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ABSTRACT
Various explanations have been proposed for the strong visible luminescence from porous
silicon (PS), the most widely accepted being quantum confinement. In the quantum confinement
model the bandgap of PS depends on the size of the microstructure.

Double crystal x-ray

diffraction on PS shows a narrow peak and a broad peak consistent with a two phase model for the
structure of PS in which there is a macroporous backbone supporting a nanoporous surface layer.
From the width of the diffuse peak we estimate the size of the silicon structures in the nanoporous
region to range between 30-60A depending on the preparation conditions.
Synchrotron radiation based techniques such as x-ray absorption spectroscopy (XAS) and
photoemission spectroscopy (PES) allow direct measurement of the quantum shift in the
conduction and valence band edges in porous silicon. High resolution measurements of the silicon
L and K-edge absorption in porous silicon show that the absorption threshold is shifted to higher
energy relative to bulk silicon, and the shift is dependent on how the porous silicon is prepared.
The blue shift of the conduction band minimum in PS is understood qualitatively using a simple
L C A O model. The x-ray absorption spectra also show an excitonic enhancement at the Si L edge
in PS which increases with the quantum shift in the L-edge absorption. The enhanced excitonic
absorption, is in agreement with the expectation that electron-hole interactions increase in silicon
nanocrystals because of confinement effects.
PES data show that the valence band of porous silicon is also shifted relative to the bands
for bulk silicon. The quantum shift in the valence band is larger than the shift in the conduction
band and is proportional to it with a proportionality constant of 2.0 that is independent of
preparation conditions. An independent conformation of the relationship between the quantum
shifts in the valence and conduction band edges is obtain from PS annealing experiments. The
quantum shifts in the conduction and valence band edges of PS relative to bulk Si are found to
decrease with progressively higher annealing temperatures, up to 550°C, at which point the band
edge energies revert to the values for bulk Si. The ratio of the shift in the valence band edge to the
shift in the conduction band edge remains approximately constant with annealing and equal to 1.9,

Ill

in agreement with the ratio determined as a function of preparation conditions. This result suggests
that the PS microstructure progressively becomes larger when heated between 400 and 500°C
where the surface hydrogen evolves. The ratio of the valence band shift to conduction band shift is
predicted to be 1.5 using an effective mass model for the quantum shifts.
Measurements of the Si L-edge were used to probe the effects of different preparation
procedures on the electronic structure of PS.

When the porous silicon is made from n-type

material with light exposure, the blue shift increases logarithmically with the anodizing current and
anodization time. We explore the hypothesis that the etching reaction self-limits and that the
quantum size effect is a key part of the self-limiting mechanism. Two models have been proposed
to explain the light intensity and time dependence of the quantum shift in anodized n-type PS.
The peak energy of the room temperature photoluminescence of PS is compared with the
bandgap determined from the X A S and PES measurements for a series of PS sample prepared
under different conditions.

The photoluminescence bandgap is found to be smaller than the

photoelectron spectroscopy bandgap, but exhibits the same trend with preparation conditions. The
width of both the photoluminescence spectrum and the L - absorption edge increase with increasing
blue shift, consistent with a distribution of quantum confinement energies.
An alternative explanation for the visible PL in PS is emission from a surface siloxene
(Si6H6C»3) layer which is peaked near 550 nm. The structure of siloxene is known to consist of Si
(111) layers terminated above and below by OH groups and H atoms. This is difficult to reconcile
with photoelectron experiments which show that freshly prepared PS does not contain oxygen.
Recently an oxygen-free form of siloxene (Si6H6) called layered polysilane has been synthesized.
The x-ray absorption of the layered polysilane and PS are found to be remarkably similar. In
particular, the K absorption edge of layered polysilane is shifted by 0.6 eV the same as that of the
PS samples with the maximum conduction band shift.

Conceivably PS could consist of (111)

oriented layers of Si terminated with hydrogen with a chemical formula Si6 H6, where n is the
n

number of layers and it depends on the preparation conditions. In this picture layered polysilane
(n=l) is the limiting form of PS.
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1.

INTRODUCTION

Electrochemical etching of silicon in a hydrofluoric acid (HF) solution produces a highly
porous material which exhibits efficient visible photoluminescence (PL), at room temperature. "
1

4

The H F solution etches an array of holes (pores) into the surface of the Si anode when current
flows through the electrochemical cell. The size of the pores depend on the wafer resistivity and
dopant type, electrolyte composition, temperature, and applied current density. "
5

7

The formation

of porous layers on silicon electrodes anodized in hydrofluoric acid (HF) was first discovered by
A. Uhlir at Bell labs in 1956 during studies of electropolishing.

8

The properties of porous silicon

layers were studied intensively in the 1970's because of their potential use in producing silicon
layers fully isolated by oxidized porous silicon.

9

In 1984, low temperature P L in the deep red to near infrared was observed in porous
silicon (PS) samples prepared under various conditions.

This study suggested that the optical

10

properties of PS were somehow different than bulk silicon. Canham reported visible P L at room
temperature from PS that was chemically etched in H F for a few hours after the initial
electrochemical etch. The PL peak was found to shift up in energy with decreasing density of the
1

PS layer. The discovery of efficient PL in the visible region from porous silicon (PS) has
stimulated enormous interest in the properties of this material. The source of the PL have been
attributed to nanometer-scale, quantum confined structures formed by the etching reaction.
Various alternative explanations for the unusual optical properties have been proposed as well
including surface molecular species such as (SiH2)

1 1
n

or siloxene, 12

experimental data currently favour the quantum confinement model. " ' "
1

3

14

13

although most

19

The properties of low-dimensional structures can differ significantly from those of the
corresponding bulk material and can be tailored to a specific need by adjusting the size. Quantum
size effects will occur for structures, where the charge carriers are confined by at least one
dimension on the order of 10 nm or less. One expected quantum size effect is the widening of the

2
bandgap, caused by carriers acquiring the quantum energy of localization. This is demonstrated by
the well-known ground state energy and wavefunction of a particle in an infinite square well
potential. In equation 1 we see the energy of the ground state is inversely proportional to m*L :
2

Kh
2

2

*

(1)

9

2m L

where m is the mass of the particle and L is length of the box. As L becomes smaller the energy
of the ground state shifts up. In this thesis we use photoelectron spectroscopy based techniques to
measure the conduction and valence bands of porous silicon as a function of preparation
conditions. We then interpret our results in terms of a quantum confinement model for the
electronic and optical properties in PS.
Since photoelectron spectroscopy involves collection of low energy electrons emitted from
the material they are inherently surface sensitive. Consequently in an inhomogeneous material
such as PS, the results of the photoelectron spectroscopy may not be directly comparable with the
more bulk sensitive optical techniques such as P L .

However both P L and photoelectron

spectroscopy measurements are sensitive to inhomogeneities in the sample.

We explore the

relationship between the PL spectrum of PS and the photoelectron spectroscopy measurements of
the bandgap for a series of PS samples prepared under different conditions.
It should be noted that there are two distinct wavelength regions in the P L from PS, they
are the red-yellow and infrared bands. '
20

21

The red-yellow band is due to quantum confinement

possibly supplemented by surface states and the infrared band is correlated with dangling bonds or
possible bandgap luminescence in large crystallites. In this work we only measure the red-yellow
PL. Blue luminescence has been reported in PS following rapid thermal oxidation. The blue P L
may have one of two origins: luminescence from small Si nanocrystals imbedded in silicon dioxide
matrix, or luminescence from a defect in the silicon dioxide. >
20

21

3

Recently a two phase model for the microstructure of PS has been proposed, in which there
is a nanoporous layer responsible for the visible P L on the surface of a macroporous silicon
backbone. 7

22

One can conclude that the etching process is self-limiting and stops when the size of

the surface structure reaches some critical value, and thereby protects the porous silicon from
complete dissolution. It has been proposed that the self limiting behavior of the etching process is
caused by a reduction in the number of holes at the silicon electrolyte interface when the
dimensions of the microstructure are small enough to cause a quantum shift in the valence band.

3

To test the hypothesis that the self limiting behaviour of the etching process is due to the
quantum confinement effect we conduct photoelectron spectroscopy measurements of the
conduction- and valence band edges of PS as a function of preparation conditions. High resolution
double crystal x-ray diffraction experiments were conducted to explore the two phase nature of the
PS microstructure and determine the particle size in the nanoporous layer.

4

1.1 POROUS SILICON R E A C T I O N M E C H A N I S M

Electrochemical anodization of silicon in H F produces a porous material that luminesces
efficiently in the visible part of the spectrum. If the silicon is under anodic bias, PS formation is
observed as long as the reaction is limited by the charge supply rather than the ionic diffusion in the
electrolyte. The chemical reaction that takes place in the etching process requires holes to be
available at the semiconductor electrolyte interface. It has been proposed that the self-Umiting
behaviour of the etching process is caused by a reduction in the number of holes at the

2.
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Figure 1: Proposed dissolution mechanism of silicon electrodes in hydrofluoric acid (HF)
associated with porous silicon formation. (1) -(5) indicates the sequence of reaction steps involving
F, H , Si holes (h+) and electrons (e-).

5

semiconductor-electrolyte interface. A dissolution mechanism shown in Fig 1 has been proposed
to describe the formation of PS.

3

For this mechanism it is essential that a silicon surface covered

in hydrogen is virtually inert against further attack by fluoride ions if no electronic holes (h+) are
available at the silicon electrode because the electronegativity of hydrogen is about that of Si and
the induced polarization is low. If there are holes available at the Si surface a nucleophilic attack on
a Si-H bond by a fluoride ion can occur forming a Si-F bond as shown in step 1.

Due to the

polarization of the bonded F another fluoride ion can attack with the evolution of hydrogen gas and
an electron is then injected into the silicon electrode,

(step 2)

Polarization from the two Si-F

bonds will draw the electron density and weaken the Si-Si backbonds. The weakened backbonds
are in turn attacked by H F removing the SiF4 molecule from the surface leaving the remaining Si
surface terminated with H. The SiF4 molecule is attacked by HF again forming two hydrogen ions
and a SiF6" ion which is soluble in water, (step 5) Normal fluctuations in the etch rate will cause
2

some areas to etch faster than others. A pit in the surface of the silicon will increase the local
electric field distribution, making the hole transfer preferential at this position.

Therefore the

surface inhomogeneities are amplified.
We propose that the etching process is self-limiting and stops when the thickness of the
residual silicon reaches a critical value when the valence band is shifted down in energy due to
quantum confinement

In Fig. 2 we show a model of the PS-silicon interface and the

corresponding band diagram. If a hole h+ in the bulk silicon approaches the interface to the PS it
needs an additional energy A E to penetrate into the confined region, whereas no additional energy
V

is necessary to move to the pore tip. Therefore the anodization process preferentially etches the
bulk silicon at the bottom of the pores and does not attack the PS film that is left behind on the
surface as a product of the reaction. This process is self limiting: a large PS particle implies a low
energy barrier for holes; therefore holes can easily move in from the bulk silicon continuing the
electrochemical dissolution. The PS particle will become smaller until the bandgap increases to a
point where the hole can no longer be transferred from the silicon. The PS then becomes depleted
in holes and the reaction stops.

