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Conditions of Elaboration of Luminescent Porous Silicon
from Hydrogenated Amorphous Silicon
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We present a systematic study of the preparation and properties of porous silicon obtained by
anodic etching of device-grade hydrogenated amorphous silicon. Highly luminescent porous material
is produced from boron-doped films and, by hole injection, from undoped films. A striking difference
between amorphous and crystalline Si lies in an electrochemical instability which limits the maximum
obtainable thickness in porous material. The luminescence mechanism for peBalis appears to be
markedly different from that of its crystalline counterpart. [S0031-9007(96)01068-X]

PACS numbers: 78.55.Mb, 73.61.Jc, 78.66.Jg, 82.45.+z

The efficient photoluminescence (PL) of porous siliconof the boron-doped samples varies fronf 10 10° () cm
at room temperature has inspired an unprecedented worléihen the diborane content varies from 6% to 0.05%.
wide research effort [1]. Most of the published studies The electrochemical cell is made of polytrifluo-
concern the material obtained by anodization of crystallineochloroethylene, with a AGAgCl reference and platinum
silicon (c-Si) wafers in a hydrofluoric acid electrolyte. Pre- counterelectrode. Fa@-Si:H there are no published data
liminary attempts to prepare luminescent porous materiatoncerning the anodizing conditions. We had therefore to
from hydrogenated amorphous silicaaSi:H, gave nega- perform a lengthy and tedious exploration of the “space
tive results [2]. A successful result was reported by Bus-of preparation,” varying HF concentration (5% to 50%)
tarretet al. [3—5] with heavily boron-dopead-Si:H. We  and current density (1 to 30 m/dm?). Finally, we found
present here a systematic study of the preparation arttiat 25% of HF (HFH.,O/ethanol in the ratio B/6)
properties of porous silicon obtained by anodic etching ofand 10 mA/cm? makes a reproducible and reasonably
device-grade hydrogenated amorphous silicon, the materigbod luminescent material at all doping levels, and these
optimized for the fabrication of high-efficiency photocells. conditions were taken as a standard for the present study.
Thin films of photoluminescent porous silicon have beenThe voltammetric curves in diluted HF are essentially
obtained with undoped material as well as wittype ma- the same forc-Si and a-Si:H, which suggests that the
terials, with a boron doping ranging from 0.05% to 1.5%.basic electrochemistry is the same for both materials.
The preparation with undoped films was performed with dnfrared spectroscopy shows that the porous materials
special technique of hole injection from a heavily dopedare identically coated with Si-H bonds and exhibit com-
p "t electrode. The formation of porous silicon [6] and theparable surface areas. This leads us to conclude that
microscopic processes involved in the spectacular lumineshe size of the nanostructures is of the same order of
cence of this material are still a subject of controversy [1].magnitude in both materials. No Si-O bonds have been
It is therefore of importance to compare with porous sili-detected by Fourier transform infrared spectroscopy. In
con prepared from a different precursor. contrast with crystalline porous silicon [1], the porous

The a-Si:H films are produced by rf-plasma decompo-material thus obtained is stable in time (see below), and
sition of pure silane Siklin a capacitively coupled reac- no postoxidation has been carried out for our samples.
tor at 13.56 MHz. Normal deposition conditions are total A major difference between-Si:H andc-Si is shown
pressure, 50 mTorr; gas flow rate, /] rf power density, in Fig. 1: We plot a typical variation of the film potential
0.15 W/cm?, substrate temperature, 280. These val- (compared to the reference electrode) as a function of time
ues are known to produce a homogeneous, low density@uring the galvanostatic anodization of a film of boron-
of-state amorphous material, far from the conditions ofdoped a-Si:H (we note that for a wafer of crystalline
production of microcrystalline material [7]. The amor- silicon, this potential would be constant). We observe
phous deposited material is of device grade, with a gaghree different regimes during the anodization: a “uniform
defined byEy, = 190 eV and a density of states at the mode,” in which the potential decreases linearly in time
Fermi level (determined by space-charge limited currenfregion A); then an “unstable mode,” with the onset of
measurements) of aboditx 10> cm™3eV~! for the un-  a strongly nonlinear and noisy decrease of the potential
doped material. Boron doping is obtained by injecting a(region B); and finally (region C), the potential reaches
small amount of a mixture of diborane gas and hydrogem nearly constant value of 0.4V, corresponding to the
(3% of B,Hg in H,) into the plasma. The films are de- anodization potential of the heavily doped contact layer
posited on optically polished stainless steel. The resistivitpn the substrate. Eventually the amorphous layer peels
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TIME (s) FIG. 2. Thicknesst, of the porous layer obtained during
the uniform mode (region A in Fig. 1) before the onset of
FIG. 1. Variation of the electrode potentialE{ectrode — instabilities of regions B and C. The arrow shows the thickness

