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4.3

Electro-Optic Characterization of SrS-Based Alternating
Current Thin-Film Electroluminescent Devices
1. INTRODUCTION

The impetus to display information in a more efficient manner has created a market

for thinner, smaller, portable, and more efficient flat panel displays (FPDs). By some

estimates, the FPD industry is anticipated to grow by 20% annually for the next five
years.[1] Obviously, this creates a growing market for FPDs. There are many technologies

vying for some of this market share and currently liquid crystal displays (LCDs) hold the

majority of the market. One technology competing within the FPD market and other
niche markets is electroluminescent (EL) technology.

Electroluminescence is the conversion of electrical energy into light.[2] One type of
EL display is an alternating-current thin-film electroluminescent (ACTFEL) device. EL is

acheived in an ACTFEL device by the excitation of luminescent impurities (intentionally

incorporated into a phosphor host) by electrons accelerated in a high electric field. ACT-

FEL devices have inherent advantages over other FPD technologies. Because ACTFEL
devices are comprised of thin films, each pixel is in a sense a small emitter enabling wide
viewing angles with a high contrast ratio which is very desireable in high ambient lighting

environments. Due to the solid-state nature of these displays, they are rugged and operate
over a wide temperature range. ACTFEL displays are manufactuable down to dimentions

as small as 1" diagonal. High resolutions (VGA) are also achievable. Thus, there are
many applications for ACTFEL devices in portable heads-up displays, airplane cockpits,
and other vehicles.[2] Non-thin-film EL technology is also utilized in niche markets such

as back lighting and illumination; new manufacturing techniques and materials allow for
EL to be incorporated into flexible low-power lighting strips used for safety purposes.[3]

In spite of all the advantages of ACTFEL devices, they have traditionally been
limited by the realization of full color. Specifically, a bright, efficient, true-blue phosphor

2

has been unattainable. Thus, the research presented within this thesis was motivated by
the need to understand new blue SrS-based thin-film phosphors at the materials level.

Two kinds of optical excitation techniques are utilized within this thesis to characterize SrS-based ACTFEL devices; these techniques are denoted photo-induced charge

(PIQ)/photo-induced luminescence (PIL) and subthreshold voltage-induced transferred
charge (VIQ). PIQ/PIL analysis employs an ultraviolet (UV) laser pulse during ACTFEL

device operation to photo-excite electron-hole pairs within a thin region of the phosphor.
The simultaneous application of a voltage pulse allows either electrons or holes to transit

the phosphor layer. PIQ and PIL are measured as the photo-induced transferred charge

or luminescence induced at a given voltage. PIQ/PIL curves are plotted as a function
of the maximum applied voltage and thresholds within the experimental curves provide

estimates of internal fields defining light production and ionization of traps within the
phosphor.

VIQ measurements are accomplished by first driving the ACTFEL device to a
steady-state condition by applying a sequence of bipolar trapezoidal voltage pulses. The

applied voltage pulse sequence causes traps within the phosphor to become ionized and
create space charge. A broad-band optical pulse is then applied to the ACTFEL device to
reset the space charge. VIQ is assessed from the transient voltage measured across a sense

capacitor during this optical reset. VIQ curves are plotted as a function of maximum
applied voltage and provide information about certain kinds of shallow traps present in
the phosphor.

Chapter 2 provides an overview of ACTFEL device manufacture, operation, and
standard electrical characterization measurements. Also included in Chapter 2 is an introduction to prior research performed by various groups using similar optical-excitation

techniques. Comprising Chapters 3 and 4 are detailed descriptions of the two kinds of

optical-excitation experiments performed in this thesis, PIQ/PIL and VIQ. Chapter 5
concludes this thesis by summarizing the experimental results achieved and provides sug-

gestions for steps forward in continuing the research initiated within this thesis.
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2. LITERATURE REVIEW

This chapter provides background into the ACTFEL device structure, operation
and deposition methods. The chapter continues by summarizing the various electrical
characterization techniques used to extract experimental parameters of interest. This
chapter concludes with results of previous PIL/PIQ and VIQ work specific to SrS ACTFEL
devices.

2.1

ACTFEL Device Structure and Material Properties
A standard ACTFEL device structure is shown in Fig. 2.1. A typical ACTFEL

structure is a layered stack of thin films deposited upon a glass substrate. The heart of
the ACTFEL structure consists of a thin phosphor film sandwiched between two thin-film

insulating and electrode layers. Thus, electrically, the ACTFEL device behaves like two

capacitors in series, one being the phosphor layer and the other the combination of the
insulating layers. This structure was first proposed in 1967 by Russ and Kennedy [4] and

is used for all of the samples in this thesis. To ensure proper device operation, there are

important material choices for each layer comprising an ACTFEL structure. The first
layer deposited needs to be a transparent conducting layer. In addition, with the push to
miniaturize displays, the pixel size becomes a function of the etchable linewidth; therefore,

the conducting layer must also be etchable to narrow dimensions. Indium tin oxide (ITO)

has both of these properties and is a common choice as the bottom conducting layer.

A unique property of an ACTFEL device is the high internal electric field, of 1-2
MV/cm under which it operates. In order for the ACTFEL device to achieve such fields,
the insulating layers must have specific properties: a high breakdown voltage and a high
dielectric constant. Large external voltages are applied to the ACTFEL device. Therefore,
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Aluminum Contacts

Top Insulator
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Transparent Conductor

200 nm
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1 mm

Figure 2.1: Standard ACTFEL device structure.

the larger the voltage the insulating layers can withstand, the more robust the device. A
high dielectric constant ensures that the majority of the applied voltage is dropped across

the phosphor layer, which helps reduce the operating voltage. Aluminum titanium oxide
(ATO) is a common insulator used in the SrS devices tested in this thesis.
The phosphor layer consists of a thin-film phosphor host doped with a luminescent

impurity. Careful selection of a luminescent impurity is paramount for a phosphor to be
a viable option as an electroluminescent phosphor. The luminescent impurity is selected

such that when introduced into a phosphor host it sits substitutionally on a lattice site
within the phosphor, rather than interstitally. Matching the atomic size of the impurity

to the host lattice is very important to obtain a high degree of crystallinity. Under
normal ACTFEL operation, charge carriers must obtain high drift energies in order to
impact excite the luminescent impurities. The probability of radiative recombination of
an excited impurity (useful light output) is also greatest when a luminescent impurity is
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incorporated substitutionally into the lattice. In addition, matching the valence of the host

and impurity is crucial; otherwise, a co-activator must be used during processing. There
are a set of possible luminescent impurities for a given host, depending upon the phosphor
color desired. For example, zinc sulphide (ZnS) is chosen as a host for yellow (manganese)

or green (terbium) impurities. The phosphor host used in this thesis is strontium sulphide
(SrS) doped with cerium (Ce) which yields a blue-green color, or copper (Cu) to obtain a
blue color. Typical layer thicknesses are shown in Fig. 2.1.

2.2 ACTFEL Device Fabrication Techniques
There are many methods of deposition for the thin films used in ACTFEL devices.

Four methods were used in the fabrication of the samples used in this thesis: atomic
layer epitaxy

(ALE),

thermal evaporation, RF sputtering, and metal-organic chemical

vapor deposition (MOCVD). For the SrS:Ce samples, the ATO insulating layers and the
phosphor layer were deposited by ALE. For the SrS:Cu samples, the top insulator, barium

tantalate (BTO) and the phosphor layer were all sputter deposited. The bottom insulator,

ATO, was deposited by ALE. For both samples, a patterned thin aluminum film was
thermally evaporated on top of the ACTFEL structure, forming the top electrical contacts.

Previous research has shown that the electrical and optical characteristics of ACTFEL
devices vary significantly with deposition methods. [5]

2.3

Basic Principles of Operation
The basic theory of operation begins with the application of a large external bias

to the ACTFEL device. The applied voltage induces an electric field across the phosphor
layer (there is no direct conduction from the electrodes through the phosphor).

As

the
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applied voltage rises above a certain threshold, electrons are tunnel injected into the
phosphor layer from interface states at the phosphor/insulator boundary. The electrons

gain kinetic energy via the internal electric field as they transit the phosphor and may
impact excite a luminescent impurity. The excited electron may then radiatively decay
back to its ground state thereby emiting a photon. The process of charge injection, impact
excitation, and subsequent radiative decay, all of which are induced by an electric field, is

defined as high field electroluminescence. The luminescent impurity is chosen such that
the most probable radiative decay process yields the desired wavelength, or color, of light.
The basic waveform used to electrically characterize the ACTFEL device is a trapezoidal

Vapplied

(§)

Figure 2.2: Standard characterizing waveform.

bipolar waveform. The standard characterizing waveform consists of a rise and fall time

of 5 ps and a constant applied voltage plateau of 30 ps for each polarity. The standard
characterizing fequency is 1 kHz, which corresponds to a separation of 1 ms in time between

each voltage polarity. As seen in Figure 2.2, there is a lettering scheme associated with

certain points of merit during the applied waveform. The lettering scheme highlights
points during the applied waveform which correspond to significant internal events within
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Insulators
111=1111"

Phosphor

.I111

Figure 2.3: Energy band diagram under flat band condition. Vertical and horizontal
directions represent increasing electron energy and distance across the ACTFEL stack,
respectively

the phosphor. As seen in Figure 2.2, the lettering scheme begins with the start of the
applied voltage, A, and moves to point B, where charge is injected into the phosphor from

interface states. Point C begins a plateau of constant applied voltage which ends at point
D. The applied voltage goes to zero at point E. Letters F-J denote the same events for an
applied voltage of opposite polarity.

To aid in the understanding of internal events at the device physics level, the sandwich of thin films composing an ACTFEL device may be alternatively represented as an

energy band diagram. Fig. 2.3 shows an energy band diagram for each layer within an
ACTFEL stack with zero bias applied; this is known as a flat band condition. It is im-

portant to note that energy band diagrams represent increasing electron energy in the
vertical direction and distance across the ACTFEL device in the horizontal. The two
horizontal lines on either end of the stack represent electrical contacts, one functions as
the anode and the other the cathode, depending upon the polarity of the applied voltage.
A convention used throughout this thesis is that the voltage is applied with respect to the

aluminum contact. The insulating layers are depicted by the thin rectangular boxes on
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either side of the phosphor layer. Thus, as seen in Fig. 2.3 the ACTFEL device is in a
flat band state since all of the conduction bands, or the tops of each layer, are flat. The
magnitude of the height of each layer represents the bandgap, or difference in electron
energy between valence and conduction bands. While Fig. 2.3 is not drawn to scale, it is

important to notice that the bandgap of the insulating layer is larger than the phosphor
layer.

Now, a cycle of energy band diagrams, shown in Fig. 2.4, can be devised to show
internal events corresponding to the points of merit shown during the applied waveform in

Figure 2.2. Hence, the important internal processes occurring in an ACTFEL device are
shown specifically in Fig. 2.4 and the following discussion refers to these specific points.

An ACTFEL device starts in a flat band condition during the time prior to point (A). As
the voltage applied to the ACTFEL device increases, the internal phosphor electric field
increases, and the energy bands begin to bend, as shown in (B). Once the phosphor field

reaches a critical value, an electron may tunnel into the phosphor conduction band from

phosphor/insulator interface states. This is depicted in letters (B) and (G). Tunneling is
aided by barrier lowering due to the baud bending from the applied voltage. As charge
begins to be sourced from the interface states, the phosphor "breaks down" and begins to
conduct; therefore, the tunnel-injected charge is denoted conduction charge. The external
applied voltage associated with phosphor breakdown is called the threshold voltage, Vth,

because it is at this voltage that the phosphor begins to luminesce, or turn on, due to the
injected charge. Once the electron enters the conduction band, it drifts toward the anode

due to the internal phosphor field. As the electron gains kinetic energy it may collide
with a luminescent impurity, transfer its energy, and once again be accelerated towards
the anode by the phosphor field. This process may continue until the electron reaches the

anode. Once the applied voltage goes to zero, there is some residual charge left at the
opposite interface, as seen in points (E) and (J). This is refered to as polarization charge
as the remaining charge creates a non-zero internal field with no external bias applied. It
should be noted that the field induced by the polarization charge is in the same direction
as the phosphor field set up by the next voltage pulse.
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Vext

(0)

(G)

(E-F)

Figure 2.4: Energy band cycle. Important points during the applied voltage waveform
(from Fig.2.2) are indicated.
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2.4

The Nature of Space Charge in ACTFEL Devices
After a voltage above threshold has been applied to the ACTFEL device, there are

other residual charges remaining in the phosphor in addition to polarization charge. As the

electrons gain increasing energy from the internal phosphor field, they get "hot" enough

to ionize electrons which leave behind positive charge fixed in the lattice. Hot electrons

may ionize a luminescent impurity or a trap level in the phosphor band gap (a defect in

the lattice). In the case of SrS:Ce, there exists an Ce excited state that may be ionized
by the phosphor field. As the injected charge transports across the phosphor, it leaves
behind regions of space charge primarily near the interface from where it was injected.
The growing space charge further bends the energy bands, as shown in Fig. 2.5, which
alters the performace of the ACTFEL device. As positive space charge builds up near the

injecting interface, the tunnel barrier is lowered for electrons near the cathode and this
effectively decreases the turn-on voltage. The field near the anode is also affected through

a relaxation of the local field which cools the electrons entering the anodic interface. The

electron cooling extends the lifetime of the device by decreasing interface damage due
to hot electron collisions. Space chage in SrS:Ce devices dramatically improves device
performance.

There are two types of space charge found in ACTFEL devices, dynamic and
static.[6] Static space charge is defined as space charge, which once formed, remains in
the phosphor bulk during steady-state operation of the ACTFEL device. In contrast, dynamic space charge is both created and partially annihilated during each applied voltage
pulse.[7] Evaporated ZnS:Mn ACTFEL devices exhibit static space [6, 7] charge whereas
ALE SrS:Ce ACTFEL devices exhibit dynamic space charge.[5, 8]
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Figure 2.5: Energy band bending due to space charge. (a) Energy bands before the
creation of space charge. (b) Energy bands after space charge creation.
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Figure 2.6: Experimental setup for electrical characterization.

2.5

Experimental Setup for Electrical Characterization
The standard experimental setup used to electrically characterize ACTFEL devices

is shown in Fig. 2.6. The experimental setup consists of a personal computer running a
custom written Visual Basic program with a data acquisition card controlling the exper-

iment. An arbitrary waveform generator (Wavetek model 395) is used as the waveform
source for the double-ended high-voltage amplifier, custom built at Oregon State University. The amplifier is connected to the aluminum electrode on the ACTFEL device through

a current limiting-resistor, Rs (330 1). The ITO electrode is then connected to ground
through a sense capacitor, Cs (109 nF). This experimental setup is commonly known as
the Sawyer-Tower configuration. The value of Cs is chosen such that the majority of the

voltage is dropped across the ACTFEL device. The applied voltage consists of a 1 kHz

symmetric bipolar trapezoidal waveform, as shown in Fig. 2.2. During the experiment,
the voltage transients across Cs and the ACTFEL device are digitized and stored in the
computer for analysis after the experiment.
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2.6

Methods of Electrical Characterization
The standard set of electrical characterization experiments performed on an ACT-

FEL device are introduced briefly in this section. They consist of capacitance versus
voltage (C-V), charge versus voltage (Q-V), internal charge versus phosphor field (Q-Fp)
and maximum charge versus maximum applied voltage (Qmas-Vmax) measurements.
The capacitance versus voltage (C-V) experiment is one of the easiest measurements

to perform and to understand.[9, 10] In order to obtain the capacitance of the ACTFEL
device under test (Cei), the voltage applied to the device (vei(t)) and the charge induced
across the sense capacitor (next = ve/(t)*Cs) are monitored as a function of time, where
vet(t) = v2(t)

v3(t).

(2.1)

The values of interest are the derivatives of the voltage applied to the device under test,
d(vei(t))/dt, and the charge induced across the sense capacitor, d(qext)/dt. Since Cet(vet)

=i(t)*dt/d(ve/), and current, i(t), is equal to d(qezt(t))/dt, the dynamic capacitance of
the ACTFEL device, which may be calculated using
Cei(vel) =

dt
dt * d(vel(t))

dgest

d(q,t)
d(vel(t))

(2.2)

A typical C-V plot is shown in Fig. 2.7, where the two horizontal lines represent the total

capacitance and the combined insulator capacitance.

