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Abstract. Electroluminescent characteristics and the photodepolarization spectra of ZnS:Mn
thin-film electroluminescent devices made with two different atomic-layer epitaxy processes
based on chlorine and metalorganic precursors have been studied during initial stage of
accelerated aging. Essential differences have been revealed. They are explained in assumption
that different impurity centers exist in the ZnS:Mn films grown by using chlorine and
metalorganic precursors, namely, MnCl,, Cl;, Clg and isovalent oxygen traps, respectively.
The mechanism of aging in both types of devices is discussed.
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1. Introduction

Various techniques are used to fabricate ZnS:Mn thin-
film electroluminescent (TFEL) devices [1]. Atomic layer
epitaxy (ALE) is one of the film deposition processes that
widely used to produce commercial ZnS:Mn flat panel
displays. Easy process control, good reproducibility,
low-cost equipment together with high quality of the films
are the significant advantages of this technique. At first
ZnS:Mn ALE films were grown using a process based on
halides (ZnCl,,MnCl,) and H,S [2]. Although excellent
results have been achieved, there are still some aging phe-
nomena, which are believed to be related to the influence
of chlorine in the ZnS:Mn films [3, 4]. As an alternative,
a new ALE process based on metalorganic precursors,
namely on diethyl zinc and tris(2,2,6,6-tetramethyl-3,5-
heptanedione) manganese (I11) (Mn(thd);), has been de-
veloped [5]. The purpose of this paper is to compare vari-
ous characteristics of ZnS:Mn devices made with these
two different ALE processes and their initial aging
behavior in particular.

2. Experimental procedures

The devices had the stack configuration typical for TFEL
devices with a 550 nm thick ZnS:Mn film sandwiched
between two Al TiyO insulating layers. The ZnS:Mn films
were deposited by the two ALE processes mentioned
above, which will be denoted below as «Cl» (chlorine)
and «O» (organic). The Mn concentration was 0.05 and
0.5 wt.%.

Common electro-optical characteristics such as depen-
dences of the luminance (L), transferred charge (Q), and
efficiency (1) on voltage (U), the luminance waveforms
and the decay of electroluminescence (EL), transmission
spectra, emission spectra of EL and photoluminescence
(PL) were measured as described in [1, 4]. Additionally,
some variants of the photodepolarization (PDP) spectro-
scopy proposed recently as a promising method for TFEL
devices characterization [4, 6, 7] were used.

The PDP spectrum is the spectral dependence of the
photocurrent (/) arising in a precharged devices in a
polarization field under action of a monochromatic prob-
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ing light. Therefore, this spectrum is very informative
concerning not only the energy depth of electronic levels
responsible for 7,;, but also the spatial distribution of the
polarization field in an electroluminescent film. Since
the penetration depth (d,) of the probing light depends on
the absorption factor (k), the photocurrent in the region
of the fundamental absorption (k >10° cm™') depends only
on the field nearby the lit interface. But an impurity
photocurrent is generated in the whole bulk or some its
part depending on the impurity concentration. If the field
distribution is monotonic, the 7,,,(A) dependence reflects
the contribution of different electron transitions into the
photoconductivity. However, if there is at least one po-
tential well or a potential hill in the bulk, i.e. a positive
space charge (PSC) or a negative space charge (NSC),
respectively, an impurity photocurrent can decrease or
even be reverse as compared with 7, resulting from the
band-to-band transitions due to existence of regions with
the opposite directed field. Varying charging and depo-
larization of a sample and comparing observed changes
in the PDP spectrum with the spectra simulated for differ-
ent spatial potential distributions [7], one can obtain the
information about the space charge (SC) and the energy
depth of corresponding traps.

