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Visible Electroluminescence from n-Type Porous Silicon/Electrolyte
Solution Interfaces: Time-Dependent Electroluminescence Spectra

Hidenori Noguchi, Toshihiro Kondo, Kei Murakoshi, and Kohei Uosaki*,z

Physical Chemistry Laboratory, Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810,
Japan

Visible electroluminescence (EL) from n-type porous silicon (n-PS) in an electrolyte solution containing S2O8
22 was investigated

by potential-sweep and potential-step methods. Potential sweep measurements showed that both the cathodic current and EL inten-
sity increased and the EL spectra blue-shifted as the potential became negative. These characteristics were further studied by the
potential-step method. Immediately after the potential was stepped to a negative value, the cathodic current began to flow and EL
was observed. The EL intensity then increased but the cathodic current decreased with time. The rate of the increase in the EL
intensity depended not on the S2O8

22 concentrations but on the applied negative potentials. Time-resolved EL spectra measurements
showed that the EL spectrum was blue-shifted with time even when a constant negative potential was applied to n-PS. These results
were explained by considering that the emission site was changed from larger-sized Si crystallites to smaller-sized ones in the n-
PS layer with time.
© 1999 The Electrochemical Society. S0013-4651(99)04-064-1. All rights reserved.

Manuscript submitted April 19, 1999; revised manuscript received June 20, 1999.
Since Canham1 reported visible photoluminescence (PL) from
porous silicon (PS), many studies on PS have been carried out from
various aspects because of the possible development of Si-based
optoelectronic devices.2-7 The origin of the visible light emission is
considered due to the quantum size effect,8-10 although several alter-
native models have been proposed.11-14

Most of the studies reported so far have concentrated on the PL
properties of PS.15-22 Electroluminescence (EL) is, however, more
important as far as technological application is concerned. In this
respect, Koshida and Koyama demonstrated that a transparent
metal/PS/p-Si/Al cell emits EL (orange) at relatively low applied
voltage, although the quantum efficiency was quite low (<1025%).2

The study of EL properties of semiconductor/electrolyte solution
interfaces has been known to be very valuable in the characterization
of the interfaces.23-28 This must also be the case for PS/electrolyte
solution interfaces. Visible EL from a PS/electrolyte solution inter-
face can be obtained under both anodic and cathodic polarization,
depending on the doping type of the substrate. For p-type porous sil-
icon (p-PS), light emission is observed during anodic oxidation in
aqueous electrolyte solution.29-35 In previous papers we investigated
the relation between the chemical nature and EL properties of p-PS
by ex situ X-ray photoelectron spectroscopy (XPS)36 and in situ
Fourier transform infrared spectroscopy (FTIR)33,34 measurements
and proved quantitatively that surface Si-Hn species contribute to
EL. In the case of n-PS, EL is obtained when the n-PS is cathodically
biased in an electrolyte containing an electroactive species which
can inject holes into the valence band of the semiconductor.37-48 It is
known that if a negative potential is applied to an n-type semicon-
ductor in a solution containing a hole injector such as S2O8

22, EL is
observed as a result of the following reactions49

S2O8
22 1 ec

2 r SO4
?2 1 SO4

22 [1]

SO4
?2 r SO4

22 1 pv
1 [2]

pv
1 1 ec

2 r hn(EL) [3]

where ec
2 is an electron in the conduction band of an n-type semi-

conductor and pv
1 is a hole injected from SO4

?2 to the valence band.
This mechanism is expected to explain the visible EL from cathodi-
cally biased n-PS in contact with S2O8

22 solution. Recently, Kooij
et al.47 investigated the electrochemical characteristics of PS in
acidic S2O8

22 solution in detail. Compared with results obtained on
p-GaAs with p-PS, they observed no enhancement of the photocur-
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rent, i.e., photocurrent doubling due to the contribution of hole injec-
tion from SO4

?2 at p-PS in the presence of S2O8
22 under reverse bias

conditions. Because a similar effect might be occurring with an
n-type electrode in S2O8

22 solution, they suggested that the reduction
of S2O8

22 at PS electrodes is not always accompanied by hole injec-
tion into the valence band. However, the mechanism of the reduction
of S2O8

22 is still unclear. Thus, quantitative analysis of the applica-
tion of this EL system to an n-PS/electrolyte solution interface must
still be important. One of the most interesting characteristics in this
system is the shift of the EL spectra to higher energy as the potential
is scanned or stepped to negative values.37-48 We have found, how-
ever, that the spectra of the visible EL from n-PS in an electrolyte
solution containing S2O8

22 blue-shifted with time even when a con-
stant negative potential was applied to n-PS, contrary to the results
previously reported.46

The present work was carried out to clarify the mechanism of the
voltage-tunable blue shift of the EL from an n-PS/electrolyte solu-
tion interface by employing both potential-sweep and potential-step
methods. The dependence of the intensity and spectra of the EL on
electrode potential and S2O8

22 concentrations as well as on time
were investigated.