The results may be explained by viewing an ACTFEL device in an alternative
manner. The insulator/phosphor/insulator stack behaves electrically like three capacitors
in series. The total capacitance of the ACTFEL device is a combination of the two

insulating layers and the phosphor layer. This capacitance should remain constant if a
voltage below threshold is applied to the device. Once threshold for the ACTFEL device

is reached, electrons are injected into the phosphor, the phosphor begins to conduct and
effectively shorts out the phosphor layer. Since capacitors in series add reciprocally, as
the phosphor layer shorts out the total capacitance of the device should increase, as seen

in Fig. 2.7 as the sudden rise in capacitance, and leveling off at a value of the insulator
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Figure 2.7: Sample capacitance versus voltage plot. Ci and Ct denote the insulator and
total capacitances, respectively

capacitance. Figure 2.7 shows a C-V plot for an ideal ACTFEL device. A typical CV non-ideality, denoted overshoot, manifests itself as an increase of the C-V curve to a

value greater than the physical insulator capacitance value. Overshoot is attributed to
the creation of dynamic space charge within the phosphor layer and is also used as an
indicator of space charge creation.[11, 12, 13]

Another method of measuring the various capacitances of an ACTFEL device is

through the slope of different parts of a charge versus voltage (Q-V) curve.[9] A Q-V
experiment monitors the instantaneous external charge on the sense capacitor as a function

of voltage across the ACTFEL device. The internal transferred charge, qint,[14] may be
calculated from,

qint(t) =

Ci

+C
Ci

P qezt(t)

Cp[v2(t)

v3(t)],

(2.3)

where qext is introduced in Eq. 2.1 and v2(t) and v3(t) are shown in Fig. 2.6. A typical

Q-V plot for an ideal ACTFEL device is shown in Fig. 2.8, the A-J labeling scheme
introduced in Section. 2.3 is again used. Reading a Q-V plot, counterclockwise from
point A, the total capacitance of the ACTFEL device may be obtained by calculating the
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Figure 2.8: Sample external charge versus voltage (Q-V) plot.

slope of the graph between points A and B. During this portion of the applied waveform

the ACTFEL device is below threshold. Between points B and C, the ACTFEL device

turns on, the phosphor begins to conduct and the slope between points B and C yields

the total insulator capacitance. The C to D portion of the Q-V graph corresponds to
the constant voltage plateau of the applied waveform when relaxation charge flows, thus

yielding a change in slope segment on the Q-V graph. Portion D to E corresponds to the

falling edge portion of the applied voltage pulse. Finally, portion E to F corresponds to
the zero bias section between applied voltage pulses. Sectiontions F to J comprise the Q-V
characteristics for a voltage pulse of opposite polarity but with the same maximum applied

voltage. Q-V experiments are usually performed at 20, 40 and 60 V above threshold for

the ACTFEL device. In order to calculate the internal charge and the phosphor field
inside an ACTFEL device, the internal charge versus phosphor field (Q-Fp) experiment
was developed.[15] The internal charge is introduced in Eq. 2.3 and the phosphor field is
obtained by

,

fp =

1

do

tcsv3(t)

[v2(t)

vs(t)])

(2.4)
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Figure 2.9: Sample internal charge versus phosphor field (Q-Fp) plot.

where Cp is the phosphor capacitance and dp is the phosphor thickness.[14] Ci may be
determined from a C-V graph. Limiting factors of this experiment are the accurate determinations of Ci and dp.

A Q-Fp graph for an ideal ACTFEL device is shown in Fig. 2.9. The A-J labeling
scheme is again used here (as in a Q-V graph). However, one reads a Q-Fp plot clockwise
from point A. At point A the internal charge is offset by the amount of polarization charge
remaining from the prior pulse. During the A-B segment, the internal phosphor field grows

to a maximum at turn-on. During the section from B to C, the ACTFEL device is turned

on and the internal phosphor field is constant. The phosphor field then decreases during

the C to D portion of the waveform due to relaxation charge flow during the constant

applied voltage plateau. From D to E the field relaxes due to the reduction in applied
voltage. Finally, leakage charge flows during the E to F portion of the applied voltage
waveform in which there is zero applied voltage. The above analysis holds true for sections

F through J during the voltage of opposite polarity.
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Figure 2.10: A sample maximum charge versus maximum applied voltage (Q,,,,,z-Vmax)
plot. The EL threshold is seen as a kink in the slope.

For an ideal ACTFEL device the internal phosphor field remains constant at Fss
during the BC segment of the waveform. If the BC segment remains constant for QFp experiments performed 20, 40 and 60 V above Arth, the phosphor field is said to be
"clamped". Field-clamping arises from the rate of interface charge injection (which de-

creases the overall phosphor field) being equal to the rate of increase in the phosphor
field (due to applied voltage). [16] This is an important point because field-clamping, or

the lack thereof, lends some insight into the nature of charge sourcing at turn-on. Fieldclamping is indicative of charge sourcing from interface states and band-to-band impact
ionization.[17] If field-clamping does not occur then there may be bulk sourcing of charge

in the ACTFEL device. Alternatively, the lack of field-clamping may be associated with
the absence of electron multiplication in the phosphor by band-to-band impact ionization.
The last basic ACTFEL electrical characterization technique covered in this section
is maximum charge versus maximum applied voltage (Qmax-Vmax) analysis.[17, 16] This

experiment measures the steady-state maximum charge induced on the sense capacitor as
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a function of the maximum applied voltage. A Qmax-Vmaz experiment is a useful method

for finding the electrical threshold of an ACTFEL device. The electrical threshold is
revealed as a discontinuity in the slope of a Qmax-Vmax graph due to the initiation of
injection of charge across the phosphor, as seen in Fig. 2.10.

2.7

Optical Characterization of SrS ACTFEL Devices
In addition to electrical characterization of ACTFEL devices, it is useful to optically

characterize the phosphor as well. By observing the transient of the light output from the

phosphor layer, it is possible to gain insight into internal processes occuring within the
phosphor layer.

As previously mentioned, the useable light emitted from the phosphor layer of an
ACTFEL device arises from the de-excitation of luminescent impurities specifically chosen

to yield a desired color. Typically, an electron in the luminescent impurity is promoted to
an excited state from the impact of an energetic electron transiting the phosphor layer. The

excited electron then decays back to its ground state and emits a photon with an energy
corresponding to the energy difference of the excited and ground states. For example, one
possible process in SrS:Ce is the electronic transition 5d(2D)

4f(2F5/2). This transition

corresponds to 480 nm photons, the bluer component in the characteristic blue-green
emission of the SrS:Ce phosphor. Impact excitation is thought to be the dominant light
producing mechanism in ZnS:Mn and SrS:Cu ACTFEL devices.

Another mechanism of light output from the luminescent impurity is through ionization of a luminescent center and subsequent capture of an electron from the conduction

band, which then decays to the ground state, again emitting a photon. Ionization of the
luminescent center may be caused by impact ionization from a hot electron in the conduction band or field ionization of an excited state. Field ionization is possible when an
excited electronic state of the impurity lies close in energy to the conduction band. If the

field within the phosphor layer is large enough, the excited electron may tunnel into the
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Figure 2.11: PMT output for a SrS:Ce ACTFEL device above threshold tuned to a wavelength of 480 nm. The PMT response is overlaid in time with the corresponding voltage
pulse.

conduction band, thereby leaving an ionized atom behind. [18] This ionization-captureemission sequence is a major light producing process in SrS:Ce ACTFEL devices and is
thought to be a significant contributor to dynamic space charge generation (see Section.
2.4).

A typical brightness transient for a SrS:Ce device with an applied voltage pulse
above threshold is shown in Fig. 2.11. Some common, nomenclature used to define points

of merit during the brightness transient are the leading edge (LE) and the trailing edge
(TE) light pulses. The LE pulse is caused by injected electrons from phosphor/insulator
interface states at threshold. The TE pulse is due to recombination with ionized Ce centers

near the anodic interface. Due to space charge created above threshold, a polarization of

the phosphor occurs due to the large amount of transferred charge. Space charge causes
the field at the anodic side of the phosphor layer, to be greatly reduced. The field near the

anode may be so reduced that it may be near zero, even while a voltage is still applied.
As the applied voltage begins to decrease, the anodic local field reverses and allows the

electrons trapped in the anodic interface states to be re-emitted back into the phosphor
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layer and recombine with ionized Ce centers. [19] Thus, the TE peak occurs as the applied

voltage decreases. The sharp nature of both light peaks, shown in Fig. 2.11, is caused

by the very fast decay time, 26 ns, of the Ce excited state. [20] In comparison, Mn in
ZnS:Mn ACTFEL devices has a decay time on the order of a ms.

SrS:Cu ACTFEL devices exhibit similar brightness transients to SrS:Ce ACTFEL

devices. There are both LE and TE peaks which decay quickly. A decay time constant
for the SrS:Cu LE emission has been reported as ",50 ps.[21] However, laboratory PL
observations obtained during the course of the research performed herein suggest it to be
closer to hundreds of nanoseconds.

2.8

Previous PIQ and PIL Work
Photo-induced charge (PIQ) and photo-induced luminescence (PIL) measurements

have been used for the characterization of ACTFEL phosphors by several groups [20,
22, 23, 24, 25] and were pioneered by Corlatan and the Neyts at University of Gent in
Belgium. [26, 27] The idea of PIQ/PIL measurements is to study the transport properties

of ACTFEL device phosphors. The phosphor layer may be probed by observing the
transport of individual charge carriers aided by a voltage applied to the device.

In a PIQ/PIL experiment electron-hole pairs are induced in the phosphor layer by

an above bandgap UV laser pulse. Due to the short absorption depth of UV photons
in the phosphor, electron-hole pairs are created in a region near the phosphor/insulator
interface where the laser is incident. A voltage is applied to aid the transport of photoinduced carriers; electrons (holes) are transported if a negative (positive)voltage is applied

to the aluminum contact. Studying the charge transport as a function of applied voltage
provides information regarding specific processes within the phosphor layer.

One advantage of PIQ/PIL experiments is the ability to photo-inject and transport

carriers at voltages less than that of the EL threshold. EL in normal ACTFEL device
operation is limited by the emission of electrons from interface states, which requires large
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internal fields. In addition, in a PIQ/PIL experiment, the transport of either type of
carriers (holes or electrons) may be studied by simply changing the polarity of the applied
voltage.

The PIQ/PIL experiments performed in this thesis are similar to those performed

by Cleary [25, 28] but differ significantly from those of other workers. The PIQ/PIL
experiments performed herein are distinguished by the following: 1) The use of a difference

curve analysis of data sets with and without the application of a laser pulse in order to
isolate photo-induced effects. 2) The ACTFEL device is reset through electro-optic means

between successive measurements. 3) Photogeneration of electron-hole pairs within the
phosphor layer (i.e. A = 250 nm for SrS). 4) Application of a single trapezoidal voltage
pulse. 5) Luminescent impurities are uniformily doped across phosphor layer.

Prior PIQ/PIL work by Corlatan et al. at the University of Ghent employed
the PIQ/PIL measurements to probe the spacial dependence of excitation efficiencies in

nonuniformly Mn doped ZnS ACTFEL devices. The PIQ/PIL results presented in this
thesis originate from uniformily doped SrS ACTFEL devices. While Corlatan et al. opti-

cally reset the devices they test, they do not perform a difference curve anaylsis of their

data. Thus, their experimental resits may include electroluminsecent effects otherwise
removed with background data subtraction. They concluded that holes are transported
easily across the ZnS phosphor layer. No hole transport is observed in doped SrS ACTFEL

devices but is observed in undoped SrS devices.

Researchers at the Heinrich-Hertz Institute (HHI) in Berlin have also employed
PIQ/PIL measurements for the characterization of uniformly doped SrS:Ce ACTFEL
devices. [20, 22, 24] However, their experimental technique differs dramatically from the

work presented in this thesis. One main difference is in the desired results. The majority
of the earlier PIQ work performed at HHI investigated the contribution of photo-excited
transferred charge due solely to Ce3+. Specifically, HHI researchers are interested in the

ionization of Ce3+ by the internal phosphor field as a result of Ce being directly excited

by a 430 nm laser pulse. In contrast, the PIQ/PIL results reported in this thesis are the
result of the transport of photo-generated electrons or holes generated by a 250 nm laser
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pulse. In this manner, the PIQ experiments performed herein monitor all possible sources
of transferred charge.

Additionally, researchers a HHI do not reset their devices between consecutive
measurements, whereas the results presented herein originate from reset devices. Their
PIQ/PIL samples are driven by a 100 Hz trapezoidal bipolar voltage waveform and the

laser pulse is applied at 20 Hz. Thus, the laser fires once every 5 cycles of the applied
waveform. The continuously-driven nature of these experiments allows a steady-state sit-

uation to emerge within the phosphor layer. During the experiment, space charge and
polarization charge is allowed to build up within the phosphor layer, thereby affecting the

measurements. In contradistinction, our PIQ/PIL experimental procedure attempts to
optically erase or reset the phosphor before any data is acquired. Thus, HHI's PIQ/PIL

results may be influenced by steady-state charges present in the phosphor bulk during
measurement.

Due to the photo-excitation of Ce3+ only, the researchers at HHI have no means

of observing hole transport (should there be any) or any electron transport below the
ionization threshold of Ce. In contrast, the PIQ/PIL experimental technique used in this
thesis has the ability to reveal transport trends for electrons and holes at any voltage.

PIQ/PIL experiments performed recently by Huttl et al. at HHI utilized a new
PIQ experimental excitation wavelength to photo-stimulate electron-hole pairs (250 nm),
making the experiment closer to the PIQ/PIL experiments performed herein.[23] However,

the PIQ results of Huttl et al. originate from the same experimental conditions (and
problems) as in the earlier PIQ/PIL experimentation discussed. Huttl reports an EL
threshold field of 0.5-0.6 MV/cm, which is significantly lower than SrS:Ce thresholds
reported in this thesis, which may be explained by their lack of device reset. They also
report no hole transport at any voltage in the SrS:Ce ACTFEL devices they tested, which
is in agreement with results presented in Section 3.5

23

2.9

Previous Sub-Threshold Transfered Charge Work
Subthreshold voltage-induced transferred charge (VIQ) experiments performed in

this thesis were pioneered by Brad Cleary to aid in the understanding of sources of aging
in ZnS:Mn ACTFEL devices.[28] VIQ experiments are very good at identifying both the

location and energy depth of traps in the phosphor. The VIQ signal is acquired below
threshold and is the result of a redistribution of charge, sourced from traps, within the
phosphor layer. This is achieved by applying 20,000 bipolar pulses, in order to reach a

steady-state condition, and a subsequent optical reset of the phosphor layer. The annihilation of the trap-sourced charge by the optical reset forms the VIQ signal. The
rearrangement of phosphor charge during the applied voltage waveform is believed to oc-

cur from an applied-voltage-induced-ionization of shallow traps and a re-trapping of the

charge in deeper traps located near an interface. For a complete description of the VIQ
experiment see Section. 4.1.

Similar work by Vlasenko et al. consisted of a photo-depolarization (PDP) tech-

nique where a subthreshold DC bias is applied to an ACTFEL device429] A subsequent
variable-wavelength optical stimulation of the phosphor yields a wavelength dependent

photocurrent. This routine is repeated for the opposite polarity and the ACTFEL device

is aged a given period and the PDP process is repeated. A comparison of the acquired
data before and after aging reveals sources of aging.

Both Cleary and Vlasenko performed experiments on ZnS:Mn ACTFEL devices
with similar conclusions. Previous VIQ and PDP experiments published focused on aging

trends while VIQ results presented herein utilize the VIQ experiment to investigate the
energy depth of traps in the SrS phosphor layer with no attention to aging trends. There
have been no published results of VIQ or PDP experiments for the assessment of SrS:Ce
or SrS:Cu ACTFEL devices.
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3. PHOTO-INDUCED CHARGE AND PHOTO-INDUCED
LUMINESCENCE

This chapter discusses methods for characterizing charge transport and luminescence in ACTFEL devices by utilizing ultraviolet (UV) laser excitation. Photo-induced
charge (PIQ) and photo-induced luminescence (PIL) are introduced and the need for such

experiments is explained. Subsequently, a theoretical background of PIQ/PIL is provided
to help deepen ones understanding of the significance of these experiments.

3.1

Introduction
A question confounding electroluminescent phosphor researchers is the limiting

mechanism of luminescence in an ACTFEL device. The three processes of charge injection from the phosphor/insulator interface, transport of the injected charge across the

phosphor layer, and excitation of the luminescent impurity are difficult to separate. In
order to decouple charge injection from transport and luminescence, researchers developed

a method in which a laser is used to inject a constant carrier density into the phosphor, below the threshold of internal field-assisted tunnel injection. [22, 26] This makes it possible

to observe and characterize carrier transport and luminescence as a function of applied
voltage or internal field. These novel methods were denoted photoinduced transferred
charge (PQ) and photoinduced photoluminescence (PL).[22] The experiments in this thesis, denoted photo-induced charge (PIQ) and photo-induced luminescence (PIL), are very

similar to PQ and PL measurements but are performed in a slightly different manner
(refer to Section 2.8).