6

Figure 2: (a) A schematic of the PS-silicon interface in cross section, (b) A n enlarged area of the
interface showing two possible ways (broken and solid arrow) for a hole to cross the interface are
illustrated, (c) The corresponding band diagram of the interface in b showing the two different
energy barriers for a hole penetrating into the PS (broken arrow) or a pore tip (solid arrow).
Diagram based on Fig.l of Ref. 4 .

7

2.

EXPERIMENTAL

The synchrotron is a storage ring where relativistic electrons are magnetically constrained to
a somewhat circular closed path. At the bending magnets in the storage ring the electrons are
centripetally accelerated and lose energy via radiation. The synchrotron radiation is intense, peaked
in the forward direction and has a continuous spectrum giving it many advantages over
conventional x-ray tube sources. Photoelectron experiments in this study were conducted at the
following three beamlines; the Canadian grasshopper and double crystal beamlines at CSRF , SRC
Wisconsin, and the U l beamline at the NSLS Brookhaven. The beamlines are situated at bending
magnets on the electron storage ring. Since the majority of the photoelectron experiments were
conducted at the Canadian Grasshopper (CG) beamline, we will describe the optics of this
beamline in more detail. The electrons are injected into the Aladdin storage ring of the SRC at an
energy of 800 MeV or 1 GeV with a current of 180 mA and 100 raA respectively.
The C G beamline was designed to cover an energy range from 30-500 eV using a Mark rv
grasshopper grazing incidence monochromator. The monochromator is maintained at U H V with
23

a base pressure of 5xl0"

10

torr throughout.

Optical elements and the basic arrangement of the

grasshopper monochromator are shown in Fig. 3 at zero order and at a mid-range position. The
grazing incidence mirror M l focuses the beam in a vertical plane on the entrance mirror slit SI.
This mirror slit combination SI directs the incoming radiation onto the grating during scanning.
The slit width can be varied from 10-400 p.m.

The grating is mounted on one arm of the

Grasshopper's hind legs and pivots about the entrance slit, and together with M l translates parallel
to the incoming radiation. The scanning of the monochromator is accomplished using Rowland
circle geometry. A Rowland circle can be thought of as rotating about the exit slit S2, to give a
constant exit beam direction.
X-ray absorption spectroscopy (XAS) and photoelectron spectroscopy (PES) can be used
to study electronic energy states in matter. In a quantum confined semiconductor one would

8

Figure 3: Optical elements and basic arrangement of the "Grasshopper" monochromator.

23

Angles

are exaggerated for the purpose of clarity, and two positions are shown, zero order and wavelength
X.

expect a larger bandgap hence the conduction band edge would be at a higher energy and the
valence band edge at a lower energy with respect to bulk Si. The X A S process involves the
absorption of a photon and the excitation of an electron from a core level into an empty state in the
conduction band. In x-ray absorption the conduction band is examined directly as the core hole
states are dispersionless. In other words, the electronic structure of interest is not convoluted with
another distribution of states. This is an important advantage compared to spectroscopy using
visible radiation such as photoluminescence, which involve transitions between the bottom of the
conduction band and the top of the valence band. The x-ray absorption spectrum is divided into
two regions. The first is the near edge structure (XANES) which is attributed to the density of
empty states for the excited electron, the second is the extended absorption fine structure (EXAFS)
region which occurs about 100 eV above the absorption edge. In this thesis we will only study the
X A N E S region. The X A S process for the silicon L-edge is shown schematically in Fig. 4. When
the incident photon is equal to the energy difference between the 2p core level and the conduction
band (approximately 100 eV) a photon can be absorbed and a 2p core hole created. The core hole
can decay with the ejection of an Auger electron or the emission of a photon as shown in Fig. 7.

9
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Figure 4: Schematic of the x-ray absorption process at the silicon L-edge.

The initial state I i ) for the X A S process is a core electron, while the final state < fj is a core
hole with an excited electron in the conduction band.

As the atomic dimensions are small

compared to the wavelength in the soft x-ray region, Fermi's golden rule for the transition
probability per unit time w i_»f can be applied in the dipole approximation:

coj^f oc |(f | r I i>| 5(Ei - E - hco)
2

f

(2)

A

where r is the dipole operator. The transition takes place between a localized core orbital and a
delocalized state in the C B . If the initial and final state wavefunctions can be separated into single
electron wavefunctions a one electron picture can be used to describe the X A S process.

Using

core wavefunctions to describe the initial state and Bloch wavefunctions expanded in atomic like
functions around the atom of interest to describe the final state, the matrix element in equation 2 can
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be split into radial and angular parts. Angular integration results in the following dipole selection
rules for the absolute angular momentum 1 and the component of the angular momentum in the zdirection m:

Al = ±l

Am = 0, ±1

(3)

Fermi's golden rule in the form of equation 2 applies to the transition rate from | i ) to I f ) , where
I f > is a single state within a continuum. B y summing over all final states we obtain the following
expression for the transition rate:

u)j^

~ j|<f I r I i)| 5(Ej - E - hco)k dk
k
2

2

f

f

(4)

coj^f oc|<f Ir li>| p(E )
2

f

where p(Ef) is the density of final states expressed as a function of energy. Therefore the energy
dependence of the X A S spectra is determined by variations in the density of unoccupied states in
the conduction band. From an initial Is core level only final states of p symmetry can be reached
(K-edge absorption), and an initial 2p core level transitions to s and d final states are possible (L23
-edge absorption).
The final state of the x-ray absorption consists of an excited electron in the C B and a core
hole. It is not clear whether the measured conduction band density of states (DOS) corresponds to
the system with or without the effect of the core hole. Although controversial, the experimental
evidence to date suggests that the DOS measured in X A S corresponds to a system with an
additional potential due to the core hole. The sharp onset of the bulk silicon x-ray absorption
spectrum has been attributed to the effects of the core hole potential.
The absorption coefficient is measured by total electron yield (TEY) and partial yield (PY).
The elastic Auger electron has only a small probability of escaping the silicon without being

11

inelastically scattered and creating many secondary electrons. In total electron yield all electrons
emitted from the sample are collected without regard to energy.

The total electron yield is

composed of photoelectrons, Auger electrons and inelastically scattered or secondary electrons. It
is well established that the T E Y signal is proportional to the absorption c o e f f i c i e n t
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The T E Y signal is measured with a microchannel plate detector which collects the electrons
ejected from the sample or by measuring the current produced by the ejected electrons.
electron detector consists of two microchannel plates each biased to produce 1 0

4

The

secondary

electrons for each charged particle or incident photon. A grid in front of the M C P can be biased
positive to attract more secondary electrons and increase the signal or biased negative to suppress
the secondary electrons and detect only the higher energy Auger electrons. In F i g . 5 we show the
universal curve for the inelastic mean free path of electrons in matter as a function of electron

10

10

J

10

3

Energy (eV)

Figure 5: Collection of experimental determinations of inelastic scattering electron mean-free-paths
as a function of energy above the Fermi level for many different materials. Diagram after Ref. 25.

12

energy.

25

Since the kinetic energy of secondary electrons is approximately 5-10 eV, the TEY

technique will be a sensitive probe to a maximum depth of lOOA. In P Y a negative bias is applied

to the electron detector, this has the effect of making the absorption measurement much more
surface sensitive. The elastic Auger electrons have an energy of 90 eV therefore the escape depth of
the Auger electron is on the order 10A as shown in Fig. 5.
The resolution of the x-ray absorption experiments on the C G beamline at a photon energy
of 100 eV was found to be 0.03 eV. The Si K-edge absorption spectra were measured at the
double crystal monochromator (DCM) beamline at CSRF.
have been described elsewhere.
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Details of the D C M monochromator

The D C M is designed to cover a photon energy range from 0.8-

2.8 KeV and has an energy resolution of 0.9 eV at a photon energy of 1840 eV, which is the
energy of the silicon K-edge. The reported resolution of the monochromator at the U l beamline at
the NSLS is 0.1 eV at a photon energy of 100 eV

r

2 7

Analyzer

Vac. Level

Fermi Level

\

EB

\
\
PhotorA

Core Hole

Figure 6: Schematic diagram of the photoemission process.

Binding Energy
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Unlike X A S , photoelectron spectroscopy (PES) probes the filled electronic states and can
be used to measure binding energies of electrons in core levels as well as the density of states in
filled bands. The photoemission process is shown schematically in Fig. 6 where monochromatic
x-rays of energy hv are absorbed by the sample resulting in the ejection of electrons with kinetic
energy EK. From conservation of energy we can write

hv = E + E
B

K

+0

(5)

s

where EB is the binding energy of the electron state and § is the work function of the sample.
s

Therefore one can obtain the binding energy of the filled states by measuring the kinetic energy of
the ejected electrons. The binding energy of an electronic state is defined as the energy difference
between that state and the Fermi level.

The work function is defined as the energy difference

between the Fermi level and the vacuum level. A hemispherical energy analyzer (VSW-HAC 100)
was used to determine the kinetic energy of the ejected photoelectron. This is a type of electrostatic
deflection analyzer which consists of two spherical electrodes set at different potentials.

The

spherical electrodes have a set pass energy, only electrons with the correct kinetic energy will pass
through to the detector. Prior to entering the spherical electrodes the photoelectrons pass through a
retarding potential which can be scanned. The kinetic energy of the photoelectron is then defined
as

E

K

=

E

R

+

E

P

+

^ a - ^

<>
6

where ER is the retarding potential, Ep is the pass energy, § is the work function of the electron
a

energy analyzer and (<))a- §s) is the contact potential. If we substitute this equation for E K into
equation (5) we get

hv = EQ + E R + Ep + (j5

a

(7)
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This is a desirable result because one does not need to know <|> which depends on preparation
s

conditions and must be measured independently for each sample. The spectrometer work function
()) was determined to be 4.5 eV and was assumed to be a constant.
a

The combined resolution of

the C G monochromator and the electron energy analyzer for the photoemission experiments was
0.25 eV at a photon energy of 100 eV and an entrance slit width of 30 micron.

Analyzer
^

Vac. Level

CB

Core Hole
2p3/2
2p

1/2

Figure 7: Schematic diagram of the L V V Auger electron spectroscopy process.

During the photoemission experiments we can also measure the energy of the emitted
Auger electrons. A schematic diagram of the L W Auger electron spectroscopy (AES) process is
shown in Fig. 7. In the L V V Auger process a Si 2p core hole is filled by an electron from the Si
valence band. To fulfill the requirement of conservation of energy an electron is also ejected from
the valence band. The kinetic energy of this Auger electron is given by

E

A

= E (2p) + 0 - E ( V B )
B

a

B

(8)
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where Ee(2p) is the binding energy of the 2p core level and EB(VB) is the binding energy of the
valence band. The kinetic energy of the L W Auger electron is independent of the photon energy
that produces the initial core hole but will be sensitive to any changes in the valence band when Si
is made porous.
After preparation PS samples are introduced immediately into a load lock with less than five
minutes exposure to room air. The loadlock is pumped down to 7xl0" torr, then the sample is
8

transported with a magnetic transfer arm into the manipulator in the main analysis chamber. The
main chamber is maintained at a base pressure of 5 x l 0 ~

10

torr. PS samples are mounted on a 1

inch square stainless steel sample block which can accept the threaded rod on the end of the
transfer arm. Samples to be annealed are mounted in a Ta foil basket spot-welded to Ta wires
which are screwed down to the stainless steel sample block as shown in Fig. 8. The Ta wires can
be resistively heated.
Ta Heating
Wires

Ceramic
Insulation

Spot

Tantalum
Basket

Figure 8: Diagram of a the heatable stainless steel sample holder.
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Approximately 20 W power applied to the heater wires would bring the sample to 600°C. The
temperature of the sample was measured with an IRCON infrared pyrometer and a type-K
chromel-alumel thermocouple in contact with the front surface of the sample. The limits on the
range of the temperature measurement resulted from two effects. Firstly, the pyrometer was only
sensitive to temperature above 500°C.

