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Abstract

The design and performance of an electrochemical apparatus and the process for the preparation of porous silicon with different controlled
surfuce struetures is described. The apparatus includes controlled rotation of the electrolyte vessel, which is in contact with & thermal bath.
This permits the etching electrolyte to react with the silicon substrate at different temperatures and at different rates of renewal of the solution,
Atomic force microscopy images show at least three different classes ol samples according Lo the topographical features: samples with
surface hillocks, samples with surface holes, and samples with @ mixture of holes and hillocks. The different morphologies are important for
various applications, £ 1999 Published by Elsevier Science L, All rights reserved.

Keviwords: Atomic force microscopy (AFMy, Porous silicon: Nanostructures: Surface morpholog
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1. Introduction

Porous silicon (PS) is a nanostructured material prepared
by various chemical und electrochemical etching processes.
Its potential applications in optoelectronics, flat panel
displays technology, and as a chemical sensor has generated
remarkable interest since the discovery of its light emission
properties in 1990 [1].

Depending on the characteristic dimensions of the surtace
features, PS can be employed as & quantum confinement
enhancer, as an antireflecting coating on silicon sofar cells
[2.3] or it can also be used for chemical sensor applications,
in which the effective surface area should be as large as
possible {3}, Thus. it is important to control the surface
roughness.

The electrochemical cell has heen designed and made in
various witys in the past. Since the traditional design [4.5], a
few improvements have been muade only in the sample hold-
ing. The control of the process during the ctehing has not
changed. In Table | a relation of the six most representative
types of electrochemicul cells is presented [4-9). The cell

# Coreesponsding asthor: camal Ovasguer SRS IR vestay X,

designed in this work is also included for comparison,
Among these designy, the method of wet sample by surface
tension of the electrotyte [8] is, maybe, the most interesting,
due 1o the Facility of changing samples, Nevertheless, it has
the drawback of limiting the renewal of the electrolyte near
the surface sample, As for the celts in which the sample is
part of the electrolyte container [4-6], the mounting and
unmounting procedure is a drawback, becuause it is time
consuming and delicate. In the double wall cell method
[7], the sample is tixed to a detachable holder with & window
that could obstruct the electrolyte renewal.

In addition to the different designs of electrolytic cells,
many methods o PS preparation have been reported,
including anodization etching [1], photoinduced etching,
stain etching [ 10], oxidation-etching cycles or simultancous
oxidation-ctehing process {1}, and hydrothermal etching
[12]. Sometimes, in these processes, agitation of the solu-
tion is used, for example, by magnetic stirring. or ultrasonic
vibration. In the case of n-type samples, illumination is
necessiary, Sometimes these methods are combined with
post anncaling and/or surface modification by reactive
ambient processes [ 1H or relaxing surface stress by freezing
techniques [13[. These methods produce high quality

COAC-GURRYIOIS - see fromt matter € 19999 Pablinhed by Ebevier Scionce Lid. Al rights reserved,
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Electrolytic vell

Simple holder

Temperature control

Electrolytic
renewal near the
sample

Main drawback

Tradwonal T {4}
Tradivional 1 {5
Sample between two
electrolytic vontainers {0]

Trombde wall vell 7]

Wel sample by surfice

Sample covers a window of
the electrmlyte container
Sample covers a circular
window of the vessel with
un O-ring

Each sample surface ts
framed with an O-ring
Dretachable from the
electinlytic cell

Vacuum chuck

Not mentioned

Not mentioned

Not mentioned

Yes, waler circulsting
hetween walls
Not mentioned

No

No

No

Limited

Limited

Sumple is part of the
electrolytic cell
Sample is part of the
electrolytic cell

Sample is part of the
electrolytic container
Electrolyte confinement
adjacent 1o the sample
Ohmic contact could be

lension of e electrolyte

|4}

Rubber frame (Y] Vacuum chiuck

Prew it work
detachable from the vessel

Nut merttioned

Integral arrangement Yo

wet by the movement of
the efectrolyte

Only for large samples,
no eleetrolytic renewal
Yes See text.

Not mentioned

samples for light cmission, Few explicitly address how
morphology cun be controlled. It is generally agreed upon
that the kind of porous layer that can be expected depends
on current density and doping density of the bulk silicon
[14]. The purpose of tis paper is to describe the construe-
tion and use of a convenient apparatus which includes un
efficient control of the electrolyte temperature and of the
continuous renewal of the electrolyte near the sample, for
the purpose of controlling the surface topographical features
of PS. For that purpose. the electrochemical vessel s
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Fig | Experimental wel-up for the porous sificon preparation. The vessel
dasmctey s OO

immersed in a thermal bath and is designed to rotate at a
controlled  speed.  Afterwards, the etching electrolyte
acquires turbulent movement by keeping the substrate, the
counter electrode and a pallet attached to the sample holder
immobile. The purpose of this electrolyte turbutence is: (1)
tw control and homogenize the temperature of the electro-
lyte, (2) to renew the electrolyte adjacent (o the sample, (3)
to avoid the insulating effect of hydrogen bubbles, and (4) to
study the influence on the roughness of the electrolyte
momentum.

