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Electrical and luminescent properties of ZnS:Mn,Cu,Cl thin films were
investigated. Combined both studies: scanning tunneling microscopy and
scanning tunneling spectroscopy were made. The current and differential
conductance versus applied voltage were measured for the ZnS:Mn,Cu,Cl
thin films. Additionally, the spectral and kinetic properties of the electrolu-
minescent cells based on the ZnS:Mn,Cu,Cl thin films were measured. The
maximum of the electroluminescence lies at 586 nm. The electroluminescence
was excited by rectangular wave voltage pulses with pulse length from 1 us
to 1 ms. It was shown that time dependence of the electroluminescence is
well explained assuming energy transfer between monomolecular centres.

PACS numbers: 78.60.F1, 78.66.Hf, 68.37.Ef

1. Introduction

During the last decades zinc sulphide doped with manganese luminophors has
been widely investigated by many researchers. Destriau [1] in 1936 discovered that
a ZnS:Mn powder held in a binder between parallel conducting plates emitted light
when ac voltage was applied. Successors of the Destriau devices were dc powered
devices [2-4]. They used Cu doping leads to one of the numerous copper sulphide
phases which are conducting or semiconducting. At the end of fifties work on the
electroluminescent devices with vacuum deposited semiconductor layer was started
by Thornton [5]. The ac thin film devices were pioneered by Inoguchi et al. [6].
In last years numerous papers have been devoted to ZnS:Mn nanocrystals [7]. In

*corresponding author; e-mail: chimczak@phys.put.poznan.pl

(357)



358 G. Neunert et al.

the field of luminescence investigations, kinetic measurements are very important
since they provide much information concerning the luminescence centres and the
mechanism of luminescence in general [8-10]. One of the aims of the papers is
description of the electroluminescence of the ZnS:Mn,Cu,Cl thin films.

The understanding of the nature of electronic properties and atomic structure
of materials at the nanometer scale have been the goals of fundamental and applied
research.

Due to its extremely high spatial resolution, scanning tunneling microscope
(STM) has been widely used to investigation the molecular bonding, nucleation
and growth processes and semiconductor morphologies [11, 12].

Since STM images a convolution of the surface electronic and geometric
structure, it is often controversial as to whether the contrast is related simply to
a difference in geometrical height or electronic effects.

Here we report combined experimental results of the scanning tunneling mi-
croscopy and spectroscopy (STM/STS) on ZnS:Mn,Cu,Cl films at room tempera-
ture. Tunneling experiment provide complimentary information on the electronic
structure because discrete occupied and unoccupied energy levels are probed sep-
arately.

2. Experimental

The ZnS:Mn,Cu,Cl] thin films were produced onto a glass substrate by ther-
mal evaporation from quartz crucibles which contained the mixture of powder
ZnS:Mn (70%) and powder CuCl (30%). The powdered zinc sulphide has been
activated with manganese concentration of 3 wt%. In order to obtain electrolu-
minescent cells the outer aluminum electrodes were evaporated. The electrolumi-
nescence was excited by rectangular voltage pulses with pulse length from 1 us
to 1 ms. Light emission is observed from the surface reproducing exactly the alu-
minum electrode.

The Cryo SXM (OMICRON) scanning tunneling microscope was used to
study the topography and spectroscopic properties of the ZnS:Mn,Cu,Cl thin films.
Imaging was performed in constant current mode (1.0 nA) at sample bias +1.0 V|
using a W tip. The scaling of the microscope was calibrated on a highly oriented
pyrolytic graphite surface.

3. Results and discussion

A semiconductor with n-type dopands has donor levels and the thermal
excitation of electrons from donor levels populates the bottom of the conduction
band.

For a semiconductor—insulator-metal (SIM) junction with n-type semicon-
ductor, the Fermi level is close to the donor level Fp of the semiconductor when
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Upias = 0. Depending upon the sign and magnitude of the bias voltage, the STM
current of doped semiconductors may involve not only the bottom of the con-
duction band but also the donor levels lying in the band gap. In addition, the
wave functions of the donor levels are spatially localized in the regions around the
donor, unlike those of the valence and conduction band levels which are delocalized.
Therefore STM images of doped semiconductor can exhibit local imperfections.

Figure 1 shows a typical STM image of ZnS:Mn,Cu,Cl thin films measured
at room temperature.
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Fig. 1. STM image of ZnS:Mn,Cu,Cl thin films measured at room temperature. The
image size is 3 X 3 pm sample bias voltage and tunneling current are £0.5 V and 0.4 nA,

respectively.

When a bias voltage is applied through the SIM junction the energy levels of
the semiconductor bands bend depending on the bias polarity. At a large negative
bias, the band bending of an n-type semiconductor may populate the bottom
position of the conduction band at the surface, so that electrons may also flow
from the bottom of the conduction band to the tip. When the magnitude of the
negative bias is greater than Eg/2 so that By + e|Upias| > Fr, the electrons in the
valence band of the sample tunnel into the tip and we can observe large current
for strongly negative bias.