Experimental
Preparation of PS.—Silicon wafers used in these experiments

were n-type (1.4-2.0 V cm) single crystals obtained from Shin-Etsu
Semiconductor with a (100) surface. The wafers were cleaned first
with acetone to remove organic impurities, washed with pure water,
and then chemically etched in 10% HF-ethanol solution for 1 min.
After ohmic contact was obtained using an In-Zn alloy, the samples
were placed in an electrode holder made from Teflon so that only
one face of the wafer was exposed (apparent exposed area,
0.283 cm2). Constant current anodic oxidation was carried out in
10% HF-ethanol solution under illumination with a 30 W halogen
lamp in order to provide holes which are required for the formation
of a porous structure of n-PS. A potentiostat/galvanostat (Hokuto
Denko, HA-151) was used to control the current, and a Pt wire was
employed as a counter electrode. Current density for the porous for-
mation was 5 mA/cm2, and the oxidation time was varied from 10 to
1800 s. The as-prepared n-PS was rinsed with purified water and
transferred to the spectroelectrochemical cell without exposure to air
before the electrochemical and the EL measurements to prevent dry-
ness50 as well as native oxide growth.51

Electrochemical and EL measurements.—As-prepared n-PS
samples were used for EL measurements only once, because one EL
measurement alters the nature of the PS layer in certain cases. EL
www.esltbd.orgibution subject to ECS license or copyright; see 
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measurements were carried out in 0.2 M Na2SO4 solution containing
0-0.15 M K2S2O8 in a three-electrode glass cell having an optical
window. Ag/AgCl (sat. KCl) and a Pt wire were employed as the ref-
erence and counter electrodes, respectively. Electrolyte solution was
prepared using reagent-grade Na2SO4 (Wako Pure Chemicals),
K2S2O8 (Wako Pure Chemicals), and Milli-Q water and was deaer-
ated by passing high-purity nitrogen gas (99.99%) through it prior to
the measurements. The potential was controlled using a potentio-
stat/galvanostat (Toho Technical Research, 2001) and a function
generator (Hokuto Denko, HB-111). An external potential pulse was
provided by a personal computer (NEC Corp., PC-8801 MH)
through a 12-bit DA converter. Potential pulse width was 0.2-1 s. EL
intensity was measured using a photomultiplier tube (PMT, Hama-
matsu Photonics Co., Ltd., R1767). The applied voltage to the PMT
was 20.75 kV, and the output signal was amplified using a home-
made fast amplifier. The current and the amplified PMT signal were
recorded using the personal computer through a 12-bit AD convert-
er. EL spectra were obtained using a multichannel detector (Hama-
matsu Photonics Co., Ltd., IMD-C3300) with an image intensifier
combined with an imaging spectrograph (Jobin Yvon, CP-200; f 5
2.9). The plasma-coupled-device (PCD) elements were cooled to
2208C. The exposure time was set from 0.1 to 0.2 s. The optical sys-
tem is sensitive from 1.4 to 3.4 eV with a resolution of 4 nm. All the
measurements were carried out in the dark at room temperature.

