evaporated ZnS:Mn ACTFEL
device.

The virgin evaporated ZnS:Mn ACTFEL device tends to be electrically

"anstable; small regions of virgin evaporated ZnS:Mn ACTFEL devices short out,

creating "burn-out spots" in which the top Al layer evaporates, leaving behind a
small portion of the ACTFEL device which is open-circuited. Each time a portion

of the ACTFEL device shorts out, the voltage on the sense capacitor jumps many
volts. Due to this initial "burn-in" behavior, accurate VIQ measurements cannot be
obtained for a virgin evaporated ZnS:Mn ACTFEL device. After aging the ACTFEL

device for approximately half an hour at 40 V over threshold, the ACTFEL device

becomes stable and VIQ measurements may be accurately obtained. It is noted
that thermally evaporated ZnS:Mn ACTFEL devices are very sensitive to moisture.

Therefore, all measurements and aging of thermally evaporated ACTFEL devices
are performed under vacuum at a pressure of approximately 50 microns. All aging is

performed using a bipolar trapeziodal voltage pulse whose frequency is either 1 kHz

or 3 kHz, as denoted on the appropriate figure.

VIQ and C-V curves for a thermally evaporated ZnS:Mn ACTFEL device with

a phosphor thickness of 950 nm are shown in Figs. 4.8-4.10. As shown in Fig.
4.8, a negative polarity VIQ peak occurs for the first few hours of operation for the

evaporated ZnS:Mn ACTFEL device. The VIQ response exhibits a VIQ threshold

voltage of 90 V, corresponding to a VIQ threshold field of ,0.7 MV/cm which
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Figure 4.8. VIQ aging trend of an evaporated ZnS:Mn ACTFEL device. The five
curves shown correspond to 0.5, 6, 30, 50, and 73 hours of aging at 1 kHz.
remains constant with aging. The negative VIQ peak initially increases in magnitude

and then decreases in magnitude as a function of aging, with the location of the
voltage peak increasing slightly. After -,40 hours of aging at 1 kHz, the VIQ polarity
V IQ

switches from negative to positive. Note that V th

remains constant as the peak

changes from negative to positive polarity. Also, the voltage at which the VIQ peaks

gradually decreases for aging periods longer than 40 hours.
Previous work has shown that brightness-voltage (B-V) measurements of evaporated ZnS:Mn ACTFEL devices exhibit p-shift followed by n-shift aging character-

istics. [27] The B-V p-shift to n-shift aging trends correlate well with VIQ measure-

ments in which the negative polarity VIQ signal switches to a positive polarity VIQ
signal for longer aging periods.

The B-V and VIQ aging results can also be correlated to the C-V aging curves

shown in Figs. 4.9 and 4.10. The C-V curves show an initial positive voltage shift
(p-shift) for the first -,40 hours of aging followed by a negative voltage shift (n-shift)

after 40 hours. The C-V transition from p-shift to n-shift occurs after the same
aging period as the change in the VIQ polarity from negative to positive. C-V aging
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Figure 4.9. Positive polarity C-V curves of an evaporated ZnS:Mn ACTFEL device
after 0.5, 30 and 73 hours aging at 1 kHz.
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Figure 4.10. Negative polarity C-V curves of an evaporated ZnS:Mn ACTFEL
device after 0.5, 30 and 73 hours aging at 1 kHz.
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Figure 4.11. Positive polarity C-V curves of an evaporated ZnS:Mn ACTFEL device
acquired after 210 hours aging at 3 kHz. Curves acquired at 20, 40, and 60 V over
threshold. Arrow indicates increasing voltage.
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Figure 4.12. Negative polarity C-V curves of an evaporated ZnS:Mn ACTFEL
device acquired after 210 hours aging at 3 kHz. Curves acquired at 20, 40, and 60 V
over threshold. Arrow indicates increasing voltage.
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curves taken for aging periods up to 73 hours show rigid shifting of the C-V curves.

C-V curves acquired at 20, 40, and 60 V over threshold at an aging period of 210

hours show softening of the negative polarity C-V curves, and a rigid shifting of
the positive C-V curves, as shown in Figs. 4.12 and 4.11, respectively. The VIQ
curve acquired after 210 hours is virtually identical to that obtained after 73 hours,

indicating a saturation in VIQ; thus the 210 hour data is not shown.
A rigid shift of the C-V curve is attributed to changes in fixed charge density,

while softening of the C-V curve is associated with changes in the trap state distribution from which charge is sourced. The fixed charge density does not change
as a function of applied field; hence, these fixed charge states are deep traps whose

charge state does not change during ACTFEL device operation. [21] Thus, aging up
to 73 hours is ascribed to changes in fixed charge density (since only rigid shifting of

the C-V is observed), while trends at 210 hours show a change in the interface state

density (since softening of the negative polarity C-V is observed) for the top (Al)
interface.

The initial p-shift of the C-V curves is attributed to changes near the bottom
(ITO) interface, while subsequent n-shift aging of the C-V curves is attributed to
changes near the top (Al) interface, as discussed below. The negative polarity VIQ
signal which is observed for the first ' 40 hours of aging is interpreted as evidence
that the most shallow VIQ-active states are located near the bottom (ITO) interface;

this gives rise to positive charge near the bottom interface, as shown in Fig. 4.4.

In contrast, the positive polarity VIQ signal which is observed after ,40 hours
of aging is attributed to localization of the most shallow VIQ-active states near the
top (Al) interface, giving rise to positive charge near the top (Al) interface, as shown

in Fig. 4.5. Since the C-V and B-V transition from p-shift to n-shift occurs after the

same aging period as the change in the VIQ polarity from negative to positive, it is
very likely that the same mechanism is responsible for both the switch in the VIQ

polarity and the switch from p-shift to n-shift of the C-V and B-V trends.

Several observations suggest that the changes in trap density which result in
the observed aging trends occur in the phosphor near one of the phosphor/insulator
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interfaces. First, the fact that the VIQ polarity is identical for illumination from

either interface is evidence that these aging processes are interfacial effects. Second,

softening of the C-V curves is usually attributed to traps distributed near to an
interface, but not precisely at the interface. [20]

As discussed in Section 4.4, the magnitude of the VIQ signal is related to the

number of traps. In the case of evaporated samples, the decrease and subsequent
switch of polarity is attributed to changes in the trap density at or near the interfaces.

The initial increase in the maximum VIQ for the first 6 hours of aging is attributed

to generation of more traps near the bottom (ITO) interface; the rigid C-V shift
and the movement of the VIQ peak to larger voltage suggests that these are deep
traps. Aging for periods longer than 6 hours causes generation of traps near the top
(Al) interface, resulting in a reduction of the VIQ maximum, and finally leading to
a switch in the VIQ polarity.