Secondly, it was not always possible to have the

thermocouple in contact with the sample. Therefore temperatures below 500°C could not always
be measured directly. To overcome this problem the temperature of the wafer was determined as a
function of the power supplied to the Ta heating wires. The resulting calibration curve shown in
Fig. 9 could be used to determine the sample temperature when it could not be measured directly.
Temperature measured in this manner were found to be accurate to within ± 30°C. Note in Fig. 9
we also plot the measured pyrometer temperatures as a function of the heating power.
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P o w e r A p p l i e d to H e a t i n g W i r e ( W )

Figure 9: Sample temperature as measured by the type-K chromel-alumel thermocouple and an
IRCON pyrometer as a function of power applied to the Ta heating wires.
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The pyrometer temperature could then be calibrated with the type-K thermocouple measurements.
Once in the manipulator the sample can be rotated for direct line of sight to the mass
spectrometer for monitoring of desorption during annealing experiments or lowered to carry out
photoemision measurements with the hemispherical electron energy analyzer or x-ray absorption
with the microchannel plate detector. The samples were positioned at a 45° angle to the incident
photon flux in all photoelectron experiments.

We are able to measure both electron yield and

photoemission simultaneously without moving the sample.
The optical bandgap of PS was measured by the bulk sensitive photoluminescence (PL)
technique. PL is a bulk probe because the emitted photons are being measured rather than the
inherently surface sensitive electron measured in the photoelectron spectroscopes.

The PL spectra

were obtained at room temperature with the samples in a flowing nitrogen ambient and at 4K with
samples immersed in liquid He.

The samples measured at room temperature were held in a

flowing nitrogen ambient to maintain a stable P L emission intensity during the time period of the
measurement. A rapid drop in P L intensity was observed if the PS sample was exposed to air
during the measurement presumably due to oxidation of the PS. The P L was excited with the 457
nm line from an Ar ion laser and the emission was detected with a Bomem interferometer equipped
with a room temperature silicon photodiode detector and a liquid nitrogen cooled InGaAs detector.
The PL spectra are normalized to correct for the spectral dependence of the through put of the
interferometer, which was calibrated with a halogen lamp, (assumed to be a black body radiator at
3300 K) incident on a white surface in the sample holder position. After preparation PS samples
were exposed to air for time periods ranging from a few minutes up to an hour before the PL
measurements were made.
Information about the PS microstructure was obtained by double crystal x-ray diffraction.
The purpose of double crystal diffraction is to study the fine detail of a single Bragg peak rather
than scan over all peaks as in a normal 9/29 scan.

A BEDE model 200 double crystal

diffractometer with a Rigaku rotating anode copper x-ray source was used in the x-ray diffraction
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experiments. In order to achieve the resolution needed to study the Bragg peaks at high resolution,
well collimated and monochromatic x-rays are needed. The collimator consists of a perfect silicon
crystal into which a channel is cut to give two parallel 220 surfaces. The beam emerging from the
collimator has undergone two successive Bragg reflections and is hence well conditioned in angle.
It is not however conditioned in wavelength and still contains both the copper K a l and Koc2
components. To monochromate the beam it must be Bragg reflected off a third crystal with a high
wavelength dispersion reflection. After the monochromator crystal the x-ray beam is incident on
the specimen.

In our case a Si (111) crystal was used as a monochromator.

This gives a

diffraction peak with a minimum half width of 12 arcseconds from a crystalline silicon sample.
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3. PREPARATION OF POROUS SILICON

3.1 E L E C T R O C H E M I C A L PREPARATION OF POROUS SILICON

Bulk crystalline Si can be made highly porous by partial electrochemical dissolution in
hydrofluoric-acid (HF) based electrolytes.

The dissolution process follows an interfacial two

electron transfer through an overall electrochemical reaction involving HF molecules - 8,
3

=SiH +2HF +nh+ -> =SiF +2H++ H
2

2

2

+(2-n)e-

2

(9)

where =SiH2 represents a surface Si atom terminated with hydrogen as shown in Fig.l section 1.
For the case of p-type silicon the reaction may proceed entirely with holes (n=2).

For n-type

silicon in the dark, where the dissolution occurs under reverse bias, the etching current density
during pore formation may exceed the saturation current due to limiting hole flux by many orders
of magnitude, and the participation of electrons injected into the conduction band (n<2) is
expected. The divalent silicon species is oxidized to tetravalent silicon in the form of SiF6~ ions
2

through a two step reaction.

sSi
S i F + 2HF -> S i F + 2(=SiH)
2

4

(10)

sSi

S i F + 2HF => H S i F
4

2

6

After the reaction the silicon surface is again terminated with hydrogen.

(11)
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Porous silicon films are fabricated using the apparatus shown schematically in F i g . 10.
The electrochemical reaction is carried out in a cylindrical container formed by pressing the front
surface of the silicon sample against an O-ring on the bottom of a Teflon reaction cell containing

Pt E l e c t r o d e ( C a t h o d e )
20 ml H F
Solution

O-ring

Si Sample

Al Contact

Figure 10: Apparatus for the fabrication of porous silicon films.

approximately 50ml of H F etching solution. The bottom of the reaction cell was threaded so a
second piece of Teflon could be screwed in to maintain pressure on the silicon to prevent leakage
of the H F etching solution around the O-ring. A wire was fed through a hole drilled in the center
of the bottom Teflon piece to make contact between the silicon and the external circuit. The size of
the P S sample could be varied with interchangeable reaction cells with O-ring diameters ranging
from 0.8 to 2.5 cm diameter. Uniform electrical contact was made to the silicon through an ohmic
back contact of either aluminum deposited by evaporation and annealed in vacuum at 500°C or a
G a - A l alloy deposited on the back of the wafer as follows.

T o make an ohmic contact molten G a

was painted on the back of the wafer then mechanically scratched into the surface with an A l rod.
Scratching was necessary to penetrate the surface oxide layer. The metal contact ensured an even
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current flow in the wafer and a more uniform porous layer.

A platinum wire suspended in the

etching solution, was used as the cathode in the electrochemical cell. Anodization was carried out
at a constant potential difference of

2 to 5 V between the Pt wire and the back of the silicon

substrate. The Pt wire was negative with respect to the silicon. In all cases the electrochemical
reaction was carried out at room temperature and pressure.

The microstructure of PS depends

strongly on the anodization conditions such as H F concentration and current density also on the
dopant type and their concentration in the bulk silicon starting material. W e explain how each of
the above mentioned conditions affects the anodization reaction.

3.1.1 Electrolyte

The electrolyte used in the anodization reaction consisted of a mix of concentrated
hydrofluoric acid, ethanol and deionized water (HF:H20:EtOH). Concentrated H F consists of
48% by weight hydrogen fluoride gas dissolved in deionized water. B y decreasing the ratio of H F
to EtOH:H20 in the electrolyte one could change the etching reaction from stable pore growth to
electropolishing of the silicon surface.

T o produce uniform PS films it was necessary to include

E t O H i n the electrolyte due to the hydrophobic properties of the P S .

2 9

Purely aqueous solutions

do not penetrate the pores of the PS film. Also H2 gas produced during the etching reaction will
stick to the PS surface leading to non-uniform growth. Ethanol is thought to wet the PS surface
and promote both the infiltration of the electrolyte into the pore and the evolution of H2 gas from
the surface and hence increase the rate of pore growth.
After anodization PS samples continue to etch slowly in the H F solution even when the
external potential is removed. The chemical etch of the PS material is thought to be caused by
oxidation of the PS by H2O followed by attack of the SiC«2 by H F . The chemical etch rate in H F
solutions depends strongly on the concentration of ethanol.

Since PS is highly hydrophobic,

ethanol allows the H F solution to infiltrate the pores; i f ethanol is not added the chemical etch rate
is very slow and confined to the surface.
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In the etch process the PS surfaces are passivated with
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hydrogen but if the sample is exposed to air the surface oxidizes on a time scale of 15 minutes. To
avoid oxidation after processing, the PS samples are removed from the etching solution, rinsed in
ethanol, blown dry with nitrogen and then immediately loaded into the U H V chamber for analysis.

3.1.2 Current Density

The current was supplied to the electrochemical cell with either a Keithley model 220
programmable current source or a current-limited Topward power supply. During anodization a
constant potential difference ranging from 2 to 5 V was applied between the Pt wire and the back of
the silicon substrate, with the Pt wire negative with respect to the silicon. The applied voltage
varied from sample to sample depending on the doping concentration and the quality of the metal
back contact. The current density was adjusted directly with the current source or in the case of ntype material by the intensity of the illumination as discussed in the next section. At high current
densities above

about

100mA/cm

2

the etching

reaction changes from pore growth

to

electropolishing.
The surface morphology produced in the electrochemical reaction depends on whether
charge supply or mass transport is the rate limiting step. For low current densities the reaction is
limited by charge supply from the electrode and for high current densities the reaction is limited by
mass transport through the electrolyte . For a flat silicon anode the transition from charge supply
limited process to a ionic diffusion limited process is characterized by a specific current density we
will call Jps. If the diffusion of chemical reactants in the electrolyte is the rate limiting step holes
7

will accumulate at the electrode surface and HF is depleted from the electrode surface. Hills on the
electrode dissolve faster than depressions because they are more exposed to the electrolyte. As a
result the surface becomes smoother an effect known as electropolishing of the surface.

For J<

Jps the reverse is true and holes are depleted and HF accumulates at the surface of the electrode.
The PS film can be separated from the silicon substrate by reducing the H F concentration
or increasing the current density at the end of the preparation process to cause electropolishing at
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the bottom of the pores.

30

Self supporting PS membranes have also been formed by growth of the

pores completely through the thickness of the silicon wafer.

31

The time T

c

at which the

propagating pores reached the backside of the wafer was determined by a sharp rise in the electrode
potential and by the presence of electrolyte leaking through the wafer. Knowing the thickness of
the Si wafer and measuring T we estimate the rate of pore growth as a function of anodization
c

conditions.

The growth rate of the PS film is dependent on the doping concentration and the

current density as shown in Table 1.