Results and Discussion

Current and EL characteristics obtained by the potential-sweep
method.—Figure 1 shows the current-potential and the EL intensity-
potential relations of an n-PS electrode which was prepared by anod-
ic oxidation for 300 s in 0.2 M Na2SO4 solution containing 0.15 M
K2S2O8 measured by sweeping the potential in the negative direction
at various scan rates. A cathodic current was observed at potentials
more negative than 20.55 V. Limiting current was observed when
the scan rate was 20 or 100 mV/s, but the current increased monot-
onously within the potential region employed in this study when the
potential was scanned at 1000 mV/s. EL was observed at potentials
more negative than 21.0 V in all cases. The EL intensities increased
as the potential became negative when the scan rates were 20 and
100 mV/s, reached a maximum at 21.6 and 21.7 V, respectively,
and then decreased rapidly after the EL peaks, although the cathod-
ic current still flowed. No EL peak was observed within the poten-
tial region examined at 1000 mV/s scan. Although the behavior of
both the EL intensity and cathodic current during the potential scan
has been reported already by several groups,37-48 they employed
only one scan rate. It is clear from Fig. 1 that when the potential was
scanned faster, the limiting values of the cathodic current and the EL
intensity became higher for the reduction current and the EL. It was
also found that the faster the potential was scanned, the more nega-
tive was the peak potential.

Figure 2 shows typical EL spectra observed at various negative
potentials during a potential scan at 20 mV/s (cf. Fig. 1). Because the
exposure time of the PCD was 5 s, each spectrum was obtained dur-
ing the potential scan from 21.0 to 22.0 V at 0.1 V intervals. The
peak energy of the EL spectra was blue-shifted from ca. 1.7 eV at
21.3 V to ca. 2.1 eV at 21.8 V. After the potential reached 21.8 V,
however, the EL spectra were red-shifted (Fig. 2e and f). No poten-
tial dependence was observed for the low-energy threshold of the EL
spectra. The voltage-tunable EL from the n-PS/electrolyte solution
interface has already been reported by several groups37-43 during a
potential scan from 21.0 to 21.6 V. Very recently, Lim et al.48 have
reported that the peak of the EL spectra showed a red shift at a con-
stant negative potential by repeating the potential application. They
attributed this phenomenon to the bandgap lowering caused by the
conversion of the predominant Si–H surface bonds to Si–Si bonds
formed by the destruction of the surface bonds of PS. The red shift
of the EL spectra during the negative scan observed in our experi-
ments may be related to this effect.

Figure 3 shows the EL spectra observed at 21.5 V at various scan
rates. The exposure time of PCD for 20, 100, and 1000 mV/s scans
 address. Redistrib133.87.26.18Downloaded on 2012-09-26 to IP 
Figure 1. (a) EL intensity-potential and (b) current density-potential curves
obtained in 0.2 M Na2SO4 and 0.15 M K2S2O8 solution. n-PS samples were
prepared by anodic oxidation in 10% HF-ethanol at 5 mA/cm2 for 300 s.
Potential scan rate was (—) 20 mV/s, (– - –) 100 mV/s, and (- - -) 1000 mV/s.

Figure 2. EL spectra obtained in 0.2 M Na2SO4 and 0.15 M K2S2O8 solution
during the potential scan from 0 to 22.0 V at (a) 21.0, (b) 21.2, (c) 21.4,
(d) 21.7, (e) 21.8, and (f) 21.9 V. EL spectra were obtained in 0.1 s, poten-
tial scan rate was 20 mV/s. n-PS samples were prepared by anodic oxidation
in 10% HF-ethanol at 5 mA/cm2 for 300 s.
www.esltbd.orgution subject to ECS license or copyright; see 
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were 5, 1, and 0.1 s, respectively, so that all spectra were observed
at 0.1 V intervals. The peak intensity of the EL spectra was normal-
ized to that of the data obtained at 20 mV/s. It is clear that the peak
energy of the EL spectrum did not coincide in all cases, even when
the same negative potential was applied to n-PS.

Figure 4 shows the relation between the peak energy and the
applied negative potential. When the potential was scanned at
20 mV/s, the peak energy of the EL spectra increased in proportion
to the applied negative potential with a slope of ca. 1 eV/V over a
voltage range from 21.2 to 21.7 V, which is close to the value re-
ported in the literature. If the scan rate was increased to 1000 mV/s,
however, the peak energy of the EL spectra was almost constant dur-
ing the negative potential scan.

Previously, Bsiesy et al.40,41 have reported that the peak energy
of the EL spectra is proportional to the applied negative potential
with a slope of 1 eV/V when the potential was scanned at 25 mV/s.
They proposed a model considering a quantum size effect in which
an increase in DV is followed by an increase in the energy of emit-
ted photons Dhn 5 eDV to explain the blue shift of the EL spectra.
Very recently, however, Lim et al.48 reported that this relation

Figure 3. EL spectra obtained in 0.2 M Na2SO4 and 0.15 M K2S2O8 solution
at 21.5 V during the potential scan from 0 to 22.0 V at a potential scan rate
of (a) 1000, (b) 100, and (c) 20 mV/s. EL spectra were obtained in 0.1 s.

