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Abstract

Electroluminescence (EL) on ZnS was studied in aqueous solutions
containing various redox species. For species able to generate strongly
oxidizing intermediates, such as peroxydisulfate or hydrogen peroxide,
bright blue luminescence was observed during cathodic polarization at
potentials near to or negative of flat-band potential (Vfb) of ZnS. For
solutions containing supporting electrolyte alone at various pH's, no
emission was detectable even at potentials 7 volts negative of Vfb’ This
suggests that minority-carrier (hole) injection is responsible for the
initiation of EL. The peak energy of the EL spectrum was much smaller (by 1
eV) than the bandgap of ZnS, suggesting that the radiative recombination is
through intermediate luminescent centers. Under steady state conditions, the
EL intensity was proportional to the square of the current, suggesting that
EL intensity is dominated by the recombination of electron-hole pairs at
luminescent centers. In the early part of a potential pulse (especially the
first pulse), the growth behavior of EL intensity was strongly affected by
the electron trapping of the empty upper luminescent states. The location
of the EL spectra depended on the current density and EL intensity; with
increasing EL intensity, a significant blue shift of the emission peak was
observed. These results suggest that the overall radiative recombination
rate might be limited by electron transfer (through a tunneling mechanism)
from the occupied upper Iluminescent states to the empty lower luminsescent
states. An EL efficiency of 0.2% can be achieved by operating at a current

density of 25 mA/cmz.

(End of Abstract)
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Introduction

The study of interfacial charge-transfer processes at semiconductor
electrodes is under active investigation({1-5). Luminescence techniques have
been employed successfully as probes to study surface recombination and
excited-state processes(6-9). Recently Ellis and co-workers(6) have carried
out extensive studies on the electroluminescence and photoluminescence of
cadmium chalcogenides, for example CdS and CdSe, and, by comparison with
photogenerated charge transfer obtained information about the reaction
processes at these electrodes. The efficiency of the room-temperature
emission of these materials in the visible spectral! region is quite low, as
is that of most other semiconductors (e.g. quantum yields < 10'3).

Wide bandgap 1I-VI compounds are potentially useful electrode materials
for visible electroluminescence in solution; the zinc chalcogenides are
especially good candidates for such applications. Indeed, low voltage
solid-state devices which produce electroluminescence have been described;
however, it 1is difficult to produce a good pn junction necessary for
efficient charge injection due to self-compensation by native defects. Less
complex Schottky junctions have been attempted with some degree of
success(10-12). There have been few reports of solution studies of
electroluminescence of ZInS (13,14). In an early letter (14) emission was
reported for a ZnS electrode immersed in fuming sulfuric acid; this was
attributed to the formation of an inversion layer at ZnS surface. More
recently a brief report by Tyagai et al (13) described the blue emission of
a InS cathode in Hzoz, which was attributed to hole injection from the
reduction intermediate, °OH, into the valence band of ZnS. However, details
of the process, the mechanism of emission and the dependence of the spectral

distribution on a variety of electrochemical parameters were not explored.
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We thought it of interest to examine the electroluminescence of ZnS as a
probe of the energetics at the ZnS/electrolyte interface and for possible
application to display devices.

In this paper we examine the electrochemical and electroluminescent
properties of single-crystal, n-type ZnS electrodes with various redox
couples. We demonstrate that the electroluminescence (EL) is initiated by
hole injection from solution redox couples and under steady state conditions
the EL intensity is dominated by the recombination of electron-hole pairs at
Tuminescent centers. Neither electron transfer to the upper states nor hole
transfer to the lower state controls the rate of emission in the condition
studied. The effect of trapping on the growth of EL and the factors
affecting the intensity and spectral distribution of the EL will be
discussed. The EL efficiency at room temperature is among one of the
highest in the photoelectrochemical-type luminescent cells or low voltage
solid-state electroluminescence devices (22). An EL efficiency of 0.2% can
be achieved by operating at a current density of 25mA/cm2.

Experimental Section:

Materials

Al-doped ZnS single crystals were generously donated by Dr. J. O.
McCaldin or were grown by iodine chemical vapor transport(15). These
crystals wusually had high resistivities ()101°ohm-cm) The crystals were
heated in a molten 90% Zn - 10% Al mixture at 900°C for 10-24 hours. This
treatment reduced the resistivity of some crystals to 20 to 104 ohm-cm. The
crystals with low resistivity were used in the EL experiments. They were
cut into slices along the (111) plane and were subsequently polished by
carborundum (1 um grit size) and alumina (0.5 ym particle size). Ohmic
contact was made according to the method given by Kaufman and Dowber (16).

The crystals were mounted as electrodes as described previously (17).