The results of STS measurements are presented by plotting the current volt-
age characteristic, or more commonly tunneling conductance vs. bias voltage for
ZnS:Mn,Cu,Cl thin film. The plot of the difference conductance is proportional
to electronic density of states n(E). Figure 2 shows the function dI/dU versus U
characteristics for ZnS:Mn,Cu,C] thin film surface.

Tunneling conductance vs. bias voltage has been suggested as a qualitative
measurement of the local electronic density of states. Positive values of the bias
voltage represent tunneling from the tip into both the donor level and the unoccu-
pied sample states. While negative values correspond to tunneling from occupied
donor level for small bias and the valence band top for large bias into unoccupied
tip states. For the ZnS:Mn,Cu,Cl surface two occupied states at —0.3 V and -0.4 V
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Fig. 2. Tunneling conductance vs. bias voltage for ZnS:Mn,Cu,Cl thin film.

are seen, but unoccupied sample states are not detected for this voltage regime.
Rather, not a clear gap is seen, suggesting that ZnS:Mn,Cu,Cl local area are not
semiconducting but rather metallic for small bias voltage (< Ez/2).

The ZnS:Mn,Cu,Cl-Al thin film cells exhibit electroluminescence for both
dc and ac supply voltages. The cells emit characteristic of manganese activator
yellow-orange electroluminescence (EL) with maximum at 586 nm (Fig. 3). The
electroluminescence spectrum is almost restricted to the range of spectral sensi-
tivity of the human eye.
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Fig. 3. Electroluminescence spectrum of the cell investigated.

When a long-time rectangular voltage pulses are supplied to the investigated
cells, the electroluminescence rises during the excitation pulse and decays imme-
diately after the end of the pulse (Fig. 4).

Very interesting phenomenon is observed for the short pulse excitation. In
this case the maximum of the electroluminescence appears at the time ¢, after
the end of the exciting pulse (Fig. 5).
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Fig. 4. Time dependence of the electroluminescence excited by a rectangular pulse of

1 ms.
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Fig. 5. Time dependence of the electroluminescence excited by a rectangular pulse of
10 ps.

Another interesting phenomenon is the non-typical behavior of the elec-
troluminescence observed during the exciting pulse. As is seen (Fig. 6) the time
dependences are considerably different from that for direct excited luminescence
described by equation

I =Gl —exp(—t/7.)] (1)

during the exciting pulse and

I=Iyexp(—t/7e) (2)
after the end of the exciting pulse. In the equations G is generation rate and 7 is
lifetime of emitting centres. During the first microseconds the electroluminescence
is practically not seen. In order to explain these phenomena we assumed energy
transfer between two monomolecular centres [10, 13, 14].

If we assume that each part d¢ of the exciting pulse T" produces the elemental
curve

Gdt

Te — Tt

dl =

[exp(—t/7c) — exp(=t/7)], (3)
then we obtain the time dependence during the exciting pulse

G

Te — T

I =

{re [l —exp(=t/7e)] = ¢ [L = exp(=t/7)]} , (4)
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Fig. 6. Time dependence of the electroluminescence during the exciting rectangular

pulse of 10 ps.
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Fig. 7. Theoretical time dependence of luminescence during (a) and after the end (b)
of the exciting rectangular pulse T plotted for energy transfer (ET) and direct excitation

(DE) for 7o = 10 ps and 7 = 50 ps.

and

G

Te — Tt

-7 [1 —exp(=T/7)] exp(—t/rt)} (5)

after the end of the exciting pulse, where 7 is lifetime of transferring centres. Fig-
ure 7a shows the theoretical time dependences of luminescence during the exciting
pulse described by Eq. (4) (ET-50) and Eq. (1) (DE-10). The dependences after
the end of the exciting rectangular pulse are shown in Fig. 7b. In the both cases
the direct excitation mechanism (DE) cannot be used to describe the experimental
data. As is seen, energy transfer mechanism (ET) very well explains the behavior
of the manganese electroluminescence during (Fig. 7a) as well as after (Fig. 7b)

I =

{Te [1 —exp(=T/7e)] exp(—t/7e)

the exciting rectangular pulse.
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4. Summary

Using scanning tunneling spectroscopy we detected the localized state near
the Fermi level on the ZnS:Mn,Cu,Cl surface. These data reveal two occupied
states at —0.3 V and —0.4 V but unoccupied sample states are not detected for this
voltage regime.

The ZnS:Mn,Cu,Cl-Al thin film cells emit characteristic of manganese acti-
vator yellow-orange light. For a long-time excitation the electroluminescence rises
during the exciting pulse and decays immediately after the end of the pulse. For
the short pulse excitation the maximum of the electroluminescence appears after
the end of the exciting pulse. Energy transfer mechanism very well explains the
behavior of the time dependence of the electroluminescence.

This work was supported by Poznan University of Technology Research Pro-
gram PB 62-198/03-BW.
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