Silicon Substrate

Current Density

Rate of PS layer formation

(mA/cm )

(nm/s)

p-type 0.005 ohm-cm

25

18

p-type 0.005 ohm-cm

50

42

p-type 0.005 ohm-cm

100

69

p-type 10 ohm-cm

30

10

n-type 0.01 ohm-cm

50

49

2

Table 1. Rate of PS formation as a function of current density. Silicon wafers were 5 2 5 ± 2 0 pm,
electrolyte was 1:1:2 HF:H20:EtOH in all cases.

PS samples initially etched at low current densities (=lmA/cm2) exhibit interference colors
with increasing thickness similar to SiC»2 films on Si. In particular while etching under white light
the samples appeared brown, blue, clear (silicon colour) and yellow, then the cycle repeats itself.
After approximately 5 minutes the color of the PS film remains constant.

Depending on the

starting material and anodization conditions the final color of the PS films ranged from blue-gray to
yellow. A table of the final colour of the PS films made from p-type Si as a function of doping
density HF concentration and etching current density is given below:
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Resistivity of Si wafer

Current Density

Electrolyte

(ohm-cm)

mA/cm

(HF:H 0:EtOH)

10

10

1:1:2

light brown-tan

10

30

1:1:2

green-yellow

10

80

1:1:2

yellow

10

10

1:0:1

dark brown

10

30

1:0:1

light brown

10

80

1:0:1

brown

0.005

10

1:0:1

blue-gray

0.005

30

1:1:2

dark-brown

0.005

100

1:1:2

dull-red

2

Color

2

Table 2 Final PS colour as a function of anodization conditions for samples made from boron
doped Si (100). All samples were conditioned at an etch rate of ImA/cm for 5 mins. before a
2

growth etch for 15 mins. at the stated current density.

3.1.3 Doping Type of Silicon Substrate

Holes are minority carriers in n-type silicon therefore etching in hydrofluoric acid
electrolyte under normal anodic bias is very slow. Hole generation can be enhanced in the n-type
material if the electrode is illuminated or the applied bias is increased until the breakdown field is
reached. Breakdown occurs in silicon for an electric field strength of 3xl0 V/cm.
5

7

High doping

density or sharp pore tips in the anode surface lower the required bias for breakdown. PS samples
prepared from n-type Si by electrical breakdown were found to be nonuniformly etched, with
etching confined to a few isolated spots on the surface. From the point of view of etching, n-type
silicon under illumination behaves much like p-type silicon. The n-type sample preparation carried
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out under illumination produced very uniform material. Etching was carried out by illummating the
sample in the electrochemical cell by a 30 watt halogen lamp from a microscope illuminator. The
samples were initially conditioned at a light intensity sufficient to produce a current of 0.8 mA/cm ,
2

for 5 minutes to start uniform pore growth. This was followed by a growth etch in which the
current was raised by increasing the light intensity by variable amounts. The intensity of the light
was changed with neutral density filters. The maximum wavelength of light incident on the sample
could also be adjusted by inserting colour glass filters between the lamp and the sample.
For heavily doped n-type substrates no breakdown or illumination is necessary to generate
a dissolution current In this case charge transfer occurs via tunneling of electrons through the
narrow barrier region at the silicon-electrolyte interface.

Therefore anodization can be achieved

without illumination at low bias voltages. The anodization reaction was typically conducted in the
dark on p-type silicon since these substrates are only weakly light sensitive during etching. For all
doping types the PS growth was initiated with a conditioning phase followed by a growth phase as
described above.
Figures 11(a) and (b) show the typical I-V curves for n and p-type silicon in aqueous H F
solution in the dark and under illumination. "
32

34

The I-V curves are similar to the normal Schottky

diode behavior expected from a semiconductor electrolyte interface.

Under cathodic polarization

the silicon is stable and does not dissolve yet hydrogen gas is liberated due to reduction of water at
the silicon electrode. Under anodic polarization the silicon electrode dissolves. Since n and p-type
silicon substrates are different in their electronic properties not their chemistry, the I-V plots for
illuminated n-type substrates are identical to that of p-type substrates.

The anodic dissolution

portion of the I-V curve shown in Fig. 11 (c) can be divided in to three distinct regions. '
32

34

Pore

formation takes place in region A. At anodic potentials above the first current maximum, region C ,
the silicon substrate electropolishes. In region B a transition zone exists where pore formation and
electropolishing compete. A second current maximum is observed in the electropolishing region of
the I-V curves. This feature is thought to be due to growth of an insulating anodic oxide on the
silicon electrode.

32
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Figure ll(a,b): Typical I-V relationships for n-type (a) and p-type silicon (b).

34

The solid line

indicates the dark response and the dashed line indicates the response under illumination.
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Figure 11(c): Anodic I-V relationship for silicon in H F solution showing the three regions of
dissolution. The scales on the graphs are arbitrary because both depend strongly on doping type
and concentration of the Si substrate and anodization conditions.
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3.2 C H E M I C A L PREPARATION OF POROUS SILICON

Stain films on Si wafers produced by chemical treatments with solutions of HF:HN03:H20
were first observed over 30 years ago.
anodically produced PS films.

35

These films are believed to be similar structurally to the

In the etching of silicon by the stain etch method, the oxidation
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reaction chemistry is thought to be the same as that of anodic oxidation, where the electron acceptor
is a chemical species such as HNO3. Stain etch films were produced using a 4:1:5 volume solution
of HF:HN03:H20.

The reagents were 49% H F , 70%

HNO3 and

deionized water.

electrochemical reaction holes are supplied by the external power supply.

In the chemical

preparation holes are produced by the reduction of NO2 on the sample surface.
autocatalytic in that the reaction products promote the reaction itself.
of
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In the

The reaction is

It proceeds in the presence

HNO2, as shown
HNO3+ HNO2 => 2N0 +H 0
2

(12)

2

2NO2 <=> 2N0 " + 2h+

(13)

2N02" +2H+<=> 2HNO2

(14)

2

The etching process is limited by the first step in the above reaction. The second step of the
reaction proceeds in the presence of the silicon surface. Here the anode reaction is given by:

Si + 2h+ => Si +

(15)

2

+2(OH)- => Si(OH) => Si02 + H

Si +
2

2

Hydrofluoric acid dissolves this

Si02.

Si0 +6HF => H
2

2

SiF

6

(16)

2

The reaction is given by

+H 0
2

(17)
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The overall reaction is then:

Si

+HNO3 +6HF => H2SiF

6

+

HNO2 +H2O + H2

The process is activation limited by the presence of

HNO2

(18)

at the surface which causes a delay of

several minutes after immersion of the sample and the staining reaction. The process is accelerated
by priming the etch solution with HNO2. This is achieved by immersing a piece of Si for 1 minute
into the concentrated HF:HNC»3 solution prior to adding water.
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A vigorous reaction occurs and

the Si rapidly dissolves with the emission of heat and a yellowish gas thought to be NO2.

Si

substrates were stain etched in primed HF:HN03:H20 solutions between 1-30 minutes. The rate
of reaction was found to depend on the composition of the solution and the doping of the Si
sample. Stain etch films etched for 15 minutes on heavily doped p-type substrates were about 1.5
pm thick and black in appearance. Stain films etched for the same time on lightly p-doped material
where about 0.25 pm thick and exhibited various interference colors after etching.

The rate of

growth of the PS films was found to decrease with time and for a particular set of conditions a
limiting thickness was eventually achieved. This behaviour is consistent with previous studies.
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3.3 P R E P A R A T I O N OF SILOXENE

Siloxene is easily prepared by a reaction of CaSi2 with HC1, originally described by
Wohler in 1863 and later refined by Kautsky.
39

40

C a S i consists of alternating Ca layers and Si
2

(111) planes, in which the Si-Si bond distance is the same as in crystalline Si. The Ca-layers are
removed by a chemical reaction with HC1, where the remaining Si-dangling bonds are saturated
with H and O H radicals as shown in Fig. 12(c). Other structural models for siloxene have also
been proposed shown in Fig. 12 (a,b), in which the oxygen atoms are incorporated into the silicon
sheets to form linear chains of Si interconnected with oxygen, or silicon rings interconnected with
oxygen bridges.

1 2

-

1 3

However these two structures have been eliminated as possible forms of

siloxene by recent x-ray diffraction w o r k . '
41

42

Only the structure shown in Fig. 12(c) is ever

observed in the x-ray diffraction data.

(a)

(b)

(c)

Figure 12: Structural models for siloxene consisting of: (a) silicon rings interconnected by oxygen
bridges, (b) linear silicon chains interconnected by oxygen, (c) Si (111) planes terminated with
alternating H and O H radicals.
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The siloxene samples were prepared by slowly adding aqueous hydrochloric acid (37%) to
powdered CaSi2 (Aldrich). Reactions were carried out at room temperature in a darkened room.
After mixing for approximately 30 minutes the yellow siloxene was filter rinsed with cold ethanol
and vacuum dried until a base pressure of 100 mtorr was reached. Typically this took 4-6 hours.
Samples were then recovered in an argon filled glove box and stored in an opaque vial under an
argon atmosphere. Siloxene samples that were allowed to sit in room air would oxidize over a
period of a few hours. 41

42

A second type of siloxene sample was prepared at 0° C under nitrogen, recovered by
filtering and rinsed in concentrated H F , and then vacuum dried.

41

Siloxene prepared in this

manner was found to combust spontaneously upon exposure to air, so it must be handled without
air exposure.
analysis.

After the drying step, the samples were transferred to the U H V chamber for

The powder x-ray diffraction pattern of this sample is consistent with oxygen free

siloxene (Si6H6) which we call layered polysilane.

42

The layer polysilane appeared greenish in

color.
Some of the siloxene sample prepared at 0°C was transferred while damp to a stainless steel
tube furnace which was connected both to a roughing pump and an argon flow. The sample was
first vacuum dried and then heated to 400°C for 90 mins. then cooled to room temperature both
under flowing argon. This sample was called heat treated siloxene
in color and was air stable.

4

1

The sample was red-brown
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4. MICROSTRUCTURE OF POROUS

SILICON

Recently a two phase model for the microstructure of PS has been proposed, in which there
is a nanoporous layer responsible for the visible luminescence on the surface of a macroporous
silicon backbone.

7

Previous studies have established that porous silicon retains at least some of

the crystalline structure of the substrate. We can examine the PS micro structure in terms of the
two phase model using scanning electron microscopy and double crystal x-ray diffraction
measurements on PS near the Si (400) diffraction peak.

4.1 SCANNING E L E C T R O N MICROSCOPY

We use field emission SEM to examine the PS microstructure on length scales down to 50
nm. S E M photomicrographs of the surface and cross section of a PS film made from lightly doped
p-type silicon (100) etched at 12 mA/cm for 20 mins. are shown in Fig. 13. In cross section the
2

porous structure is characterized by randomly spaced, parallel sided pores oriented in the (100)
direction with a pore diameter of about 1.5 u.m. The pore diameter at the surface is smaller,
between 0.5-1.0 pm, but enlarges to 1.5 pm over the first micron of pore growth. The change in
pore size is associated with the transition from pore initiation to stable pore propagation. It is
interesting to note that the size of the remaining silicon in the pore walls is on the order of 0.5
micron, much too large for any quantum confinement effects.