Before a series of experiments, the electrode was etched in a potassium
dichromate-H2504 cleaning solution at 70°C for 5 minutes. Reagent grade
chemicals were used without further purification. A1l solutions were
prepared from triply distilled water and were deoxygenated, if not otherwise
mentioned, for at 1least 30 minutes with purified nitrogen before each
experiment. These experiments were carried out with the solution under a
nitrogen atmosphere.

Electrochemical Measurements

A1l  electrochemical measurements were performed with the same
electrochemical cells, apparatus and procedures as reported previosly (17).
The impedance measurements were carried out with an aqueous solution
containing 1.0 M NaCl0

. The pH of the solution was adjusted with HC10, or

4 4
concentrated NaOH (10 M). The apparatus and procedures for impedance
measurements were based on those reported previously (18). Two a.c.
frequencies (100 and 300 Hz) were employed and no significant dispersion was
found.

Electroluminescence Measurements

The EL spectra were mainly obtained with a PAR Model 1215 OMA2 optical
multichannel analyzer including a Silicon Intensifier Target vidicon
detector with a vacuum UV scintillator to enhance the UV response. This
detection system has an essentially flat response in the wavelength range of
the ZnS EL spectrum, 350-550 nm. To obtain the EL spectra, the electrode was
pulsed between 0.0 V vs. SCE and a given negative potential. The EL signal
was detected by synchronizing the OMA detection system with the potential
pulses applied to the electrode. Another detection system was constructed
based on an Oriel monochromator equipped with gratings blazed at 500 or 1000
nm. The monochromator was interfaced to a highly red-sensitive

photomultiplier tube (PMT) (Hamamatsu R928). Signals from the PMT were
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5 amplified by a lock-in amplifier and displayed on a Houston Model 2000 X-Y
&_ recorder. In the transient experiments, the EL signal was detected by a PMT
;ii with attached neutral density filters and a 460 nm band-pass filter.
3 Signals from the PMT were amplified by a current-to-voltage converter and

displayed together with the chronoamperometric curves on a Nicolet Model

1090A digital oscilloscope and then recorded on a Houston Model 2000 X-Y
recorder.

The integrated EL efficiency, aEL’ was determined by an integrating
sphere photometric detection system as described by Itaya and Bard (19) and
by Bezman and Faulkner (20).

The total photometric appartus consisted of an integrating sphere and
an EG & G radiometer attached to the viewing port of the sphere. The
sensitivity, S, of the intergrating sphere was calibrated with a He-Ne laser
or by a light beam (10 nm band-width) obtained from a 450 W Xe-lamp and an
interference band-pass filter at 460 nm. The calibration factor, C, of the
EG & G radiometer was obtained by a standard actinometric procedure with a
0.1 M ferrioxalate actinometer. The sample cell for EL experiments was
inserted into the sphere and was held in position by a standard taper joint
attached to the sphere. The electrode was pulsed and the total charge
passed was measured with a digital coulometer. The total photon energy
emitted was measured by the integrating sphere photometric apparatus. The
integrated number of photons can be calculated based on Eq. (1) given in

Ref. 19 or approximately,

Ao

the total number of photons (einsteins) =

S x C x total photon energy (joules) measured/F x photon energy at Amax (1)

I uilbag)

in which F is Faraday's constant and Amax is the wavelength at the peak of EL
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spectrum. In this equation, the average energy per photon is taken as the
photon energy at ﬁnax' This is only an approximation since the EL spectra
are not narrow enough to be treated as line spectra. However, they are
quite symmetric and the half-width is narrow as compared with the photon
energy at ﬁnax‘

Results:

Electrochemical Behavior

Flat-band Potential (V. ).--Studies of the capacitance of n-InS

fb
electrodes were conducted in deaerated aqueous solutions containing 1 M

NaClO4 at different pH's. As shown in Fig. 1, a Schottky depletion layer

was formed at the surface of ZnS, as indicated by the linear dependence of
the reciprocal of the square of the capacitance on the potential

(Mott-Schottky plot). V. of this ZnS electrode was -1.61 V vs. SCE at pH

fb
1.95 and shifted about 55 mV negatively per pH unit increment. The
uncompensated ionized charge density, found from the slope of the
Mott-Schottky plots and the dielectric constant (€ = 8.3), (21) was 9.1 x
1017 em3,

Volt.ammetric Behavior

Cyclic voltammetric studies on n-ZnS were conducted in deaerated 1 M
NaCl solution at different pH's. As shown in Fig. 2, in the absence of
peroxydisulfate at pH 11.4, no appreciable cathodic current was observed at
potentials positive of -2.0 V vs. SCE (curve a). The introduction of 20 mM
KZSZOS into the solution caused an increase in the cathodic current for
potentials negative of -1.8 Vvs. 5CE (cu b). This enhanced cathodic
current is apparently due to the reau.cion of 82082' at the ZnS electrode.
When the pH of the solution used in b was decreased to 2.2, a
diffusion-controlled reduction wave with a peak current, ip, proportional to

the square root of scan rate and a peak potential, Ep, at about -1.85 V vs.
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SCE appeared (curve d). This wave can mainly be attributed to proton
reduction, because the peak height increases with the proton concentration
(compare curve e with curve d) and the peak position was essentially the
same as that corresponding to proton reduction in a solution not containing
52082’ (see curve c¢). However the different ip-va1ues in curves d and ¢
suggest partial contribution by the reduction of peroxydisulfate species.
The reduction of 52082' does not appear to be strongly pH dependent over the
pH range studied. Note that the peak position for 52082' reduction of
graphite electrodes is essentially pH independent (see Fig. 3).