These PIQ and PIL measurements involve the application of a trapezoidal voltage

waveform to the ACTFEL device. During the constant voltage portion of the applied
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waveform, electron-hole pairs are created near an insulator/phosphor interface by the
absorption of UV photons from a short laser pulse. The PIQ signal arises from the product

of the number of electron-hole pairs generated in the phosphor and the distance they are

separated by the internal phosphor field. The PIL signal is concomitantly measured as
the total light output created by the photo-induced charges as they transport across the
phosphor. The type of carrier transiting the phosphor may be selected by switching the

polarity of the applied voltage pulse; for example, electrons (holes) may be studied by
applying a negative (positive) voltage to the ACTFEL device. Fig.s 3.1 and 3.2 show
energy band diagrams for the cases of electron and hole transport and illustrate the origin

of the PIQ and PIL signals.

3.2

Theoretical Background
It is important to understand the physical mechanisms of charge generation and

transport giving rise to the PIQ and PIL signals. The crux of these experiments begins
with a UV laser pulse (4.96 eV) irradiating the ACTFEL sample. The incident photons
are attenuated within the phosphor thickness via exponential absorption according to the
Beer-Lambert absorption law, [30]

/(x) =

(3.1)

where I(x) is the photon intensity at a distance x within the phosphor, Io is the initial
photon intensity incident to the phosphor layer, and a is the SrS absorption coefficient.
For the SrS samples used the absorption coefficient, a, is 1.5 x 105 cm-1 which yields a 1/e

absorption depth of --60 nm. Thus, within -p100 nm of the incident insulator/phosphor
interface most of the radiation is absorbed. Since the incident photons have energy greater

than the bandgap of SrS (4.3 eV), an electron is excited from the valence band to the
conduction band, leaving behind a hole, thereby creating an electron-hole pair. In this
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manner, a constant density of electron-hole pairs is injected by the laser in a very thin
region near the phosphor/insulator interface.
Additionally, laser-induced charge injection occurs independent of any voltage ap-

plied to the phosphor, thereby allowing carrier transport to be studied as a function of
applied voltage. Charge transport arises from carrier drift in the electric field across the

phosphor induced by the externally applied voltage, as shown in Figs. 3.1 and 3.2. If
the electron-hole pairs were created uniformly across the phosphor thickness, it would be

impossible to discern individual carrier transport across the phosphor.

3.2.1

Photo-Induced Charge

Photo-induced charge (PIQ) is a measure of how many electron-hole pairs are cre-

ated by the laser pulse and how far each pair is separated by the phosphor field. As
discussed in Section 2.1, the insulating layer sandwiching the phosphor layer prevents any

direct conduction current from flowing across the ACTFEL device. Therfore, the electrical behavior of the phosphor and insulating layers is capacitatively coupled to the outside

world. The nature of the PIQ signal, which is a voltage step observed across the sense
capacitor, needs to be considered in detail.

The PIQ signal is produced during the constant voltage plateau of the applied
waveform. Thus, the electric field within the phosphor is approximately constant. The
creation of electron-hole pairs may be envisaged as a collection of microscopic dipoles
within the phosphor layer consisting of mobile electrons and relatively stationary holes

remaining near the interface where they were created. These photo-induced dipoles, if

spatially separated by the applied voltage, add to create a total electric dipole which
counteracts the internal field already present due to the applied voltage pulse. As the
internal phosphor field is reduced, due to the drift of PIQ across the phosphor, the field

within the insulators must increase, which causes a change in charge on the external

contacts. Thus, drift of the PIQ across the phosphor is the origin of the voltage step
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Figure 3.1: Electron-hole generation by UV photons, transport of electrons, and light
generation during a constant negative applied voltage.
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Figure 3.2: Electron-hole generation by UV photons, transport of holes, and light output
during a constant positive applied voltage.
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observed on the sense capacitor. More precisely, it is the change in the total dipole
moment in the phosphor, due to the drift of the PIQ across the phosphor that gives rise

to the voltage step observed across the sense capacitor, see Appendix A for a detailed
derivation of the PIQ signal.

3.2.2

Photo-Induced Luminescence

In addition to monitoring PIQ, it is also possible to monitor the light generation due

to the transport of the photo-induced carriers as they cross the phosphor. For a complete

description of possible mechanisms for creating light in the phosphor layer see Section
2.7. The PIL experiment allows the observation of the de-excitation of the luminescent
impurity as a function of applied voltage, or internal phosphor field. Since light output

in a typical ACTFEL device is limited by device turn-on, it is difficult to obtain true
field measurements needed to create light. Thus, PIL experiments help reveal the internal
fields at which light is produced.

3.3

Experimental Setup and Procedure
The SrS samples doped with cerium and copper used in these PIQ/PIL experiments

were fabricated at Planar America in Beverton, Oregon. The insulating layers are ALE
deposited ATO and are approximately 210 nm thick, except for the top insulators in the
SrS:Cu samples which are sputter deposited BTO. For more information on ALE deposition see Section 2.2 and for thin film material properties see Section 2.1. The SrS phosphor

layers were ALE deposited, for the Ce doped samples and sputter deposited for the Cu
doped samples.
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Figure 3.3: Modification of an ACTFEL sample for PIQ/PIL experiments.

A bit of sample modification needs to occur prior to PIL/PIQ experimentation.
In order to accomplish photo-excitation, an additional thin aluminum "dot" is thermally
evaporated on top of and offset from the standard aluminum top contact, as shown in Fig.

3.3. UV light is incident upon the thin offset dot and photogenerates electron-hole pairs

in the underlying phosphor. Since UV radiation is highly attenuated by aluminum, the
dot is very thin, "45 nm, so as to allow a sufficient number of incident photons through
to the phosphor. In order to sense the PIQ signal, the thin added dot remains in electrical

contact with the top aluminum electrode.
The PIQ/PIL experiments use the same basic hardware setup as for electrical char-

acterization outlined in Section 2.5 with some additions, as shown in Fig. 3.4. First, the
source of UV radiation for the generation of electron-hole pairs is a pulsed laser. The 250
nm photons are generated by a nitrogen laser (Laser Science VSL-337 ND-S), A= 337 nm,

which in turn pumps a Coumarin 540-A dye cell placed within a tuneable Fabry-Perot
cavity. The 337 nm radiation is absorbed by the dye and photons of a wide wavelength

range are emitted within the cavity. By means of a diffraction grating, a desired wavelength may be selected by tuning a calibrated wavelength micrometer. For this experiment
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Figure 3.4: PIQ/PIL experimental apparatus.

a wavelength of 500 nm was the selected output from the dye module. The 500 nm light
was then passed through a frequency doubling crystal before illuminating the sample. The

output from the doubling stage was 250 nm (4.96 eV), which is above the bandgap for
SrS (-4.3eV) and therefore appropriate to create electron-hole pairs within the phosphor.

The pulse duration after frequency doubling was .15 ns and each pulse has an energy

of ,1-2 nJ which corresponds to ^-4 x 109 photons incident on the top contact. Due
to absorption and reflection losses of each layer, the number of photons incident to the
phosphor is much less. The source of broad-band UV resetting light is a UV Xenon lamp
(Oriel 75W) equipped with an electronic shutter controlled by a signal from the waveform

generator; optical resetting is discussed later in this Section.

Collection of the PIL signal requires additional hardware and consists of many
stages, as illustrated in Fig. 3.4. First, a UV grade liquid filled light guide (Oriel UV-VIS)

is butted up against the side of the glass substrate to maximize input coupling into the
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Figure 3.5: Example PMT and applied voltage signals. Cross-hatching shows PMT signal
integrated area which constitutes the PIL signal.

light guide. It was found that more light comes out the side of the ACTFEL stack by
means of a substrate waveguide formed by the thin film layers and substrate via total
internal reflection than directly out the top due to absorption by the aluminum contacts.

The output of the light guide becomes the input of a 1/8 meter monochromator (Acton
Research SpectraPro-150) tuned to 480 nm, which is the bluer and stronger of the two
prominent visable emission peaks of SrS:Ce. A photo-multiplier tube (PMT) (Hamamatsu
model R928) is held in front of the exit slits of the monochromator by an aluminum chuck.

The PMT signal is viewed and acquired by the oscilloscope which uses a 6 psec gating

window triggered on the laser pulse to acquire the data. The PIL signal of interest is a
spike in the PMT output. The acquisition gating window is selected such that the entire
PIL spike fits within the window. The total area of the PMT signal within the window is
integrated and stored. A typical PMT signal with the laser triggered is shown in Fig. 3.5.
Due to the inherent difficulties in calibrating the light collection system, the PIL signal is

reported in arbitrary units (a.u.).
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The PIQ experiment may be performed in a varying temperature environment, see

Section 3.5, data acquired in such an experiment are acquired in the same manner as
in Section 3.3. Cold temperatures may be obtained by employing a closed-cycle helium
refrigerator. In order to use such a refrigerator, the sample and cooling element must be

in an evacuated environment. Thus, the sample was mounted to a cold finger inside a
custom built vacuum chamber which is evacuated by a cryo-pump. Since the refrigerator

is only able to cool to 15 K, temperatures desired between 15 and 300 K, are obtained
by subsequently heating the cold finger to the desired temperature. A heating controller
monitors the system temperature and controlls the heating rate of an element embedded

in the cold finger to maintain a given temperature. In this manner, the system had an
overall temperature range of 30-360 K. Due to the constraints of the experimental system,

the PIL signal is not monitored.

The PIQ signal is acquired across a sense capacitor in series with the ACTFEL
device, between the ITO side of the device and ground, see Section 2.5. The voltage step

discussed in Section 3.2.1 is the signal of interest. PIQ acquisition is discussed later in
this Section.

For both PIQ and PIL assessment, the data of interest is stored within the oscilloscope and is transferred to a windows-based PC via a National Instruments data
acquisition card. The experiment is controlled and the data is manipulated by a custom
program written in Visual Basic.
PIQ/PIL experiments employ a different applied waveform than used in the standard

electrical characterization-routines introduced in Section 2.3. A single polarity trapezoidal

voltage pulse is applied to the ACTFEL device rather than an alternating polarity trapezoidal wavetrain of a given frequency. The PIQ/PIL voltage pulse has a 5 psec rise and

fall time with a 90 psec constant voltage plateau in between. The purpose of the long
constant voltage portion of the PIQ/PIL waveform is to obtain cleaner signals by sepa-

rating LE, PIQ/PIL, and TE events in time. For instance, allowing the LE light pulse
to decay completely before triggering the laser allows the PIL signal to be generated by
laser-induced luminescence only; this is easily accomplished within the 90 psec plateau.
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Since the PIQ/PIL experiment monitors the transport of holes or electrons, voltage pulses of positive and negative polarity are used. Data is acquired for both voltage

polarities throughout the entire duration of the experimental voltage pulse. To ensure
constant initial conditions within the phosphor, before any voltage is applied to the ACT-

FEL device, all of the residual bulk space and polarization charge generated during the
preceding pulse must be annihilated. Traditionally this has been accomplished through
an optical reset, which is the application of a broad-band UV light pulse through the ITO
interface.[26, 28] The UV light creates electron-hole pairs within the phosphor that are free

to drift throughout the phosphor and recombine with any residual charge, thus achieving
energy bands as close to flat-band as possible, or at least achieving a reproduceable state.

In the early stages of SrS:Ce PIQ experimentation, it was noticed that an optical
reset alone between experimental voltage pulses was not thoroughly resetting the energy
bands (the PIQ/PIL program was originally developed to characterize ZnS:Mn ACTFEL
devices which did not possess the same amount or type of space charge as present in SrS:Ce

ACTFEL devices). It was evident that a more aggressive reset method was necessary.

Further attempts to reset the phosphor layer may be categorized as follows: 1) Optical
reset. 2) A single electrical resetting pulse followed by an optical reset. 3) Simultaneous
electro-optical reset.

When first employing the optical reset, it was discovered that for voltages above
threshold, especially after observing hole transport (positive voltage applied to aluminum

contact) the device did not reset. The first attempt to modify the optical reset routine
was to increase the illumination duration. Longer durations yielded limited success at
obtaining reset. However, as the voltage above threshold increased so did the duration of
illumination, such that the optical reset duration became excessive.

One explanation for the inability of an optical pulse to reset the phosphor energy
bands in SrS:Ce ACTFEL devices involve poor hole transport within the phoshor. Figure

3.6 shows the optical reset pulse incident to the ITO interface, where the electron-hole

pairs aiding in the phosphor reset are generated. Due to polarization charge generated
during the prior pulse, the internal energy bands are non-zero when the optical reset pulse
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(a) Negative pulse applied to aluminum contact.
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(b) Positive pulse applied to aluminum contact
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Figure 3.6: Energy band diagrams following an optical reset. (a) corresponds to a negaitve

bias applied to an aluminum contact (electron reset) and (b) corresponds to a positive
bias applied to an aluminum contact (hole reset).

starts. The non-zero field acts to drift electrons or holes across the phosphor to annihilate

polarization charge. It is apparent in (b) of Fig. 3.6 that poor hole transport would fail to
reset the polarization charge following a positive pulse applied to the aluminum contact.

The next reset method attempted was to use an electrical resetting pulse followed
by an optical reset following a positive PIQ/PIL voltage pulse but to use only an optical
reset following a negative PIQ/PIL voltage pulse. This negative electrical resetting voltage

pulse, of opposite polarity and the same maximum applied voltage magnitude as the
preceeding pulse, was applied just prior to the next PIQ/PIL voltage pulse. The operating
hypothesis of this reset procedure is that the negative resetting voltage pulse would leave

the phosphor energy bands in a state that could be reset by an optical pulse, as shown
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in Fig. 3.6(a). This approach provided improved reset near threshold. However, as the
maximum applied voltage continued to increase above threshold, the residual charge in
the phosphor layer continued to increase due to the resetting voltage pulse, which could

not be reset by the optical pulse. To overcome this problem, a limit was placed on the
magnitude of the resetting voltage pulse. The limit was 5 10 volts above threshold for the

ACTFEL device. In this voltage range the space charge generated by the resetting pulse

could be more completely reset by the optical pulse. However, even this reset method
provided only a partial reset of the ACTFEL device at voltages greater than --25 volts
above threshold.

The final and most successful method for resetting the phosphor layer is through a
simultaneous electro-optical reset sequence. In its final version, the reset sequence consists

of a 1 kHz sinusoidal voltage waveform applied to the ACTFEL device during the optical
reset pulse. The amplitude of the sine wave is ramped from zero volts to either the current

experimental voltage or the threshold voltage, which ever is less, and back to zero. The

entire electro-optical reset duration is 15 seconds. The theory motivating the use of an
electro-optic reset is to aid the transport of the optically generated resetting carriers by

alternating the polarity of the the internal phosphor field. The electro-optical resetting
technique cannot reset SrS:Ce devices completely at voltages greater than ,30 volts above

threshold. It does, however, increase the reliability of the PIQ/PIL results by extending
the voltage range at which the ACTFEL SrS:Ce devices to may be at least partially reset.

For SrS:Cu ACTFEL devices the reset problems encountered are similar to those
encountered in SrS:Ce devices, yet on a much smaller scale. Therefore, the optical reset
method is successfully used in the SrS:Cu PIQ/PIL experiments presented in this thesis.

With a proper resetting technique in place, a typical PIQ/PIL experimental procedure for the SrS samples tested in this thesis is as follows. The experimental applied
maximum voltage is varied from 5 volts up to 40 volts above Vth in 5 volt increments. The

threshold voltage for each sample varies primarily as a function of phosphor thickness. At

a given PIQ/PIL voltage, there are two data sets of interest: one set with a laser applied
and another set with identical experimental conditions, however without a laser pulse.
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Figure 3.7: PIQ/PIL experimental voltage sequence and timing diagram.

Following Fig. 3.7, the typical experimental sequence consists of an electro-optic

reset before and after any PIQ/PIL applied voltage pulse. The first voltage sequence
(upper diagram in Fig. 3.7) does not utilize the laser and consists of a positive and a
negative voltage pulse in order to form a background data set for holes and electrons, respectively. The magnitude for each voltage pulse equals the current experimental voltage.

Then the routine is repeated (lower diagram in Fig. 3.7), with the same experimental
voltage magnitude; however, a laser is triggered 60 psec into the constant voltage plateau.