The PDP spectra were studied in the range from 1000
to 320 nm as follows. Charging of the devices previously
depolarized by light with A = 330-340 nm was performed
by two ways: 1) using a dc voltage lower than the thre-
shold voltage (U,); 2) using a train of voltage pulses
(103 pulses of 30 ms width and 100 Hz frequency) with a
certain polarity of the last pulse and the amplitude higher
than Uy,. The former results predominantly in the cap-
ture of transferred free electrons by the anodic interface
states and bulk traps, i.e. in building-up of a negative
interface charge (NIC) and a NSC. When the charging
voltage (U,,) is higher than Uy, a PSC s also built-up due
to the impact ionization of some deep centers or the lat-
tice. After charging, the sample was short-circuited for
5-10 min until the dark current becomes stable. Then the
sample was lit by monochromatic light, beginning from
long wavelengthes (A). The intensity of the probing light
was chosen to be small enough in order to prevent signifi-
cant changes of field distribution during the experiment.
The photocurrent was monitored with an electrometer
(in the range of 10-14-10-® A) connected with a computer.
The interference extrema in the 7,,(A) dependence were
averaged [6]. The PDP spectra were not corrected on equal
number of probing photons. To study the asymmetry of
devices the charging voltage of —~Al and +Al polarity was
used, and the sample was lit from each side (through the
ITO or semitransparent Al). To estimate the energy depth
of traps, the effect of various depolarization of prechar-
ged devices on their PDP spectra was studied. After iden-
tical charging of the sample and monitoring of the spec-
trum, the device was held some time in darkness or under
light with chosen photon energy. After each depolariza-
tion, the spectrum was monitored again. In addition, the
spectral dependence of 7, in uncharged (virgin or depo-
larized) devices were measured in the inherent field re-
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sulting from an equilibrium spatial distribution of charges
in the film.

All characteristics were measured before and after
accelerated aging performed under 5 kHz sine voltage at
a fixed transferred charge (Q = 1 pC/cm?) for 0.5-10 h.
The device will be termed «virginy, if no voltage has been
applied to it, «unaged» if a voltage has been applied only
during measurements of the initial characteristics, and
«aged» if accelerated aging has been performed. For
some qualitative trends on long-term aging of the devices,
see Ref. [5].

3. Results and discussion

Dependences of luminance and transferred charge on
applied voltage at 5 kHz for the unaged and aged de-
vices of both types are shown in Fig. 1. The magnitudes
of luminance and luminous efficiency are approximately
the same in the «O» and «Cl» devices [5]. For both types
of the devices, the short-time aging results in a decrease
of the threshold voltage and in some softening of the low-
voltage portion of the characteristics. However, the L(U)
dependence of the unaged «Cl» devices is very sharp,
whereas there is a low-voltage portion with a smaller slope
in the unaged «O» devices. The slope of the softened por-
tion of the L(U) and Q(U) curves decreases significantly
during aging in the «Cl» devices, but it remains practi-
cally constant for the «O» devices. Hence in the «Cl»
devices some shallower source of free electrons appears
during aging, and its energy depth becomes smaller and
smaller with aging, whereas in the «O» devices only the
number of the shallow electron states increases with ag-
ing time.

The EL spectrum of both types of the devices consists
of one Mn?* band that does not change during aging.
The same band is observed in the PL spectra too (Fig. 2),
but the position of its maximum is somewhat different for
the «Cl» and «O» devices: 585 and 590 nm, respectively.
This results from the different crystal field symmetry
around Mn?" ions in the ZnS:Mn films with the hexago-
nal and cubic crystal structure. There are blue and red
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Fig. 1. Voltage dependences of luminance and transferred

charge of «Cl» (a) and «O» (b) devices unaged and aged for
different time. Cy, = 0.5 wt.%, f = 5 kHz
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Fig. 2. PL spectra of «O» and «Cl» devices with different Mn
concentration before and after aging for 2 hours.

bands in addition to the Mn?* band in the PL spectrum of
the «Cl» devices (Fig. 2b). In Ref. 4, these bands were

attributed to the A center (complex of V', with [CI 'S]+ )

and a quasi-molecular center (MnCl,), respectively. Some
changes are observed in these bands during aging; in
particular, the intensity of the red band is reduced sig-
nificantly. The PL spectrum of the «O» devices is the
same as the EL spectrum and is independent of the aging
history (Fig. 2a). This further supports the view that both
the blue and red bands are related to the presence of chlo-
rine in the ZnS:Mn films.