Interfacial Energy Scheme

The interfacial energy scheme at the (ZnS/electrolyte) interface at pH
1 is summarized in Fig. 4. The location of the band edges of ZnS with
respect to SCE were calculated based on the procedures reported previously
(18) and the following quantities: the resistivity of the sample, 0¥ 20
ohm-cm; the effective.mass of electron, me* = 0,34 ™ (21) (m0 is the mass
of free electron); the electron mobility, u, = 160 cmz/v.sec (22); the

bandgap, Eg = 3.66 eV (21,22) and the flat-band potential at pH 1, Vfb =
-1.54 V vs. SCE. The conduction band edge, Ec’ was found to be -1.74 V vs.
SCE. This put the valence band edge, Ev, at a potential of 1.92 V vs. SCE.
The normal potentials of the (OH /OH) and (5042'/504’) couples have been
estimated to be 2.7 Vand 3.2 V vs. SCE, respectively (23).

Electroluminescence (EL).

Studies of EL from n-ZnS electrodes were conducted in deaerated aqueous

solutions containing various redox couples given in Fig. 4 or in

A . IR R
3 eoe A0
» ol . A R

o oxygen-saturated solution containing no redox couples other than supporting
E? electrolyte, 1 M NaClO4. In the presence of peroxydisulfate or hydrogen
E. peroxide a bright blue emission was observed starting at potentials negative
1 of Vfb that was readily observable under day light conditions (Fig. 5). No

’
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detectable EL was observed in solution containing only supporting
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:' electrolyte even at an applied potential of -10 V vs. SCE. In Ce(lV)
. solution, the blue emission was found at potentials far negative of st,
j’ such as -5 V vs. SCE. EL with peroxydisulfate was studied most extensively,
i;f and details of the results in solutions containing 0.2 to 1 M S,0 2- at

different pH's are given below.

Steady-State Current and EL-Potential Properties.--As shown in Fig. 6a, the

current, 1, increases exponentially with potential, and some cathodic
current flows when the potential is positive of Vfb' This exponential
dependence 1is consistent with the capacitance measurements which indicate
the formation of a Schottky depletion layer at the surface of ZnS. When the

potential is well negative of Vfb’ the i-aAV (where aV = V'Vfb)

characteristic obeys a power-law relationship over a wide range of applied
potential of the form jepV"  with n equal to 2. This suggests that the
current in this potential range is dominated by double injection (24). A
current doubling effect is expected with this system based on the
interfacial energy scheme shown in Fig. 4.

Different from the i-AV behavior, significant EL intensity is only

detected at potentials near to or negative of V see Fig. 6b), where

fb (
double injection takes place. Moreover, the EL intensity rises more
steeply, as compared with the current, with increasing negative potential.

As shown in Fig. 7 the EL intensity, I, varies according to a relationship

él; of the form I ain, with n equal to 2 over the current range studied.

j? Spectral Distribution--EL spectra were obtained by repetitively pulsing
N

E! the electrode between 0.0 V and a potential negative of Vfb‘ The bright
ﬂl blue emission could be seen easily with the naked eye even under ordinary
b’ -

ié room light conditions. The EL spectra were obtained by synchronizing the
3

4 OMA detection system with the potential pulses applied to the electrode.
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Since the intensity and the spectral distribution of the EL vary with
time during the first several potential pulses and reach a steady-state
condition only after some period of cycling, the EL spectra shown were
recorded under steady-state potential pulsing conditions, if not otherwise
mentioned. The EL growth behavior is described in the following sections.

The EL spectra, shown in Fig. 8, are characterized by a single broad
band with maximum EL intensity at about 460 nm. The exact peak position,
thax’ of the EL spectrum depends on several parameters which will be
discussed in the following sections. Because the sensitivity of the OMA
detection system «as low at wavelengths beyond 700 nm, a highly
red-sensitive photomultiplier tube (Hamamatsu R928) was used to check the EL
spectrum in this region. No other bands were observed out to 1000 nm.