In Fig. 14 we show the S E M

photomicrographs for PS made from p+ silicon (100) etched at 65 mA/cm for 90 minutes. In the
2

heavily doped silicon the pore diameters are at least a factor of 10 smaller than for the p-type
material. The pores are approximately 100 nm in diameter, oriented in the (100) direction. In
addition there are numerous budding side branches seen on the pore walls. Generally, an increase
in the pore diameter accompanies an increase in the anodization current density

Figure 13: SEM photomicrographs of the surface (a) and the cross section (b) of a PS film grown
from p-type 100 silicon etched at 12 mA/cm for 20 mins. Note dotted line bottom right corner of
2

the pictures is 10 microns.

Figure 14: S E M photomicrographs of the surface (a) and the cross section (b) of a PS film grown
from p+ type 100 silicon etched at 65 mA/cm for 90 mins. Note dotted line bottom right corner of
2

the pictures is 1 micron.
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for both heavily and lightly doped silicon. The pore structure for the n+ material is virtually
identical to the p+ material suggesting that the mechanism for pore formation is the same in heavily
doped silicon.
Recent SEM

3

4

and transmission electron microscopy (TEM)

4

3

studies revealed that the

pores selectively propagate in the <100> direction independent of anodization conditions or the
crystallographic orientation of the silicon substrate. One possible explanation can be obtained from
the PS formation mechanism. - 7

28

34

In the first step of the dissolution process Si-F bonds replace

surface Si-H bonds with the consumption of one charge carrier per bond. The polarization effects
of the F weaken the Si-Si backbonds so they can be attacked by HF or H2O. For the (100) surface
two F atoms are polarizing two Si backbonds compared to the (111) surface where one F is
polarizing three Si backbonds or the (110) surface where one F atom on average is polarizing two
Si backbonds. The attack of the Si backbonds will be easier and therefore faster on the (100)
surface.
The microstructure of PS films of different doping density has also been studied by many
groups using cross sectional T E M . 5,34,43-46 p

p § films formed on p+ (100) silicon the pore

o r

sizes on the order of 20 nm and interpore spacing of lOnm have been observed in the T E M
micrographs. - 5

34

43

The T E M micrographs for p-type silicon show that both the pore diameters

and the interpore spacing are extremely small, generally between 1 and 5 nm, with a highly
interconnected and homogeneous pore network. 34

45

Raman spectroscopy, on PS made from p-

type silicon, provides additional evidence for the existence of microstructures on the order of 2-3
nm in size. 46

47

Structures of this size can not be resolved with the S E M . These results suggest

that there is a coexistence of two distinct pore sizes which differ by three orders of magnitude. To
avoid ambiguity we call the larger pores observed in the SEM "macropores", and we call the
smaller pores observed in the T E M "nanopores". Presumably the macropore walls observed in the
S E M photomicrographs must have a nanoporous surface layer. Similar results have been observed
in the microstructure of n-type silicon in which the macropore walls are covered with a nanoporous
silicon layer that was up to 0.5 microns in depth. 7

22

36

4.2 X - R A Y DIFFRACTION

Double crystal x-ray diffraction measurements on p+ doped PS near the Si (400) diffraction
line typically show two narrow diffraction peaks, one corresponding to the bulk Si substrate and
one to the porous material as shown in Fig. 15. The crystalline silicon peak shown in Fig. 15, has a
full width at half maximum of about 16 arcsec, and the F W H M of the porous peak is 21 arcsec.
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Figure 15: X-ray rocking curve for PS. Zero 9 has been set at the zero position for the bulk Si
peak. This sample was made from a <100> p+ silicon wafer by anodization at 15 mA/cm for 75
2

mins.

The two narrow peaks are separated by approximately 70 arcsec. The angular separation between
the two Bragg peaks corresponds to a lattice parameter increases on the order of Ad/d = 5 x 10 "4
along the [001] direction perpendicular to the sample surface. By measurement of the asymmetric

37

200|—'— — — —!—•— — — —!—•— — —!— — — — —!—•— — — —!—•— — — —114.1
1

1

1

1

1

1

1

1—1

1

1

1

1

1

1

1

1

1

1

O
CD
CO
O "1 5 0

11.2

CO
CD
Q.

8.4

^-iooh
o
E
p

>

5.6 P

4^

<X>
-50
12.8

Q|

|

0

1

|—i.

JL„ |

10

i „. i

0

i„

20
30
40
50
2
P r e p a r a t i o n C u r r e n t {mA/cm )

60

Figure 16: Porous silicon peak shift (to the left of the c-Si peak) as a function of anodization
current density. Shift in terms of Ad/d change in lattice parameter is also given.

(224) reflection other groups have shown that there is no change of the lattice parameter parallel to
the interface.
distorted.

4 9

4 8

These observations have led to the conclusion that the PS layer is tetragonally

We attribute the narrow PS diffraction peak to the relatively large scale silicon

macrostructure seen in the S E M photomicrographs. For p+ and n+ -type PS the angular shift of
the narrow PS peak from the crystalline silicon peak was found to be a linearly increasing function
of anodization current as shown in Fig. 16. This plot also shows the Ad/d lattice expansion values
associated with the angular shifts. The differentiated form of the Bragg equation was used to
derive the relative difference in lattice spacing between the porous silicon and the substrate, Ad/d

— = - c o t 6 « AG
d

(19)

38

where 0 is the Bragg angle and AG is the angular separation of the PS and Si Bragg peaks. The
increasing angular separation with current is due to increasing strain associated with a smaller
macrostructure. The PS peak becomes broader and less intense and eventually disappears as the
angular separation increases, most likely due to a loss in coherence as the size of the backbone
decreases.

The PS Bragg peak was only observed in p-type PS samples prepared at current

densities less than 25 mA/cm . The lattice parameter increase of a p-type PS sample prepared at a
2

current density of 15 mA/cm was found to be Ad/d = 18 x 10 -4 This value is about four times
2

larger than that obtained on a p+ -type sample prepared at the same anodization current density.
In addition to the sharp PS peak in Fig. 15, there is a broad diffuse peak associated with the
PS 48,50 ^

estimate of the diameter of spherical nanocrystallites can be obtained from the

broadening of x-ray diffraction lines using the Scherrer equation,

L =— - — —

51

(20)

2cos0 Co
o

where L is the diameter of the crystallites, X is the x-ray wavelength (1.54A), 6 is the Bragg angle
0

(34.59°) and CO is the F W H M of the diffraction peak. The width of the diffuse PS peak in Fig. 15
is approximately 2900 arcsec. which corresponds to silicon structures on the order of 59 A in
diameter. Other groups measuring the width of the diffuse x-ray peak from p+ PS, have reported
structures 120A in size.*

0

Diffraction peak broadening can also be caused by lattice plane misorientations in deformed
regions of the PS. Triple axis x-ray reciprocal space mapping of p+ PS has shown that the diffuse
peak is not due to deformation in the PS layer.

5 2

The effect of surface stress in the crystallites

could also cause a broadening in the diffraction peak and at this point can not completely ruled out.
In fact, the asymmetric nature of the diffuse peak may be evidence for a surface stress effect.
Although the stress needed to explain the diffuse peak completely would suggest a change in lattice
constant on the order of Ad/d = 0.1, which is in excess of the mechanical limit for bulk silicon.

5 3
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The width of the diffuse PS peak has also been measured as a function of anodization current In
Fig. 17 we plot the width of the PS peak at half maximum and the corresponding particle size as
calculated by equation 19 as a function of anodization current
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Figure 17: Full width at half maximum of the diffuse PS peak as a function of anodization current.
The particle size determined from equation 19 is plotted on the right hand axis.

The overall trend shown Fig. 17 is that the half width increases with anodization current.

The

diffuse PS peak indicates that the silicon nanostructure is getting smaller with increasing current
but not changing dramatically in size. The diffuse peak, although less intense has been measured
in p-type PS. For a p-type sample etched at 20 mA the width of the diffuse peak is approximately
6000 arcsec, which corresponds crystallites 32 A in diameter, similar to values obtained by Raman
spectroscopy >
46

47

TEM

4 5

, and small angle scattering.

54

40

We attribute this diffuse peak to the nanostructure which is presumably responsible for the
photoluminescence. In the two phase model this nanostructure is thought to be a nanoporous layer
on the surface of a macroporous silicon backbone. This nanoporous layer will be the part of the
material that the photoelectron spectroscopy measurements are sensitive to.
We model the change in the conduction band energy due to quantum confinement using a
square three dimensional box oriented <100> relative to the silicon lattice.

AC

"

n

AE„ =
2 L

c

*+
T
2

v t
m

(21)

*

l J

m

If L is 5 9 A and m and mi are the transverse and longitudinal effective masses in bulk Si (0.2 mo,
t

and 1.0 mo respectively) we find the shift in the conduction band edge due to confinement to be
equal to AEc = 0.10 eV. For L = 32 A the shift in the conduction band edge due to confinment is
AEc = 0.33 eV.
The conduction band shift measured by the x-ray absorption on p+ type PS samples prepared
under similar conditions as the samples in Fig. 17 is shown later in Fig. 26 of Chap. 5. We find
the shifts in the X A S for a p+ sample prepared at 15 mA/cm to be 0.08±.03 eV and for the p type
2

sample prepared at 10 mA/cm to be 0.25±.03 eV, in remarkably good agreement with the values
2

inferred from the x-ray data and the effective mass model.

41

5. P H O T O E L E C T R O N

SPECTROSCOPY

5.1 L - E D G E ABSORPTION

Core level X A S provides a method to obtain information on the partial density of states of a
selected angular momentum. In fact because of the well defined angular momentum of the core
level the K-edge absorption spectrum probes the p-density of states while the L23 edge probes the
s and d density of states. Due to the spin orbit interaction the silicon 2p core level is split into two
states separated by 0.61 e V . >
55

Thus the L23 X A S spectrum is a superposition of absorption

56

structure related to transitions from the Si 2p3/2 and Si 2pi/2 core l e v e l s .

56-58

The Si L3

absorption edge due to electron transitions from the Si 2p3/ core level begins at the lower photon
2

energy. Typical Si L2,3-edge absorption spectra for porous and bulk Si are shown in Fig. 18. The
bulk silicon sample in Fig. 18 was rinsed in H F immediately before loading into the analysis
chamber and as a result has an H-terminated surface. The bulk L23 spectrum contains structure
above the absorption threshold which we label as A, B and C from the Si 2p3/ state and associated
2

structure labeled a, b and c due to transitions from the 0.6leV spin orbit split Si 2pi/2 level. This
spectrum can be considered a probe of the s-density of empty states since the contribution of the d
orbitals in the Si conduction band in the range 0-4 eV above the conduction band minimum (CBM)
is small.

59

In order to interpret the features in the L23 edge of bulk silicon we compare the spectrum to
a L3 edge calculation of the s-density of states for bulk Si. The s-partial DOS are calculated by
Patitsas

60

using the Si conduction band structure and wavefunctions generated by a L C A O code

written by Papaconstantopoulos .
61

For simplicity, the dipole matrix element of equation 4 is

approximated by a simple overlap of a 3s orbital with the generated wavefunction. Hence this is
the s-projection of the DOS. The value of the s-DOS at a given energy is a product of this overlap
and the total number of k-states in the Brillouin zone (BZ) over a small energy interval. The
calculated L3 absorption has been Gaussian broadened by 0.15 eV (full width half max.) to
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Figure 18: Total electron yield measurements of the absorption of the silicon (100) L23 edge for
bulk Si and a PS sample made from n-type (100) silicon etched for 20 mins. at a current density of
30 mA/cm . The electron yields have been scaled at the edge jump to facilitate comparison.
2

represent the experimental resolution at the L23 absorption edge.