The PDP spectra of the «Cl» and «O» devices are
different. This is illustrated by the spectra measured af-
ter identical charging of the devices by a dc (—Al) voltage
of about U,;/2 (Fig. 3). The main maximum is due to
band-to-band transitions and lies at 3.78 eV in the spec-
trum of the «Cl» devices and at 3.68 eV in that of the «O»
devices. This difference is due to the different band gap
of hexagonal and cubic ZnS. After aging of the «O» de-
vices this maximum is somewhat shifted to the lower pho-
ton energy (on 20-30 meV for 10 h). In these devices,
unaged and aged, the photocurrent decreases rapidly with
the photon energy (kv). But in the «Cl» devices there is a
rather strong impurity photocurrent with nonmonotonic
spectral dependence near the main maximum. After ag-
ing the 1, decreases, mostly at ~3.6 ¢V, and a maximum
at 3.45 eV becomes well distinguished if the Mn concen-
tration (Cypp) is low. The photocurrent in this region in-
creases with Cpp, and becomes invariable during aging.
Thus, there are two impurity bands with maxima at
~3.6 eV and 3.45 eV. They are visible distinctly in the
I,;(A) dependence of the uncharged devices (Fig. 4). The
band at ~3.6 eV has been related earlier to shallow chlo-
rine acceptors (Cl;) [4]. Absence of this band in the PDP
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spectra of the «O» devices supports its connection with
Cl centers. The band at 3.45 eV has been assigned to the
isovalent traps [Mn %ﬁ] 0. This interpretation is based on
the following: 1) the band does not observed in the PDP
spectra of ALE undoped ZnS devices (our unpublished
data) and its intensity increases with Cyyy,; 2) the identi-
cal band is also observed in the PDP spectra of evapo-
rated ZnS:Mn films and becomes major at Cyy,> 1 wt. %
[6]; 3) the maximum in the excitation spectrum of PL of
ZnS:Mn films coincides with this band [8]; 4) there are
theoretical and experimental evidences, that the Mn
substitutional defects forms in the band gap a local level
splitted off from the valence band ([9] and ref. [S]in it). In
the PDP of the «O» devices this band is only observed as
a knee at 3.5-3.1 eV before aging when Cyy, is high.
After aging even for 0.5 h the photocurrent in this region
drastically falls and a small other maximum at ~3.2 eV
appears, which is accompanied by some decrease of the
optical transmission in the corresponding spectral range.

At hv< 3 eV a broad nonelemental band is observed
in the PDP spectra of both types of the devices. Its inten-
sity relatively to the main maximum increases after ag-
ing especially for the «Cl» devices. The increase is slowed
down with the aging time in the both types, but it takes
place earlier in the «O» devices (after 7-10 h as com-
pared to ~30 h in the «Cl» devices). In the spectrum of the
«Cl» devices two components in this band can be revealed:
the main at ~2.1 eV and the second, which appears after
aging, at ~1.7 eV. In the spectra of the «O» devices, the
position of the main maximum of this band is somewhat
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Fig. 3. PDP spectra of «Cl» and «O» devices with different Mn
concentration unaged and aged. Charging by dc voltage of 70 V,
—Al Illumination from the ITO side.
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different (~2.2 eV). The more complicated structure is
observed after aging, namely a knee at ~2.7 eV becomes
noticeable. Moreover, after charging by U.>Uy, the
maximum is shifted to ~2.4 eV. For the «Cl» devices this
band has been related earlier [4] to complexes of zinc
vacancies (VZZ;] ) with native donors (V) and Clg donors
(~2.1 and ~1.7 eV, respectively). Such a suggestion was
based on comparison of the PDP spectra of these devices
with those of evaporated ZnS:Mn devices [6] as well as
with the photocapacitance data for ZnS and ZnS:J
crystalls [10]. Differences of this band observed in the
case of the «O» devices can be attributed to the creation
of new complexes of V7, with some impurity defects and
to new impurity centers, which are present only in these
ZnS:Mn films.