2. Experimental
2.1, The electrachemical cell

The substrates were p-type silicon walers, with a resis-
tivity of 14-20 ohm cm. To assure an ohmic contact, horon
was thermally diffused on the rough surface, and then an
aluminium thin Alm was evaporated on it. Finally, the
sample was annealed. The experimental set-up for the PS
preparation is shown in Fig. 1. The substrate was glued to a
Teflon disk holder with a mixture of high fusion temperature
wree wax and an adhesive gum, as shown in Fig. b, such that
a metallic spring is in electrical contact with the sumple
ohmic contact (see Fig. D). The sample holder is attached
to a Teflon rod provided with two conductor wires: one for
clectrical uccess to the sample and the other for the counter
clectrade. The necessary heat to fuse the wax mixture was
provided by a 300 W tungsten tamp. and was done in such 4
way that the electrical connection (o the sample, the alumi-
pium ohmic contact and the edges were hermetically sealed
from the electrolyte, The electrolyte was 49% coneentrated
HE solution. The counter electrode was a gold-plated grid.
The vessel was made of Teflon and during the etching
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Fig. 2. AFM micragraphs of the three different types of marphological
teatures uhtained watlt the apparatus described i Fig. 1oar OC wo Pllock
miorpholugy, nstation rate 1O rey o (b hillocks and holes, rotation rate
Atk res Sunn; o holes obtained st @ rotation rate of S0 e dmn.

process wis rotated by means ol w mechanism made of a
balibearing attached to the upper part of the Teflon vessel
and « pulley connected 1o an clectrical motor, as shown
schematically in Fig. la. A Veshaped Teflon pallet held
the counter electrode, and was attached to the same immo-
hile Teflon rod support, as shown in Fig. la.

In this report the samples were prepared using a current

density of 50 mAfcm” during 10 min. Twenty-four types of

sumples were prepared at different temperatures and vessel
rotation speeds. Temperatures of 2. 1), 20, and H'C were
used for the tmmersion of the Teflon vessel in the thermal
bath. For each temperature value, rotation speeds of 10, 20,
H0, 80, 120, and 160 rev/min were applied to the vessel,

2.2. PS Microstructure Stuey

In Fig. 2 three representative atomic force microscopy
(AFM) images arc shown corresponding to samples
prepared at rotating speeds of 10, 40, and 80 rev./min at
10°C. In Fig. 2a the etching process produces surface
hillocks, possibly generated from the surface retief of
nanostructured Si columns [15]. In Fig. 2b the surfuce topo-
graphy shows u mixed surface with less asperities and the
appearance of an incipient porous layer. This corresponds to
a smoother surface. Fig. 2¢ shows the formation of a series
of mesopores [ 14], possibly associated with the removal of
some hillocks, as will be discussed later. These effects are
described by the analysis of the topographical features of the
24 samples. In Fig. 3 the superficial density of hillocks as a
function of temperature for various rev./min is plotted. The
trend is clear; The number of hillocks increases © a maxi-
mum, and then decreases. This decrease could be explained
in terms of the removal of hillocks associated with the rota-
tion of the electrolyte vessel and temperature. The surfuce
RMS roughness defined by

or ==

where N is the number ol pixels in the image, & is the
relative height of pixel i, and {z) is the average of pixel
heights. is a very sensitive parameter correlated with the
temperature and rotation speed, as shown in Fig, 4. As
wrbhulence is increased, an initial decrease of roughness is
followed by an increase of roughness. The same behavior
occurs for the relative change in effective surface area
defined by

AS = (SAIPA —~ 1) )

where SA is the effective surface area and PA is the
projected area. This parameter is plotted in Fig., 5. Then
the change of only one sample preparation parameter gener-
ates different morphological features, including qualita-
tively different surfaces. At vessel rotation speeds smaller
than 40 rev./min a predomination of hillocks occurs. At
rottion velocities larger than 40 rev/min o structure of
porous material with diameters of 25 nm, approximately.
clearly appears.

Among the potential applications of these morphologies
it is worth mentioning: (a) the use of hillock-like structures
as antireflecting coatings on silicon solar cells [2,3], orus a
medium to produce nanometer scale structures [ 1613 (b) the
use of nanoporous silicon for deep impurity diffusion at fow
temperature {17], or as a sacrificial material [18] in the
preparation of deep cavities useful in sensor devices [ 19,

Other kinds  of morphologies, for example spongy.
columnar, or globular, can also be obtained by changing
the principal preparation parameters. Such  parameters
include current density, substrate doping {14, anodized
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Fig. 3. Surface density of hillocks as a function ol temperature for the 24
kinds of samples obtained. The continuous lines serve as guides to the eyes
only.

time, light illuminating level, and the electrolyte composi-
tion [20]. Thus, a great variety of morphological structures
can be prepared by combining the cell proposed in this work
with the variation of some of the other sample preparation
parameters.

3, Summary and conclusion

In this work a new apparatus of PS preparation has been
constructed. This apparatus allows the control of tempera-
ture of the etching clectrolyte in the range 2-40°C, with an
uncertainty of = 1°C. The rate of the solution renewal at the
surface sample is also controlled. Three types of PS surface
structures were obtained by varying the vessel rotation
speed containing the etching electrolyte: samples with a
hillocks like aspect, samples with a mixing of lower hillocks
and holes, and samples with a high porosity surface. The
hillock density, the roughness, and the relative change of
effective area surface were the topographical parameters

140 - o ' l .
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40
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Fig. 4. Surface RMS roughness as a function of vessel rotation speed for
different temperatures. The continuous lines serve as guides Lo the eyes
only.

rotation speed. The conlinuous lines serve as guides to the eyes only.

studied in relation of the samples surface aspect. A general
trend of the sample features as the rotation speed is
increased consists of an initial decrease of the roughness
and the effective surface area, and then, when the vessel
speed rotation exceeds 40 rev./min, the roughness and the
surface area increase, indicating a different process, which
corresponds to a decrease of the density of surface hillocks.
Eventually, when the rev./min is large enough to remove
hillocks, a hole is left behind. This could explain the porous
aspect of the samples.
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