Data acquired during this pulse forms a data set with photo-induced effects included,
again for holes and electrons. The PIQ data of interest during an experimental voltage
pulse is stored by the computer and is essentially an array of voltages measured across

the sense capacitor as a function of time. The data just prior to the laser pulse and the
data just after the laser pulse are of primary interest. In order to extract photo-induced
effects from any background effects, the two data sets, with and without the laser applied,
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Figure 3.8: Example of sense capacitor data sets with and without a laser pulse applied
from which a difference curve is generated. The reset and PIQ signals may be seen in the
bottom curve.

are subtracted and form a difference curve. A difference curve is generated for both the
hole and electron data. A sample difference curve for electron PIQ is shown in Fig. 3.8.
Within each difference curve, data during certain time periods are of interest; specifically,
5

sec just before and 5 psec just after the laser pulse. The computer averages the values

within these two windows and forms a single value. In an attempt to extract the voltage
step from noisy data, the two averaged values are subtracted and the result is then taken
as an estimate of the PIQ signal, as shown in Fig. 3.9(a).

The averaged value just prior to the laser excitation is denoted the reset and can
be a thought of as a measure of how well the ACTFEL device is reset. If the device is

reset, there should be minimal residual charge and the averaged reset value should be
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Figure 3.9: Difference curves showing two erroneous PIQ signals: (a) PIQ voltage step
for electrons in a marginally reset device and (b) false PIQ signal for holes in a non-reset
device.

close to zero. However, reset experiments show that the actual averaged value is never

truly zero; rather, it is a small yet reproducible value during most of the experimental
voltage range. For voltages larger than 40 volts above Vth, even with an electro-optic
reset, SrS:Ce ACTFEL devices still resulted in an increasing reset signal for holes and
electrons. Using the difference curve analysis methodology and the improved electro-optic

reset technique, PIQ/PIL data could be confidently acquired. See Appendix B for further
discussion of SrS:Ce ACTFEL device resetting issues.
Even though the difference curve analysis is good at extracting the PIQ voltage step,

there are times where a false hole PIQ signal is reported. Fig. 3.9 shows two examples
of marginally reset SrS:Ce devices. Fig. 3.9(a) shows a difference curve for electron PIQ

measurement. Even though this difference curve shows some incomplete resetting, as
evidenced by a increasing slope before the laser pulse, there still is an obvious voltage
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step which the PIQ program easily calculates. In contrast, a difference curve for hole PIQ

is shown in Fig. 3.9(b); this curve also shows residual space charge in the form of an

increasing slope but there is no voltage step. The lack of a PIQ voltage step means that

there is no hole PIQ signal. However, as the program subtracts the pre- and post-laser
pulse averaged values, the program returns a false hole PIQ signal.

Another point of interest in the data set without the laser applied is the maximum voltage induced on the sense capacitor. From the maximum voltage, an associated

maximum transferred charge value may be calculated and then stored as a function of
maximum applied voltage. Since the phosphor is reset before each measurement, this

data set constitutes a reset Q,,,,z-Vmas experiment, very similar to the standard, but
not reset, Qmax -V max experiment presented in Section 2.6. Results of reset Qmax-Vmax

experiments of SrS ACTFEL devices will be presented in Section 3.5.

3.4

Numerical Estimations of SrS Trap Depths
It is possible to quantitatively analyze thresholds in PIQ/PIL results and estimate

the energy depth of the traps responsible for the associated threshold. The following
analysis is very similar to that employed in a sub-threshold induced transfered charge
(VIQ) analysis presented in [28] and in Section 4.4 in this thesis. A threshold in a PIQ
curve may be the result of the ionization of bulk trap states or of the luminescent impurity

(eg. Ce3+). The following analysis is applicable for situations in which ionization is due
to field emission (ie. thermionic emission, phonon-assisted tunneling, or pure tunneling).

Note that this method of trap depth estimation is not applicable for trap-to-band impact
ionization.

In order to determine an average internal phosphor field with a corresponding thresh-

old, the following equation is used:
Fth -7-""

CiVth

dp(Ci + Cp)

(3.2)
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where Vth is the voltage where the threshold occurs, a, is the phosphor thickness, and Ci
and Cp are the insulator and phosphor capacitances respectively.

Since a change in the transferred charge, due to additional sourced charge, is the
ultimate source of a threshold, the minimum resolution of the experiment must be understood. There exists a minimum current density detectable in a PIQ experiment which can

be equated to a voltage induced on the sense capacitor. If the minimum detectable voltage change, above the noise level, is Vniin then a minimum externally detectable current
density, 4,P/2', is estimated via

=

CsVmin
train A

(3.3)Jmin

where tmin is the minimum measurable time ( -1 //sec) and A is the cross-sectional area
of the test dot of the ACTFEL device. For PIQ measurements a thin overlapping "double

dot" is evaporated on top and offset from the top aluminum electrode (see Section 3.3).

Thus, the PIQ device area is 0.15 cm2 and is estimated by comparing the electrical
characterization results for a single dot versus a double dot (see Section 2.6). By equating

the known single dot device area and measured capacitances, Ci and Cp, to the unknown

double dot area and measured capacitances, the device area of the double dot may be
calculated. If C, = 109 nF and Vmin =

mV, then JmPlinQ =

mA/cm2. This rough

estimate is considered adequate since the sensitivity of the trap depth estimate to ;IQ is
not large.
JmPiinQ

may be related to the multiplication of charge in the phosphor due the trans-

port of photo-induced charge. Thus, the change in PIQ is due to the product of traps
ionized, Nt, and the emission rate, en, of the traps in the phosphor. Since the voltage
measured across the sense capacitor is an external voltage, to get an accurate equation for
trap emission, the internal phosphor field must be used. Therefore, to equate JrniinQ which

consists of externally measured quantities, to the internal quantities responsible for the
change in PIQ, the following equation is used
Jmin =

+ Cp

qe7iNt,

(3.4)
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where q is the electron charge, en is the trap emission rate, and Nt is the number of traps,

estimated to be -1013/cm2. The only unknown left in Eq. 3.4 is en, the total emission
rate of the trap which is due to sum of thermal emission, enth"mal , pure tunneling, eriPT, and

phonon-assisted tunneling, enPAT.[13] From this, e may be obtained from the following

equations as a function of phosphor field for a known trap depth and trap capture crosssection.
en (Fth)

e 71,717

eptilT,

thermal

(3.5)

where
(Fth)
en (Fth)

qFth

4(2m* Eit )/9

thermal (Fth)

enP AT (Fth)

= enthermal
x (1

4 (2m*)1/2d2 ) ( 1

exp

3

qhFth

Eit

011thNceXp

Ett/kT

LEitIkT

exp[z

-

( AEit
Eit ) 5/3) I

(3.7)

kT

Z3/2

(27n*)1/2 (kT)
3

(3.6)

qnFth

(AEit)5 / 3)] dz ,
zkT

x
(3.8)

and z is the variable of integration in Eq. 3.8 and A Eit is defined as

AEit = q

Fth )1/2
7rEP

(3.9)

In the equations above, Eit is the energy depth of the trap and m* is the effective mass

of an electron in SrS. The standard constant values used above are: the capture cross
sections, acu = -10-12 - 10-13/cm2 and o-ce = ,10-23/cm2 as determined in Section 4.4;
the permittivity of the phosphor, fp = 9.4(c0); the electron effective mass, m* = 0.53(m0)
[31]; the effective density of states, Nc = 2(2irm *kT /h2)3/2 /cm3; and the thermal velocity,
with = (3kT/m*)1/2 cm/s.

Utilizing a computer program written in C by Paul Keir, which iteratively solves

a total trap emission rate using a range of phosphor fields and best-guess trap depths
as inputs, a trap depth may be numerically estimated.[13, 28] A typical procedure to
numerically analyze a trap depth is as follows, using Eq. 3.4 the total emission rate, en
is separately calculated. Then, using the computer program, the computer integrates the

42

total emission rates, Eq. 3.5, over a range of phosphor field values for a given trap depth;

both the trap depth and field range the user chooses. The program calculates a range
of field values and an associated emission rate for each field at a given trap depth. The
user then compares the pre-calculated emission rate from Eq. 3.4 to the list of emission

rates from the computer. The user then varies the estimated trap depth value in the
program until the two emission rates, from Eq. 3.4 and the computer output, match at
the threshold field value. When this match occurs, a trap depth with the corresponding
emission rate in the threshold phosphor field, multiplied by the trap density is responsible
for Jrn./inQ, which is the the observed threshold in the PIQ experiment.

3.5

Experimental Results
The experimental results for the PIQ and PIL experiments of SrS ACTFEL de-

vices are presented in Sections 3.5.1 - 3.5.3. These sections include PIQ/PIL results for
ALE-deposited SrS:Ce, two sputtered, SrS:Cu and SrS:Cu2S, and undoped MOCVD SrS

ACTFEL devices. The figures presented in the following sections are plotted with max-

imum applied voltage as the x-axis and use triangles to denote electrons and circles to
denote holes. SrS:Ce sample phosphor thicknesses used were: 650, 850 and 1100 nm.
The SrS:Cu sample phosphor thickness is 1097 nm and the SrS:Cu2S sample is 1100 am.
Lastly, the undoped SrS sample phosphor thickness is 400 nm.

3.5.1

Photo-Induced Charge and Photo-Induced Luminescence of
SrS:Ce

The PIL experimental results for SrS:Ce ACTFEL devices are presented in Figs.
3.10-3.12. First, in the very low voltage region, 0-5 volts, there is a photoluminescence

(PL) response, which is due to the excitation of Ce by photons only. Above 5 V up to
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Figure 3.10: PIL for an ALE-deposited SrS:Ce ACTFEL device with a phosphor thickness
of 650 nm.
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Figure 3.11: PIL for an ALE-deposited SrS:Ce ACTFEL device with a phosphor thickness
of 850 nm.
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Figure 3.12: PIL for an ALE-deposited SrS:Ce ACTFEL device with a phosphor thickness
of 1100 nm.

,60-100 V, the PIL response for both electrons and holes has a pronounced dip to a
minimum level at phosphor fields

0.5 MV/cm (such a dip was not seen in ZnS:Mn PIL

curves [25]). A rise in the PIL curves for electrons in all three SrS:Ce samples occurs at an
average internal field of ,0.8-0.9 MV/cm, and is denoted Threshold 1 in the corresponding

figures. There is a second threshold, denoted Threshold 2, which occurs at internal fields
of ti 1.1-1.3 MV/cm for all three SrS:Ce ACTFEL devices. There was no discernable PIL
threshold for holes in any SrS:Ce sample tested. The origin of the electron PIL thresholds

is discussed below, after the PIQ results are presented.
The dip in the electron or hole PIL signal may be explained as follows, referencing
Fig. 3.13. When the applied voltage is small, there is a small electric field across the

phosphor to influence the photo-stimulated electron-hole pairs via drift. However, the
electrical attraction between the electron-hole pairs is stronger than the drift field so that

the electron-hole pairs remain near the aluminum interface where they are created and
recombine in such a way that strong Ce PL occurs, see Fig. 3.13(a). The Ce PL signal
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Figure 3.13: Explanation of the dip in PIL signal. Upper diagram shows light output for
electron transport in the lowfield region. Lower diagram shows reduced light output due
to an increased phosphor field.

in the lower voltage region of the PIL curve arises from a combination of direct 250 nm
(4.9 eV) laser photostimulation and from energy transfer to Ce via band-to-trap radiative

recombination. As the applied voltage is increased, the drift field across the phosphor
increases, which overcomes the electron-hole attraction so that electrons (or holes) begin
to drift across the phosphor. This separation of electron-hole pairs allows the electrons, in
one case, to drift across the phosphor and perhaps recombine nonradiatively. Nonradiative

recombination would reduce the total PIL signal, as illustrated in Fig. 3.13.

PIQ results for the same three SrS:Ce samples, are shown in Figs. 3.14 - 3.16 and
the following discussion refers to these figures. All three samples produce similar PIQ
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Figure 3.14: PIQ for an ALE-deposited SrS:Ce ACTFEL device with a phosphor thickness
of 650 nm.
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Figure 3.15: PIQ for an ALE - deposited. SrS:Ce ACTFEL device with a phosphor thickness
of 850 nm.
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Figure 3.16: PIQ for an ALE-deposited SrS:Ce ACTFEL device with a phosphor thickness
of 1100 nm.
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Figure 3.17: Sample PIQ for ZnS:Mn ACTFEL device. Filled (empty) circles denote
electron (hole) response. Note that hole PIQ threshold is an artifact of electron backinjection in ZnS:Mn.[26]
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trends. For electrons, a general rise to a low-field saturation at -.0.3 MV/cm (denoted

saturation) is followed by a gradual rise at 0.7

0.8 MV/cm (denoted Threshold 1),

which is then followed by a dramatic increase in the PIQ signal at '1.1 - 1.3 MV/cm
(denoted Threshold 2). This general trend of PIQ saturation followed by a PIQ threshold

is thought to be a "normal" PIQ trend. In contrast, as shown in Fig. 3.17, Cleary et
al. reported no saturation in the PIQ signal for electrons or holes in ZnS:Mn ACTFEL
devices with increasing voltage.[25]

There is no true hole PIQ signal observed for any luminescent impurity doped SrS

sample tested in this thesis at any voltage. Any hole PIQ signal displayed is actually an
artifact of the difference curve analysis, as explained in Section 3.3. Due to the fact that
no hole PIQ is observed, only electron PIQ trends are discussed in the following.

Events occuring within the phosphor as the photo-induced electrons traverse the

phosphor give rise to the PIQ trends observed. Initially, as the internal field increases
from zero, the PIQ signal rises due the increasing separation of the photo-induced electrons

from the holes; recall that the PIQ signal is a function of the number of photo-induced
carriers and the distance they are separated. Once all of the laser-induced electrons are

able to traverse the entire length of the phosphor layer, the PIQ signal saturates. Since
the incident laser power density is constant, the only way for the PIQ signal to increase
above saturation is for more electrons to be created within the phosphor layer.

Threshold 1 in SrS:Ce PIQ curves is most likely associated with the creation of
additional electrons by ionization of traps in the phosphor layer. [22] The extra electrons
created then generate light as seen in a concomitant Threshold 1 rise in the PIL response.
(See Figs. 3.10 - 3.12).

The main PIQ threshold, Threshold 2, occurs at an average phosphor field of
1.1 - 1.3 MV/cm. By comparing this threshold with the results from a reset Q,,,-Vmax

experiment, it is concluded that the PIQ Threshold 2 corresponds to the EL threshold,
see Section 3.3.

Insight to the internal processes occurring at this field may be gained by comparing

previous electrical characterization results of ALE-deposited SrS:Ce ACTFEL devices.
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Figure 3.18: Reset Quiax-Vmax temperature-dependent results for an ALE 850 nm SrS:Ce
ACTFEL device. A non-reset Qmax-Vmas result included for comparison.

Prior research suggests that device turn-on is associated with overshoot in C-V and Q-Fp
characteristics.[5] This overshoot has been attributed to dynamic space charge generation

in the form of ionized bulk defects and Ce3+. [8, 22, 18, 32] Research by Peter et al.
estimated that the space charge generated in a SrS:Ce ACTFEL device above threshold

is due to equal contributions of ionized bulk defects and Ce3+.[8] Therefore, the PIQ
Threshold 2 may be likewise attributed to Ce3+ and bulk defect ionization. For the ALE
SrS:Ce ACTFEL devices studied, the EL threshold voltage is a strong function of space

charge generation in the phosphor layer. Recall from Section 2.4 that residual space
charge increases the cathodic phosphor field, thereby causing electrons to be injected at a
lower applied voltage. Evidence for space charge was obtained in two ways, optically and
electrically.

First, during a somewhat heuristic method of monitoring optical transients under

non-reset conditions as a function of maximum applied voltage, it was noticed that a
TE light peak is observable at a lower applied voltage than for the LE light peak. The
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significance of this is that the TE light peak is believed to occur from the recombination

of electrons with ionized Ce3+ as the applied voltage begins to decrease. This suggests

that space charge is present in the phosphor even before the EL threshold is reached.
Continuing to monitor the optical transient as the applied voltage increases reveals the
initiation of a LE peak at the device threshold. In addition, the turn-on of the device may

alternatively be observed by applying consecutive pulses of the same maximum voltage

near turn-on. In doing this, it is possible to watch the TE peak grow (due to increasing
space charge) until finally a LE peak forms and the ACTFEL device turns on.
Second, PIQ and reset Q,x-V,,,,,x experiments are performed in a manner in which
an attempt is made to erase space charge before each measurement; thus, a larger applied
voltage is required in order to reach the same internal phosphor field for these experiments.