The spectral dependences of the photocurrent in the
uncharged devices lit from the ITO side are shown in
Fig. 4a. Similar to other Figures, the positive [, corre-

sponds to movement of electrons from the bottom inter-
face to the bulk. The photocurrent in the fundamental
band in both types of the devices before aging is just posi-
tive. Therefore, interface states at the bottom interface
are enriched by electrons, which is inherent to the bound-
ary between n-type semiconductor (ZnS:Mn) and a mate-
rial with a higher electron work function (Al Ti,O;). The
direction of the impurity photocurrent near the main
maximum (up to ~3.1 eV) is the same, however, in the
low-energy band it is opposite. From this it follows that
the absorption factor for the bands at ~3.6 eV and 3.45
eV is rather high, and this photocurrent is generated
mainly in a part of the bulk adjacent to the lit interface
(Fig. 4b). But less absorbed light (Av<3 eV) generates the
photocurrent in the whole bulk where there is the oppo-
sitely directed field between two «enriched» interfaces.
After aging of the «Cl» devices the photocurrent in the
main maximum decreases, but its direction does not
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Fig. 4. a) Spectral dependence of photocurrent in the equilibrium state of «Cl» and «O» devices virgin and aged. Cy,=0.5 wt.%.

Illumination from the ITO side.
b) Proposed band bending near-by illuminated interface.
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change whereas 1, in the near-by bands is reversed. This
suggests that the enriched type of the band bending at the
interface takes place as before. However, in the bulk a
redistribution of the potential occurs which causes a loca-
tion of the potential well nearer to the interface (Fig. 4b).
Since the thickness of the space-charge region is propor-
tional to (np—n,4), where npand ny4 are the concentration
of donors and acceptors, respectively, a narrowing of this
region suggests an increase of the concentration of non-
compensated donors in the bulk. This is in accordance
with the increase of the low-voltage conductivity of the
ZnS:Mn(Cl) films (Fig. 1a). Aging of the «O» devices even
for a short time (~ several minutes) results in the reverse of
the photocurrent within the fundamental band. The di-
rection of 7, in the low-energy band remains the same.
This suggests that the band bending becomes similar to
that of depleted interface states (Fig. 4b). This becomes
possible, if a layer with a lower electron function appears
at the interface. The qualitatively similar aging behavior
is observed for the upper interfaces in both types of the
films when they are lit from the Al side.

The positive direction of the photocurrent takes place
in the whole spectrum of both types of the devices charged
by Uy<Uy, of (-Al) polarity. The magnitude of 7, in-
creases with U, in all the bands almost equally. There-
fore, after such a charging a NIS, at the bottom (anodic)
interface is built-up predominantly, and the field is uni-
directional in the greater part of the bulk. If U, is of
(+Al) polarity, the opposite direction of the PDP current
is expected. Indeed, this is observed in the case of the
«Cl» devices. However, in the PDP spectra of the «O»
devices unaged and aged an essential peculiarity after
such a charging takes place (Fig. 5). When U, (+Al) is
rather low the direction of /,;, is abnormal, and only its
magnitude is different as compared with that after charg-
ing by the same U,;(—Al). It is smaller, especially in the
low-energy impurity band, if the sample is lit from ITO
side (Fig. 5a). But if lighting takes place from the Alside
the photocurrent in the main maximum is even somewhat
greater (Fig. 5b). The direction of /,;, becomes normal
when U,_,(+Al)is increased up to a certain value (~ 70 V).
This peculiarity suggests that after applying of low (+Al)
voltage some NIC, at the cathodic bottom interface and,
in addition, a significant NSC in the bulk are built-up,
which cause a spatial distribution of the potential similar
to that after charging by (—Al) voltage except of a lower
field at the bottom interface and a somewhat higher field
at the upper one (Fig. 5¢). It is possible if, firstly, the
interfaces are asymmetrical with regards to the voltage
polarity and, secondly, there are many deep electron
traps in the bulk. Only after filling these traps, NIS, at
the anodic upper interface is built-up and the direction of
the PDP current becomes normal (Fig. 5d).

The energy depth of the bulk electron traps in the «O»
devices has been determined from the study of the effect
of the depolarization in darkness or under light on the
PDP spectra measured after charging by low dc voltage
and lighting from the ITO side. The depolarization in
darkness results in a decrease of 1, in the whole spectrum

52

- Be\/chargin% [lumination from ITO
3 DU
200 §% 3 .Al72
1 4 +AL, 72 ) o )
~ i 5 +AL, 72V after illumination with A =1m

Photodepolarization current, au.