Effects of Potential on EL Intensity and Spectral Distribution.--As shown in

Fig. 8, significant changes in the intensity and shifts in spectral
distribution of the EL were found with small changes of the negative
potential 1limit. More negative step potentials increased the EL intensity
and produced a blue shift in the EL spectrum (by about 35 nm inx‘nax with a
potential change of -1.95 to -2.25 V vs. SCE). The EL spectrum also was
broadened with decreasing negative limits (half-width of 92 nm at -1.95 V
vs. 84 nm at -2.25 V vs. SCE). Note that the EL spectrum with the higher
emission intensity had a sharper high-energy edge than that with Tow
emission intensity. This 1is shown more clearly in Fig. 9 by normalizing
curve e in Fig. 7 to the same peak height as curve a and then translating
this normalized curve by 35 nm to shorter wavelengths to match the peak
positions of the two curves.

Development of Electroluminescence and Current during Sequential Potential

Pulses.~--The growth and decay of the EL intensity and current during a

sequence of potential pusles between 0 and -2.75 V vs. SCE is shown in Fig,
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10. In the first pulse, the current (the lower curve) reaches a peak value
within 5 usec, which is very close to the rise time of the potential step
generated from the potentiostat. After reaching the maximum, the current
decays exponentially to a steady state value. In the subsequent pulses,
this current overshoot disappeares gradually and the current more rapidiy (v
20 ysec) attains the steady-state value. In the reverse (positive) potential
step, the current decays to zero within 20 usec and occasionally shows an
oscillation. The increase of EL intensity was slower than the corresponding
rate of current increase and no significant decay occurred during the
cathodic step, 1if the pulse width was short ( <5 msec.) (Fig. 10). The EL
intensity increased with sequential potential pulses and reaches a
steady-state value after about 10 pulses, if the cathodic step potential was
negative of -2.5 V vs. SCE. The decay time of EL ( < 20 usec) was much
shorter than its rise time. The rise time depended on the history of
pulsing and the step potential. Extensive potential pulsing and/or a large
amplitude potential step decreased the rise time of EL. A rise time of 200
usec can be achieved after extensive pulsing of the ZnS electrode between 0
and -3.5 V vs. SCE. There was always a dead zone at the beginning of the
first potential pulse of a sequence where significant current was observed
without generation of a significant amount of EL.

Accompanying the growth of the EL intensity during a sequence of
pulses, a blue-shift of the EL spectrum was observed. As shown in Fig. 11,
the integrated EL intensity during a single pulse increased with pulse
number. This is consistent with the result shown in Fig. 10. The
integrated EL intensity in the 26th pulse was about 100 times higher than
that of the first pulse. Moreover, a pronounced blue shift of about 20 nm

in Amax was observed on the EL spectrum of the 26th pulse compared to that

SN W WY YU YO WY Sy Aoeeradimtos Svncradciomd




of the first.

Effects of pH on EL Intensity and Spectral Distribution--Studies of pH

effects on the EL were conducted in deaerated solutions containing 0.2 M

(NH,),S.,0, and 1 M NaC1O4. The pH of the solution was adjusted with 10M

4)2 2’8
NaOH and HC10,. The peak intensity of the EL was a function of pH (Fig.

4
12). When the potential of the ZnS electrode was pulsed between 0 and -3 V
vs. SCE with a 5 msec. pulse width, the EL intensity reached a maximum
value at pH 7-9 and decreased gradually at lower pH and more steeply at
higher pH. An increase in pH from 8.0 to 10.1 caused a large decrease in the
EL intensity and a red shift of 35 nm in the EL spectrum. Similarly, a
decrease of pH from 8.0 to 1.2 decreased the EL intensity and caused a

red-shift (+18 nm) of the EL spectrum (Fig. 13).

Electroluminescence in the First Potential Pulse--The growth of EL during

the first pulse was usually very different from that observed under
steady-state pulse conditions. The effect of the negative potential limit
is shown in Fig. 14. At smaller negative potentials (e.g. positive of -2 V
vs. SCE), the EL intensity was very low and increased linearly with time
(see curve 14a). As the limit was made more negative, the EL intensity
increased linearly with time at the very beginning and exponentially
approached a saturation value at longer times (see curve 14c), indicating a
faster growing-in of EL as compared with that at less negative potentials.
A faster rate in EL growth could also be achieved at less negative
potentials, if the electrode was pre-biased to a potential where no EL was

generated but a significant current was observed (for example, a pre-bias at

any potential between -1.4 and -1.8 V vs. SCE at pH 8.4).
- The effect of pre-bias on the growth behavior of EL at -2.25 V vs. SCE
*i- is shown in Fig. 15. Without pre-bias, the EL intensity was low and grew

very slowly (see curve b). The corresponding chronoamperometric curve
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(curve d) showed a significant current overshoot and sharp decay to a

Ft‘ steady-state value.  Pre-bias of the electrode for 30 sec. at -1.72 V vs.
P—
: SCE, where no EL but a significant transient current was detected, not only

enhanced the EL intensity but also accelerated the growth of EL (see curve

Iil a). The current overshoot in curve d disappeared and the current reaches
the steady-state value within a few tens of usec (see curve c).