The VIQ trap density for an evaporated ZnS:Mn ACTFEL device can be estimated from Fig. 4.8 using Eqn. 4.3. The maximum VEQ signal shown in Fig 1.8 is
0.11 V, which corresponds to r-1011 traps/cm2. Assuming the traps responsible for

VIQ are all within ,-100 nm of the interface, this corresponds to a trap density of
1016 traps/cm3. As mentioned in Section 4.2, due to the RC time constant of the
Measurement system, this is probably a lower estimate of the VIQ trap density.
Note that Vtvh-1-62 is constant for the entire duration of this aging experiment, even

though the VIQ polarity reverses. This implies that the most shallow VIQ states
are identical for both the bottom (ITO) interface (where short-term aging occurs)
and the top (Al) interface (where long-term aging occurs). The VIQ polarity reverses

when the density of these VIQ traps near the top (Al) interface increases to a density

larger than that present at the bottom (ITO) interface. Even though the Vtvh/c2 is
constant for the entire aging duration, this does not mean that the same kind of trap
is responsible for short and long-term aging since the short-term aging is associated
with a deep level, fixed charge state which is not related to Vtvh/c2.

The VIQ threshold field occurs at 0.7 MV/cm. Use of Eqns. 4.6-4.11, and
assuming a trap density of 1011 cm-2, yields the trap depth/capture cross-section
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Table 1. Capture cross-section/trap depth combinations which yield threshold emission rate.
Capture cross-section (a)

Trap Depth

10-12 cm2

1.19 eV

10-13 cm2

1.12 eV

10-14 cm2

1.07 eV

10-15 cm2

1.01 eV

pairs shown in Table 1. Better estimates of the trap depth and capture cross-section

are obtained from temperature-dependent VIQ measurements, as discussed in Subsection 4.5.2.

One of the puzzling aspects of this evaporated ZnS:Mn ACTFEL device aging

study is that for aging times between 73 and 210 hours the VIQ signal and the
positive polarity C-V curves saturate, whereas the negative polarity C-V curves
exhibit continued softening. Why saturation occurs for two of these measured aging

trends while the other trend exhibits continued softening is unclear. The observed
saturation in VIQ is especially puzzling since it is thought that the VIQ measurement

is sensitive to changes in trap density across the entire phosphor. Thus, any changes

in C-V curves are expected to be reflected in VIQ trends. Tentatively, this apparent

discrepancy is attributed to the temporal character of the VIQ signal, as follows.

An idealized VIQ transient is illustrated in Fig. 4.13. Note that, as discussed
previously, VIQ is taken to be the peak value of the sense capacitor transient, v(t).

However, also note from Fig. 4.13 that there is always a tail in the v transient
and that the intensity of this tail may change even when VIQ is relatively constant.
Moreover, it is observed that the time at which the v transient maximizes, denoted

as tpeak in Fig. 4.13, is not constant during aging. Thus, it is proposed that the
puzzling aging trends discussed above may be associated with the more complex

nature of the v transient than what is assessed in the simple VIQ experiment.
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Figure 4.13. An idealized VIQ transient curve illustrating a tail which may change
as a function of aging and yet not affect the measured VIQ signal magnitude. v is
the voltage measured across a sense capacitor in series with the ACTFEL device.
4.5.2 Temperature Dependence of VIQ for Evaporated ZnS:Mn ACTFEL Devices

The temperature-dependent VIQ experiment is accomplished by obtaining VIQ
curves at five different temperatures (20, 200, 300, 373, and 423 K) using an evaporated ZnS:Mn ACTFEL device, as shown in Fig. 4.14. This data shows a monotonic

shift of the VIQ peak and the VIQ threshold field to smaller values with increasing
temperature. Additionally, the VIQ curves broaden significantly with increasing temperature. For evaporated ZnS:Mn ACTFEL devices, the onset of the pre-threshold
glow is found to occur at the VIQ peak for each temperature. Thus, the onset voltage of the pre-threshold glow decreases with increasing temperature. Finally, the EL

threshold voltage, vrhL, is relatively independent of temperature.

Four of the temperature-dependent trends evident from Fig. 4.14 (i.e. the
decrease in the VIQ threshold, broadening of the VIQ peak, VIQ peak voltage,
and the onset of pre-threshold glow decreasing with increasing temperature) sug-

gest that the VIQ and the pre-threshold glow involve physical mechanisms that
are thermally activated. Most likely, this thermally activated process is associated
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Figure 4.14. Temperature dependent VIQ curves for an evaporated ZnS:Mn ACTFEL Device. Curves are acquired at 20, 200, 300, 373, and 423 K. The arrow indicates
increasing temperature.
with phonon-assisted tunneling or thermionic emission of electrons from trap states

to the conduction band. Note that pure tunnel emission alone cannot account for
these VIQ and pre-threshold glow trends since pure tunnel emission is known to
be temperature-independent. In contrast, since vrhi, is determined to be relatively
temperature-independent, this indicates that pure tunnel emission is the dominant
physical process responsible for establishing the EL threshold, in agreement with
conclusions of previous researchers. [28]

The thermally-activated nature of the pre-threshold glow leads to the conclusion

that it is an injection-limited process, rather than a transport-limited process. The
justification for this assertion is as follows. Note that it is observed that the spectrum
of the pre-threshold glow is identical to the spectrum of normal ACTFEL operation.

This leads to the conclusion that pre-threshold glow is due to impact excitation of
Mn luminescent centers. This impact excitation is most likely caused by the transferred charge which is generated by ionization of the traps responsible for VIQ. When

the electrons emitted from the traps become hot enough to impact excite Mn lumi-
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Table 2. Temperature dependence of the VIQ threshold field and corresponding
simulated trap depth assuming a capture cross-section of 10 -14 cm2.
T(K)

FYQ (MV /cm)

20

1.16

200

0.88

300

0.69

373

0.46

423

0.36

Mean

N.A.

St.Dev.

N.A.

Et (eV)

0.03

nescent centers, a faint glow is observed. If the onset voltage of pre-threshold glow
were to increase with increasing temperature, then the pre-threshold glow would be
attributed to an increase in phonon scattering resulting in a decrease in the transport
efficiency. However, since the onset voltage of the pre-threshold glow decreases with

increasing temperature, the mechanism for this shift cannot be attributed to phonon

scattering, but must be ascribed to a thermally-activated process.
One of the primary motivations for performing temperature-dependent VIQ ex-

periments is to obtain a better estimate of the trap depth and capture cross-section
of the VIQ traps. This is accomplished as follows. First, for a given capture crosssection, the computer simulation discussed in Subsection 4.4.4 is performed to esti-

mate the trap depth at the five different measurement temperatures. For example,
Table 2 summarizes the estimated trap depths for each measurement temperature

when the capture cross-section is assumed to be 10-14 cm2. Next, for each capture cross-section, the mean trap depth and its standard deviation are compared, as
shown in Table 3, and the trap depth/capture cross-section pairs which have the min-

imal trap depth standard deviation are considered to be the best-fit. This analysis
suggests that the trap responsible for VIQ in evaporated ZnS:Mn ACTFEL devices
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Table 3. Simulated capture cross-section/trap depth pairs. The mean and standard
deviation shown for trap depths are obtained by performing simulations at different
temperatures.
o- (cm2)