Figure 4. The dependence of peak energy on applied potential obtained dur-
ing the potential scan from 0 to 22.0 V. Potential scan rate (s) 20, (d) 100,
and (n) 1000 mV/s.
 address. Redistri133.87.26.18Downloaded on 2012-09-26 to IP 
between the peak energy and the applied negative potential was very
sensitive to the experimental conditions, i.e., the slope changes with
the different degrees of PS surface oxidation by SO4

?2. Hence, in the
present study, as-prepared n-PS samples were used for EL measure-
ments only once, because one EL measurement alters the nature of
the PS layer in certain cases. It is clear from Fig. 4 that the peak pho-
ton energy was not related linearly to the applied potential and that
the blue shift of the peak energy became smaller when the potential
scan rate was higher than 20 mV/s, i.e., when the duration of the
potential application to n-PS became short, the blue shift of the EL
spectra became definitely retarded. The present results suggest that
the effect due to the time just after potential was applied to n-PS also
plays an important role in the mechanism of the blue shift of the EL
spectra.

Current and EL characteristics obtained by the potential-step
method.—In order to understand the time dependence of the EL
spectra in more detail, we carried out potential step measurements.
Figure 5 shows the time profiles of the EL intensity and cathodic
current of n-PS, which was prepared by anodic oxidation for 300 s,
when the potential was stepped from 0 to a certain negative value in
0.2 M Na2SO4 containing 0.15 M K2S2O8. When the pulse limit was
21.5 V or 22.0 V, EL began to be observed just after the potential
step, and its intensity increased gradually to the end of the applied
negative pulse. When the potential was stepped to 22.5 or 23.0 V,
however, EL started to occur just after the potential step; its intensi-
ty increased dramatically with time, reached a maximum, and then
decreased rapidly. Actually, similar trends were observed even when
the potential was stepped to 21.5 and 22.0 V if the measurements
were carried out over a longer time scale (Fig. 6a and b). The more
negative the potential was stepped to, the faster the EL maximum
appeared. When a negative potential was applied, cathodic current

Figure 5. Time profiles of EL intensity and current density observed in 0.2 M
Na2SO4 and 0.15 M K2S2O8 solution. n-PS samples were prepared by anod-
ic oxidation in 10% HF-ethanol at 5 mA/cm2 for 300 s. Potential was stepped
from 0 V to (a) 21.5, (b) 22.0, (c) 22.5, and (d) 23.0 V.
www.esltbd.orgbution subject to ECS license or copyright; see 
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started to flow, decreased gently, showed an inflection point, and
then decreased gradually. The time when the inflection point in the
current time profile appeared was in good agreement with the time
when the EL intensity reached a maximum.

Figure 7 shows the time profiles of EL intensity and cathodic cur-
rent in 0.2 M Na2SO4 solution containing various concentrations of
S2O8

22. For all the cases in Fig. 7, the samples were prepared by
anodic oxidation for 300 s and the potential was stepped from 0 to
23.0 V for 1 s. When S2O8

22 was not present in the solution, EL
from n-PS was not observed and the cathodic current reached a
steady value almost immediately after the potential step, as shown in
Fig. 7a. When S2O8

22 was present in the electrolyte solution, EL
started to occur just after a negative potential was applied. Its inten-
sity increased gradually with time, reached a maximum, and
decreased rapidly. The time when the EL intensity reached a maxi-
mum was in good agreement with the time the inflection point
appeared in the current time profile. Concentrations of S2O8

22 in the
electrolyte solution influenced the rate of the increase in the EL
intensity only slightly but significantly influenced the time to reach
a maximum in the EL intensity time. The time to reach a maximum
in the EL intensity profile was delayed, and therefore, the maximum
EL intensity was higher as the SO4

?2 concentration became higher.
As soon as the potential was stepped to a negative value, cathodic
current started to flow, decreased gently, showed an inflection point,
and decreased gradually as already reported in Fig. 5.