N oo
400 " -80F 47
V.
",
2{3'689\/ [llumination
200 from Al
s L
p
£100- "
3 ) 2.2eV
SR
g PR e
o I L /28 1 1 1 .
2 [0 7380 I569-__600-==700 =52F
— e R v
_{\’r\ 5 4 i, NSC
-100 " 45 Wavelength,nm | .=~
: (b) ~=V-band

Fig. 5. PDP spectra of «O» device after charging by various dc
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ITO side (a) and Al side (b). Cpy = 0.5 wt.%.

(c, d) Proposed qualitative diagrams of band bending in ZnS:Mn
film, corresponding to PDP spectra marked identically.

(somewhat greater in the low-energy band), independent
on the polarity of U, (Table 1). Therefore, the fields at
the bottom interface decreases owing to the thermal ioni-
zation of filled interface states. In addition, an oppo-
sitely directed field near the other interface appear due
to recapture of released and transferred electrons. The
depolarization by light of certain wavelength (0.8—1.5 pum)
for the same time as in darkness results in the reduction of
the fundamental band just as after the dark depolariza-
tion, but the reduction factor for the low-energy band is
significantly greater. Hence, the light acts only on the
bulk traps, ionizing them and enhancing thus the field
with opposite direction because of created free electrons

Table 1. Reduction factor of photocurrent at various maxima in
PDP spectrum of aged «O» devices charged similarly (U, =
=40 V, —Al) and then depolarized for 10 min differently. Aging
time 2 h. Cyg,= 0.5 wt. %.

"Vax» €V 3.65 3.2 2.7 2.2
Depola-
rization
In darkness 1.2 1.3 1.4 1.4
By light, A=1pum | 1.3 1.3 3.0 3.5
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devices (for explanation see the text).

are captured at the upper interface. It follows that the
energy depth of the bulk electron trapsis 0.9-1.5eV. The
most striking effect of this infrared light on the PDP spec-
trum is observed after charging by the rather high (+Al)
voltage (~ 70 V) that causes already the normal direction
of ;. Illumination after such a charging by light with
wavelength of 1 mm results in reversing of the photo-
current in the main maximum (see, curves 4,5 in Fig. 5a).
This is explained in Fig. 5d. Electrons released by the
light from the bulk traps are captured at the bottom inter-
face and create the field with the opposite direction. The
effect of both above depolarizations on the weak maxi-
mum at ~3.2 eV, which appears in the PDP spectra after
aging of the «O» devices, is the same as on the main maxi-
mum (Table 1). This suggests that 1, in this maximum is
generated near the interface, but not in the bulk.

After charging the «Cl» and «O» devices by a train of
voltage pulses with amplitude = 150 V (i.e., U,;,>Uy,) a
decrease of the low-energy band relative to the funda-
mental band takes place as compared with the ratio of
their intensity after charging by U,.,<Uy,, provided that
the absolute magnitude of 7, in the main maximum is
nearly the same after both charging. In the «O» devices,
the decrease is accompanied by a shift of the maximum of
this band from 2.2 to 2.4 eV and appearance of a knee at
the former maximum. Such a modification of the PDP
spectra can be explained by building-up of a PSC in ad-
dition to NIS and NSC. The PSC arises due to direct
impact ionization of some centers and/or as a result of
capture of free holes, creating by impact ionization of
the lattice, by some traps. Thus, a potential well and two
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regions with the opposite field direction appears in the
bulk. As a consequence, the photocurrent, which is gen-
erated in the whole bulk, is reduced. If there are several
different centers, PSC should be created mainly at the
most deep hole traps or traps with the larger capture cross-
section. Therefore, the photocurrent in the correspond-
ing spectral range would be reduced. This enables to ex-
plain the observed change of the low-energy nonelemental
band in the PDP spectrum of the «O» devices.