Et [mean] (eV)

lir"

1.27 ± 0.10

10-12

1.22 ± 0.07

1.16 ± 0.04

io-14

1.11 ± 0.03

io-15

1.05 ± 0.05

10-16

1.00 ± 0.08

is characterized by an energy depth of -4.0-1.2 e\f and a capture cross-section of
-40-13_10-15 cm2. A capture cross-section value of 10-13-10-15 cm2 corresponds
a neutral to coulombically repulsive trap. [25]

4.5.3

VIQ Summary for Evaporated ZnS:Mn ACTFEL Devices

A summary of the aging trends observed in ZnS:Mn ACTFEL devices is given

in Fig. 4.15. Short-term aging (i.e. 0-40 hours at I kHz) is characterized by a pshift in the B-V and C-V curves and negative polarity VIQ curves. Short-term aging
appears to be associated with changes in the physical properties of the phosphor near

the bottom (ITO) interface, as evident from the VIQ polarity. Long-term aging (i.e.

greater than 40 hours at 1 kHz) is characterized by an n-shift in the B-V and C-V
curves and positive polarity VIQ curves. Long-term aging seems to be correlated
with changes in the physical properties of the phosphor near the top (Al) interface,
as evident from softening of the negative polarity C-V curves and the VIQ polarity.
Furthermore, the temperature dependence of the Vtvh.IQ leads to estimates of the VIQ

trap energy depth and capture cross-section of -4.0-1.2 eV and -40-13-10-15 cm2,
respectively. Additionally, the VIQ trap density is estimated to be 1016 cm-3.
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Figure 4.15. Summary of evaporated ZnS:Mn aging trends. The dashed circles
indicate the interface where aging is believed to occur.
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Speculation regarding the physical nature of the traps responsible for the aging of
evaporated ZnS:Mn ACTFEL devices is postponed until Section 4.6.

Two other important results of this subsection should be highlighted. First,
the temperature-independence of the EL threshold is supportive evidence that the

EL threshold is dominated by tunnel injection from interface states. Second, the
decrease in the onset voltage of the pre-threshold glow with increasing temperature,

and the fact that the spectrum of the pre-threshold glow is consistent with Mn
radiative recombination, establishes that evaporated ZnS:Mn ACTFEL devices are

injection-limited, not transport-limited.

4.5.4

VIQ aging of an Atomic Layer Epitaxy (Cl) ZnS:Mn ACTFEL Device

VIQ aging curves for an ALE (Cl) ZnS:Mn ACTFEL device are shown in Fig.

4.16. Corresponding C-V aging curves are shown for positive and negative voltage
polarities in Figs. 4.17 and 4.18, respectively. The unaged ALE (Cl) samples posess

a single small negative VIQ peak but develop two negative peaks with aging. A
negative polarity VIQ signal is consistent with the energy band diagram shown in
Fig. 4.5, in which the most shallow VIQ trap states are present at or near the bottom
(ITO) interface. The lower voltage peak, Peak 1, becomes larger with aging and the

peak remains at the same voltage. Note that the trap responsible for Peak 1 must
be very shallow since Vtvh/c2 = 0 V for this VIQ feature. The higher voltage peak,
Peak 2, becomes larger and the peak shifts to a lower voltage with aging. Peak 2 is

attributed to a deeper trap. VIQ aging does not appear to stabilize, although the
growth of both VIQ peaks changes more slowly after the ACTFEL device has been
aged for a long time. For long-term aging (not shown) Peak 1 saturates, but Peak 2

continues to grow slightly in magnitude and to decrease in peak voltage.
The C-V curves show asymmetrical aging characteristics. The positive polarity
C-V curve shows extreme softening with aging, as shown in Fig. 4.17. The negative
polarity C-V curve exhibits a reduction in C-V overshoot and a broadening of the C-V

overshoot peak with aging, as shown in Fig. 4.18. Additionally, the negative polarity
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Figure 4.16. VIQ aging trend for an ALE (Cl) ZnS:Mn ACTFEL device. Aging is
for 0, 4, and 87 hours aging at 3 kHz, with arrows indicating increasing aging time.
C-V curves undergo a rigid n-shift with aging.

The increase in the magnitude of

Peak 1 in the VIQ aging curves and the softening of the positive polarity C-V curves

are attributed to the generation of shallow traps at the bottom (ITO) interface.
As discussed in Subsection 4.5.5, Peak 1 appears to be associated with Cl. The
physical nature of Peak 2 is less clear and is discussed more fully in Section 4.6.

Finally, note that C-V overshoot and the abrupt C-V transition observed in the
negative polarity C-V curves shown in Fig. 4.18 are evidence for dynamic space

charge creation occuring near the top (Al) interface. Previously, these C-V trends
(overshoot and an abrupt C-V transition) have been attributed to impact ionization
of Zn vacancies present near the top (Al) interface. [20, 29]
Using Eqn. 4.3, the maximum magnitude of the peak VIQ of 0.15 V corresponds

to r-1012 traps/cm2. Assuming the traps responsible for VIQ are within ,100 nm
of the interface, this corresponds to ,-1017 traps/cm3. This is an order of magnitude

larger than the estimated trap density for an evaporated ZnS:Mn ACTFEL device.

As stated in Section 4.2, this is a lower estimate of the trap density due to the RC
time constant of the system.
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Figure 4.17. Positive polarity C-V curves for an ALE (Cl) ZnS:Mn ACTFEL device
at 0, 4, and 87 hours of aging at 3 kHz, with arrows indicating increasing aging time.
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Figure 4.18. Negative polarity C-V curves of ALE (Cl) ZnS:Mn ACTFEL device
at 0, 4, and 87 hours of aging at 3 kHz, with arrows indicating increasing aging time.
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Figure 4.19. Temperature dependent VIQ curves for an ALE (C1) ZnS:Mn ACTFEL device. Curves are acquired at 20, 150, 300, and 450 K. The arrows indicate
increasing temperature. The asterisks indicate the voltage onset of the pre-threshold
glow.

4.5.5

Temperature Dependence of VIQ for an ALE (Cl) ZnS:Mn ACTFEL Device
The temperature dependence of VIQ for an ALE (C1) ZnS:Mn ACTFEL device

is shown in Fig. 4.19. Figure 4.19 shows that Peak 1 is not strongly affected by

changes in temperature. At 20 K, a V (2 of 10 V is observed, whereas Vtvh/c2 = 0
V for all other temperatures measured. The magnitude of Peak 2 initially decreases

with temperature and then increases dramatically at 450 K.
The most important feature of the temperature dependence of VIQ for an ALE

(Cl) ZnS:Mn ACTFEL device is that the non-zero Vtvh/Q at 20 K allows the trap

depth of Peak 1 to be estimated. At a temperature this low, the emission rate of
the trap responsible for VIQ depends only on pure tunneling. Thus, performing
the simulation described in Section 4.4.4 and assuming that the emission occurs
exclusively by pure tunneling yields an estimated trap depth of 0.27 eV. Previous
work has established the energy depth of Cl in ZnS by means of thermoluminescence

to be from 0.2 to 0.3 eV. [3, 4, 5] Thus, it is very likely that Peak 1 of the VIQ
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for the ALE (Cl) ZnS:Mn ACTFEL device measured is due to Cl. A Vtvh/Q and a
corresponding trap depth for the Peak 2 cannot be established due to the presence

of the first peak. However, Peak 2 obviously arises from a deeper trap than that
associated with Peak 1.

