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The effect of an integrated polymer on the luminescence characteristics of porous
silicon (PS)-conducting polymer (CP) heterostructures has been studied. Both
n-(100) and p-type (111) PS has been employed in order to prepare the hetero-
structures. To obtain the integrated polymer layers (polyaniline, polymethoxy-
aniline, polyphenylacetylene, poly-para-phenylene, poly-N-epoxy-propylcarbazol),
the methods of electrochemical polymerization, vacuum deposition, and spin
coating have been used. The obtained structures were studied using atom force
microscopy and were examined as to the capability to photoluminescence (PL)
and cathodoluminescence (CL). It has been found that the presence of a CP layer
on the PS surface preserves the “red” PL, but weakens it to 50-90%. The CL
spectra of the obtained heterostructures allow us to suggest their capability of
electroluminescence in the visible region of the spectrum.
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INTRODUCTION

The methods of fabricating the heterostructures based on inorganic
and organic semiconductors have attracted a great attention of
researchers due to the prospect of using such structures in solar
cells [1,2], light-emitting diodes [3], sensors [4,5], lasers [6], and
memory devices [7]. A special place is occupied by the heterogeneous
systems based on nano-crystal porous silicon (PS), having a wide
application in optoelectronics and sensor devices [8,9]. One of the
important properties of such structures is their capability of lumi-
nescence in the visible and near IR region of the spectrum, the exci-
tation of which becomes possible due to the quantum-size effects, as
a result of the nanometer size of a porous structure [8]. Of great
interest are the heterostructures created on the PS and surface
organic layers, among which the conjugated conducting polymers,
particularly polyaniline (PANI), have been intensively studied
[10,11,13].

The thin layer of a conducting polymer (CP) on the porous silicon
(PS) surface could serve both as a protective layer and an electrical
contact [11,13]. Since the electronic properties of CP significantly
depend on the level of oxidation (or protonation), the sensitivity of
the formed heterostructures to chemical factors such as pH,
humidity, gas absorption, and bioactive substances increases due
to this modification. This may be used in the fabrication of sensors
[5]. It has been found that PS—CP heterojunctions with a PANI
layer show the rectifying current-voltage characteristics [10,13]
and a visible photoluminescence (PL) [11]. The formation of a sili-
con-based structure with controlled electroluminescence (EL) proper-
ties remains to be an important and unsolved task, which could
serve to the purpose of creating the light-emitting diodes. One of
the tests regarding the EL manifestation is the study of cathodolu-
minescence (CL) spectra, which can be used in studying the n-p
transitions in semiconductors without coating with special contacts
[14]. Therefore, the present paper studies the effect of an integrated
polymer on the photo- and cathode-luminescence characteristics of
PS—CP heterostructures. In this connection, the development of
effective methods of obtaining the heterostructures based on PS
and CP and the investigation of their CL and PL properties turn
out to be very urgent.

The aim of the present article is to study the possibility of obtaining
the controlled thin conducting polymer layers on the PS surface and to
examine the irradiative (emission) properties of the fabricated hetero-
structures.
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EXPERIMENTAL

The surfaces of initial single crystal silicon wafers used were oriented
to (111) direction (n-type) and (100) (p-type) with a specific resistance
of 4.5 and 6.4 ohm-cm, respectively, and 460 um of the thickness. The
wafer anodization was carried out in a 40% HF solution in ethyl
alcohol at a current density of 10mA-cm 2 and under illumination
by a 150-W tungsten lamp during 10-20 min according to [10].

In order to integrate the polyaminoarenes {poly-o-methoxyaniline
(POMA) and PANT]}, the method of electrochemical polymerization with
cyclic potential sweeping in 0.1 M solutions of a purified monomer in
0.5 M H,SO, was used. A wafer of PS of 1 cm? in area was an operating
electrode, a platinum wire was used as a counter electrode, and a satu-
rated Ag/AgCl electrode was employed as a reference one. A potentio-
stat PI-50 was a power source. After coating the film, the samples were
rinsed with deionized water and dried under vacuum at 353-373K
during 4 h. Poly-para-phenylene (PPP) films were obtained by vacuum
deposition of the chemically synthesized polymer at a residual pressure
of 10% Torr, the substrate temperature of 373K, and the sample
vaporization temperature T = 800-1000 K. The formation of PS-poly-
phenyl acetylene (PPA) and PS-poly-epoxy-propylcarbazole (PEPC)
heterostructures was carried out by spin coating as described in [2].
The study of the topology of surface layers was carried out using an
atom force microscope (Nano Scope IIla) which allows one to obtain
the data on the surface microrelief on the nanometer scale and makes
it possible to investigate the samples immediately in air. The results
were analyzed using the program support by PSI.