The energy depth of hole traps responsible for PSC
has been estimated from the study of the depolarization
by light of various A of the devices charged by U,,>U,;,. A
considerable depolarization of the «Cl» devices, consist-
ing in almost the tenfold reduction of /,;, in the whole
spectrum, is observed when A = 1 um, whereas such a
light does not affect if the devices were charged by
U,,<U,,. For the “O” devices the light with A = 700-
800 nm is the most affecting. Therefore, the energy levels
of hole traps are located at ~1.2 eV and 1.6-1.7 eV above
the valence band in the «Cl» and «O» devices, respec-
tively. The action of this light is explained as follows.
Photons with corresponding energy transfer holes cap-
tured during charging by high voltage into the valence
band. Free holes drift and are recaptured until they reach
the interface where recombine with captured electrons.
Thus, a decrease of both the PSC and NIC occurs.

An energy-level diagram of point and complex de-
fects in the ALE ZnS:Mn films is suggested (Fig. 6), tak-
ing into account the obtained results, published data (see,
e.g. [11] and references [6, 7] in [6]), and the analysis of
the most possible impurities specific to the used ALE proc-

53



N.A. Vlasenko et al.: Aging of ZnS:Mn thin - film electroluminescent devices ...

esses. In addition to native defects, two point Cl defects
(shallow acceptors Cl; and donors Clg), quasimolecular
centers (MnCl,, ZnCl,), and donor-acceptor pairs ( Clg—
Vzp,, Cl 'S—szﬁ) are considered. Choice of oxygen among
impurities, which can be incorporated into the films from
thd-precursors (O, H, C), is based on the notion that only
oxygen can form electrically and optically active centers.
We have no experimental evidence of existence of oxy-
gen residues in the «O» ZnS:Mn films. However, the rather
high its concentration (0.2-0.9 at. %) has been revealed
in ALE SrS:Ce films grown from thd-precursors [12]. Oxy-
gen incorporates in sulfur compounds of two-valence ele-
ments (ZnS, CdS, SrS, etc.) as the isovalent traps [O%'] 0
which can be in three states: neutral, ionized (by light, the
impact or the capture of a free hole) and negatively charged
after the capture of an electron. The great electron affin-
ity of O% ion causes a rather large cross-section for the
capture of an electron by these traps. In addition, O% ions
can form complexes with other defects (¥, and Mn2*).

The following mechanisms of aging in both type of
the ALE ZnS:Mn devices are suggested. In the virgin «Cl»
devices the chlorine resides in a substitutional sites ( Clg,
the shallow donors and their complexes with Vz,, i.e.
A-center), the quasi-molecular centers (ZnCl,, MnCl,),
and interstitials ( Cl; , shallow acceptors). It is possible,
thatinitially ClI; ions are a consistent of MnCl, or ZnCl,
centers. During aging the quasimolecules are dissociated,
Cl; ions drift and are incorporated into vacant sulfur sites
(Vg), converting into shallow donors |} . These result
in: 1) weakening of the red band in the PL spectrum
(Fig. 2) and the PDP current at ~ 3.6 eV (Fig. 3); 2) ris-
ing of the Fermi level in the bulk and at the interfaces,
which causes a decrease of Uy, and the slope of the low-
voltage portion of L(U) and Q(U) dependences (Fig. 1);
3) the recharge of zinc vacancies from Vz, to deeper
V2 ; 4) the formation of the complexes of V2, with CIg
and Vg , that leads to the intensification of the low-en-
ergy band in the PDP spectra (Fig. 3).