Efficiency and Stability of ZnS Electrode--The EL efficiency was determined

in a pulse experiment with a step potential to -2.5 V vs. SCE where a
steady-state current density of 25 mA/cm2 was obtained. An integrated EL

efficiency, ¢EL’ was calculated based on Eq. (2)

- _ TJotal light emitted x F (2)
<"EL Total charge passed through the electrode

in which F is Faraday's constant, the light emitted was in einsteins and the
charge 1in coulombs. The total light energy, in joules, was converted to
einsteins at 460 nm. The broad (fwhm of 80 nm) but quite symmetric
feature of the EL spectrum makes this only an approximation. The EL
efficiency at a current density of 25mA/cm2 ranged from 0.2 to 0.35%,
depending on the particular electrode. Since the EL intensity depends in a
nonlinear way on the current density, as illustrated in Fig. 7, so does ¢E1'
To 1investigate the stability of the ZnS electrodes in agueous solution
containing peroxydisulfate, we performed a Tong-term pulse experiment. The
S,0, and 1 M

4)2 28
HPO4 (pH ~ 8) and was pulsed between 0 and -2.5 V vs. SCE with a pulse

electrode was immersed in a solution containing 0.2 M (NH

(NH,),

width of 5 msec. The EL intensity was monitored occasionally with a

e

g et MNEN <
.‘ .. . e . L

radiometer. Since peroxydisulfate is reduced irreversibly on the ZnS
= electrode and 1is not regenerated at the counter electrode, an additional
Ef amount of peroxydisulfate was introduced daily into the solution. The pH of
¢
.
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the solution was kept at 8. The EL intensity showed some short-term
fluctuation but the electrode glowed continuously for at least 11 days,
after which time the experiment was terminated. The surface of the
electrode after this test was darker colored than originally but the weight
Toss was < 1%. At present we are uncertain as to the origin of the apparent
change of the electrode surface color. The darkening of the electrode
surface did not decrease the EL intensity and the surface film was difficult

to remove by etching with dichromate cleaning solution.

Discussion

Interfacial Energetics and Mechanism of Electroluminescence.

The fact that significant EL intensity near vfb occurs only in
solutions containing redox couples, such as H202 and 52082', whose reduction
produces intermediates that are sufficiently oxidizing to inject holes into
the valence band of n-ZnS (see Fig. 4), supports the minority-carrier
injection wmechanism of electroluminescence (6-8,13). The lack of EL in
supporting electrolyte alone and the observation of little EL in solutions
containing weakly oxidizing species, such as Fe(CN)63', even at a potential
far negative of vfb (for example -8.0 V vs. SCE), rules out the possibility
that the energetic holes required for EL are generated by high electric
field processes inside thesemiconductor, e.g. field-assisted electron
tunneling from valence band to conduction band. In solutions containing
redox couples with potentials located within the band gap but close to the
valence band edge of n-ZnS, such as Ce(IV)/Ce(III) and TI(II)/TI(I),
significant EL was observed only when the n-ZnS electrode was biased at a
potential at least 1 V negative of Vfb' The requirement of this

overpotential is understandable simply based on the energetics for
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interfacial hole transfer. Both Ce(IV) and TI(II) are energetically
insufficient to inject holes into the valence band of n-ZnS. However,
efficient hole injection can occur, if a significant net change in the
potential drop across the double layer is allowed or a strong negative bias
is applied to the electrode so that electron tunneling from the valence band
to the solution species can take place. This seems the case for Ce(IV) and
TI(1I).

The mechanism proposed for the electroluminescence in 52082' or HZOZ is

shown in Scheme I. This scheme has long been applied to explain the edge

emission from GaP, CdSe, etc.

E ° N
(o
e % N i i
D — A te A L (3)
hy
E
& T A )
E
v ht 1 —_—n s A+t (4)
Scheme I

The first stage (Eq. 3) involves the reduction of 52082' or H202 by

conduction-band electrons of the n-ZnS electrode. This produces SO, or OH;

4
these are sufficiently oxidizing to capture electrons from the valence band
in the second stage (Eq. 4). The radiative recombination of these injected
holes with conduction-band electrons does not produce edge emission
(corresponding to Eg) in the present experiment. The peak energy (2.74 eV)
of the EL spectrum is substantially smgller than the bandgap (3.66 eV) of

InS. This subband-gap emission can only be explained based on radiative

recombination through intermediate levels, such as the donor impurity level
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E. and/or acceptor impurity level EA.