PL was excited by a pulse nitrogen laser LGI-21 (1 = 337.1 nm), the
pulse duration t, = 20ns, at a frequency of 60 Hz. The measurements
were carried out both at room temperature and the liquid nitrogen
temperature. CL was excited by a pulse electron beam with the energy
Ep =9keV, pulse frequency f=50Hz, and 1, = 3ps. The current
density in the electron beam j = 150 A/m? The temperature of CL
measurements was 80 K.

RESULTS AND DISCUSSION

The CP layer on the PS surface is obtained in most cases by spin-coating
from a polymer solution [5]. However, in such cases, the penetration of
polymer molecules to the pores of silicon is not satisfactory even after
the ultrasound treatment. It is expected that, under conditions of
electrochemical polymerization, when a polymer is formed directly
on the electrode surface, the polymer integration may proceed inside
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the porous silicon layer. To develop the electrochemical method of
fabrication of a porous silicon-polymer heterostructure, the cyclic
volt-ampere curves (CVA) of PS samples in a monomer and a blank
solution (0.5 M H,SO,4) have been studied (Fig. 1).

A proportional relation between the anode peak current in the
interval E =0.4-0.6V and the cycle number in the interval
N = 4...16 makes it possible to control the process of electroactive film
formation on the PS surface using the known relationship between the
peak current and the film thickness [15]. The heterostructures PS—CP
obtained after potential scanning (N = 12-15) exhibit a high electro-
chemical activity, which is another evidence for the formation of a
polymer film on the PS surface.

To study the character of surface layers, the topology of obtained
heterostructures has been determined by means of atom-force
microscopy (AFM). The surface of PS has the shape of vertical nanor-
ods created due to the etching of separate places of the single silicon
surface. As a result of statistical analysis of AFM-images, it
was defined that the pore depth achieves 200 nm at the total thickness
of a porous layer of about 5 um.

The PAN films obtained on the surface of PS repeat, in general, the
relief of the surface forming a continuous polymer layer. However,
the morphology of the film is difficult to be interpreted due to the

0,8 -
0,6 -
< ]

-0,4 -

FIGURE 1 Cyclic volt-ampere curves of the n-PS (1) and n-PS-PANI (2)
heterostructures in a 0.5 M HySO4 aqueous solution at the potential sweep
rate of 80mV/s.
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irregularity of the PS surface. The AFM image for a PAN film
obtained under similar conditions on the surface of single crystal
silicon (Fig. 2) confirms a globular structure of the obtained film.
The polymer layer thickness is about 125 nm.

The PS—PANI and PS—POMA heterostructures fabricated by
means of potential scanning (N = 12) exhibit not only an increasing
electrochemical activity (Fig. 1), but also an increased sensitivity of
current-voltage characteristics (VAC) to the illumination [13]. The
dependence of VAC and PL on gas absorption [5] may be associated
to the processes of film reduction, which causes the increase of the
resistance and the optical transmittance of the heterojunction.

Spectra of PL are studied in the spectral range of 1.5-3.1eV. As
seen in Figure 3, the obtained PL spectra are in good agreement with
the ones described for PS in theliterature [10,11].

For PS formed on the surface of silicon (100) with the n-type of
conductivity, the PL spectrum is a band with clear maximum at
1.95eV. For PS (111) of the n-type conductivity, two PL maxima
are observed at 2.05 and 2.12eV. The spectrum disintegration into
Gaussian components makes it possible to separate another PL
maximum at 2.21eV.

According to the contemporary ideas, the appearance of PL in PS in
the visible range of the spectrum is caused by the quantum-size effect

FIGURE 2 AFM image of a PANI film on the surface of an n-type (100) silicon
single crystal.
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FIGURE 3 (a) Spectra of photoluminescence in the n-PS (1) and n-PS—PANI
(2) heterostructures; (b) in p-PS (1) and p-PS—POMA (2) heterostructures.

making possible the annihilation of excitons which are spatially lim-
ited (trapped) in the intermediate area [11,12]. On the other hand,
the emission may be caused by the complexes of Si:O:H, H:Si:H, sil-
oxen SigH30g and its modifications [9] formed during the etching
process. In complicated complexes of the siloxen type, there is a possi-
bility for clusters to be formed from the silicon atom planes, where the
quantum limitation effect also takes place. The PS emission may be
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considered as a process of monomolecular recombination, which is
limited by tunneling across a potential barrier, or as the bimolecular
process of recombination of an electron and a hole being free or bound
to an exciton [9]. If the recombination proceeds along the radiating
channels of nano-crystal grains, the PS being coated by a conducting
polymer could significantly affects the recombination mechanism.