A comparison of reset Q,a,x-Vinax experiments with non-reset Qm,z-Vniax experiments
shows that the EL threshold shifts to lower applied volages in the non-reset experiments,

as shown in Fig. 3.18. Analyzing the turn-on voltage shift in Fig. 3.18, space charge
causes a 10-15 V shift in threshold voltage. It can be calculated that, on average, space
charge formed just below threshold in this sample accounted for a ,-0.1 MV/cm increase
in the phosphor field near the cathode, resulting in a lower threshold voltage.
One remaining question is whether the EL threshold field of a SrS:Ce ACTFEL device is injection- or transport-limited. Injected-limited behavior occurs when the threshold

voltage corresponds to the onset of appreciable charge flow due to electron injection from

interface or bulk trap states. Alternatively, transport-limited behavior occurs when the
threshold voltage corresponds to appreciable charge flow due to electron multiplication

due to band-to-band or trap-to-band impact ionization. Injection- or transport-limited
behavior can be distinguished from the temperature-dependence of the PIQ threshold
field.

Three temperature-dependent PIQ threshold field trends are possible. First, the
PIQ threshold field is temperature-independent; in this case, injection-limited behavior

occurs and injection is via tunnel emission. Second, the PIQ threshold field decreases
with increasing temperature; in this case, injection-limited behavior occurs most likely
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Figure 3.19: Temperature-dependent PIQ for an ALE-deposited SrS:Ce ACTFEL device
with a phosphor thickness of 850 nm.

by phonon-assisted tunneling or thermionic emission from interface or bulk traps. Third,

the PIQ threshold field increases with increasing temperature; in this case, a transportlimited arguement seems plasuable yet it is more likely an injection-limited/thermallyactivated space charge annihilation behavior. Transport-limited behavior is a possibility

since the rate of band-to-band or trap-to-band impact ionization decrases with increas-

ing temperature (this temperature-dependent trend is a consequence of having a larger
phonon density at higher temperature, which cools the high energy tail of the hot electron distribution). Injection-limited/thermally-activated space charge annihilation refers

to a situation in which subthreshold voltage gives rise to a formation of positive space
charge in the phosphor (which lowers the threshold voltage) but this subthreshold space
charge is annihilated at higher temperatures by a thermally-activated process. Injection-

limited/thermally-activated space charge annihilation behavior is employed in Section
3.5.2 to explain temperature-dependent PIQ trends for SrS:Cu and SrS:Cu2S devices.
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Temperature-dependent PIQ measurements are performed in order to establish
whether injection- or transport-limited behavior occurs in these ALE SrS:Ce ACTFEL

devices. Fig. 3.19 convincingly shows that the main PIQ threshold (i.e. Threshold 2)
is temperature-independent and occurs at an average field of -,1.2 MV/cm. Thus, this
device is thought to be injection-limited by pure tunnel emission. The physical nature of
traps responsible for Threshold 2 is discussed in Section 3.6

3.5.2

Photo-Induced Charge and Photo-Induced Luminescence of
SrS:Cu

The PIL experimental results for two sputter-deposited SrS:Cu ACTFEL devices,
SrS:Cu and SrS:Cu2S, are presented in Figs. 3.20 and 3.21. PIL trends similiar to SrS:Ce
are observed. First, in the very low voltage region, 0-5 volts, there is PL response, which,

as in Section 3.5.1, corresponds to the excitation of copper by photons only. At larger
voltages -,5-130 V, the PIL response for both electrons and holes has a pronounced dip to
a minimum level which saturates a phosphor field of -'0.5 MV/cm . A rise from saturation

in the PIL curve for electrons in both samples occurs at an average internal field of -4.2
MV/cm.

The PIQ trends for the SrS:Cu2S and SrS:Cu ACTFEL devices are shown in Fig.s
3.22 and 3.23 respectively. The PIQ trends for both the SrS:Cu2S and the SrS:Cu devices

exhibit similar trends to SrS:Ce, presented in the preceeding section. The SrS:Cu2S PIQ

electron trends begin at zero for low voltages and rise to a hard saturation at a low
phosphor field ti 0.1 MV/cm.
In comparison, the PIQ electron trends for the SrS:Cu sample differ only in that this

device has a much weaker sub-threshold saturation. Taken together, both SrS:Cu2S and
SrS:Cu samples exhibit a weak threshold (Threshold 1) at -"0.8 MV/cm, which rises to a

significantly stronger main threshold (Threshold 2) at ,1.1 MV/cm. This lack of saturation in the SrS:Cu PIQ trends may be due to shallow trap ionization throughout the low
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Figure 3.20: PIL for an sputter-deposited SrS:Cu2S ACTFEL device with a phosphor
thickness of 1079 nm.
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Figure 3.21: PIL for an sputter-deposited SrS:Cu ACTFEL device with a phosphor thickness of 1100 nm.
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Figure 3.22: PIQ for an sputter-deposited SrS:Cu2S ACTFEL device with a phosphor
thickness of 1079 nm.
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Figure 3.23: PIQ for an sputter-deposited SrS:Cu ACTFEL device with a phosphor thickness of 1100 nm.
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voltage region. It was noted that the electrical characteristics between the SrS:Cu2S and
SrS:Cu samples varied noticeably with no assignable reason other than they were prepared
in two different sputter chambers.[33] However, the differing depostion characteristics did

not alter the main PIQ/PIL thresholds.
In both SrS:Cu2S and SrS:Cu samples, there was no discernable hole PIQ signal
observed at any voltage, which is significant evidence of strong hole trapping within the
phosphor layer. Thus, only electron trends are discussed in the remainder of this section.
The PIQ/PIL trends for both SrS:Cu2S and SrS:Cu, are very similar to the PIQ/PIL

trends observed for electrons and holes in SrS:Ce ACTFEL devices, see Section 3.5.1.

For both Ce and Cu doped SrS ACTFEL devices the PIQ electron trends saturate at
low voltages, exhibit a weak threshold (Threshold 1), and increase to a stronger, more

pronounced main threshold (Threshold 2). Additionally, the PIL trends for both kinds
of SrS devices, decrease to a minimum level with increasing voltage and rise to a main
threshold (Threshold 1)

In order to further eludicate these PIQ thresholds in the Cu doped SrS ACTFEL devices, temperature-dependent PIQ and reset Qmo,s-Vmax experiments are performed, as shown in Figs. 3.24 and 3.25, respectively.

Figure 3.24 shows that the PIQ

threshold increases with increasing temperature, indicating transport-limited or injection-

limited/thermally activated space charge annihilation ACTFEL device operation; the latter injection-limited explanation is perferred, as discussed in the following.
The temperature-dependent reset Qmaz-Vmaz curves shown in Fig. 3.25 show sev-

eral trends. First, the EL threshold increases with increasing temperature. Second, the
slope in the reset Qmax-Vmax curve below threshold increases with increasing temper-

aure. This reset Q.-V,,x subthreshold slope is expected to correspond to the total
capacitance of the ACTFEL device. The observed temperature-dependence of this slope

is attributed to subthreshold, thermally-activated space charge; evidence for this is pre-

sented in the following paragraph. Third, note in Fig. 3.25 that the room temperature
threshold voltage shifts by 35 V (corresponding to a phosphor field difference of
MV/cm) to a higher voltage under reset conditions compared to the standard, non-reset
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Figure 3.24: Temperature-dependent PIQ for a sputter-deposited SrS:Cu ACTFEL device
with a phosphor thickness of 1100 nm.

case; this threshold voltage shift is direct evidence that subthreshold space charge is an
important contributing factor to establishing the ACTFEL device threshold voltage.

Further evidence for the exsistence of subthreshold space charge is given in Fig.
3.26. Fig. 3.26(a) shows the subthreshold charge transient during the first voltage pulse
after the ACTFEL device is reset. Fig. 3.26(b) shows the charge transient after n voltage
pulses (now under non-reset conditions). As shown in Fig. 3.26, Qmaz (1) > Qm,z(n) and
Qpsuotth (1) > wotth is,) It is also found that Qpsuotth (1) is
i temperature-dependent whereas
nsuhth
"%poi

) is not. This result explains why an increasing total capacitance is observed in

reset Qmax-Vmax experiments as Qmax is measured after one applied voltage pulse (a 1

pulse experiment). In contrast, a temperature-dependent non-reset Qmaz-Vmaz experiment measures Qmaz after a steady-state condition is induced within the phosphor (an n
pulse experiment). In essence, non-reset experiments are not measuring the temperature-

dependent subthreshold charge generated because it is annihilated under steady-state
conditions. When investigating the same phenomena in SrS:Ce devices, a similar situa-
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Figure 3.25: Reset Qmax-Vmax temperature-dependent results for a sputter-deposited 1100
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tion occurs. However, the extra charge generated between reset and non-reset conditions
(i.e. (Qpsuotth (1)

Qpsuotth(

n))) is much less. Thus, there is very little increase in the total ca-

pacitance observed in reset Qmax-Vmax curves for SrS:Ce devices. In either case note that

polarization charge in an ideal ACTFEL device below threshold is not observed- nsubth
"Kpol
7

observed in these SrS based ACTFEL devices is not seen in ZnS:Mn ACTFEL devices.

3.5.3

Photo-Induced Charge of Undoped SrS

One strategy for determining the physical nature of traps within the phosphor layer

is to eliminate sources of potential traps. This is accomplished by performing PIQ experiments on undoped metal-organic chemical vapor deposition (MOCVD)-deposited SrS

ACTFEL devices with the hopes of eliminating the luminescent impurity point defects
and complexes. The undoped SrS PIQ results are presented in Fig. 3.27. There are two
major differences between doped and the undoped PIQ results. First, and most suprising,

is evidence of hole transport. Second is the lack of saturation of the electron PIQ signal.
These are discussed in order.

First, the significance of finding measureable hole transport in undoped SrS ACTFEL devices suggests that luminescent impurity doping of the SrS phosphor creates traps
that prevent holes from efficiently transporting across the phosphor layer. Another possibility is that there is an unknown deposition-dependent creation of hole traps in ALE-and
sputter-deposited SrS ACTFEL devices which is not found in undoped MOCVD SrS devices; this possibility seems unlikely.

Second, the non-saturating behavior of the electron PIQ signal seen in Fig. 3.27

is a bit confusing. One plausable explanation for this trend is that this non-saturating
behavior could be the result of a local field distortion near the cathode (for electrons) due

to the large number of laser-induced electron-hole pairs generated. Calculations taking

into account the absorbing nature of the insulators, the laser power density, and the
effective device area show that this is not likely (see Appendix C). The non-saturating
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Figure 3.27: PIQ for an MOCVD-deposited, undoped SrS ACTFEL device with a phosphor thickness of 400 nm.

electron trend is most likely associated with relatively shallow trap states which ionize at
low internal fields (compared to EL fields) which prevent the PIQ curve from saturating.
Further research is needed to clarify this issue.

It is found in PIQ experiments of undoped SrS ACTFEL devices that an electrooptic reset is required to properly reset this device. This fact suggests that a native defect
may be partially responsible for the space charge related reset problems found in undoped
SrS and SrS:Ce ACTFEL devices.

3.6

PIQ/PIL Experimental Conclusions for SrS ACTFEL devices
A summary of the PIQ/PIL thresholds determined for ALE SrS:Ce and sputtered

SrS:Cu ACTFEL devices is given in Table 3.6. Note that for both PIQ and PIL experiments and for both types of ACTFEL devices investigated, there appear to be two major
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Table 3.1: Summary of PIQ/PIL trends for ALE SrS:Ce and sputtered SrS:Cu ACTFEL
devices.

Threshold Fields (MV/cm)
PIQ

Sample

PIL

#1

#2

#1

#2

ALE SrS:Ce

0.7-0.8

1.1-1.3

0.8-0.9

1.1-1.3

Sputtered SrS:Cu

0.8

1.0-1.1

N.A.

1.2

threshold fields: Threshold 1 =

MV/cm (weak threshold) and Threshold 2 =

MV/cm (strong threshold). Note that these threshold fields are average electric fields
across the phosphor; if space charge is present in the phosphor, the cathode field will be

larger (perhaps significantly larger) than these average fields. If pure tunnel emission is
assumed, these phosphor fields correspond to trap energies of -.0.6-0.7 eV and ,-0.9 eV,

respectively. Note that this calculation suggests that these traps are not very deep nor
are they very far separated in energy. Any discussion of the physical origin of the defects

responsible for these thresholds must account for the fact that both kinds of samples are
characterized by the same threshold fields.
The most probable defects in the luminescent impurity doped SrS ACTFEL devices
are intrinsic and extrinsic point defects in the form of vacancies, impurities, and complexes

of these point defects. [34] Some possible traps in the phosphor layer are strontium vacan-

cies (VsT), sulphur vacancies (Vs), Cesr, Cus,., Os, and complexes of these point defects.

Warren et al. have demonstrated, through electron paramagnetic resonance (EPR) studies, that ALE SrS:Ce ACTFEL phosphors have native defects in the form of Ce3+ (and
possibly Ce4+) dopants incorporated on a strontium site and Ce3+-Vs, complexes.[35, 36]

Other deposition-dependent, intentional or unintentional traps (e.g. Gas,- for sputtered
SrS:Cu ACTFEL devices since Ga is used as a flux) may also be present in the phosphor.
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The physical identity of PIQ/PIL Thresholds 1 and 2 is not clearly evident at this
time. Tentatively, it is proposed that Threshold 1 arises from field emission of electrons

from traps in the upper third of the SrS bandgap; field-emission is invoked as a likely
mechanism for Threshold 1 since recent ACTFEL device physics computer simulations

indicate field emission thresholds to be weak.[37] These traps are possibly associated
with cerium or oxygen for SrS:Ce ACTFEL devices or with sulfur vacancies or oxygen

for SrS:Cu ACTFEL devices. Note that Threshold 1 is a weak threshold, which is not

found in all PIQ/PIL curves. Perhaps the variability of Threshold 1 is due to sampledependent variations in the concentrations of these traps. Threshold 2 is attributed to
the onset of trap-to-band impact ionization. This threshold is strong since positive dynamic space charge creation occurs concomitantly with this process. Recent ACTFEL
device physics simulations suggest that trap-to-band impact ionization thresholds to be
very strong.[37]Traps associated with Threshold 2 are possibly a strontium vacancy or
strontium-cerium complex for SrS:Ce ACTFEL devices and a deeper ionization state of a
sulfur vacancy or a strontium-copper complex for SrS:Cu ACTFEL devices.

3.7

PIQ/PIL Summary
This chapter presents the PIQ/PIL experimental theory, set-up, and procedure to

electro-optically characterize SrS doped and undoped ACTFEL devices. The underlying
difficulty in resetting the phosphor energy bands in SrS:Ce ACTFEL devices is discussed

and an optimized reset method is introduced. Next, the PIQ and PIL results for many
sample thicknesses and at varying temperatures are presented.

SrS ACTFEL devices exhibit similar PIQ and PIL trends as listed in Table 3.6.
SrS ACTFEL device performance is strongly influenced by space charge, as evidenced

by how difficult it is to reset these devices. Both SrS:Ce and SrS:Cu devices show no

hole transport. Electron transport within these devices is characterized by a low field
saturation at -,0.3 MV/cm, which rises to a weak threshold at ,-0.8 MV/cm. This weak
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threshold is ascribed to electron multiplication due to the field emission of shallow electron

traps. These PIQ/PIL trends continue to a dramatic threshold at ,-1.2 MV/cm which is
attributed to the onset of trap-to-band impact ionization.
In contrast, the temperature-dependence of the threshold voltage of these devices

differs. SrS:Ce ACTFEL devices exhibit a temperature-independent threshold voltage,

due to injection-limited, pure tunnel emission behavior. In contrast, SrS:Cu ACTFEL
devices exhibit a threshold voltage which increases with increasing temperature due to an

injection limited/subthreshold thermally-activated space charge annihilation behavior.
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4. SUBTHRESHOLD VOLTAGE INDUCED TRANSFERRED
CHARGE

4.1

Introduction to VIQ
The experiment used to characterize SrS ACTFEL devices in this chapter is de-

noted subthreshold voltage-induced transferred charge (VIQ). The VIQ experiment was

pioneered by Brad Cleary and is used to characterize traps within the phosphor layer
ionized by the application of subthreshold voltage pulses. [28] The VIQ signal is acquired

below the EL threshold and is the result of a redistribution of charge, sourced from traps,

within the phosphor layer. This is achieved by applying 20,000 bipolar pulses, in order
to reach a steady-state condition. The rearrangement of phosphor charge during the applied voltage waveform is believed to occur from an applied-voltage-induced-ionization of

shallow traps. The ionized traps form space charge and the ionized charge is free to be

transferred across the phosphor and is thought to be retrapped in deeper traps located
near an interface. The annihilation of the trap-sourced charge by a subsequent UV optical

reset pulse forms the VIQ signal and concomitantly resets the phosphor bands. The VIQ

response is acquired as a function of the maximum voltage applied to the device, which
ranges from zero volts to the EL threshold.