D

The interfacial energetics can also be changed by varying the pH of the
solution. Capacitance measurements clearly show the strong pH dependence of
Vfb of n-ZnS electrodes. Increasing the pH shifts Vfb towards more negative
values. This favors hole injection (Eq.(4) in Scheme 1) but makes electron

transfer from the conduction band of n-ZnS to solution species (the first

step or Eq. (3) in Scheme 1) less favorable. Thus at a given potential, the
current density and the corresponding EL intensity decrease with an increase
in pH. This is consistent with the results shown in Fig. 12 when the pH is
beyond 8. The decrease of EL intensity with a decrease in pH at pH < 7 does
not fit this argument. The decrease of EL intensity in this pH range might
be caused by at 1least two factors. The first involves the competition
0,2" on the ZnS electrode. This is

28
illustrated in Fig. 2. Proton reduction which produces no EL, would

between the reduction of proton and S

decrease the contribution of the reduction of 52082' to the total current

density and thus reduces the EL intensity. The second factor pertains to
the instability of ZnS in acidic solution. Significant weight loss (“5%)
was observed after a ZnS crystal was immersed in an air-saturated solution
containing 1 M (NH4)ZS 0, at pH 1 for two months.

2°8
Spectral Distribution and Intensity of Electroluminescence

That EL spectra are more asymmetric at high emission intensity than at
low intensity as shown in Fig. 9 might be partially due to the effect of
self-absorption. If holes can be transferred from some distance into the
InS, the photons emitted there (especially those with shorter wavelength)
could be recaptured to promote photo-induced electron transfer from traps.
Experiments showing a photo-enhanced cathodic current and photo-quenching of

E! EL, which will be discussed in a separate paper, support this argument. The
3

E sharper rise in intensity in the high-energy edge is expected from the
3

b
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reabsorption of the luminescence by the transition between the band tail
(caused by heavily doping) and filled intermediate levels. These results
suggest that EL from ZInS is produced in a region extending from the
seminconductor/solution interface into a certain depth of the semiconductor.
However, due to the much Tower (~16 times) hole mobility compared with the

electron mobility, the emission zone could be quite thin.

One of the interesting features of the EL spectrum on the InS electrode
is the blue shift of Amax with increasing excitation rate (current density)
and thus EL intensity. Several experiments have been conducted to
illustrate this phenomenon. These include (1) the effect of cathodic step
potential (see Fig. 8), (2) the time dependence of EL spectrum (see Fig. 11)
and (3) the pH effect (see Fig. 13). Such peak shifts might be attributed
to a kinetic effect involving the rate of filling of holes in a band of
acceptor levels involved in the radiative process. Thus at low currents only
the upper acceptor 1levels would be populated, resulting in lower energy
transition, while at high currents, lower acceptor levels would be involved
and a higher energy transition would be observed. If this mechanism applies,
one would expect the low-energy edge of the EL spectrum to reproduce
approximately the shape of the acceptor band at the low-energy tail. This
seems consistent with the experiment, if the impurity band has an
exponential distribution of states at the low-energy edaoe. However, the
high-energy edge of the EL spectrum should be a rather abrupt cutoff before
the impurity band is completely filled. The experiment does not show this

behavior especially at low current densities (low EL intensities),

.

T T e T

One of the accepted models to explain this phenomenon and most of our
results on luminescence (including photoluminescence and photoquenching of
EL which are not reported here) at ZnS involves tunneling between spatially

separated upper (or donor) and Tower (or acceptor) states (see Scheme 1).




woTeTTw T w e e W

L ol g om aunl i aoth ety et oo nall ol afih s T R

18

This concept was proposed about two decades ago by Williams and coworkers
(25) to explain luminescence from Cu-doped and Cu In-doped ZnS. Similar
recombination processes by electron tunneling have been identified for
donor-acceptor pairs in many semiconductors (26-28) and in alkali halides
(29).

The energy of the emitted light due to the transition from the donor

level to the acceptor 1level in a donor-acceptor pair separated by a

- distance, r , is given by (21) Eq.(5), if the phonon coupling is neglected,

E(r) = Eg - (EA + ED) + ez/ o (5)

in which Eg is the band gap, EA and ED are the depth of the donor and
acceptor, respectively, e 1is the elementary charge and €0 is the static
dielectric constant. The electron tunneling probability between two states

can be written (30,31)

W(r) = wo exp (-2r/a) (6)

where a is the effective radius for overlap of the donor wave functions with
the acieptor wave functions and wo is a parameter independent of r.

Based on the tunneling model, the rate-determining step for the overall
radiative recombination process is the electron transfer (through a

tunneling mechanism) between the occupied upper states and the empty lower

states. With progressive excitation by a potential pulse of large

P
gf amplitude, electrons are accumulated in the upper luminescent levels and
?' holes in the lower levels. This increases the density of excited
E: luminescent states and thus statistically shortens the average
E; inter-impurity distance. A blue shift of the emission peak (Eq. %) with

—
R P




increasing transition probability (Eq. 6) should be observed. However, since
!I the number of possible pairings decreases as r decreases, (25c,26c) the

distribution and the EL intensity quite satisfactorily.