Eeterence) @S @ function of the etching time for a current density of a thin undoped film wholly made porous, the holes for
of 10 mA/cm? We observe three regions as discussed inanodization being produced by injection from a heavily doped
the text. Region A (“uniform mode”) corresponds to the electrode (see text).
formation of porous silicon. The following two regions B and
C correspond to instabilities that do not exist @Si. The
sample is a 0.38% boron-doped layer 4#) of a-Si:H on
stainless steel. the thickness of porous films that can be obtained with
a-Si:H (Fig. 2). We relate this effect to the relatively
high value of the resistivity of the amorphous material.
off, and the potential rises to the value corresponding td3ased on very simple electrostatic considerations we have
the anodization of the stainless steel substrate. been able to model quantitatively the evolution of the
We relate the uniform mode of the first region to theelectrolyt¢’a-Si:H interface. The important parameter is
same pore formation process as in crystalline silicon. Théhe ratio of the resistivity of the silicon material to that
slight decrease of the potential is due to the decrease of the electrolyte. The situation is very different for
the thickness of the unaffected part of the amorphousrystalline and amorphous silicon: The resistivity @f
layer during anodization. The thicknessof the porous Si used for anodization (0.1 to 1@ cm) is smaller than
layer produced during this mode has been determined byr similar to that of the electrolyte, whereas the resistivity
reflection interferometry. We observe that it is stronglyof a-Si:H is some 10 to 10°times larger, depending
dependent on the doping level, as shown in Fig. 2. Then the doping level. This explains the differences in
strong variation of the potential in region B is a new anodization properties between the two materials. The
phenomenon, which does not appear in anodization ofietailed calculation is to be published elsewhere [8], but
c-Si. Surprisingly, we observe no significant increasethe qualitative physical principles are quite simple. Eor
of the porous layer thickness during this mode althougl$i, the potential drop, during anodization, occurs mostly
the potential varies rapidly. We are then led to assumat the semiconductgelectrolyte interface, there is no
that the current flows through filaments across the electrostatic evolution during the silicon etching and the
Si film. The fast decrease of the potential correspondpore formation continues regularly. FetSi:H, because
to a progressive short-circuiting of tha-Si layer by of its high resistivity, the situation is reversed: The
the growing channels. These channels can indeed k®jectrolyte is more conducting than the silicon. Therefore,
observed by AFM and SEM [8]. They tend to be a fluctuation-induced filament will carry more current than
perpendicular to the film, with a diameter of about 200the surrounding solid. The length of the filament will
to 400 nm and a density of a few pgrm?2. When we then increase by etching of the silicon, and the filament
continue the anodization, the filaments keep growing untiwill eventually pierce the whole layer. The more resistive
they reach the heavily doped contact layer of 1000 Athe material, the more pronounced the effect is, as can be
deposited on the stainless steel substrate to provide ttgeen in Fig. 2. For low-doped material the porous-layer
Ohmic contact. This layer is progressively etched out aformation stops after 500 A, whereas for a 1.5%-doped
a constant potential (region C) due to the negligible valuesample, a thickness of 04m can be obtained. It probably
of the Ohmic drop, until eventually there is a fast peelingexplains why the porous material fromSi:H was first
off of the silicon film. observed with heavily dopeaSi:H [3]. Finally, since this
The onset of an unstable mode which stops the por@nstability originates from the differences of resistivities
formation after a while is a new effect, specific to the between the solid and the electrolyte, we can predict that
anodization ofa-Si films. In practice, this severely limits the thickness, of the porous material can be increased
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charge limited current, see, for example, [9]). The space: 12 14 16 18 2 22 24 26 28
charge potential increases rapidly with the thickniessf ’ ENERGY (e\}) '

the sample (likeL? [10]). Amorphous silicon samples, ) )
with a thin film geometry in theum range, allow high FIG. 3. Comparison of the photoluminescence spectra of

S o, . ... porous silicon obtained froma-Si:H with that of nonoxidized
levels of injection that would be difficult to obtain with ¢, ciaine ‘porous Si of the same thickness, obtained with

a crystalline silicon wafer many times thicker [11]. This the same electrochemical preparation. Excitation: 476 nm,
method has been applied to a very thin film of @& 10 mW/cm2 The inset shows the peak energy versus the
in a p*-i configuration [(stainless steg{D.1 um of 2%  porosity, estimated from the ratio of the integrated current to
boron doped)(0.2 wm of undopedx-Si:H)]. For a current  the measured thickness.