The voltage onset of the pre-threshold glow is indicated by asterisks in Fig. 4.19.

Note that the voltage onset of the pre-threshold glow decreases monotonically with
increasing temperature (i.e. 130, 125, 110, and 85 V for 20, 150, 300, and 450 K,
respectively). Thus the onset of pre-threshold glow is seen to occur at lower voltages

for higher temperatures. As stated in Section 4.5.1, this trend leads to the conclusion

that the onset of pre-threshold glow in ALE (Cl) ZnS:Mn ACTFEL devices is due
to an injection-limited process rather than a transport-limited process.
It is unclear why the pre-threshold glow does not occur at the VIQ voltage peak
as is the case for the evaporated ZnS:Mn ACTFEL devices studied. In the case of
ALE (Cl) ZnS:Mn ACTFEL devices, the onset of the pre-threshold glow occurs near
a discontinuity in the slope of the VIQ curve at each temperature (see Fig. 4.19, but

does not appear to correspond to any consistent feature of the curve (i.e. always at
the peak, always at the upward turning point, etc.). It is speculated that this lack of
a consistent pattern in the pre-threshold glow is a consequence of the more complex
nature of the aging of ALE (Cl) ZnS:Mn ACTFEL devices.

4.5.6

VIQ of an Atomic Later Epitaxy (DEZ) ZnS:Mn ACTFEL Device

The VIQ curves of an ALE (DEZ) ZnS:Mn ACTFEL device are shown in Fig.
4.20. Corresponding positive and negative polarity C-V curves are shown in Figs.

4.21 and 4.22, respectively. Previous work has shown that the electrical (Q-V, CV, Q-Fr) and optical (B-V) characteristics of ALE (DEZ) ACTFEL devices do not
change significantly with aging compared to ALE (Cl) ZnS:Mn ACTFEL devices.
[20, 17] The VIQ curves for ALE (DEZ) ZnS:Mn ACTFEL devices show a single
positive polarity VIQ peak which initally increases in magnitude and then decreases
in magnitude.
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Figure 4.20. VIQ aging trend for an ALE (DEZ) ZnS:Mn ACTFEL device. Aging
is for 0, 0.6, and 40 hours at 3 kHz, with arrows indicating increasing aging time.
A positive polarity VIQ curve is consistent with the energy band diagram shown

in Fig. 4.4 in which the most shallow VIQ traps are present at or near the top (Al)

interface. The initial increase in the VIQ magnitude is likely due to an increase in
the number of traps responsible for VIQ near the top (Al) interface. The subsequent
decrease in VIQ magnitude and concomitant shift in the peak to a lower voltage after

4 hours of aging is possibly due to generation of traps at the bottom (ITO) interface.

Further evidence for the presence of a VIQ trap at the bottom (ITO) interface is
presented in Subsection 4.5.7.

Both positive and negative polarity capacitance-voltage curves show a p-shift
with aging, as seen in Figs. 4.21 and 4.22. Note that the positive polarity C-V curve
possesses a steeper C-V transition region (implying an abrupt interface state density

or electron multiplication), whereas the negative polarity C-V curve is soft (i.e. has

a rather washed out turn-on) and the C-V transition is gradual (consistent with a
non-abrupt density of states or, more likely, phosphor traps which are distributed
within the phosphor near the top (Al) interface instead of being located precisely at
the interface).
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Figure 4.21. Positive polarity C-V curves for an ALE (DEZ) ZnS:Mn ACTFEL
device at 0, 0.6, and 40 hours of aging at 3 kHz, with arrows indicating increasing
aging time.
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Figure 4.22. Negative polarity C-V curves for an ALE (DEZ) ZnS:Mn ACTFEL
device at 0, 0.6, and 40 hours of aging at 3 kHz, with arrows indicating increasing
aging time.
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In this ACTFEL device, the VIQ threshold field is 0.3 MV/cm., which using
Eqns. 4.6-4.11 and assuming a capture cross-section of 10-15 cm2 (see Subsection
4.5.7) leads to an estimated trap depth of 0.8 eV. The maximum VIQ signal in Fig.
4.20 of 0.15 V leads to an estimated trap density of -4012 traps/cm2. Assuming the

traps responsible for VIQ are all within ,100 nm of the interface, this corresponds

to 10' traps/cm'. This is equal to the estimated trap density for an ALE (Cl)
ZnS:Mn ACTFEL device.

4.5.7 Temperature Dependence of VIQ for an ALE (DEZ) ACTFEL Device

The temperature dependence of VIQ for an ALE (DEZ) ZnS:Mn ACTFEL
device is investigated by performing VIQ measurements at 173, 300, 375, and 450
K, as shown in Fig. 4.23. The temperature-dependent VIQ curves initially shift to a
lower voltage with increasing temperature, then decrease in magnitude significantly

at 375 K, and finally switch polarity with a concomitant decrease in the voltage at
V IQ

which the VIQ signal peaks. Vth

occurs at --60 V at a temperature of 173 K, and

at 30 V at a temperature of 300K. A Vtvh1Q is not observed at 375 or 450 K.
As shown in Fig. 4.23, the onset of pre-threshold glow occurs at ,-100 V for
temperatures of 173, 300, and 375 K, but occurs at 70 V for 450 K. (The onset of

pre-threshold glow is denoted by asterisks in Fig. 4.23.) The fact that the onset
voltage of the pre-threshold glow does not significantly shift with temperature until
above 375 K means that nothing can be determined with regard to whether the prethreshold glow is transport or injection-limited. This temperature independence is in
contrast to the trends found for evaporated and ALE (Cl) ZnS:Mn ACTFEL devices,
whose pre-threshold glow characteristics are established to be injection-limited.
The VIQ curves acquired at 173 and 300 K are "well-behaved" in that a distinct
Vtvh/c2 is observed and the pre-threshold glow occurs at or very near the VIQ peak.