In the virgin «O» devices, if there is oxygen, it can
reside not only in the lattice sides as the isovalent traps
[Oé’] 0, but also as one of ions within some neutral inac-
tive fragments of Mn(thd); non-dissociated during growth
of the film. A small part of oxygen is also believed to
reside at the interfaces in the form of a very thin interlayer
significantly enriched by O, which serves as a shallow
source of free electrons. Before aging only two indica-
tions of the presence of oxygen centers are observed in
the PDP spectra: 1) the shift to higher energy (2.2-2.4 V)
and intensification of the low-energy maximum; 2) a sig-
nificant weakening of the band of the Mn traps (Fig. 3).
The former can be explained by the photoionization of
the oxygen traps with the energy depth ~2.4 eV below
the conduction band. This correlates with the observa-
tion of a luminescent band at 550-560 nm in ZnS:O [see,
e.g. ref. [6] in [6]). To explain the second indication we
could suggest only one hypothesis that O ions are lo-
cated in the bulk mainly near by Mn?* ions (maybe, in
accordance with the «volume compensation princi-
ple»[11]), creating a new complex defect ([ Mn%}]of
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[Oé’ 19) with the another energy depth than that of the
single Mn trap. Replacement of one of four S* ions near-
by to Mn?* ion by O ion has no effect on the intraionic
transitions in the 3d-shell of the Mn?* ion since the sym-
metry of the crystalline field does not change markedly.
However, it can result in significant change of the energy
of the distorbed local state of the lattice.

It was suggested that during aging the fragments are
dissociated, and O? ions migrate through sulfur vacan-
cies, forming complexes with other defects, enlarging the
ZnS; 1Oy interlayer and enriching it up to x = 1. Such a
somewhat intuitive suggestion permits to explain the fol-
lowing changes in the PDP spectra after aging: 1) the
small shift of the main maximum (Fig. 3) because of the
band gap of ZnS; O, becomes smaller when x increases;
2) the appearance of the small maximum at ~3.2 eV of
the photocurrent generated near by the interfaces, which
is accompanied by an increase of the optical absorption
in this spectral region correlative with the band gap of
ZnO0; 3) the qualitative change of the electronic states at
the interfaces (Fig. 4); 4) the further decrease of the Mn
trap band in the PDP spectrum and the increase of the
low-energy band simultaneously with the change of its
structure (Fig. 3). The enhancement of the «softened»
portion of L(U) and Q(U) curves without a noticeable
change of its slope during aging (Fig. 1) can be also ex-
plained by an increase of the thickness of the ZnS;_,O,
interlayer. At last, the peculiarities related to the pres-
ence of a significant NSC, affecting the spatial field dis-
tribution at low voltage, can be attributed to the oxygen
traps which have a large cross-section for the capture of
an electron. It should be noted that NSC at deep electron
traps have been also revealed in ALE (thd) SrS:Ce films
actually containing much oxygen [13].

Explanation of the change during aging of the high-
voltage portion of L(U) and Q(U) dependences in both
types of the devices will be discussed elsewhere.

Conclusions

Significant differences have been revealed in some initial
characteristics and the all characterization of the aging
behavior of the ZnS:Mn ALE «Cl» and «O» devices. The
main causes of the differences are due to different impuri-
ties in the ZnS:Mn films, namely, chlorine centers in the
former and, more probably, oxygen centers in the latter.
The different crystal structure of the films affects only
some characteristics inessential to aging. In both types
of the as-grown films, there are some non-dissociated com-
plexes (fragments) from used precursors, and atomic re-
arrangement proceeds during aging, which results from
their dissociation and the drift (migration) of both the
impurity ions and the native defects. This rearrangement
is different in the «Cl» and «O» devices and causes the
following main different consequences:

1) Conversion of the shallow Cl; acceptors to the shal-
low Clg donors during aging results in a rising of the
Fermi-level in the bulk. As a consequence the energy depth
of filled interface states, which are the source of free elec-
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trons, decreases. In the «O» devices, migration of impu-
rity ions creates a thin rather conductive interlayer at the
interfaces, from which electrons are injected to the
ZnS:Mn film. During aging the interlayer thickness in-
creases, but the potential barrier for electron tunneling
does not change.

2) The ionized Cl{ donors can serve as shallow elec-
tron traps (~0.3 eV), but NSC on these traps exists only
for a short-time at low fields. On the contrary, in the «O»
devices a great NSC at deep electron traps (0.9-1.2eV) is
created. Therefore, the impurity centers in these devices,
being initially neutral, have a large cross-section for cap-
ture of an electron.

Two main recommendations can be drawn from the
obtained results concerning the improvement of stability
of the devices on the initial stage of aging: 1) to decrease
the number of sulfur vacancies, through which the drift of
the impurity ions occurs; 2) to decrease the amount of
trace elements from the precursors (Cl and O) in the films.
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