Electroluminescence Intensity-Current Relationship

the tunneling model discussed above.

we have

Qualitatively, this model explains the relation between the

The intensity (I)-current (i) relationship of the form I <« iz

term, the current density is thus proportional to N. Hence, we have

i emission intensity must go through a maximum as the separation r is varied.

spectral

suggests

that the radiative recombination of electron-hole pairs at the luminescent
centers is the rate-determining step of the EL wunder steady-state
conditions. Neither electron transfer to the upper states nor hole transfer

to the lower state controls the rate of emission. This is consistent with

At steady-state, the electron density of the upper occupied state, n,
is proportional to exple(QFLE)/kT] and the density of free electrons, n. The
QFLE term represents the quasi-Fermi level of electrons, k is the Boltzmann
constant and T 1is the absolute temperature., Assuming that the diffusive

component of the current is negligibly small as compared to the migration

(7)

The hole density of the lower empty state, p‘, is proportional to
exple(QFLH)/kT)] and the density of free holes, p. The QFLH term is the
quasi-Fermi level of holes. p is proportional to the rate of hole injection
which contributes one half of the total current. The splitting of QFLH and
ﬂ! QFLE from the equilibrium Fermi level arises because electrons accumulate in

the donor levels and holes accumulate in the lower acceptor states. Thus,




Since the emission rate is proportional to the product of ", and Py s if
the radiative recombination process is the rate-determining step, a square

law for the intensity-current relationship, is predicted.

Effect of Trapping on the Growth of Electroluminescence

Several experimental results demonstrate the existence of electron
trapping, which strongly affects the EL on ZnS: (1) there is a potential
region where no EL intensity is detected but significant current is observed
(see Fig. 6). (2) the current overshoots in the first potential pulse;
pre-biasing the electrode or pulsing the electrode continuously eliminates
this current overshoot (see Figs. 10 and 15); this suggests that the current
overshoot at the beginning of the first potential pulse is not controlled by
solution double layer; (3) at a low negative step potential, the EL
intensity is very low and inceases 1linearly with time (see Fig. 14).
Progressively pulsing the electrode accelerates the growing-in of EL and
increases also the EL intensity (see Fig. 10). The increase of cathodic
limit potential has the same effect on the growth of EL (see Fig. 14).

A simple rate equation is adequate to illustrate qualitatively these
points (see Scheme 1I). If the upper (donor) states are sufficiently deep
that the detrapping of electrons to the conduction band can be neglected,
the rate of electron filling of the initially empty upper (donor) states is

given by

dn

u _ - - -
dat Aln("D nu) Aznup¢ A3nupg (9)
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in which n, is the density of occupied upper (donor) states, n the density

of electrons 1in the conduction band, n_ the total number of upper states

D
(empty and occupied) per unit volume, Py the density of empty lower
(acceptor) states, and A1 and A2 are constants describing the rate of
generation of "u’ the radiative recombination rate and the non-radiative
recombination through n, and Pp s respectively.

We assume that before most of the upper states are filled, electron
trapping by these states is the predominant process for the consumption of
electrons injected from the bulk of semiconductor into the emission zone.
Thus, in the early part of the pulse, n, p and Py are small and only

slowly-varying variables, i.e,

g—’t]—'\, 0 (10a)
dp
3t ~ 0 (10b)
dp
-(Tt-'b 0 (]OC)

By integration of Eq. 9 with n, = 0 at t = 0 and the assumptions in

Eqs. 10a, 10b and 10c,

n, = nt[l - exp (-t/t)] (%)
in which
ﬁz = Al""D/(Sln + AZHL + A3pt) ‘ (12)
and
(13)

T = 1/(A1n + Azp! + ABRﬂ
The EL inte: .ty is given by
I = Aznuq = Azp‘nu [1 - exp (-t/7)] (14)
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This exponential growth of EL was observed at high step potentials and
in the time domain away from the beginning of a potential step (Fig. 14).
When t/r+ 0, Eq. (14) reduces to

I=A n;’t/r (15)

2
This Tlinear growth behavior of EL 1is observed at the beginning of any
potential step or throughout the whole width of potential pulse, when its
amplitude is small (see curve a of Fig. 14).

The conservation of charges gives

dn d
u , dn L (16)

d A
dt dt ~ dt ~ dt d
with

iT - (if'e + if-h) an

id in these equations should represent the current overshoot in the
chronoamperograms in the first potential pulses. Combination of Eqs. (10a),

(10b), (10c), (12) and (16) yields

i,= (ne/ < ) exp (-t/<) (18)

This current transient is clearly shown in the first potential pulse in
Fig. 10. The time constant for the increase of EL is very similar to that
for the current decay, as expected from Eqs. (14) and (18).