4.2

Experimental Procedure
VIQ experimentation is accomplished through an experimental set-up outlined in

Figure 4.1. The VIQ experimental apparatus is very similar to that used in standard
ACTFEL electrical characterization introduced in Section 2.5 and differs in the addition

of a Xenon lamp used to reset the phosphor energy bands during the experiment. The
VIQ signal, for a given maximum applied voltage, is monitored across a sense capacitor
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connected in series with the ACTFEL device under test, see Fig. 4.1. Specifically, the
VIQ value of interest is the maximum voltage induced across the sense capacitor due to
the application of the UV resetting pulse.

The VIQ experiment is performed by applying 20,000 trapezoidal bipolar pulses

(5ps rise/fall time with a 30ps plateau applied at 1 kHz) in order for the phosphor to
reach a steady-state transferred charge condition, see Fig. 4.2(a). Cleary investigated the

number of pulses required to reach a steady-state condition and determined 10,000 as a
sufficient number.[28] To ensure a margin of confidence, Cleary used 20,000 pulses in the

VIQ experiments performed. After re-verifing this minimum number for SrS ACTFEL
devices, 20,000 pulses were used in the VIQ experiments presented in this thesis.
The VIQ transient voltage induced across the sense capacitor, Vsense(t), is monitored

by an oscilloscope throughout the experiment, and is shown in Fig. 4.2(b). The application of the UV resetting optical pulse triggers the oscilloscope which stores the voltage

transient across the sense capacitor during the light pulse. The VIQ signal is taken as the
maximum voltage induced on a sense capacitor in series with the ACTFEL device, during

the application of the light pulse, see Fig. 4.2(b). The VIQ voltage transient is a result of
the annihilation of the space charge created during the prior applied subthreshold voltage
pulses.

The nature of the VIQ signal is complex. There is an inherent RC time constant
of the system (,-400 ms) due to the sense capacitor (109 nF) and the imput impedence
(1 NISZ) of the oscilloscope, which connects the sense capacitor to ground. Thus, the

resultant time constant of the VIQ transient is a combination of the system response
and the optically-induced charge rearrangement. Therefore, the VIQ transient reaches a

maximum within 400 ms and goes to zero within 5 s. The actual VIQ peak response
can be taken as a low-end estimate of the actual UV-induced transferred charge due to

the limitations of the system time response. In addition, there may be numerous time
constants of traps within the phosphor all contributing to the overall VIQ signal observed.

Since some of the trap time constants may be fast compared to the system time constant,
the overall time response of the VIQ signal is an average of the all traps in the phosphor.
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Figure 4.1: VIQ experimental equipment employed.
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Figure 4.2: Timing diagram for a VIQ experiment. Figure (a) shows the applied voltage
pulses, the delay, and the optical pulse. Figure (b) illustrates the VIQ voltage transient
measured across the sense capacitor during the applied optical pulse.

66

Following the applied voltage pulses and before the UV resetting optical pulse, a 5 s
delay is introduced in the experiment. This delay is essential to allow for the rearrangement

of transferred charge in phosphor (and therefore, across the sense capacitor) due to the
last applied voltage pulse. If this delay is not implemented, there is an offset in the

sense capacitor transient, which, if not allowed to reach a steady-state value, modifies
the maximum voltage induced across the sense capacitor (i.e. the VIQ signal). The time

required for the sense capacitor to reach steady-state is short (--2-3 s) in most cases.
However, during temperature-dependent VIQ experiments, presented in Section 4.5, the
delay is extended in order to accommodate extremely long steady-state durations. Thus,
a 20 sec delay is employed during the temperature-dependent VIQ experiments.
In some cases it was necessary to employ an electro-optic reset after the VIQ exper-

iment was concluded, see Section 4.5.1 It is unusual to reset the ACTFEL device again
after testing as the UV VIQ optical pulse usually accomplishes this. However, in an at-

tempt to erase all the remaining space charge, an electo-optic reset is employed similar
to that described in Section 3.3. The difference in this resetting technique utilized after
VIQ experimentation is twofold. First, the ramped reset amplitude applied is ramped

over a 3-4 minute period while the UV lamp is on, and second the sample is brought up

to '360 K to add a thermal component to aid in the reset. The device is believed to
be reset after this electro-optic resetting as evidenced by observing transient VIQ signals

and performing simple reset tests. Thus, the experiment following is considered to be
performed under reset conditions. This electro-optic reset procedure is only necessary for
SrS:Ce ACTFEL device VIQ experimentation.

4.3

Description and Analysis of VIQ Curves
Once the VIQ experiment is complete, the data set consists of the maximum voltage

induced across the sense capacitor during the VIQ transient, VIQ in Figure 4.2(b), for
each experimental applied voltage, Va. Then an experimental VIQ curve is produced by

67

VIQ(Va)

- pulse
4 --->- Va

...E._ 3

+ pulse

EL threshold
VIQ peak:

pre-threshold
glow

Figure 4.3: Example of an experimental VIQ curve. The VIQ signal, as shown in Fig.
4.2(b), is plotted as a function of applied voltage, Va.
plotting VIQ as a function of the maximum applied voltage. A typical VIQ experimental
curve is shown in Fig. 4.3 and contains four regions of interest.

(i) Region 1 corresponds to the region below which there is any detectable rearrangement of charge within the phosphor layer during the application of the optical pulse.

The zero signal may be the result of no subthreshold ionization of traps or a symmetrical

density of trap states, the experiment cannot differentiate between the two cases.

(ii) Region 2 begins with a rise in VIQ signal as the applied voltage is increased.
Within this region, charge flows unidirectionally within the phosphor, originating from

shallow traps and retrapping in regions containing deeper traps. The applied voltage
at which the VIQ threshold occurs is denoted VtvhIQ in Fig. 4.2. There is generally no
detectable light emitted from the ACTFEL device during this region for well-behaved
devices.

(iii) Region 3 begins at the maximum VIQ peak. Region three has also been previously defined as the onset of emitted light, denoted pre-threshold glow, from the phosphor
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during the applied voltage waveform. {281 However, there have been samples tested recently

in the lab which demonstrate pre-threshold glow before the VIQ maximum. Because these

devices are deposited in a non-standard manner, and exhibit non-standard electrical char-

acteristics, they are not considered to be well-behaved. Therefore, the start of Region 3
will remain to be defined as the maximum VIQ peak.

The origin of the pre-threshold glow is somewhat subtle. The spectrum of the
emitted light is equivalent to the EL spectrum of the device under test. This would
suggest that impact excitation or ionization occurs below the EL threshold. This may be
due to band bending caused by subthreshold generated space charge, most likely near an

phosphor/insulator interface, as this is where most of the space charge is thought to be
created.

The VIQ curve decreases from its peak value throughout Region 3. This decrease
in the VIQ signal is believed to be caused by pre-threshold interface-injected conduction
charge. VIQ charge is primarily unidirectional (ionized from shallow traps, recaptured in
deeper traps) whereas interface-injected conduction charge is bidirectional (direction depends on polarity of applied voltage pulse). As the amount of unidirectional pre-threshold

conduction charge increases, it competes with the VIQ charge, thereby reducing it. Once
the EL threshold is reached, the amount of conduction charge far exceeds the VIQ charge

and the VIQ signal, dramatically increases, and polarization charge is then measured.
(iv) Region 4 begins when the EL conduction charge dominates. This is observed by

either a reversal in the direction of .the VIQ curve or a change in sign (i.e. crossing of the
x-axis) after the VIQ peak is reached, as shown in Fig. 4.3. The polarity of the last applied

voltage pulse determines which of the two aforementioned results occur. For example, as

in Fig. 4.3, the VIQ peak is has a negative polarity and is approaching zero magnitude. If
the last applied pulse is negative, then the VIQ curve goes positive (crosses the x-axis) at

a rapid rate. The VIQ transients measured above the EL threshold are the result of the
bidirectional annihilation of polarization charge, not the unidirectional rearrangement of
VIQ charge when the optical pulse is applied. By monitoring the bifurcation of the VIQ
signal after the VIQ peak, the EL threshold for the device may be accurately obtained.
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On any VIQ experimental curve, such as the curve presented in Fig. 4.3, there are

four features of interest. They are: (i) the polarity of the VIQ signal, (ii) the magnitude
of the VIQ peak, (iii) the applied voltage(s) at which the VIQ signal peaks, and (iv) the
VIQ threshold voltage, denoted Vtvh/Q, where a VIQ signal is first observed. These four
features are discussed in detail in the following subsections.

4.3.1

Polarity of VIQ Signal

The polarity of the VIQ signal may be used to gain information regarding the
location of the traps responsible for VIQ. VIQ transient curves, such as in Figure 4.2(b),

can be complex, sometimes having a bipolar nature. Various energy band diagrams are
presented in Figs. 4.4 - 4.6 that may be responsible for the VIQ transient polarities
observed. The figures represent the energy band diagrams at the moment the UV resetting

pulse is incident to the ITO interface. The direction of flow of the photo-injected carriers
determines the VIQ polarity which is measured across C3. The figures range from simple
space charge distributions responsible for unipolar VIQ transients to more complex space

charge distributions responsible for bipolar VIQ transients.
Shown in Figs. 4.4 and 4.5 are the simplest space charge distributions possible.

Figure 4.4 shows negative space charge concentrated at or near the ITO interface and
positive space charge located at or near the Al interface. In contrast, Fig. 4.5 shows the
location of the trapped charges at opposite interfaces to those shown in Figure 4.4. The
VIQ operating assumption is that the unidirectional VIQ charge is sourced from shallower
traps near one interface and trapped near the opposite interface; hence generate a non-zero

internal phosphor field. As the UV resetting pulse floods the phosphor with electron-hole

pairs, the injected photo-injected charges are free to transport the phosphor (depending
on the polarity of the internal field) and annihilate the space charge. As mentioned, the
polarity of the VIQ signal is determined by the direction of flow of photo-generated carriers

annihilating the space charge. Alternatively, the polarity of the VIQ signal is determined
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Figure 4.4: VIQ energy band diagram showing rearrangement of space charge yielding a
positive VIQ transient across V,. This diagram shows negative charge trapped near the
(ITO) phosphor/insulator interface. In this case, transport of photo-injected electrons
generated near the ITO interface produces a positive polarity VIQ signal.
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Figure 4.5: VIQ energy band diagram showing rearrangement of space charge yielding
a negative VIQ transient across V. This diagram shows positive charge trapped near
the (ITO) phosphor/insulator interface. In this case, transport of photo-injected holes
generated near the ITO interface produces a negative polarity VIQ signal.
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Figure 4.6: VIQ energy band diagram showing a bipolar VIQ transient. Figure (a) shows
initial band bending caused by positive bulk space charge where photo-injected electrons
give rise to an initial positive VIQ response. Figure (b) shows the resulting band bending
after transport of the photo-injected electrons where the subsequent transport of holes
gives rise to a negative VIQ transient, when observed across a sense capacitor connected
between the ITO side of the ACTFEL device and ground.
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by which type of carriers, electrons or holes, transports across the phosphor, to eliminate
the space charge.

In the simpler space charge distributions, electrons or holes determine the VIQ
polarity. However, it is also possible to observe a bipolar VIQ response, where electrons

and holes both contribute. Fig. 4.6 shows one example of a space charge distribution
where a bipolar VIQ signal is observed. The bipolar nature of the VIQ signal may be
explained as follows. First, as shown in Fig. 4.6(a), the band bending is due to positive
bulk space charge with negative charge located near both the top and bottom interfaces.
As the electron-hole pairs are photo-induced near the ITO interface, the band bending is
such that electrons are transported across the phosphor and recombine with ionized traps.

This gives rise to an initially positive polarity VIQ signal as monitored across the sense

capacitor. The partial annihilation of the space charge by the photo-injected electrons
then alters the energy bands as shown in Fig. 4.6(b). This energy band alteration allows

for holes to be transported across the phosphor thereby producing the negative polarity
portion of the VIQ transient.

In reality, the actual space charge distribution is most likely more complex than
any of the three senarios presented in Figs. 4.4-4.6. The the space charge distributions

are by no means exhaustive and are introduced as a clarifing aid to the reader to help
understand the nature of the VIQ signal. For more in-depth and complicated space charge
distributions and discussions, see Cleary's prior VIQ work.[28]

4.3.2

Magnitude of VIQ Peak

The absolute magnitude of a VIQ peak is believed to be correlated with the density

of available traps present in the phosphor.[28] Recall that the VIQ signal is a function of

the asymmetry in the density of trapping states at or near the interfaces, thus the VIQ
peak is associated with a difference, or an asymmetry of the trap distributions. With this
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in mind, the internal VIQ trap density, NVIQ may be estimated in the following manner.
NVIQ =

QVIQ
qA

(4.1)

where QVIQ is the externally measured VIQ charge, q is the charge of an electron, and A

is the ACTFEL device area under test. QVIQ may be evaluated by the following relation
(4.2)

QVIQ = C$11,?yeaci ,

with C, being the sense capacitor (109 nF) and Vc,/aQk is the induced-voltage of the VIQ

peak as measured across Cs. Rewriting Eq. 4.1 as
NVIQ =

Cs Viria,

(4.3)

qA

the number of traps, in traps/cm2, may be obtained. It is possible and preferred to
transform external quantities into internal quantities to determine the number of traps

internally responsible for the VIQ peak observed. Transforming Eq. 4.3 into internal
quantities
NiVIQ

=

) Cs VII;ZC

Cp Vapp

qA

111Preit

(4.4)

allows the number of traps/cm2 internally to be estimated.

4.3.3 VIQ Peak Voltage
In general, the maximum applied voltage where the VIQ signal peaks is indicative
of the onset of pre-threshold glow. Pre-threshold glow is light visible to an observer that

is characteristic of the EL spectrum. This is true for all of the samples tested in this
thesis and also for the samples that Cleary tested.[28] However, there have been ACTFEL
devices fabricated in the lab utilizing non-standard deposition methods which demonstrate
a pre-threshold glow before the main VIQ peak. Since these devices show other anomalous

VIQ behavior, the contention that the main VIQ peak is associated with pre-threshold
glow will remain.
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4.3.4 VIQ Threshold Voltage
The VIQ threshold voltage, VtvhIQ, is determined as the first measurable redistri-

bution of charge within the phosphor layer due to the subthreshold voltage pulses. It is
assumed that at VtvhIQ a sufficient number of traps are ionized to produce a measurable
current due to the transfer of photo-injected charges. Thus, Vtvh/Q is related to the depth

of the traps producing the VIQ signal. In, order to get at a trap depth, transforming
the external VIQ threshold voltage to an internal field is a necessary first step. This is
accomplished via
pV IQ
th

civtVhIQ

dp(Ci

CO'

(4.5)

where dp is the phosphor thickness and Ci and Cp are the insulator and phosphor capacitances, respectively.

VIQ experiments may be performed at varying temperatures to gain further infor-

mation about the nature of the traps. Through temperature-dependent VIQ experimentation, each trait discussed in the preceeding subsections may be uniquely determined for
the ACTFEL sample at a given temperaure. This is necessary for the numerical estimation

of trap depths discussed in the following section.

4.4 VIQ Numerical Analysis
The prior section introduced four important points observable on a VIQ experimen-

tal curve. Two of these traits, the VIQ threshold voltage and the magnitude of the VIQ
peak, may be used to estimate the trap depths responsible for the VIQ curve. This section

introduces the procedure to numerically solve trap depths found in an ACTFEL device

by using experimental results as inputs to a computer program. Section 3.4 introduces
this numerical analysis technique employed to estimate field-ionized trap depths in a PIQ
experiment. The numerical technique to assess trap depths in a VIQ experiment is quickly
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reviewed here with VIQ-specific changes highlighted. For a complete discussion on the
numerical technique employed see Section 3.4 and References [13, 28].