It has been found that, after coating the film on the PS surface, the
“red” PL is preserved, but its decrease by a factor of 2—-3 takes place
(for PS—PANI). A weak shift of the PL peak to the short-wavelength
region from 1.95 to 2.0eV may be due to the non-uniform transmit-
tance of the doped PANTI film (the transmittance window is close to
the emission peak of PS). At the same time, for the PS—PANTI hetero-
structure in the spectra of PL, the weak emission extending to the
short-wavelength region, which is probably connected with the intrin-
sic PL of polyaniline, has been observed [10]. In the case of the
PS—POMA heterostructure accompanied by a total decrease of the
PL intensity (by 8-10 times) caused by the polymer film absorption,
a relative change of the PL band intensity is observed in the interval
of 1.9-2.2 eV (Fig. 3b). The obtained results enable us to conclude that
a conducting polymer film on the PS surface is not only a passivation
layer, but is also capable of interacting with the surface of PS, affect-
ing the PL characteristics.

The most interesting results have been obtained in the study of the
CL of PS—CP heterostructures. As has been found, the presence of a
polymer layer on the PS surface causes different effects on the cathode
emission intensity.

Single crystals of Si are known not to develop any CL (as well as EL)
spectra even at very high excitation energies and at low temperatures
[8,15]. At the same time, the existence of a nano-porous layer of PS
makes the emission possible under the action of a cathode beam.
The CL for PS was observed in [16], where a band of CL with a
maximum of about 680 nm was manifested. These results are in good
agreement with the data of the present paper (Figs. 4 and 5). The spec-
tra with maximum and minimum CL intensities registered from dif-
ferent sections of the non-uniform surface of PS showed that the
largest deviation in the PC peak intensity does not exceed 10-15%.
Taking into account the great thermal dissipation losses, the efficiency
of CL cannot be more than 30-40% [14].

It has been established that CL is observed at the electron exci-
tation of heterostructures based on PS and CP fabricated with the
use of various methods (electropolymerization, vacuum deposition,
and spin-coating). Furthermore, the spectrum shape and the character
of its change in comparison with the CL spectrum of the initial PS
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FIGURE 4 (a) Spectra of cathode luminescence in the p-PS (1) and
p-PS—POMA (2) heterostructures; (b) in the p-PS (1) and p-PS—PANI (2)
heterostructures.

(at T = 80K) depend on the electron and molecular structures of the
polymer, as well as on the coated layer thickness.

Similar to PL spectra, conjugated polymers of the aminoarene
type (PANI and POMA) affect the CL spectrum in different ways.
After the formation of a polymer film on the PS—POMA heterostruc-
ture, the spectrum intensity decreases by about 8 times (Fig. 4a), while
the peak position in the CL spectrum is not practically changed. In the
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FIGURE 5 (a) Spectra of cathode luminescence in the p-PS (1) and p-PS—PPP
(2) heterostructures and (b) in the n-PS (1) and n-PS—PPA (2) hetero-
structures.

case of PANI, the total intensity of CL increases by about 1.5 times
(Fig. 4b), and another broad maximum of emission at 2.27 eV appears.
The increase of the CL intensity for the PS—PANI heterostructure is
in good agreement with visible electroluminescence obtained for such
a configuration [11] due to the electron-hole recombination in nano-
rods of PS.
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So far there are only few data on the luminescence properties of the het-
erostructures based on other classes of conducting polymers, such as poly-
arene, polyacetylene, and polycarbazole. At the same time, it is known
that such polymers as PPP, PPA, and PEPC exhibit the PL and capability
of EL in sandwich-like structures [3,17] mostly developed for PPP[18,19].

It has been found that the intensity of CL for PPP and PPA
integrated into PS significantly increases (from 7 to 15 times), while
it varies slightly in the case of PEPC. The most remarkable increase
of the CL intensity is observed for the PS—PPP heterostructure
(Fig. 5). At the PPP layer thickness of 300 & 20 nm, a rather intense
series of CL peaks is observed in the short-wave area of the spectrum
at 3.5-4.5 eV, which can be caused by the interband irradiative recom-
bination in the conducting polymer [19].

CONCLUSIONS

Thus, the heterostructures fabricated in the present work, which are
based on porous silicon and a conducting polymer, demonstrate a
visible luminescence and the capability of the emission under electron
beam excitation. The effect of a surface layer on the character of
emission processes is defined by the type of a conducting polymer
integrated into PS. The obtained results make it possible to assume
the presence of the electroluminescence properties in PS-PPP and
PS-PPA heterostructures that can be taken as a prototype for multi-
layered heterostructures in integral optoelectronics.
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