We considered the overall mechanisms of the electrochemical
reaction occurring at the n-PS electrode during the potential step as
follows:52 (i) mass transport (i.e., S2O8

22 transport) to the n-PS elec-
trode, (ii) electron transfer at the n-PS electrode surface (reaction 1
and 2), (iii) visible light emission (reaction 3).

In general, mass transport can be achieved by migration, convec-
tion, or diffusion. In the presence of a strong electrolyte and using a
stationary electrode, both of which were used in our experiments,
mass transport occurs only by diffusion. If the current observed in
our potential-step measurements is diffusion-controlled, the deple-
tion of S2O8

22 near the n-PS electrode surface must  be characterized
by an inverse t1/2 function, i.e., current is in proportion to inverse

Figure 6. Time profiles of EL intensity on a larger time scale to (a) 21.5 and
(b) 22.0 V in Fig. 5a and b.
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t1/2. 52 A Cottrell plot of the current and the EL intensity from the
data in Fig. 5c and d is shown in Fig. 8. During the first stage of the
potential step (region a), however, the current was almost constant
although the EL intensity increased gradually. After the maximum of
the EL intensity appeared (region b), both current and EL intensity
were decaying linearly with inverse t1/2. Thus, it is clear that EL pro-
ceeds by two different mechanisms before (region a), and after
(region b) the EL intensity reached a maximum.

Let us discuss the EL mechanism before a maximum in the EL
time profile (region a). In this region, EL intensity increased gradual-
ly with time just after a negative potential pulse was applied to the n-
PS. In addition, this increase in the EL intensity was almost indepen-
dent of the S2O8

22 concentration (Fig. 7a). Hence, it is possible to say
that in region (a), generation of EL is not limited by the diffusion of
S2O8

22 in the electrolyte. The Cottrell plot (Fig. 8) which did not show
a linear dependence of current and inverse t1/2 in region a may support
this speculation. In region (a), thus, the generation of EL is limited by
the electron flux supplied from the n-PS electrode. Recently, Gelloz
et al.53 reported that the PS layer in contact with an electrolyte is not
always conductive but is also depleted of free carriers under some
conditions. Thus, when negative potential pulse is applied to n-PS, an
electric field emerges gradually from the n-PS/Si interface to the n-
PS/electrolyte solution interface due to the high interfacial capaci-
tace.54 Finally, a homogeneous electric field through the n-PS layer
forms and S2O8

22 existing in the PS layer from the beginning of the
potential pulse is reduced by the current until it becomes nearly zero.
Thus, the EL intensity increases gradually with time in region (a). By
making the potential more negative, the high driving force to build up
a homogeneous electric field through the PS layer leads to both the
time and the rate to reach a maximum in the EL time profile faster.

In the case of region b, a rapid decrease in the EL intensity after
the maximum was observed. In this region, current and inverse t1/2

showed a linear relationship, which means that when the electro-
chemical reaction is diffusion-controlled, S2O8

22 is depleted at the
surface and eventually SO4

?2 also decreases. That is the reason the
EL intensity decreases in region b.

Figure 7. Time profiles of (a) EL intensity and (b) current density observed
by potential stepping for 1 s from 0 to 23.0 V. Electrolyte solutions meas-
ured were 0.2 M Na2SO4 1 (s) 0, (d) 0.05, (n) 0.075, (m) 0.125, and (h)
0.15 M K2S2O8 solutions. n-PS samples were prepared by anodic oxidation
in 10% HF-ethanol at 5 mA/cm2 for 300 s.
www.esltbd.orgbution subject to ECS license or copyright; see 
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Time-dependent EL spectra.—Figure 9 shows the typical time-
resolved EL spectra from n-PS, which was prepared by anodic oxi-
dation for 300 s, obtained every 0.1 s after the potential was pulsed
to 22.0 V in 0.2 M Na2SO4 containing 0.15 M K2S2O8.46 The peak
energy and the high energy threshold of the EL spectrum showed a
blue shift during a constant negative potential application, although
the low-energy threshold was constant (ca. 1.4 eV).