Similar to the PIQ analysis in Section 3.4, the determination of a trap depth associated with a threshold must be carefully considered. In order to detect a VIQ signal, there

must be a current density due to the ionized charge generated during the subthreshold
voltage pulses that is detectable by the experiment. The total ionized charge is a product

of the total number of traps ionized multiplied by the emission rates of the ionized traps
producing the VIQ signal. Thus, a minimum sensitivity of the VIQ experiment, Jrnin, can

be estimated via
ffrnirCli =

Cs VM.",71

tinin 24.

(4.6)
7

where tmin in a VIQ experiment is ,1 ms and A is the area of the ACTFEL device under

test, 0.085 cm2. Since C, -= 109 nF and Vmin = 1 ms, JVIQ ,1pA/cm2. Sensitivity
analysis has shown that this rough estimtate of .1717,2itc"2 does not have a strong effect on the

VIQ trap depth in the numerical simulation and, thus, is considered adequate.

In order use the' computer program, the user must calculate an emission rate, en,
responsible for the V1Q peak originating at Vvh/Q. To do this, Nivig (see Eq. 4.4) is
first solved, which uses Weak
VIQ for a given VIQ curve as an input. The emission rate is
estimated by solving for en in the following equation:
Ci
---

Ci + Cr

q nNiviQ.
eVIinQ

(4.7)

The computer program solves for en as a function of phosphor field. en is the
total trap emission rate which takes into account the three emission processes introduced

in Section 3.4, which are: pure tunneling, phonon-assisted tunneling, and thermionic
emission. The program solves for en in Eq. 3.5 as a function of inputs the user chooses,

generally taken from a VIQ experimental curve. For a given temperature and capture
cross-section, the user chooses a phosphor field range, determined from FV/Q and possible

trap energy depths. The program returns possible emission rates over the input phosphor

field range for a trap at the input energy depth, Et. Et is varied until the program's
calculated en matches with the en determined by the user in Eq. 4.7. Thus, by comparing
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the two emission rates, a calculated trap depth may be determined when the two rates
match. However, note that the Et calculation returns non-unique pairs of Et and o; there
is insufficient information for a unique calculation of Et.

To overcome this limitation, the program may used to gain a more precise estimate

of Et and a by utilizing the results of the temperature-dependent VIQ experiments. Because en is temperature-dependent, program inputs taken from the results of these VIQ

experimental curves yield estimates of Et and a at each experimental temperature. In
pratice, a is varied over a range and Et is calculated at each experimental temperature.
By taking the standard deviation of Et between solutions calculated at the experimental

temperatures, the most probable capture cross section may be found when the standard
deviation is minimized. The range of capture cross sections employed in the above analysis

takes into account the possible differing electronic nature of the traps. For example, if a

= 10-13 cm2 this would be considered a coulombically attractive trap. Thus, the range
of possible cross sections used in the simulations ranged from 10-11 - 10-25 cm2; covering

coulombically attractive, neutral, and repulsive trap possibilities.[38]

4.5 Experimental Results
This section presents the results of VIQ experiments on three samples, ALE-deposited

SrS:Ce (4=850 nm), sputter-deposited SrS:Cu (dp=1100 nm), and MOCVD-deposited
undoped SrS (dp=400 nm) ACTFEL devices. Each sample type is presented in a subsection with discussions on VIQ trends and the numerical simulation results included. Unlike

previous VIQ published results, the following discussion does not cover aging trends of
the ACTFEL devices under test. [28]
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4.5.1

VIQ Results for an ALE-Deposited SrS:Ce ACTFEL Device

VIQ experiments are performed at varying temperatures primarily to better esti-

mate the capture cross-sections and depth of traps. The VIQ temperature-dependent
experimental results for an ALE-deposited SrS:Ce device with a phosphor layer of 850 nm

are presented in Fig. 4.7. Temperature-dependent experiments were performed at temperatures of 30, 150, 300, and 360 K. The SrS:Ce ACTFEL device was aged 2 hours at
Vth + 40 V, to ensure that the device was electrically stable before the VIQ measurement

is initiated.
As shown in Fig. 4.7, the VIQ trends are all of positive polarity. Following the space

charge distribution shown in Fig. 4.4, the transport of photo-injected electrons generate

the VIQ signal with more traps present near the top (Al contact) insulator/phosphor
interface throughout the entire temperature range. With increasing temperature, the
VIQ trends show a monotonic increase in the maximum VIQ response, which corresponds
to an increase in NVIQ.
All of the VIQ curves for SrS:Ce ACTFEL device in Fig. 4.7 peak at the same VT,716.

Additionally, a pre-threshold glow was observed at V7.7/, throughout the experimental

temperature range; this is consistant with results obtained by Cleary in ZnS:Mn VIQ
studies. [28]

In contrast to ZnS:Mn ACTFEL devices studied by Cleary where there was no
observed VIQ trend-dependence upon the polarity of the last applied experimental voltage
pulse, SrS:Ce devices studied herein have a strong last pulse dependence. The last voltage

pulse applied refers to the last pulse of the 20,000 voltage pulses applied before the UV
optical resetting pulse. A comparison of Figs. 4.7 and 4.8 demonstrates the polarity of the
last pulse affects the VIQ curve over a broad range of the applied voltage. Additionally, a
comparison of Figs. 4.7 and 4.8 shows that the strongest dependence on the polarity of the
last pulse occurs at the lowest temperatures. Figure 4.9 demonstrates the difference in VIQ

trends as a function of the polarity of the last pulse at the lowest temperature of 30 K; note
the dramatic difference. This effect has not been observed on any previously tested sample
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Figure 4.7: Temperature-dependent VIQ of an ALE-deposited SrS:Ce ACTFEL device
with a phosphor layer of 850 nm; last applied voltage pulse is positive.
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Figure 4.8: Temperature-dependent VIQ of an ALE-deposited SrS:Ce ACTFEL device
with a phosphor layer of 850 nm; last applied voltage pulse is negative.
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and was noticed to increase if the VIQ experimental voltage went above the EL threshold

for the device. Due to the reset problems encountered during the PIQ experimentation of
SrS:Ce ACTFEL devices, the first reasonable explanation for the asymmetry was the lack
of complete reset of the device.
In order to understand the last pulse difference, a simple reset experiment attempted

to determine which last pulse VIQ curve, positive or negative, was more completely re-

set. This was accomplished by using a N 5 min electo-optic reset after the entire VIQ
experiment concluded; the next VIQ experiment would then be performed under reset

conditions, see Section 4.2. VIQ curves were acquired for last pulse positive and negative, under reset and non-reset conditions. Figure 4.10 shows two sets of curves; two
last pulse positive and two negative, one reset (solid curve) and one non-reset (dashed
curve) for each curve set acquired at room temperature. Two trends become apparent in
these curves. First, resetting affects the overall shape and maximum NiVIQ of both VIQ
curves, last pulse positive and negative. Second, reset also affects the asymmetry between

last pulse positive and negative curves. Furthermore, as displayed, the comparison of the
asymmetry between Fig. 4.9 acquired at 30 K and Fig. 4.10 acquired at 300 K, increasing

temperature plays a large role in affecting the asymmetry of the curves due to the last
pulse. As the temperature increases, the asymmetry between last pulses decreases.
In conclusion, the extent of reset of the ACTFEL device changes the shape of both

last pulse positive and negative curves. Reset alone however, does not dramatically af-

fect the difference in asymmetry between pulses. Therefore, the asymmetry may be a
result reset variation with temperature. Since both last pulse positive and last pulse negative curves exhibit the 5 V temperature-independent threshold and no other discernable
thresholds, either curve set will suffice for VIQ experimentation. Unfortunately, no deeper

trap depths may be extracted via VIQ experimentation due to the mysterious nature of
these ALE-deposited SrS:Ce, VIQ trends.

All four curves in Figs. 4.7 and 4.8 exhibit a temperature-independent Vvh/Q of
V. Due to the temperature-independence of this threshold, it is most likely due to a
tunnel-emission process. Thus, it is possible to employ the computer program introduced
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Figure 4.9: Last pulse asymmetry demonstrated in a VIQ curve from an ALE-deposited
SrS:Ce ACTFEL device with a phosphor layer of 850 nm at 30 K. Last pulse negative
curve is valid under both reset and non-reset conditions.
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Figure 4.10: Last pulse asymmetry demonstrated in a VIQ curve from an ALE-deposited
SrS:Ce ACTFEL device. The dashed curves are acquired from non-reset device whereas
the solid curves originate from a reset device.
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in Sections 3.4 and 4.4 to determine a numerically simulated trap depth of 0.1 eV. Due
to the tunneling nature of this trap, capture cross-section is not a relevant parameter for

this trap.

4.5.2

VIQ Results for a Sputter-Deposited SrS:Cu ACTFEL Device

The temperature-dependent VIQ trends for a sputter-deposited SrS:Cu ACTFEL
device at temperatures of 30, 150, 300, and 360 K are presented in Fig. 4.11. As seen in

Fig. 4.11, the VIQ curves demonstrate two strong temperature-dependent trends. First,
the magnitude of the VIQ peak changes with temperature; initially remaining constant
for the 30 and 150 K curves, increasing for the 300 K curve, and finally decreasing for the
360 K curve.

The applied voltage at which the VIQ peak occurs remains relatively constant,
shifting from 90 to 80 V for the 150 K curve. The pre-threshold glow corresponded with

the VIQ peak at all temperatures.

The second temperature-dependent trend observed in Fig. 4.11 is the decrease

in Vit'hIQ with increasing temperature. The VIQ thresholds are 30 K ,70-75 V (--0.6

MV/cm), 150 K ,-60 V (0.5 MV/cm), 300 K 35 V (-0.3 MV/cm), and 360 K
V (0.005 MV/cm). Using this information, the trap depth and capture cross section
may be estimated following the procedure outlined in Section 4.4 and briefly is as follows.

First, as shown in Table 4.1, the trap depths are estimated at each temperature for a
range of possible cross-sections. When the standard deviation of the mean trap depth is

minimized, the appropriate cross-section is taken as the best estimate. The mean trap
depth at the corresponding cross-section is the estimated trap depth for the ACTFEL
device tested.

Numerical simulations for the SrS:Cu ACTFEL device estimate the trap resopon-

sible for the observed VIQ trends to be located at an energy depth of ,0.9-1.0 eV with
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Figure 4.11: VIQ temperature-dependent curves of a sputter-deposited SrS:Cu ACTFEL
device with a phosphor layer of 1100 nm.

a capture cross-section of ,-10-12-10-14cm2. A capture cross-section within this range
corresponds to a coulombically attractive to almost neutral trap.[38] The physical nature
of this trap is discussed in Section 4.6.

An additional temperature trend is that the SrS:Cu VIQ curves exhibit a negative
polarity throughout the entire temperature range. According to Section 4.3.1, this negative

VIQ polarity suggests that the most shallow traps are located near the bottom (ITO)
insulator/phosphor interface, which implys hole transport to annihiliate the space charge,

resulting in the VIQ signal. Results from PIQ studies, see Section 3.5.2, show very poor

hole transport, or a high rate of hole trapping, in SrS:Cu devices. These results seem
contradictory. These apparently inconsistant PIQ and VIQ trends with respect to hole
transport are tentatively reconciled as follows. In the VIQ experiment, the VIQ signal is
measured over a 1-2 s time period, during which time a constant supply of photo-injected
holes into the phosphor is available. This continual supply of holes is presumably sufficient

to adequately reset traps and to provide a sufficiently large hole flux for drift and reset
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Table 4.1: Variation of capture cross-section and concomitant estimate of trap depth.

a (cm2)

mean Et (eV)

10-11

1.03 ± 0.17

10-12

0.98 ± 0.16

10-13

0.94 ± 0.16

10-14

0.90 ± 0.16

10-16

0.85 ± 0.17

10-16

0.81 ± 0.18

Table 4.2: Temperature-dependence of the VIQ threshold field and trap depth. The
capture cross-section used in the simulation is 10-13 cm2 from Table 4.1.

T (K)

FYQ (MV/cm)

Et (eV)

30

0.6

1.1

150

0.5

0.7

300

0.3

1.0

360

0.005

0.9

Mean

N.A.

0.94

St. Dev.

N.A.

0.16
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Figure 4.12: The difference in hole transport under VIQ and PIQ experimental conditions.

The upper figure demonstrates how the trapping and transport of photo-injected holes
supplied in a continuous manner over a long duration of 1-2 s allows for VIQ resetting.
The lower figure shows how the trapping of holes supplied in one short laser burst results
in no appreciable hole PIQ signal, and the concomitant conclusion of poor hole transport.
across the phosphor in the 1-2 s optical reset duration. In contrast, the PIQ hole trends
are acquired on a ps time scale, with holes photo-injected in one short laser pulse (-15
ns); once the laser induced holes are trapped, the supply of holes is exhausted. Thus, it
is thought that the SrS:Cu VIQ polarity trends do not contradict the PIQ hole transport
trends.
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4.5.3

VIQ Results for MOCVD-Deposited Undoped SrS

The temperature-dependent trends for a MOCVD-deposited SrS ACTFEL device
which is not doped with any luminescent impurity and which has a phosphor thickness of
400 nm is shown in Fig. 4.13. The VIQ curves are acquired at experimental temperatures
of 30, 150, 300, and 360 K. Several trends are noticable. First, with increasing temperature

the peak VIQ signal steadily increases in magnitude. Thus, according to Eq. 4.4, Nivrc)
also steadily increases with temperature.

The second trend evident from Fig. 4.13 is that all of the VIQ curves are primarily

positive in polarity, which indicates a larger density of traps is present near the top (Al
contact) insulator/phosphor interface. For the 30 and 150 K curves there is a slight
negative polarity portion of the VIQ curve, as demonstrated in Fig. 4.13. These negative

polarity VIQ curves may be the result of shallower traps located near the bottom (ITO
contact) insulator/phosphor interface. Note that Vtvh/Q is very similar for both the positive

and the negative polarity curves shown in Fig. 4.13; this suggests that the same kind
of trap is responsible for both the positive and the negative polarity VIQ thresholds,
but these traps are located at opposite interfaces. Additionally, there is no last applied
voltage polarity dependence on the VIQ results observed in the undoped SrS sample at
any temperature.
Lastly, Vvh/Q is temperature-independent. It is apparent in Fig. 4.13 that a thresh-

old for all four experimental temperature curves exsists at 40 V. The slope of the experimental curve immediately after this threshold goes from negative to positve as the
temperature increases. The main point here is that VtvhIQ is invariant over the experimental temperature range. As in Section 4.5.1, this temperature-independent VIQ threshold
may be used to gain a better estimate of a tunnel trap depth via numerical simulation. A
VIZQ of -40 V corresponds to an average internal phosphor field of X0.7 MV/cm which

yields a simulated trap depth of 0.6 eV. A discussion of point defects responsible for a
trap of this depth is presented in Section 4.6.
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Figure 4.13: VIQ of a MOCVD-deposited, undoped SrS ACTFEL device with a phosphor
layer of 400 nm.

4.6 VIQ Summary
The VIQ results for the three samples tested, ALE-deposited SrS:Ce, sputterdeposited SrS:Cu, and undoped MOCVD-deposited SrS are summarized in Table 4.3.
Recall that the VIQ polarity establishes whether the most shallow VIQ traps are located

at the top (positive) or bottom (negative) phosphor/insulator interface. The coulombic

nature of the traps is established by the value of the capture cross-section. Traps are
listed as coulombically attractive if 10-12 cm2 <

< 10-14 0112, coulombically neutral

if 10-14 cm2 < a < 10-18 cut, and coulombically repulsive if 10-18 cm2 < a.[38] The
trap density is calculated assuming that the traps are located within -.400 nm of a phosphor/insulator interface.[28] The trap density is a crude estimate, thought to be accurate
to within perhaps an order of magnitude.
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Table 4.3: Summary of VIQ trends and resulting trap information for ALE SrS:Ce, sputtered SrS:Cu, and undoped SrS ACTFEL devices.

ALE SrS:Ce

Sputtered SrS:Cu

Undoped MOCVD SrS

VIQ polarity

positive

negative

bipolar

Trap depth (eV)

0.1

0.9

0.6

Q (cm2)

N.A.

10-13

N.A.

Coulombic nature

N.A.

attractive

N.A.