The bulk s-DOS shown in

Fig. 19 has the same three peaks A , B and C as observed in the Si L3 edge. These peaks are
associated with maxima in the DOS of bulk Si. Peak A originates from the states near X i just
above the C B M , peak B is associated with the L i point and the weaker C peak comes from the L3
point.

59

Notice in Fig. 18 that the L-edge in the PS is shifted by 0.34 eV higher in photon energy
relative to the bulk s i l i c o n . '
15

16

We attribute the blue shift to quantum confinement which raises

the energy of the bottom of the conduction band relative to the Si 2p core level. A blue shift in the
Si L-edge attributed to quantum size effects has also been reported in ultrathin hydrogenated

43
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Figure 19: L C A O calculation of the s-density of states at the L3 edge for bulk Si shown as a dotted
line and for a <100> sheet of Si shown as the solid line.

The calculated L3 edge has been

Gaussian broadened by 0.15 eV to represent experimental resolution at the L23 edge. The zero of
energy scale is referenced to the top of the valence band.

amorphous silicon films on silicon oxide

6 2

and recently in ultrathin Si/Si02 supperlattices.

6 3

In

addition to a shift to higher energy the double step feature associated with the spin-orbit splitting of
the 2p core level, appears to be less pronounced and the crystalline features at B and C are absent
in the spectra of the PS.
We

attribute this effect to broadening due to a distribution of quantum shifts in the

inhomogeneous porous material. In Fig. 56 we model the absorption spectrum of PS with the
absorption spectrum of bulk silicon shifted up in energy to simulate the average quantum shift and
broadened by convolution with a Gaussian to simulate the distribution of quantum shifts.

As

shown in Fig. 56 the features at B and C disappear in the model absorption spectrum, in agreement
with the actual PS L23 edge. Alternatively the absence of peaks at B and C may be a consequence

44

of the core hole potential on the PS conduction band DOS. Effects of the core hole potential on the
L-edge absorption are discussed further in section 5.3.
While it is a theoretical challenge to calculate the electronic structure and the absorption
spectrum of silicon nanostructures taking different shapes and surface relaxations into account, we
believe that the essential physics behind the observed effects can be illustrated by the following
simple model: we assume the nanostructure to be <100> oriented thin silicon sheets. The electron
confinement is modeled by restricting the component of the electron wavevector perpendicular to
the silicon sheets to certain discrete values that satisfy the boundary conditions for electron
standing waves imposed by the confinement in one dimension.

The solid line in Fig. 19 was

calculated using the L C A O method described above, assuming the nanostructure is the thinnest
connected free standing <100> sheet of passivated Si: The effect of the sheet is incorporated into
the calculation by not accepting all the k-points in the B Z as for the bulk Si calculation. Instead the
B Z is sampled by two 2-dimensional planes oriented in the <100> direction cutting through the
BZ. In this case the cuts were midway between the T and X points. In qualitative agreement with
the data the calculated PS L3 edge is also blue shifted, in this case by approximately 0.55 eV. The
absence of inhomogeneous broadening in the PS L3 calculation leaves the features at B and C
intact.
Note the feature at A in the calculated PS L3 edge is much smaller compared to the bulk L3
edge. Also this feature is blue shifted but B and C are almost unchanged. The k-space sampling
discussed above does not favour the region of the B Z that corresponds to the C B M causing a
dramatic decrease in the s-DOS states in this region. Also k-sampling of the region giving A is one
sided favouring higher energy since it is at the conduction band minimum. This is not the case for
the regions around B and C , which explains why these features do not shift.

Therefore it is

expected that the peak at A should shift to higher energies as the number of k-states is reduced.
The energy of the L-edge is obtained by extrapolating the linear part of the absorption edge
just above the threshold to its intersection with the baseline formed by a linear extrapolation of the
pre-edge part of the spectrum. The quantum confinement shift in the L-edge is then defined as the

45

difference between this extrapolation for the PS, and for the bulk Si reference sample.

The

quantum shift (AEc) in the L-edge can be measured with an accuracy of about ±0.03 eV in these
experiments. In practice the reference spectrum for bulk Si was obtained simply by moving the
sample up or down in the analysis chamber so that the x-ray beam was incident on the un-etched
perimeter of the silicon wafer.
Figure 20 shows the L-edge absorption for the same samples over an extended range of
photon energy. The absorption edge at 150 eV is the L i edge due to transitions from the Si 2s core
level up to the empty 3p states in the conduction band. Notice that the L i edge is superimposed
upon a decreasing portion of a broad maximum which has a peak at 132eV. The maximum is due
to the dipole-allowed transitions from the 2p core level to the 3d levels in the conduction band. 56

57

The origin of the secondary shoulder at 168 eV is not known but may be an E X A F S feature.
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Figure 20: L-edge absorption of bulk silicon and PS over a 100 eV energy range.
yields have been scaled at the L i edge and then offset to facilitate comparison.
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In Fig.21 we show the L i edges of Fig.20 on an expanded scale. The peak in the L i edge
of PS is also shifted to higher energy relative to bulk Si. It is difficult to quantify the quantum
shift in the L i edge because the shape of the superimposed background also changes when the
silicon is made porous.

In particular the peak at 132 eV disappears in the PS spectra, which

suggests that the d resonance is also affected by the microstructure of the PS. The absorption
cross section of the PS just above the L i edge is larger than in bulk Si. This could be evidence for
an enhanced correlation between the core hole and the final state electron as the dimension of the
nanoscale silicon decreases. This effect is also observed in the L23 edge and is discussed further
in section 5.3.
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Figure 21: L i edge absorption of bulk silicon and PS. The electron yields have been scaled to
facilitate comparison.

47

5.2 K - E D G E ABSORPTION

The K edge absorption also probes the p-states in the conduction band.

The K-edge is

better suited for detailed measurements of the p-DOS than the Li-edge, because it is not
superimposed on a continuum due to the 2p-3d transitions. In Fig. 22 we compare the Si K-edge
absorption spectra for bulk Si and PS prepared in a similar manner as the samples used in the L edge measurement. The K-edge for bulk Si exhibits structure which we label B ' and C'. These
peaks occur in the same energy regions as the features B and C in the L-edge. Feature A found
just above the threshold in the L-edge of bulk Si is not observed in the K-edge absorption for bulk
Si. The absorption onset at the K-edge is a 1.5-2.0 eV broad ramp, which we label A' in Fig. 22.
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Figure 22: Total electron yield measurements of the absorption of the silicon K edge for bulk Si
and a PS sample made from n-type Si <100>, that was etched for 15 mins. at a current density of
35 mA/cm .
2
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Figure 23: L C A O calculation of the p-density of states in the conduction band for bulk Si shown as
a dashed line and for a <100> sheet of Si shown as the solid line. The zero of energy scale is
referenced to the top of the valence band.

In Fig. 23, we plot the calculated p-DOS for the conduction band of bulk silicon and the pDOS for a single sheet of <100> silicon. To obtain the p-projection the dipole matrix element from
equation 4 is approximated by the overlap of a 3p orbital with the L C A O generated conduction
band wavefunction. Evidence that the conduction wavefunctions have primarily p-orbital nature is
shown by the fact that the p-projection DOS is very close to the calculated total D O S .

6 1

The

calculated p-DOS is Gaussian broadened by 0.45 eV (FWHM) to represent the experimental
resolution at the Si K-edge. The main peaks in the bulk p-DOS are in agreement with the features
B' and C in the K-edge absorption spectrum.
The K-edge for the PS is shifted by 0.4 eV above that of bulk silicon and the features at B '
and C are not visible. 41

64

Close examination of the absorption edge shows that the K-edge in PS

49

is actually sharper than in bulk silicon. l This is opposite to what was observed in the L-edge of
4

PS, which is thought to be broadened due to an inhomogeneous distribution of sizes.

This

apparent contradiction can be reconciled by comparing the calculated p-DOS for bulk Si to the pDOS for a single sheet of <100> silicon as shown in Fig.23.

The onset of the p-DOS for the

<100> sheet of Si is blue shifted by 0.6 eV and is much sharper compared to the onset of the pDOS for bulk Si. The reason for this is a combination of the large blue shift and the fact that the
feature at B ' does not shift since the states contributing to B ' are still sampled.

We expect

inhomogeneous broadening to also affect the K-edge of PS, but in this case it is apparently not the
controlling factor.

50

5.3 EFFECT OF PREPARATION CONDITIONS O N X - R A Y ABSORPTION

We find the size of the quantum shift in the L23 edge (blue shift) depends strongly on the
conditions used to prepare the PS. For electrochemically prepared PS, the size of the blue shift
depends on the anodization current density, H F concentration, and reaction time as well as
conductivity type and dopant concentration in the silicon wafer. Total electron yield measurements
of the L-edge show that increasing current densities and post anodization soak times shift the L2,3
edge to higher energy as shown in Figs. 24 and 25 respectively. We attribute these spectral shifts
to changes in the quantum confinement in the band edges brought about by changes in the
microstructure. Figs. 24 and 25 also show that the absorption cross section of the
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Figure 24: Total electron yield measurements of x-ray absorption at the Si L23 edge for H F
passivated n-type Si (111) (solid dots), and for porous silicon made from n-type Si (111) etched at
0.7 mA/cm (line), and 43mA/cm (cross).
2

2
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PS just above the L23 edge is larger than in bulk Si and that the peak absorption increases with
increasing quantum shift in the L-edge, when the spectra are normalized to the same value at 106
eV.(also see Fig. 51 Chap.7) We attribute this effect to enhanced correlation between the core hole
and the final state electron as the dimension of the nanoscale silicon decreases.

65

An electron in the

vicinity of a core hole has a larger overlap with the core wavefunction and consequently the
absorption intensity is enhanced compared to the delocalized electron. Localization of the states
involved in the transition is a well known mechanism for intensity enhancement in X A S .

For

example, a very strong threshold spike is observed in the L-edge spectrum for silane and disilane

T—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—j—1—1—1—1—j—1—1—1—r

Photon E n e r g y (eV)

Figure 25: Total electron yield measurements at the Si L23 edge for HF passivated p-type Si (111)
(dotted line), and two types of porous Si. The new PS was prepared by an electrochemical etch of
p-type Si (111) in 30% H F in ethanol. Current density was kept constant at 10 mA/cm for 20
2

min. The Si L23 edge was measured again on the same PS sample after it has been immersed
open circuit in 50% HF/Ethanol for 3 hrs.