However, the VIQ curve acquired at 375 K shows a drastic decrease in magnitude,
and the VIQ curve acquired at 450 K switches to a negative polarity. This positive-

to-negative switch in VIQ polarity with increasing temperature is ascribed to VIQ
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Figure 4.23. Temperature dependent VIQ curves for an ALE (DEZ) ZnS:Mn ACTFEL device. Curves are acquired at 173, 300, 375, and 450 K. The arrow indicates
increasing temperature. The asterisks indicate the voltage onset of the pre-threshold
glow.

trap emission from opposite interfaces. The low temperature positive polarity VIQ
curves are attributed to VIQ traps near the top (Al) interface. In contrast, the high
temperature, negative polarity VIQ curves are believed to arise from VIQ traps near

the bottom (ITO) interface. Presumably, the role of temperature is to establish the
energy depth of the traps which determine the polarity of the measured VIQ signal.
The fact that a reversal of the VIQ polarity is observed for this ALE (DEZ) ACTFEL

device suggests that there is an interfacial asymmetry in the VIQ trap densities as a
function of trap depth.

A temperature dependent simulation of the trap depth/capture cross-section
pairs is performed using the two VIQ data sets obtained at 173 and 300 K. The
simulations are performed as described in Subsection 4.4.4 and the results are sum-

marized in Table 4. The temperature-dependent VIQ results for an ALE (DEZ)

ACTFEL device suggest that the trap depth is in the range of '0.7 -0.8 eV with
a capture cross-section of 10-1 4_10-16 cm2. This corresponds to a coulombically

neutral trap. [25] The physical nature of this trap is discussed in Section 4.6
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Table 4. Simulated capture cross-section/trap depth pairs for an ALE (DEZ) ACTFEL Device.

4.6

a (cm2)

Et (300 K) (eV)

Et (173 K) (eV)

10-11

1.01

0.92

10-12

0.95

0.88

10-13

0.89

0.85

10-'4

0.83

0.81

10-15

0.78

0.78

10-16

0.71

0.74

10-17

0.64

0.71

VIQ Summary
VIQ aging experiments provide information about the traps giving rise to aging.

The VIQ polarity is related to the location of these traps within the phosphor. The

VIQ peak magnitude is proportional to the total number of VIQ traps in the phosphor. The VIQ threshold field allows an estimate of the trap depth to be obtained.

Three traps are determined from the VIQ method at energy depths of -4.1, 0.8,
and 0.3 eV for evaporated, ALE (DEZ), and ALE (Cl) ZnS:Mn ACTFEL devices,
respectively.

A summary of the VIQ and C-V aging trends for the three types of ZnS:Mn
ACTFEL devices investigated in this thesis are presented in Table 5. From Table 5

it is found that the VIQ polarity of the evaporated ZnS:Mn ACTFEL device investigated switches with aging, while the ALE (Cl) and ALE (DEZ) ZnS:Mn ACTFEL

devices investigated possess the same VIQ polarity throughout the aging process.

The switch in the polarity of the evaporated sample is attributed to the assumption that short-term aging is due to changes at the bottom (ITO) interface, while
long-term aging is due to changes at the top (Al) interface. Conversely, all aging in
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Table 5. Summary of VIQ aging trends for evaporated, ALE (Cl), and ALE (DEZ)
ZnS:Mn ACTFEL devices.
ALE (C1)

ALE (DEZ)

n-shift

n-shift (soft)

p-shift (rigid)

p-shift

n-shift (soft)

n-shift (rigid)

p-shift (soft)

VIQ polarity

-

+

- (2 peaks)

+

Aging region

bottom (ITO)

top (Al)

bottom (ITO)

top (Al)

Trap depth (eV)

1.1

1.1

0.3 + deeper

0.8

a (cm2)

10-14

10-14

Unknown

10-15

Density (cm-3)

1016

1016

1017

1017

Evaporated

Evaporated

Short-term

Long-term

C-V (+)

p-shift

C-V (-)

ALE ACTFEL devices investigated occurs at a single interface. The density of traps

shown in Table 5 is a rough estimate due to the RC time constant of the system, as

well as the uncertainty of the thickness of the "trapping layer". It is assumed that
all traps lie within 100 nm of the interface, but this estimate may be off by an order
of magnitude.
The physical nature of the traps responsible for VIQ aging is now explored. Traps

may be either intrinsic or extrinsic. The three possible kinds of intrinsic defects in
a binary compound such as ZnS are i) vacancies, ii) interstitials, iii) antisites. The
extremely large energy of formation of self-interstitials and antisites suggests that
only vacancies are likely to exist in the ZnS crystal. [30] A zinc vacancy is a double
acceptor. The first and second ionization energies of a zinc vacancy in ZnS have been

crudely estimated as N0.5 and -4.5 eV, with respect to the valence band maximum.
[1] A sulfur vacancy is a double donor. The first and second ionization energies of a

sulfur vacancy in ZnS have been estimated as -4.2 and 1.4 eV. [2] The estimated
energy depth and defect charge states of these intrinsic and several extrinsic defects
are shown in Fig. 4.24.
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Figure 4.24. Estimated energy depths of possible traps responsible for the VIQ
signal. Ionization energies of Zn vacancies [1], ionization energies of sulfur vacancies
[2], ionization energy of chlorine [3, 4, 5], ionization energy of oxygen [3].

Table 6. Ionic radii of Zn, S and possible extrinsic defect candidates giving rise to
the VIQ signal. All ionic radii are from Shannon [6], with the exception of C-4 which
is from Lange [7].

Ion

ionic radii (pm)

Zn +2

74

S-2

170

0-2

124

C+4

29

C-4

260

H+1

10-5

0H-1

121

C1-1

167
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Possible extrinsic defects are now considered. The energy depth of Cl in ZnS is

0.2-0.3 eV. [3, 4, 5] Thus, it is very likely that the VIQ Peak 1 in the ALE (CI)
ZnS:Mn ACTFEL device is due to Cl. Other possible extrinsic defects are hydrogen,

oxygen and carbon. The extremely small size of hydrogen (see Table 6) makes
it highly unlikely that hydrogen would sit on a substitutional site in ZnS. However,
hydrogen could be incorporated as a complex with other intrinsic or extrinsic defects,

or may form an OH-1 group, which would act as a donor. The energy depth of
oxygen in ZnS has been estimated as 0.29-0.85 eV. [3, 31, 32] Although oxygen is
not a carrier gas for either of the ALE processes investigated, a significant amount
of oxygen (residual from deposition of ATO, or as a result of an impure purge gas)
may still be present in the reactor. The size mismatch and valence of carbon sitting
on a zinc or a sulfur site is so large that substitution is not likely (see Table 6).
Oxygen on a sulfur site is an isoelectronic trap [33]. Oxygen and sulfur are in the
same column of the periodic table. Thus, oxygen and sulfur have the same number of

valence electrons. However, since the electronegativity of oxygen (3.5) is larger than

sulfur (2.5), the resultant Os trap will be an acceptor-like site. [33] If an OH-1 group

sits on a sulfur site it will create a donor-like trap. Information about the energy
depth of OH-1 is not available, but the ionic radius and the single donor nature of
the OH-1 group makes it a possible candidate as a deep donor in ZnS. Further work

is required to ascertain whether OH' is a viable candidate.