The physical nature of the traps responsible for the VIQ trends is now discussed.
Two types of point defects, intrinsic and extrinsic, are possible. The VIQ traps presumably

arise from a point defect or of a complex involving two or more point defects. Intrinsic
point defects are, vacancies, self-interstitials, or antisites. A vacancy is an atom missing
from the lattice. A self-interstitial is when one of the constituent lattice atoms (i.e. Sr or
S) occupies a site which is normally not occupied. An antisite is a point defect in which

one of the constituent lattice atoms occupies an improper lattice site (i.e. Sr sits on a S
lattice site or S sits on a Sr lattice site). The energies of formation of self-interstitials and
of antisites are very large for SrS. Thus, the most likely SrS point defects are vacancies. [34]

A strontium vacancy, Vsr, is a double acceptor, and a sulphur vacancy, Vs, is a double

donor. The location of the ionization energies of these point defects with in the SrS
bandgap is unknown; crude locations are shown in Figure 4.16. Published estimates of
possible ionization energies of Vs are: 0.71 eV, (V-1.5-+) [39] and 0.71 eV (native defect)

[40]. Extrinsic point defects are impurities in the SrS phosphor. Extrinsic point defects
can sit substitionally on normal lattice sites or can sit interstitially.

A positive-polarity VIQ donor trap depth of -p0.1 eV was found to be present in
the ALE-deposited SrS:Ce samples tested. The charge state and approximate ionization
energies of some possible point defects for ALE-deposited SrS:Ce ACTFEL devices are
shown Fig. 4.14. The doping of the SrS phosphor opens up possibilties for various extrinsic
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Figure 4.14: Possible ionization energy locations of point defects within the bandgap of
an ALE-deposited SrS:Ce ACTFEL device.
defects. Compensation during deposition creates Ce3+-Vs, complexes.[36] Additionally,

Ce may be incorporated as Ce4+. It is unlikely that Ce4+ gives rise to the --0.1 eV trap
since it is likely that CO+ forms a deep trap. Sources of shallow traps in SrS:Ce could be

a Ce3+ shallow donor state, Cls, or an oxygen incorporated onto a sulphur site, Os. Cl
and 0 are present in the ATO insulator depositon process and are likely to form traps at
the interfaces. There is no published energy depth of Cl or 0 in SrS. However, Cl in ZnS is

estimated to be -.0.3 eV and 0 0.6 eV.[28, 29] Thus, it seems reasonable to assume that
Cl would be shallower than 0 in SrS. Thus, the e-0.1 eV trap found in VIQ measurements

is tentatively attributed to either a Ce3+ or CIS shallow donor.

A negative-polarity VIQ donor trap with an energy depth of ,0.9 eV and a capture cross-section of ,10-13 cm2 (coulombically attractive) was found to be present in to

sputter-deposited SrS:Cu ACTFEL devices tested. The charge states and approximate
ionization energies of possible point defects found within sputter-deposited SrS:Cu ACT-

FEL devices are shown in Fig. 4.15. It is very likely that this ^,0.9 eV trap is associated
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Figure 4.15: Possible energy locations of point defects within the bandgap of a sputterdeposited SrS:Cu ACTFEL device.

with Vs since Cu is an acceptor in SrS and the formation of Vs's is expected via selfcompensation. Another possible -,O.9 eV donor is Gas, since Ga is used as a co-dopant;

the ionization energy of Gas,. is not known. Note that Os does not appear to be a viable candidate for this --0.9 eV trap depth since it is expected to have a smaller capture
cross-section, characteristic of coulombically neutral capture.

The VIQ analysis for the MOCVD-deposited SrS ACTFEL device yield a VIQ trap

depth of X0.6 eV. The charge state and approximate ionization energies of possible point

defects responsible for a trap of this depth are shown in Fig. 4.16. One possibility for
this VIQ trap could be oxygen incorporated onto a sulphur site, Os which is an isoelectric

trap. Oxygen would be an unintentional impurity perhaps introduced in the deposition
process.

Although Os and Vs are possible candidates if the

eV trap found in sputtered

SrS:Cu was correctly identified as Vs, it seem more likely that the ,0.6 eV trap in
undoped MOCVD SrS is associated with Os. Thus, both Vs and Os are considered
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possible identifications. Alternatively, it is possible that the -0.6 and ,--0.9 eV traps

correspond to V°1+ and V+/++ respectively.

To conclude this chapter, note that it is tempting to correlate the -4.8 and --1.2
MV/cm PIQ/PIL thresholds with the -4.6 and "4.9 eV VIQ traps. (Recall from Section

3.6 that the -0.8 and -1.2 MV/cm PIQ/PIL thresholds correspond to trap energies of
-0.6 and -,0.9 eV, if tunnel emission is assumed.) Moreover, the VIQ trap identifications

suggest the f-0.8 and -1.2 MV/cm PIQ/PIL thresholds may be associated with 0.5i°
and Vis-/++, respectively. If this 0s/° and VS/ ++ identification is correct, it is likely that
improvements in SrS ACTFEL device performance can be obtained by reducing oxygen
contamination and concomitantly reducing the Threshold 1 contribution to the conduction
charge.

To summarize this discussion, the most likely trap responsible for the VIQ trends
in the following samples are:

ALE SrS:Ce (-4.1 eV trap)= Cl 71+ or (Ce3g.)0±,

Sputtered SrS:Cu (--0.9 eV, --10-13cm2 trap). V:st/++,
Undoped MOCVD SrS (-0.6 eV trap)= V75/4- or 0=510.
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Figure 4.16: Possible energy locations of point defects within the bandgap of a MOCVDdeposited undoped SrS ACTFEL device.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

This thesis presents two optical excitation experiments used to identify traps within

the SrS phosphor layer. First, photo-induced charge (PIQ) and photo-induced lumines-

cence (PIL) monitors electron and hole transport across the phosphor layer. PIQ/PIL
experiments show that holes are effectively trapped within a doped SrS phosphor and
PIQ/PIL experiments additionally allow the determination of average phosphor fields
necessary for impact excitation/ionization of Ce and Cu luminescent impurities. Subthreshold voltage-induced transferred charge (VIQ) aids in the calculation of trap depths
and capture cross-sections of certain traps found within the SrS phosphor layer.

5.1

PIQ/PIL Experimental Conclusions
PIQ measurements of luminescent impurity doped SrS ACTFEL devices show two

distinct electron thresholds, the first ocurring at -4.8 MV/cm (weak) and the second at
X1.2 MV/cm (strong). These thresholds are independent of the phosphor thickness, indi-

cating that they arise from a bulk property of the phosphor. Additionally, hole transport
is observed only in undoped SrS ACTFEL devices.
PIL measurements show a threshold of -'0.8 MV/cm for the SrS:Ce ACTFEL devices

tested and another at -.4.2 MV/cm for SrS:Ce and SrS:Cu ACTFEL devices. These
thresholds are also independent of phosphor thickness.

If tunnel emission is assumed, the -.0.8 and --1.2 MV/cm thresholds correspond to

trap energy depths of -p0.6 and -p0.9 eV respectively. It is thought that Threshold 1 is
associated with the onset of field emission of shallow traps; tentatively, the ionization of
cerium or oxygen for SrS:Ce and a sulfur vacancy or oxygen for SrS:Cu. Threshold 2 is
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believed to be associated with the onset of trap-to-band impact ionization. It is speculated

that the atomic identity of traps associated with Threshold 2 are most likely associated
with a strontium vacancy or cerium-strontium complex for SrS:Ce and a deep ionization
state of a sulfur vacancy or a strontium-copper complex for SrS:Cu.

5.2

VIQ Experimental Conclusions
VIQ experimentation yeilds estimates of capture cross-section, trap location, energy

depth, and density of traps located in the SrS ACTFEL devices tested.

Energy depths of the ACTFEL devices tested are --OA eV for the ALE SrS:Ce
samples, which are found to exhibit tunnel emission. For sputtered SrS:Cu samples, a
trap depth of -,0.9 eV is found with a capture cross-section of 10-13 cm2 indicating a
thermally activated, coulombically attractive trap. For the undoped MOCVD SrS sample

a trap depth of

eV is estimated and the trap is found to display tunnel emission.

Tentative atomic associations of the VIQ traps with the estimated trap depths are

as follows. For the ALE SrS:Ce devices tested the -,0.1 eV trap depth is attributed to

either (Ce3g. )0+ or to Cl°/+. For the sputtered SrS:Cu samples tested, the X0.9 eV,
10-13cm2 trap depth is attributed to V4s:/++. Lastly, the undoped MOCVD SrS sample,

a N0.6 eV trap depth is ascribed to either Vc's/± or Os-/°.

5.3

Recommendations for Future Work
The PIQ/PIL software needs to be modified in several ways. First, the softwarwe

should be modified so that the experiment can be accomplished in a shorter period of time.

By re-thinking the program triggering this is possible. Second, the PIL software should
be expanded so that the LE and TE brightness transients can be acquired simultaneously

94

with the PIQ and PIL data. Trends in the LE and TE pulses could be very informative,
especially if the ambient temperature were varied.
Utilizing a more powerful laser to photo-excite carriers would be benefical. A greater

incident power density may strengthen the PIQ/PIL signals which would increase the
signal-to-noise thereby reducing the necessary experimental averaging time. A tuneable

laser source could be used to probe the phosphor band in attempt to identify trap levels

by monitoring photocurrent, in addition to being used as a UV source in the PIQ/PIL
experiment.

Other methods of trap level determination, transient thermal luminescence (TTL)

for example, should be performed on SrS devices frabricated using different deposition
methods. Only by comparing the results from various different experimental techniques,
can confidence in associating point defects with trap depths be gained.
The VIQ experiment is in a mature state and needs no further immediate attention.

However, there are many subtilties that need to be investigated, such as differing time
constants in the VIQ response, actual subthreshold charge transfer, and the physical loca-

tion of traps (i.e. bulk or interfaces). There are limitless sample and aging combinations

possible. Since no aging studies were performed in this thesis, it may be helpful to perform aging studies on SrS:Ce and SrS:Cu ACTFEL devices. Of particular interest are the
traps potentially associated with reset problems in SrS:Ce ACTFEL devices. In addition,

the last pulse asymmetry found in the VIQ results for SrS:Ce ACTFEL devices needs
to be investigated further. The sub-threshold glow is a particular mystery and thorough
characterization of the nature of the glow would be helpful.
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A. QUANTITATIVE DERIVATION OF
PHOTO-INDUCED CHARGE
Photo-induced charge (PIQ) is a measure of how many electron-hole pairs are cre-

ated by the laser pulse and how far each pair is separated by the phosphor field. As
discussed in Section 3.2.1, PIQ is the change in the total dipole moment in the phosphor,

due to the drift of the PIQ across the phosphor that gives rise to the voltage step across
the sense capacitor.

A quantitative treatment of PIQ is now presented. Following Bringuier's derivation
of conduction charge sourced from the insulator/phosphor interface [41] and extending it

to photo-induced conduction charge, the total sum of the charges in the phosphor is zero
and may be described by
p(x)dx = O.

(A.1)

For simplicity, if an applied voltage, V, below the conduction threshold is applied to the
ACTFEL device, the voltage ,drops across the insulator and phosphor layers, respectively,
are given by

V=

f

d

E(x)dx,

(A.2)

where E(x) is the electric field induced within the phosphor by the photoinduced dipoles

and Q, is the external charge on the sense capacitor due to the charge density induced
on the external contacts of the ACTFEL device by the combined increase in the electric

field across the insulators. The capacitance of the insulators and the phosphor, Ci and
Cp respectively, are in units of capacitance per ACTFEL device area, A. An expression

relating the induced field within the phosphor to the photo-induced charge density is
desired. Such an equation may be obtained by integrating E(x) and invoking Gauss's
law with the appropriate boundary conditions. The resulting equation defining E(x) is
described by

E(x)dx =

Qe
EpA

+

f xp(x)dx,
d

P

0

(A.3)

where ep is the dielectric permittivity of the phosphor and dp is the phosphor thickness.
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If the total dipole moment within the phosphor is defined as D, then

D=

f

(A.4)

x p(x)dx.

Substitution of Eqs. A.3 and A.4 into A.2 allows Equation A.2 to be rewritten as
V

Q,

D

(A.5)

C/ t

Where Ct denotes the total ACTFEL device capacitance. Equation A.5 represents a
defining relationship between the external voltage, V, the externally induced charge, Qe,

and the internal photo-induced dipoles, D. A still more useful form is desirable. Thus,
evaluating the time derivative of Eqn. A.5 yields
1 dQe

dV

Ct dt

dt

1 dD
dt

(A.6)

If the applied voltage does not change during a PIQ measurement and utilizing the relation

Ep = dp Cp, Eqn. A.6 can be calculated at two different times to yield
A "1

C,
(Ci

e

AD

Cp) dP

(A.7)

AQe may be measured via a sense capacitor by the relation

AQ, = AV,Cs.

(A.8)

Recognizing that AV, is the PIQ signal, now denoted PIQ, in conjuction with Eqs. A.7
and A.8 leads to the desired result,

PIQ =

Ci

AD

(C, + cogs dp

(A.9)

Thus, Eq. A.9 explicitly demonstrates that the magnitude of PIQ is directly proportional
to AD, the photo-induced dipole density after field-aided charge separation has occurred.

Finally, AD may be rewritten as

AD = E d, q,

(A.10)

which, as stated in the begining of this section, is the sum of the number of photo-induced

carriers and how far they separate by drift.
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B. SRS:CE ACTFEL DEVICE RESET STUDIES
Once it had been established that an optical reset pulse was not properly resetting
the SrS:Ce phosphor energy bands, a method of monitoring how well the ACTFEL device

was reset was desired. Once a difference curve evaluation was begun, a measure of reset

of the phosphor bands was attainable at each experimental voltage, see Section 3.3. It

was then possible to plot the amount of reset versus the maximum applied voltage to
compare how well a certain reset method worked. Thus, monitoring the ACTFEL device

reset was pivital for directly comparing the effectiveness of differing reset methods and
for sensitivity analysis within a given reset method. For example, Figure B.1 shows the
reset signal versus maximum applied voltage for two reset methods used to reset a SrS:Ce
ACTFEL device. This Figure quickly and effectively shows the superior method.

A significant deviation from zero in a reset curve signifies a difference in residual
charge in the phosphor layer between two otherwise identical measurements. Since reset

becomes an issue at voltages greater than threshold, persistent space charge responsible
for reset problems is most likely due to a deep level ionized trap. High internal phosphor
fields present at voltages applied above threshold allow electrons to attain large ionization
energies; even larger if cathodic fields are enhanced by space charge.

The exact nature of the traps responsible for reset problems are unknown at this
time. However, possiblities include deep ionization energies of strontium vacancies, Vsr,

or even sulphur vacancies, Vs. There are, however, some clues available to aid in such
speculation. A temperature-dependent reset experiment performed showed an improvement in reset with decreasing temperature. Thus, the trap may have a thermal activation

energy which was not detectable in the temperature-dependent PIQ studies. The fact
that reset is a problem primarily for a positive voltage applied to the aluminum interface

may suggest that these traps are located near the phosphor/ITO interface.
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Figure B.1: Results of reset experiment showing optical and electro-optical reset methods
for a ALE SrS:Ce ACTFEL device with phosphor thickness of 850 run.
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C. THE INFLUENCE OF THE LASER POWER
DENSITY ON PIQ RESULTS
In an attempt to determine if the laser pulse induces a quantity of electron-hole
pairs within the phosphor sufficiently large to affect the true PIQ signal, a laser-induced
charge calculation was. performed. The large bandgap of the SrS phosphor (4.3 eV) en-

sures that all of photons incident to the phosphor are absorbed in a thin region near the
ATO/phosphor interface. If the laser produced a large enough number of electron-hole
pairs, the PIQ response as a function of voltage would not saturate and would continue to
increase as a function of voltage. Due to the absorption/reflection losses in the aluminum

dot and the ATO top insulator, the number of photons incident to the phosphor layer
is very small; these layers filter out all but 1% of the initial laser power density. The
absorbing nature of the ATO layer is very complex and may be acertained only through
macroscopic characteristics. This was accomplished by transmission measurements per-

formed in the lab on ATO deposited on a glass slide. Essentially, the ATO layer acts as
a cut-on filter significantly transmitting wavelengths above 300 nm.

The charge induced by the laser radiation reaching the phosphor layer may be
calculated by the following
photons *11 * q
Qlaser = area * coupling.

(C.1)

The variables above are area of the double aluminum dot, coupling of the laser beam

to the double dot structure (the laser underfills the dots), q charge on one electron, and
77 which is the efficiency of the conversion of a photon to an electron-hole pair (here 77

1). The number of photons incident from one laser pulse, denoted photons in Equation
C.1 may be calculated by

photons =

Jln170'

p

(C.2)

where 1 nJ is the incident laser power for one pulse, 1% is the percentage of photons
incident to the phosphor, and EP is the laser photon energy (4.96 eV).
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Equation C.1 yields a laser induced external charge on the order of ,-0.01 pC /cm2.

This is less than typically measured for the transfered charge, and can be considered an
indication that the PIQ measurement is reliable.