52

gas. '
56

66

From the above argument one would expect the maximum overlap of the excited electron

wave function with the 2p core hole in silane molecules. Taken to the molecular limit, this result is
consistent with the idea that PS is a form of silicon that is intermediate between bulk and molecular
silicon.
In addition the double step feature at the edge associated with the spin orbit splitting of the
2p core level disappears with increasing blue shift.(also see Fig. 51 Chap.7) We attribute the
disappearance of the spin orbit feature with an increased inhomogeneous broadening associated
with the larger distribution of sizes expected with the increased blue shift. Although the impact of
the silicon 2p core potential on the conduction band DOS may also be partially responsible for the
disappearance of the spin orbit splitting feature.

For example the observed absorption

i

enhancement could cause the spin orbit splitting feature to be washed out.
The structure of the PS is clearly affected by the current density.

For example at high

current densities or low H F concentration the etching process changes from a stable pore growth
regime to an electro-polishing regime.

The L-edge of samples made under electro-polishing

conditions has no quantum shift and resembles that of bulk silicon. At etching conditions just prior
to electropolishing we find the largest shift in the L-edge. In Fig. 26 we plot the shift in the L-edge
(AE ) as a function of current density for PS samples made from heavily and lightly doped p-type
C

<100> silicon etched in a 1:1:2 HF:H20:EtOH solution for 25 minutes.

In all cases a much

smaller L-edge shift is observed in PS made from heavily doped P+ type Si compared to PS
prepared from less heavily doped Si. The L-edge shift in the p+ type PS increases with current
density up to 35mA/cm when a maximum shift of 0.12 eV is observed.
2

At higher currents no

further shift is noticed. This suggests that there may be a different self-limiting reaction in the PS
made from p+ Si since we have to conclude that the nanostructure in the p+ PS is larger than the
nanostructure of PS made under the same conditions from p-type material.

Recendy PS

superlattices have been formed by periodically changing the current density during the etch process
or by using substrates with layers of alternating doping levels.
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Figure 26: Plot of the conduction band edge shift (L-edge shift) as a function of the current density
used to make the PS for two different dopant concentrations in the silicon wafer.
concentration was 1 0

1 9

c n r for the P+ type and 1 0
3

1 7

The free carrier

c n r for the p-type silicon. Samples were
3

etched in a 1:1:2 H F : H 2 0 : E t O H solution for 25 minutes.

PS made from heavily doped p-type silicon had L-edge shifts comparable to P S samples
prepared under the same anodization conditions from heavily doped n-type silicon. This suggests
that P S prepared from heavily doped S i does not depend on the conductivity type.

P S samples

prepared with the same anodization conditions from either <111> silicon or <100> silicon showed
no appreciable differences at the L-edge. Therefore we believe the substrate crystal orientation has
little effect on the L-edge shift measured in the PS.
Photoluminescence (PL) provides an alternate measurement of the quantum shift.

In

Fig.27 we plot the color of the P L emission excited by the 488-nm radiation from an Argon laser
as a function of H F concentration and current density for PS made from (100) n-type silicon. The
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bias voltage was kept at 5 V for all these samples. The PS samples in Fig. 27 can be divided into
three distinct categories, judging from the surface appearance and the color of the P L emission. In
category 1 the samples are prepared at low current densities or with high H F concentration in the
electrolyte. Except for two samples, all PS samples in category 1 are brownish in colour with a PL
emission that appears red to the eye. The two exceptions, prepared at both high current density
and H F concentration, are black in appearance and do not show visible PL. In category 3 the
samples are prepared at high current density or with a low H F concentration. '
34
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The samples in

category 3 are electropolished and appear silver in colour.
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Figure 27: Plot of HF concentration versus current density with P L color detected by the eye as a
parameter.

PS samples are divided into three categories Red PL, Orange -Yellow PL and

electropolishing.

No visible PL emission is observed from these films.

The preparation conditions for the PS

samples in category 2 are intermediate between the samples in categories 1 and 3. The samples in
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category 2 range from tan to gold in color with a P L emission that ranges from orange to yellowgreen. These results show that the blue shift observed in both the L-edge absorption and the
visible P L increases when the current density during preparation is increased or the H F
concentration in the electrolyte is decreased.
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The largest blue shift is obtained just below the

threshold for electropolishing.

100

1000

T i m e in H F S o l u t i o n ( m i n . )

Figure 28: Plot of conduction band shift as a function of the time the porous silicon is soaked in
HF solution after anodization. A p-type Si (100) sample was initially anodized in a 50% H F
ethanol solution at a constant current density of 20 mA/cm for 20 minutes. After 5 hours in
2

solution the conduction band begins to shift back toward crystalline silicon. This is interpreted as
the onset of complete dissolution of the porous silicon and exposure of the bulk silicon underneath.

Larger quantum shifts are observed for electrochemically etched PS samples that are left
open circuit in the H F solution for long periods of

time. 16
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In Fig. 28 we show the quantum

shift as a function of the time spent in a 50%HF:EtOH solution after anodization. The quantum
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shift increases with time up to the three hour mark. After this time the quantum shift decreases
reverting back to zero, the value for bulk silicon. We interpret this as evidence for a minimum
structure size in the porous silicon. Once the minimum size has been obtained, further etching will
just cause the sample to decompose.

When the sample decomposes, the L-edge broadens and

shifts back to the value for bulk silicon because the L-edge spectra starts to include the spectra from
the exposed bulk silicon substrate underneath. The dissolution rate of PS in H F depends strongly
on the composition of the electrolyte. The L-edge blue shift was much smaller in a PS sample that
was soaked for 90 minutes in an aqueous H F solution (AEc= 0.15 eV) compared to a sample
soaked for 90 minutes in a 30% H F in ethanol solution (AEc= 0.62 eV). Since PS is highly
hydrophobic, ethanol allows the H F solution to infiltrate the pores , if ethanol is not added the
chemical etch rate is very slow.

29

Large quantum shifts were also obtained in PS samples made by stain etch method. In Fig.
29 we show the L-edges of bulk silicon and stain-etched PS made from p-type Si. The chemical
(stain etched) PS samples were reacted in a 4:1:5 solution of HF:HN03:H20 for 2 minutes and 20
minutes. We found that the L-edge of the stain etch PS was shifted to higher energy by 0.71 eV
for the 20 minute sample and 0.43 eV for the 2 minute sample. Also we note that the general shape
of the stain etch L-edge is similar to that of electrochemical PS. A similar correlation between the
quantum shift in the L-edge and the etching time is observed in the electrochemically produced PS
as described in chapter 6. Yet unlike electrochemical PS the L-edge blue shift in stain etch PS does
not depend strongly on process conditions or conductivity type of the Si substrate.

X-ray

absorption measurements showed no variation in the position of the L-edge for stain etch PS
samples with respect to HF concentration in the etching solution (X:l:5, HF:HN03:H20 solutions
where 1< X < 8). These results are in agreement with a recent PL studies of stain etched PS.

3 8

'

7 0
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Figure 29: Total electron yield measurements at the Si L23 edge for HF passivated p-type Si (100)
(dotted line), and stain etch porous Si. The PS was prepared by chemically etching of p-type Si
(100) in a 4:1:5 solution of HF:HNC»3:H20 for 2 minutes (dashed line) and for 20 minutes (solid
line).
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5.4 PHOTOEMISSION

Photoemission is an alternative probe of the composition, that is more sensitive to surface
oxygen than the total electron yield measurements. Photoemission spectra of the valence band of
PS is shown in Fig. 30 together with the valence band of an HF-rinsed Si (111) wafer for
reference.

The photon energy is 150 eV for the silicon samples and the binding energy scale

assumes a 4.5 eV work function for the electron energy analyzer. The spectrum for HF-rinsed Si
is similar to earlier measurements.

The PS valence band in Fig. 30 is shifted to higher binding

71

energy compared with the HF-treated Si by 1.5 eV. This shift is partly due to charging. Because
the PS is highly resistive, the photoemission current causes a positive charge to build up on the
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Figure 30: Photoemission valence band spectra for H F rinsed bulk Si (dotted line) and PS (solid
line) measured at a photon energy of 150 eV. The spectra are raw data not corrected for charging.
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sample which shifts the photoemission spectrum to higher binding energy. We chose not to use an
electron flood gun to reduce the charging effect in order to ensure that there is no possibility of
local negative charging of the sample caused by the flood gun.

The charging effect is intensity

dependent and was observed in all as-prepared PS samples to varying degrees. Differences in the
Fermi level or changes in the electronic structure of the porous material due to its microstructure
could also cause energy level shifts.

However one can eliminate the effects of charging and

changes in the surface Fermi level, at least for the top of the valence band, by referencing the
valence band to the low binding energy side of the Si 2p core level. The Si 2p core level will have
the same charging and Fermi-level induced shifts in photoemission as the valence band but will be
insensitive to changes in electronic structure associated with the microstructure of the silicon.
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Figure 31: The Si 2p core levels measured at a photon energy of 150 eV, for the bulk Si and the PS
sample shown in fig. 30. The PS data is for the as-prepared (new) sample and after annealing at
600°C.
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In order to keep the charging effect the same during the photoemission measurements of the
valence band and the Si 2p core level, the two spectra were measured one after the other without
moving the sample or changing the photon flux. The resulting Si 2p core level spectrum is shown
in Fig. 31 for the same PS sample as in Fig. 30. Compared with the spectrum for bulk Si also
shown in Fig. 31, the 2p photoemission peak for PS is broadened and shifted to larger binding
energy. The shape of the 2p core level spectrum varied from sample to sample and the width
increased with the excitation intensity. We attribute these effects to differential charging associated
with the inhomogeneous structure of the PS. Since charging shifts the spectrum to higher binding
energy, the low binding energy side of the 2p photoemission spectrum will be due to that part of
the material that charges the least.
In order to show in a different way that the broadening of the Si 2p core level is due to
charging and not to an oxygen chemical shift we heated the PS in-situ without moving the sample,
and re-measured the photoemission spectrum. After annealing the PS at 300°C for a few minutes,
the 2p photoemission spectrum narrows substantially due to a reduction in the charging effect.
This may be due to an increase in surface conductivity associated with a loss of hydrogen. Further
heating to 600°C shown in Fig. 31 causes the Si 2p photoemission spectrum to shift and narrow to
the point where it matches the binding energy and width of the bulk Si 2p level with no indication
of a chemically shifted component associated with oxygen. By 600°C we expect hydrogen to be
lost and the mobility of the surface atoms to be high enough for the pore structure to begin to
collapse. If the as-prepared PS did contain oxygen, after annealing one would expect to see a
chemically shifted component in the Si 2p level, associated with Si02 bonding.

However a

chemically shifted component is not observed in the annealed PS sample in Fig. 31 which confirms
the absence of oxygen in the freshly prepared material.
Further evidence for the absence of oxygen in the PS can be obtained from the valence
band photoemission. If the surface of the PS was oxidized one would expect to see peaks at 10 eV
and 30 eV binding energy in the photoemission spectrum corresponding to the oxygen 2p and 2s
orbitals respectively. 71

72

Although the valence band of clean silicon has a peak near 10 eV
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binding energy unrelated to oxygen, which complicates the identification of the oxygen 2p orbital,
no peak is observed in Fig. 30 at 30 eV corresponding to the oxygen 2s orbital. On the other hand
if the PS sample is exposed to air for a few hours strong oxygen peaks are clearly visible in the
valence band photoemission. Cross section calculations show that the oxygen 2s and 2p orbitals
are a factor of 4 larger photoemission cross sections at 150 eV than the Si 3s and 3p orbitals that
make up the valence band.