The capture cross-section of a trap yields insight into the charge state of the
trap. Traps with a capture cross-section greater than 10-14 are attractive, traps
with a capture cross-section of --10-14-10-18 are neutral, and traps with a capture
cross-section less than ,,10-18 are coulombically repulsive. [25]

The capture cross-section of the trap responsible for VIQ is important in the
determination of the physical nature of the trap. The capture cross-sections determined from the temperature-dependent VIQ method are estimates whose accuracy is

approximately an order of magnitude. Both of the trap capture cross-sections lie on

the border between coulombically neutral and attractive. The 10-14 cm2 estimated
capture cross-section of the 1.1 eV trap for the evaporated ZnS:Mn ACTFEL device
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suggests that the trap is slightly coulombically attractive; the first ionization state

of a sulfur vacancy is a likely candidate. The 10-15 cm2 estimated capture crosssection of the 0.8 eV trap for the ALE (DEZ) ZnS:Mn ACTFEL device suggests that

the trap responsible for VIQ aging is coulombically neutral, which is consistent with

oxygen sitting on a sulfur site as an isoelectronic trap.

The capture cross-sections for Peak 1 and Peak 2 of the ALE (Cl) ZnS:Mn
ACTFEL devices could not be determined, which makes identication of these traps
more difficult. However, the 0.3 eV energy depth of Peak 1 suggests Cls as a strong

possibility. Tentatively, Peak 2 is ascribed to oxygen sitting on a sulfur site as an
isovalent trap since the VIQ Peak 2 trends shown in Fig. 4.16 are somewhat similar
to the VIQ trends for the ALE (DEZ) ACTFEL device shown in Fig. 4.20. However,
Peak 2 could also be attributed to the first ionization energy of a sulfur vacancy. The

PDP method performed by Vlasenko et al. reaches similar conclusions regarding the
physical nature of the traps responsible for aging in ALE ZnS:Mn ACTFEL devices.

Specifically, Vlasenko et al. identify a trap at an energy depth of 0.3 eV attributed

to Cl, and a trap at an energy depth of 0.9 -1.2 eV attributed to 0. [16]
In summary, possible atomic identifications of VIQ traps responsible for aging
are as follows:

(i) Evaporated ZnS:Mn

1.1 eV, 10- 14 cm2

+ vs0/+

(ii) ALE (Cl) ZnS:Mn -4 0.3 eV (Peak 1) -4 C1° /+
ALE (Cl) ZnS:Mn

(Peak 2)

0;1° (or VV+)

(iii) ALE (DEZ) ZnS:Mn -4 0.8 eV, 10-15 cm2

0:0
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Chapter 5
Conclusions and Recommendations for Future Work

Two optical excitation experiments are presented in this thesis. The first, photoinduced charge/photo-induced luminescence (PIQ/PIL), gives evidence of hole trapping in evaporated ZnS:Mn ACTFEL devices as well as allows for detemination of a

threshold field for impact excitation of Mn luminescent centers. The second exper-

iment, sub-threshold voltage induced charge (VIQ), yields trap depths and capture
cross-sections for traps within the ZnS:Mn crystal as well as supportive evidence related to which interface(s) gives rise to the aging behavior of evaporated, ALE (C1),
and ALE (DEZ) ZnS:Mn ACTFEL devices.

Conclusions PIQ/PIL Experiments

5.1

PIL measurements of evaporated ZnS:Mn ACTFEL devices show a PIL thresh-

old of

MV/cm. This threshold field is independent of the thickness of the phos-

phor. This leads to the conclusion that the threshold field necessary for impact

excitation of Mn luminescent centers is ,-,1 MV/cm.

PIQ measurements of evaporated ZnS:Mn ACTFEL devices show evidence for

hole trapping in the phosphor layer. Hole trapping is characterized by a drift length

of 180 ± 70 nm, a hole lifetime of '2 ps, and a trap capture cross-section of 7 x
10-13 cm2. It is speculated that this hole trap is most likely a zinc vacancy or a zinc
vacancy complex.

5.2

Conclusions of VIQ Experiments
VIQ measurements yield estimates of the energy depth, capture cross-section,

and density of traps in the evaporated, ALE (Cl), and ALE (DEZ) ZnS:Mn ACTFEL

devices investigated. VIQ results in conjunction with C-V measurements provide a
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consistent picture of the physical nature of ACTFEL device aging. It appears that
aging occurs due to changes in the density of traps at or near the phosphor/insulator
interfaces. Initial aging of evaporated ZnS:Mn ACTFEL devices occurs at the bottom

(ITO) interface; long-term aging occurs at the top (Al) interface. Aging of ALE (Cl)

ZnS:Mn ACTFEL devices occurs at the bottom (ITO) interface. Aging of ALE
(DEZ) ZnS:Mn ACTFEL devices occurs at the top (Al) interface.

The energy depth of the trap responsible for VIQ in evaporated ZnS:Mn ACT cm2. The energy
FEL
FEL devices is -4.1 eV with a capture cross-section of
depth of the trap responsible for VIQ in ALE (Cl) ZnS:Mn ACTFEL devices is 0.3

eV with a capture cross-section of r-10-15 cm2. A second VIQ peak for ALE (Cl)
ZnS:Mn ACTFEL devices is attributed to the same trap as that found in ALE (DEZ)
ZnS:Mn ACTFEL devices. The energy depth of the trap responsible for VIQ in ALE

(DEZ) is 0.8 eV with a capture cross-section of 10-15. Assuming that all traps
lie within 100 nm of the interface, the trap density is estimated to he -4016 cm'
for evaporated ZnS:Mn ACTFEL devices and ,-1017 cm' for ALE (Cl) and ALE
(DEZ) ZnS:Mn ACTFEL devices.

Atomic identifications possibilities for VIQ traps in ZnS:Mn ACTFEL devices are

as follows. The trap responsible for the VIQ signal in evaporated ZnS:Mn ACTFEL
devices is attributed to a sulfur vacancy. The trap responsible for the VIQ signal in

ALE (DEZ) ZnS:Mn ACTFEL devices is attributed to oxygen on a sulfur site. Peak

1 in the ALE (Cl) ZnS:Mn ACTFEL devices is attributed to chlorine and Peak 2
is attributed to oxygen on a sulfur site (or possibly a sulfur vacancy). The physical
nature of these traps is in agreement with the results of PDP experiments performed
by Vlasenko et al. [16]

5.3

Recommendations for Future Work
PIQ/PIL experiments should be performed on different materials. A thickness-

dependent study of ALE (Cl) and ALE (DEZ) ZnS:Mn ACTFEL devices would facil-

itate the determination of whether PIQ/PIL trends in evaporated ZnS:Mn ACTFEL
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devices is due to the ZnS:Mn lattice itself, or is due to the deposition method. If
PIQ/PIL trends for the above mentioned ACTFEL devices are identical to evaporated PIQ/PIL trends, it would strengthen to the conclusions made about evaporated
ZnS:Mn ACTFEL devices.
PIQ/PIL experiments should also be performed using ALE and sputtered SrS:Ce

and ALE SrS:Cu in order to investigate the properties of these materials compared
to ZnS:Mn.
The VIQ method may be expanded by performing VIQ with a few modifications.
VIQ should be performed using ACTFEL devices with different phosphor thicknesses

to determine whether trapped charge exists in the bulk of the phosphor, or is mostly
in the region near the interfaces. Performing VIQ with single wavelength excitation

may yield information about the energy depth of traps responsible for VIQ. Performing VIQ with a single voltage pulse followed by an optical reset would facilitate
determination of the amount of space charge present in the PIQ/PIL experiment.
The transient of the VIQ signal should be investigated to ascertain whether the tail
of the VIQ response contains any useful information. It is observed that the time
constants of the VIQ transient change with temperature and aging, as well as for dif-

ferent phosphor types (SrS:Ce, ZnS:Mn). It may be that a detrapping time constant

can be determined from an investigation of the VIQ transient.