The actual mechanism is certainly more complicated than that given
above and involves radiationless recombinations between n and p, probably
via trapping levels. These radiationless processes are what contribute to

the modest efficiency of the observed EL. Additional surface quenching
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processes by solution species also occur. Such processes are currently under
investigation.

- Conclusions

> Bright blue EL results from the electrochemical reduction of
F peroxydisulfate at a n-ZnS electrode. This luminescence arises from

recombination of an electron with a hole injected by an intermediate (504*)

in the reduction.
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Fig. 1

Fig., 2

Fig. 3

-]

Fig.

[8,)]

Fig.
Fig. 6

Fig. 7

Fig. 8

Fig. 9

Mott-Schottky plots of ZnS electrodes in 1 M NaClO4 at different
pH. A. C. frequencies, 100 and 300 Hz. 4, pH 1.95;0, pH 7; O, pH
10.

Cyclic voltammograms on ZnS electrodes. Scén rate; 100 mV/sec in
(a) 1.0 M NaC104, pH 11.4; (b) 1.0 M NaClO4. 20 mM KZSZOS’ pH
11.4; (c) 1.0M NaC104, pH 2.3; (d) 1.0 M NaC104, 20 mM K,S,0, at

272°8

4 20 mM KZSZOS at pH 2.0. Solution pH

was adjusted with concentrated NaOH (10 M) and HC10

pH 2.2; (e) 1.0 M NaClO

4.
Cyclic voltammograms on graphite electrode. Scan rate, 100 mV/sec

in (a) 1.0 M Na C104, pH 11.4; (b) 1.0 M NaC10,, 20 mM K,S 08, pH

4 272

11.4; (c) 1.0 M NaC]04, 20 mM KZSZOB' pH 2.2.

Energy scheme at ZnS/Electrolyte interface.
Photo of EL at ZnS electrode.
Current-(curve a) and EL intensity-(curve b) vs. potential at ZnS

and 0.2 M (NH

electrodes in 1.0 M NaCl0 S,0, at pH 8.4. Scan

4 4)2 2’8

rate, 20 mV/sec.

EL intensity vs. current for ZnS electrodes in 1.0 M NaClO4 and

0.2 M (NH4)25208 at pH 8.4.

Steady state EL spectra at different step potentials on ZnS

and 0.2 M (NH

electrodes in 1.0 M NaCl0 at pH 8.9. The

4 4)25208
positive 1limit potential was 0 V vs. SCE, Negative limit
potentials; (a) -2.25 V, (b) -2.20 V; (c¢) -2.15 V; (d) -2.10 V;
(e) -2.05 V vs SCE.

EL spectra from curves a and e in Fig. 8 normalized curve e to the

same peak height as curve a and then this normalized curve
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Fig. 10

Fig.

Fig.

Fig.

Fig.

Fig.

11

12

13

14

15

translated 35 nm to shorter wavelengths to match the peak
positions of these two curves.
Bottom: Current-time characteristics of ZnS electrodes in 1 M

NaC10, and 0.2 M (NH4) at pH 8.4. The potential was pulsed

4 252%
between 0 and -2.75 V vs. SCE at a frequency of 100 Hz. Top:
corresponding EL intensity-time characteristics.

Development of EL spectra for different potential pulses on ZnS
4 4)25208 at pH 8.9. Curve
a: 26th pulse; curve b: 11th pulse; curve d: first pulse; curve c:

electrodes in 1.0 M NaCl0, and 0.2 M (NH

5 times expansion of the EL scale in curve d. Potential of the
electrode was pulsed between 0 and -2.25 V vs. SCE at a frequency
of 100 Hz.

EL peak intensity vs. pH characteristics of ZnS electrodes in 1 M
NaC10, and 0.2 M (NH,),.S,0,. The electrode was pulsed between 0

4 4°2°2°8
and -3 V vs. SCE at a frequency of .100 Hz.

EL spectra at different pH on ZnS electrodes in 1 M NaC]O4 and 0.2

M (NH The electrode was pulsed between 0 and -2.25 V vs.

4)25208"
SCE at a frequency of 100 Hz. Curve a: pH 8.0; b: pH 7.4; c: pH
5.0; d: pH 2.7; e: pH 1.2; f: pH 10.1.

Growth behavior of EL of ZnS electrodes during the first pulse.
4)25208 at pH 4.0,
The cathodic step potential: -2.0 V vs. SCE (curve a); -3.0 V

Solution contained 1.0 M NaC]O4 and 0.2 M (NH

(curve b); -3.5V (curve c).

Effect of pre-bias on the growth of EL and current for the first
potential pulse. Solution and electrode, same as in Fig 14.
Curves a (EL) and ¢ (current): electrode was pre-biased at -1.75 V
vs. SCE for 30 sec. before step to -2.25 V; curves b (EL) and d

(current): without pre-bias.
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