density of 10 mAcm?, the density of injected holes is

equivalent to the density that can be obtained with a

boron doping of about 1%. Thus the whole undopedor heavily doped silicon. It is to be expected that
!aye.r has be_en made porous, as indicated by the arroMrger-gap materials would show a PL peak at higher
in Fig. 2. This method has several advantages over lighinergy. Preliminary experiments have shown that the
illumination. It allows the injection obne type of carrier | minescence peak energy for an amorphous silicon-
only (holes in the present case). Electrical injection iscarbon alloy (with 10% carbon) is indeed shifted to a
easier to control quantitatively than photoinjection. Andygjye of 1.72 eV. Under intense UV irradiation (351 nm,
also, the porous material is produced from low density-of-_ 5 mW/cn?), the photodegradation of poroasSi:H
states, boron-free material, which is more favorable for a ajr at room temperature is clearly smaller than that of
good luminescence efficiency. porousc-Si (Fig. 4).

~ The porous silicon samples are excited by the 476 nm pyrther understanding of the basic recombination
line of a Kr* laser. The laser beam is directed unfocusecbrocesS in porous silicon is given by the following
on the sample which is kept in air for room-temperaturéaxperiment: We perfornin situ PL measurements with
measurements or in a transparent electrochemical cefhe sample in the electrochemical cell, but after discon-

for in situ PL [12]. The power density is 10 meZ_- necting the current. With porous-Si, photochemical
Boron-doped material has a high density of states in the

gap and shows no luminescence even at low temperature.
After electrochemical treatment, amorphous layers exhibit
room-temperature PL with a peak energy of 1.3 to 1.5 eV
depending on the anodization conditions and doping level
(Fig. 3). The absolute PL intensity of porowsSi:H

is rather weak, which makes it hardly visible to the
naked eye. This is not due to a low quantum efficiency,
but to the small thickness obtained by anodization of
the a-Si:H layer. When comparing samples with the
same electrochemical treatment and similar thickness, the
PL intensities of porous-Si:H and porous crystalline

material are of the same order of magnitude (Fig. 3). T ——eY
However, under conditions leading to optimum PL of TIME (s)

porousc-Si, the PL intensity of poroua-Si:H is generally_ EIG. 4. Photodegradation of poroua-Si:H (circles) and
smaller. The luminescence observed under an OptIC€?Jorous c-Si (squares) under UV irradiation in air at room

microscope of about Lm resolution is homogeneous, temperature (351 nm, 150 midm?2). The PL intensity is
contrary to what has been observed by Bustatet. [4]  taken at the peak energy.

-
o

PHOTOLUMINESCENCE INTENSITY
(Relative Units)
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etching slowly reduces the size of the nanostructureive recombination in the absence of surface recombina-
resulting in a gradual blueshift of the PL (from abouttion. This explains both the strong enhancement of PL
1.4 to 2.2 eV) which is clearly explained by progressiveand its shift from 1.3 to 1.5 eV when the porosity increases
wave-function localization [12]. The same experiment[15]. Because of the limited amount of porous silicon pro-
on a 1.5 eV emitting porous-Si:H sample shows no duced, the total luminescence is much weaker than what
shift, in spite of actual etch, demonstrating a markedlycan be obtained with a very thick layer of porous mate-
different PL mechanism from that of its crystalline rial from crystalline silicon. Nevertheless, the density of
counterpart. Amorphous silicon is a highly disorderedPL (luminescence for the same thickness of porous mate-
material having an elastic scattering length smaller thamial) is quite comparable. From a practical point of view,
10 A for thermalized carriers, and it is not surprisingwe believe that the possibility to produce inexpensive lu-
that no quantum confinement effect is found [13]. Theminescent layers on large surfaces can be interesting for
high PL intensity could be interpreted in terms of theindustrial applications.
capture radius for nonradiative recombination, known to We gratefully acknowledge the help of L.R. Tessler
explain recombination im-Si:H [14]. If the diameter of during the early part of this work and useful discussions
the nanostructures is less than the capture radius and with E. Bustarret.
there is no surface recombination, the quantum efficiency
is expected to increase markedly [15]. This requires a
remarkably efficient surface passivation for the porous
a-Si:H structures as found io-Si [16]. The same model -
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