In order to more clearly establish the nature of the trap responsible for VIQ
in the ALE samples investigated, oxygen-rich samples should be fabricated. By
performing VIQ on samples which are identical other than oxygen concentration,

the nature of Peak 2 in the ALE (Cl) and the peak in the ALE (DEZ) ZnS:Mn
ACTFEL devices tested can be more accurately determined. If the VIQ peaks do
not change in magnitude with intentional oxygen doping, then these peaks are most
likely due to sulfur vacancies.
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Appendix A.1
Number of Subthreshold Pulses to Steady-State Operation
The VIQ effect was first observed while attempting to duplicate PIQ/PIL experiments of Neyts et al., in which a xenon lamp is used to reset the phosphor to a
flat-band condition between each electrical pulse. [10] The duration of the light pulse

needed to fully reset the phosphor was uncertain, so experiments were performed to

determine the necessary reset time. To accomplish this, the ACTFEL device was
driven electrically above threshold for a few seconds and then turned off. Subse-

quently, a xenon lamp was turned on and a transient change of the charge on the
sense capacitor was observed during these experiments to determine the required reset time duration. While monitoring the xenon lamp-induced sense capacitor charge

transient, it was noted that a charge transient was observed even when a subthreshold voltage pulse sequence was employed. These observations led to the development

of the VIQ measurement technique.

In their discussion of PIQ/PIL measurements, Neyts et al. mention that for
optical resetting, the ACTFEL device must be grounded during the application of
the light pulse in order for the charge released to have a means of dissipating. [10] It

is not clear how this is accomplished in Neyts et al. experimental apparatus, but in
the experiments performed for this thesis the ACTFEL device is kept connected to
the measuring system while the xenon lamp pulse is applied. Maintaining electrical

connection of the ACTFEL device to the measurement system ensures that the
optically-induced charge is drained through the 1 MS2 impedence of the oscilloscope.

The importance of maintaining the electrical connection of the ACTFEL device
and the measurement system was recognized later in the research project when an

alternative implementation of the VIQ experiment was attempted using a buffer
amplifier between the sense capacitor and the oscilloscope, as presented in Appendix
A.S.

Thus, if the VIQ signal is to be measured, the ACTFEL device must remain
electrically connected to the measuring apparatus during the optical reset. It is
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possible that VIQ was not previously observed by Neyts et al., particularly if they
removed the ACTFEL device from the measurement apparatus in order to ground

it during the optical reset. If the device was disconnected and manually shorted,
measurements could not be obtained during application of the light pulse and, thus,
VIQ would not be observed.
While performing experiments to determine the length of the optical reset pulse

needed for the PIQ/PIL experiment, it was observed that the magnitude of the DC
offset induced on the sense capacitor immediately following the optical reset pulse
changed as a function of the maximum applied voltage of the bipolar pulse sequence.

The number of subthreshold bipolar electical pulses needed to achieve steady-state

operation is uncertain. The length of time required to reach steady-state could
possibly be due to the time constant of the system; however, the following experiment

seems to refute this. The ACTFEL device is, optically reset and then bursts of 500
standard bipolar electrical pulses are applied. The first electrical burst of 500 pulses
produces a large DC offset on the sense capacitor, which is allowed to decay to zero.
The next burst of 500 pulses produces a smaller DC offset, and so on. It is found that

the ACTFEL device does not reach steady-state (i.e. no DC offset is induced on the

sense capacitor) until about 10 bursts of 500 pulses are applied. It is hypothesized

that if 500 pulses is sufficient to ionize all of the traps, and create all of the space

charge in the ACTFEL device, then the second burst should have no effect; the
ACTFEL device would already be at steady-state. This leads to the conclusion that

below threshold, many thousands of pulses are required to reach steady-state, as
opposed to only a few when the ACTFEL device is driven above threshold.

VIQ experiments are performed using 20,000 (20 s) bipolar voltage pulses and

a 20 second optical reset. Experiments were also performed using a 45 second op-

tical reset and 30,000 (30 s) bipolar voltage pulses to be certain that the ACTFEL
device reached steady-state. The results of both experiments were identical, leading

to the use of 20,000 electrical pulses followed by a 20 second optical reset for all
measurements discussed herein.
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Appendix A.2
Time response of VIQ
The 1 MQ input impedence of the oscilloscope and the 100 nF capacitance of the

sense capacitor yield a time constant of 100 ms for the VIQ measurement system.

Thus, the VIQ peak is only an estimate of the actual charge transferred during the
optical pulse since the VIQ transient is established by both optically-induced charge
rearrangement and by RC discharge through the oscilloscope.

As with any RC system, the response to a unit step of voltage is an increase
in the voltage across the sense capacitor which saturates once V = Q/C. When the

voltage is removed, the voltage across the sense capacitor decays to zero at a rate
determined by the time response of the system. In the case of VIQ measurements,

the time response curve suggests that VIQ is due to a relatively constant current
from the device upon application of the light pulse, i.e. a step input to the RC
measurement system. However, the constant current step is not long enough for the

voltage across the the sense capacitor to saturate. Therefore, the VIQ maximum
voltage which is measured is less than the actual maximum voltage that would be
sensed if the time response of the system were faster. Because of this, all VIQ curves

consititute a lower estimate of the actual xenon lamp-induced transferred charge.