Figure 10 shows the relationship between the peak energy and
time after stepping the potential from 0 V to a certain negative value.
The data in Fig. 10 were obtained in 0.2 M Na2SO4 containing 0.15
M K2S2O8 using an n-PS sample prepared by anodic oxidation for
300 s. The peak energy was blue-shifted from ca. 1.5 eV observed
just after cathodic polarization to higher values as time proceeded. It
is interesting to note that the maximum peak energy was ca. 2.1 eV
in all cases, except for the case when the potential was pulsed to
21.5 V where a negligible peak shift was observed. Clearly, the more
negative the applied potential, the faster is the rate of the blue shift of
the peak energy. The high-energy threshold showed similar trends.
We emphasize here that the EL spectra from n-PS showed a blue shift
with time even when a constant negative potential was applied and
the maximum peak energy was almost independent of the applied
potential. Note that the time region of these blue shifts coincides with
that of the increase in EL intensity as shown in Fig. 5.

Mechanism for blue shift of EL with time.—The blue shift of the
EL spectra has been reported by several groups under conditions
similar to ours. Their explanations for the blue shift were mainly
based on considering the size distribution of the nanometer-sized Si
crystallites, which produce the quantum size effect.

If a visible EL from n-PS is due to the quantum size effect of the
spatial confinement of the charge carriers in the nanometer-sized Si
crystallites, the EL spectrum obtained from n-PS reflects the size
distribution of the nanometer-sized Si crystallites in the n-PS layer

Figure 8. A Cottrell plot of the current [(d) 22.5 and (j) 23.0 V] and the
EL intensity [(s) 22.5 and (h) 23.0 V] from the data in Fig. 5d, c. See text
for details.
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and the peak energy of the EL spectrum provides the bandgap ener-
gy of the Si crystallites with the most dominant nanometer-size in n-
PS. The fact that the peak energy and the high-energy threshold
blue-shifted from ca. 1.5 to ca. 2.0 eV and from ca. 1.6 to ca. 2.6 eV,

Figure 9. Time-resolved EL spectra obtained in 0.2 M Na2SO4 and 0.15 M
K2S2O8 solution when the potential was stepped for 1 s from 0 to 22.0 V. EL
spectra were obtained every 0.1 s; (a) 0-0.1 s, (b) 0.1-0.2 s, (c) 0.2-0.3 s, (d)
0.3-0.4 s, (e) 0.4-0.5 s, (f) 0.5-0.6 s, (g) 0.6-0.7 s, (h) 0.7-0.8 s, and (i) 0.8-
0.9 s. The n-PS samples were prepared by anodic oxidation in 10% HF-
ethanol at 5 mA/cm2 for 300 s.
www.esltbd.orgbution subject to ECS license or copyright; see 
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respectively, in all cases, suggests that the n-PS prepared under the
present conditions consisted of nanometer-sized Si crystallites with
bandgap energies from ca. 1.4 to ca. 2.6 eV (Fig. 8). Theoretical cal-
culation shows that nanometer-sized Si crystallites with bandgap
energies from 1.4 to 2.6 eV have diameters of ca. 4.5 to ca. 2.0 nm.55

The crystallites in PS are reported to be distributed vertically from
a smaller size at the PS/electrolyte solution interface to a larger size
at the PS/Si interface,56 i.e., the bandgap energy is distributed from
larger at the top to smaller at the bottom of the PS layer. The larger
sized Si crystallites at the bottom and the smaller sized Si crystallites
at the top of the PS layer should emit EL of longer wavelength (lower
energy) and shorter wavelength (higher energy), respectively. Thus,
the time-dependent blue shift of the EL spectra can be explained by
considering that the rate of the EL generation depends on the size of
the Si crystallites in the PS layer, i.e., the major reaction site at the ini-
tial stage of the potential pulse was near the n-PS/Si interface where
the size of the Si crystallites is large, and the fact that the reaction
sites moved gradually to the top of the n-PS layer with the time need-
ed to build up a homogeneous electric field through the PS layer.

Conclusions
Visible EL from n-PS in an electrolyte solution containing S2O8

22

was investigated by potential-sweep and potential-step methods. By
potential-sweep measurements, we found a dependence of EL inten-
sity, cathodic current, and EL spectra on the scan rate. By potential-
step measurements, the EL intensity was found to increase with
increasing cathodic polarization time although the cathodic current
decreased. By time-resolved EL spectra measurements, we found that
the EL spectrum was blue-shifted even at a constant negative poten-
tial applied to n-PS. We concluded from these results that the emis-
sion site changed from larger sized Si crystallites to smaller sized
ones in the n-PS layer. We proposed for the first time a mechanism in
which the EL process was dependent not only on the electrode poten-
tial but also on the time after the negative potential was applied.
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