89

Appendix A.3
Spectral Response of VIQ
It should be noted that the xenon lamp is incident on the phosphor through the

glass substrate as well as the ITO layer. Thus, much of the incident UV light from

the xenon lamp is absorbed by the glass. In order to determine which wavelengths

of light are responsible for the VIQ effect, the VIQ experiment is performed by
passing the incident light through a monochromator. The wavelength of excitation
is scanned from 250 to 400 nm. For below-bandgap photon energies less than

3.35

eV (-370 nm), no VIQ effect is detectable. Also, for above bandgap photon energies
greater than ,4 eV (,---,310 nm), no VIQ effect is observed. The VIQ effect peaks at

3.8 eV (-,325 nm). In semiconductor and dielectric materials, light is exponentially
absorbed as a function of distance into the material.
(d) = 1-06-"

(5.1)

where Io is the incident intensity, d is the distance into the semiconductor, and a is
the absorption coefficient, which is dependent on the material and the wavelength of

the incident intensity.
Since a increases rapidly for increasing photon energies near that of the bandgap,

this relation shows that absorption within the phosphor is more uniform for longer
wavelengths, while for shorter wavelengths the light is absorbed closer to the incident

interface. The absorption coefficient for ZnS:Mn at 325 nm is -405 cm'. [34J Thus,

the fact that the VIQ signal peaks near the bandgap energy of -,3.8 eV leads to the
conclusion that the VIQ signal monitored during the optical reset is associated with
electron-hole pairs generated near the incident phosphor/insulator interface. If the
VIQ signal peaked at lower energies, this would be evidence that the VIQ signal is
due to electron-hole pairs generated uniformly across the phosphor.
Finally, when the VIQ experiment is performed with single wavelength excitation
of

eV, the experimental trends are identical to those obtained using broadband

radiation. Therefore, broadband radiation is used for all future experiments as a
larger signal-to-noise ratio is achieved with the higher intensity broadband light.
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Appendix A.4
VIQ Illuminated from the Opposite Interface
In an attempt to test the hypothesis that VIQ is due to electron-hole pair gen-

eration near the incident interface, rather than in the bulk of the phosphor, the
ACTFEL device is illuminated from the opposite side, hereafter referred to as the
aluminum side.

On the aluminum side of the sample, aluminum dots used to electrically contact
the ACTFEL device cover the active area, so the light must be incident at an angle.

When illuminated from the aluminum side, the VIQ signal is the same polarity as
when illuminated from the ITO side. In addition, the spectral response of the VIQ
signal is identical when illuminated from the aluminum side, with radiation outside of

3.35-4 eV havin7, no effect, and a peak response found at 3.8 eV. Illumination from
the aluminum side also shows that the VIQ spectral response is a real experimental

trend, rather than an artifact due to attenuation of UV light in the glass substrate.
To be certain that the VIQ signal is the same when illuminated from either side,

the construction of samples with ITO contacts on both sides is needed. Use of an
ITO instead of an aluminum top contact would allow the xenon lamp to be normally

incident onto the phosphor. Use of these samples would facilitate optical excitation

from both sides of the phosphor much better than the currentm2thod of exciting
the phosphor at an angle when illuminating from the aluminum side.
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Appendix A.5
VIQ Measurements using a Buffer Amplifier
It is observed that when the ACTFEL device is first driven electrically with
bipolar pulses following the application of an optical reset, the charge on the sense
capacitor experiences a DC shift for a few seconds before returning to zero, as shown

in Fig. A.1. This occurs well below threshold, and is thought to be linked to the
ionization of traps within the phosphor giving rise to space charge in the ACTFEL

device. When the ACTFEL device is turned off and on again without the optical
reset, the charge on the sense capacitor does not experience a DC shift.

Standard VIQ is acquired by measuring the maximum charge on the sense ca-

pacitor following the application of the optical pulse. In this section, VIQ data is
acquired by optically resetting the ACTFEL device and then measuring the peak
charge induced on the sense capacitor immediately following the application of the

bipolar electrical pulses. In this case, the peak due to the electrical pulses is measured, as opposed to the peak due to the optical pulse, the latter being the standard
VIQ method. The VIQ trends when measuring the peak charge on the sense capacitor following application of the electrical pulses are identical to the results obtained

by the standard VIQ method, but are opposite in polarity. This observation lends
support to the belief that charge is redistributed during the electrical phase of the
experiment, and then reset by the optical pulse.
The input impedence of the oscilloscope has a strong effect on the VIQ response

since charge is dissipated from the sense capacitor through this load. Therefore,
a buffer amplifier is implemented for the acquisition of VIQ. The buffer amplifier
has a very high input impedence and is placed between the oscilloscope probe and

the sense capacitor. Thus, the sense capacitor has no means of discharging. VIQ
measurements with the buffer amplifier are performed using the method shown in Fig.

A.1, i.e. application of an optical reset followed by measurement of the maximum
voltage induced on the sense capacitor following application of electrical pulses. With

the buffer amplifier in place, the voltage on the sense capacitor is zero during the

92
Va

20,000 bipolar pulses

/
vsense

11\optical reset

VIO(V a)

-250 ms (note: v sense is due to multiple

bipolar pulses)
onset of bipolar pulses

2)

t

60 s

Figure A .1. VIQ acquired by measuring the maximum voltage induced on the sense
capacitor immediately following application of bipolar electrical pulses. The vsense
curve 1 is the response of the system in the absence of a buffer amplifier. The v,
curve 2 is the response of the system with a buffer amplifier.

optical reset, and then jumps to some value when the electrical pulses are applied.
presumably due to the ionization of traps within the phosphor. It is hypothesized
that the voltage on the sense capacitor following application of the electrical pulses
should saturate at some maximum value.

Once all of the traps are ionized, the signal should reach a steady-state and
application of subsequent pulses should have no effect. However, this is not observed.

The voltage on the sense capacitor jumps to some value, but then continues to slowly

increase and never saturates. As many as 60,000 bipolar pulses are applied, but
saturation is still not observed, as shown in Fig. A.1 curve 2.
It is unclear why the non-saturating behavior of the VIQ trend occurs when
measurements are performed with the buffer amplifier. It is possible that the amplifier voltage is slightly larger for one polarity, resulting in continued build up of
charge on one interface. It is also possible that the initial jump is due to ionization
of electron traps. and the slow non-saturating portion is due to ionization of hole

traps or perhaps deeper electron traps. Thus, the non-saturating nature of the VIQ

93

signal when a buffer amplifier is employed is not understood and makes it difficult

to interpret VIQ data.
Another problem with the use of the buffer amplifier is that when the ACTFEL
device experiences 'burn-outs', i.e. shorting of small regions of the ACTFEL device,
the charge on the sense capacitor becomes very large and has no means of dissipating,

making aquisition of data impossible until the voltage on the ACTFEL device is

returned to zero by manually shorting the sense capacitor. During standard VIQ
operation in the absence of the buffer amplifier, 'burn-outs' cause the voltage on the

sense capacitor to jump, but the charge is dissipated within a few seconds through
the input impedence of the oscilloscope, so this is not a problem during normal (i.e.
no buffer amplifier) VIQ operation.

Use of the buffer amplifier and measurement of the electrical maximum when
acquiring VIQ data does not appear to be the best method for performing VIQ. Although use of the buffer amplifier seems like a clear and elegant method for accomplishing VIQ measurements, the non-saturating behavior of the VIQ signal, coupled
with the 'burn-out' problem stated above, makes it very difficult to obtain meaningful

VIQ data with the buffer amplifier at this time.