This means that the valence band photoemission spectrum is

73

particularly sensitive to oxygen.

In addition at 150 eV photon energy the valence band

photoelectrons have an escape depth of a few atomic layers. Accordingly even a fraction of a
monolayer of oxygen should be easily detectable in photoemission.
[-

1

'

1

I

1

1

1

J—i—i—I—i—i—i
20

I

1

i

1

1

I

i

15

1

I

1

i

i

i

'

1

I

1

i

I

1

i

i

1

i

10

1

I
5

1

i

1

I -I

• • • i
0

Binding Energy (eV)

Figure 32: Photoemission spectra of the top of the valence band, corrected for charging for H F
rinsed bulk Si (dotted line), for electrochemical PS (open circles) and stain etch PS (filled circles).
For the electrochemical PS the current was held at 1 mA/cm for 20 mins. followed by 40 mA/cm
2

for 1 min. The etch was controlled by adjusting the illumination intensity on the n-type starting
material.

The stain etch PS was made by etching p-type Si <100> in a 4:1:5 solution of

H F : H N 0 : H 0 for 30 minutes.
3

2

2
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In order to detect changes in the electronic structure of the top of the valence band in P S ,
we measured the binding energy of the top of the valence band relative to the top of the Si 2p
orbital (low binding energy side). This was done by first locating the top of the valence band by a
linear extrapolation of the photoemission data such as that illustrated in Fig. 32; a

similar

extrapolation gives the top of the Si 2p core level. Subtracting these two quantities produces a
relative binding energy which is independent of charging and Fermi level shifts, that can be
compared with bulk Si. If the valence band recedes due to quantum confinement, then one would
expect the separation between the top of the valence band and the Si 2p level to be

0.4

0.6
A E (eV)

0.8

1.4

y

Figure 33: Conduction band shift as a function of the valence band shift for a series of porous Si
samples prepared electrochemically (solid circles) and by stain etch (open circles). The shifts are
measured relative to bulk Si, indicated by the open triangle. The electrochemical samples showed
larger quantum shifts with increasing current density during preparation and time spent soaking in
HF after preparation. The solid line is an effective mass calculation for a (100) quantum wire as
discussed in the text.

63

reduced relative to bulk Si. A reduction in this separation is observed, as shown in Fig. 33 where
we plot the conduction band edge shift as a function of the valence band shift for a series of
samples. The conduction band edge shifts are determined from Si L23 edge absorption spectra
such as those shown in Figs. 24 and 25.
In Fig. 33 we find the shift to higher binding energy in the valence band edge (AE ) in PS
V

is larger than the shift in the conduction band but is proportional to it, with a proportionality factor
of 2.12 ± 0.17.

These results are consistent with quantum confinement in a granular material

whose microstructure depends on the preparation conditions as explained further in section 7.1.

It

is interesting to note that amorphous silicon hydride has a bandgap in the same range as PS and
that the increase in the bandgap is primarily due to the recession of the top of the valence band, as
in P S .

7 4

The relationship between the quantum shifts in the valence and conduction band edges can
be predicted from effective mass theory.

This theory is valid in the limit that the quantum

confinement energy is small compared to the bandgap.

The quantum shifts depend on the

dimensionality of the confinement and its orientation relative to the principle axes of the crystal.
Since we know very little about the shape of the Si microstructures we compare the experimental
data in Fig. 33 with the quantum shifts one would expect for (100) oriented quantum wires with
square crossections. In this case there exists two kinds of confinement for electrons arising from
(i) the two constant energy ellipsoids with their long axis parallel with the length of the wire and
(ii) the four other conduction band ellipsoids with their long axis along the (100) and (010)
directions.

If mt and mi are the transverse and longitudinal effective masses in silicon at the

conduction band minimum (0.2 m and mo, respectively) we obtain the following expressions for
0

the edge shift in the conduction band:

2m L

z

t

AE =(1
U

C

+

> 2
B - ) ^
mj 2 m L
z

t

.(23)
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For L= 30A the two conduction band shifts are 0.420 eV and 0.252 eV respectively.
The effect of hole confinement can also be estimated with effective mass theory.

In this

calculation we neglect both the spin-orbit splitting and the off diagonal elements in the effective
mass Hamiltonian of the valence band.

75

A perturbation calculation shows that the off diagonal

part of the effective mass Hamiltonian (band warping) has a negligible effect on the lowest energy
eigenstate for a (100) oriented quantum wire.

75

For a (100) wire a first series of valence band

levels is given by:

A

E

v

=

m !Glt£)
£

(

2

4

)

with a ground state at i=j=l. In the above equation m is the effective mass parameter of the valence
band which is equal to -4.43 in units of ^ / C

. The hole ground state quantum shift in a Si wire

m

with a 3 nm square crossection is equal to A E = 0.371 eV. The calculated quantum shifts for the
V

lowest quantum state are shown by the solid line in Fig. 32. In this line the lateral dimension of the
wire is a parameter which has a minimum value of 3 nm at the right hand end. The corresponding
theoretical lines for a (100) oriented quantum box and a (111) oriented quantum well have the same
slope as the wire to within a few percent. The slope of the line calculated for a quantum wire in
Fig. 33, is in good agreement with the data even though the measured quantum shifts are not small
compared to the bandgap. Clearly a more elaborate electronic structure calculation is needed to
make a meaningful comparison with the data over the entire range in Fig. 33.
The Si L W Auger electron spectrum provides an alternative measurement of the quantum
shift in the valence band of PS. In the quantum confinement picture the maximum kinetic energy
of an Auger electron from the PS will be lower than in crystalline silicon by a factor of 2(AE ).
V

The reason for the factor of two is that the ejected Auger electron comes from a valence band with
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Figure 34: L V V Auger spectra measured at hv= 140 eV, for bulk Si (solid line), as prepared PS (
open circles). The PS was prepared by electrochemically etching (111) oriented n-type Si at
ImA/cm for 15 min. followed by 25mA/cm for 5 min. The current was controlled by changing
2

2

the illumination intensity.

a larger minimum binding energy while at the same time the electron that drops into the 2p core
level has less excess energy to dissipate since it comes from the quantum shifted porous silicon
valence band. In Fig. 34 we show the L V V Auger electron edge of an electrochemical PS sample
along with the Auger edge of bulk Si. In Fig. 35 we show the valence band photoemission data
for the same samples. Notice that the Auger edge for the PS is shifted to lower kinetic energy by
1.2 eV when compared to bulk silicon which is exactly twice the valence band shift, A E , obtained
V

from the photoemission data in Fig. 35. Fig. 36 shows the correlation between the quantum shifts
of the Auger and valence band edges for a range of PS samples. The data agrees well with the
solid line which represents a proportionality factor of 2 between the Auger and valence band shift.
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Figure 35: Photoemission spectra of the valence band of P S at hv=140 e V for an as-prepared
sample (solid circles) and bulk silicon (open circles).

The valence band spectra have been

referenced to the S i 2p core level to correct for charging or Fermi level shifts.
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Figure 36: Correlation between the quantum shifts of the Auger and valence band edges for a range
of P S samples.

The solid line represents a proportionality factor of 2 between the Auger and

valence band shift.
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6.

SILOXENE

An alternative explanation for the optical properties in PS is that the etching reaction leaves
a siloxene-like residue on the surface of the porous silicon and that this material is responsible for
the luminescence.

"As-prepared" siloxene luminesces efficiently in the visible (550nm) ' - ,
12

while siloxene heated to 400°C in inert gas is much weaker 70 nd is near 700-800 n m . 7 6

a

7 7
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The

PL peak of PS can be shifted depending on preparation conditions in approximately the same range
as the siloxene and the heat treated siloxene samples.

Structural modifications of siloxene have

been proposed that according to theory exhibit "chemical quantum confinement" with various
optical bandgaps.

13

These proposed chemical confinment structures are shown in Fig. 12.

However, the x-ray diffraction pattern for siloxene is consistent with only one structure, in which
(111) sheets of silicon are terminated on one side by hydrogen and on the other side by O H . 4 1

It was also shown that as-prepared siloxene has a substantial amorphous S i O

x

4 2

impurity with l<x<

2.
The silicon L-edge absorption of PS, siloxene and HF rinsed crystalline Si are compared in
Fig. 37. Only the siloxene absorption spectrum shows clear evidence of oxygen. In the siloxene
case the large peaks near 106 and 108 eV in Fig. 37 are excitonic features characteristic of S i 0 2 .

78

We attribute this part of the spectrum to the amorphous SiO impurity phase which was observed
x

in the x-ray diffraction experiments. There is no indication of the peak at 104.5 eV reported for
SiO. The silicon L-edges in PS and HF-rinsed crystalline silicon, in Fig. 37, show neither the SiO
nor the Si02 peaks. However, it is possible that the terminal O H groups on the siloxene sheets
also do not produce any sharp features in the silicon L-edge. For example excitonic effects in the
absorption associated with Si02 may not be present with a single SiO bond on a given Si atom.
Therefore the absence of the peaks associated with SiO (bridging oxygen) and Si02, in the PS
absorption spectrum, does not in itself prove that there is no siloxene present on the surface of the
porous silicon. In addition the siloxene, like the PS, shows a blue shift in the L-edge relative to
crystalline silicon of approximately 0.65 eV.
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Figure 37: Total electron yield measurements of x-ray absorption at the silicon L ,3 edge for H F
2

passivated n-type Si (111)

(dotted line), siloxene (dots), and porous Si (solid line).

was prepared by an electrochemical etch of n-type Si (111) in 30% H F in ethanol.
density was kept constant at 0.4 mA/cm for 40 min.
2

The

Porous Si
The current

then raised to 40 mA/cm for 2 min.
2

silicon K-edge spectra for siloxene, stain etch PS and crystalline Si are shown in Fig.

38. The chemical PS samples were prepared by etching p-type Si <100> in a 4:1:5 solution of
HF:HN03:H20 for 20 minutes.

The absorption edges of the stain etch PS and siloxene are

compared to that of bulk Si and are found to be blue shifted.

41

The absorption edge of the stain

etch PS is 0.6 eV higher than bulk Si and is similar to the K-edge shown in Fig. 22 for the
electrochemical PS sample. A large absorption peak is observed in the siloxene sample at 1847 eV
which is due to the amorphous S i O impurity phase. '
41

x

79

The magnitude of the S i O peak varies
x

from sample to sample depending on the preparation conditions and the age of the siloxene. The
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K-edge absorption of siloxene ranged from 0.5 to 0.6 eV higher than bulk Si. Also the absorption
edge of the siloxene is sharper than that of the bulk Si. It is interesting to note that the measured L edge shift for the siloxene and stain etch PS samples shown below is approximately 0.1 eV larger
than the K-edge shift measured on the same samples. Not enough data has been taken to determine
if this is experimental error or a real effect
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Figure 38: Si K-edge absorption spectra for bulk Si (dotted line), stain etch PS (solid line) and as
prepared siloxene (dots).

Further evidence for the absence of oxygen in the PS can be obtained from the valence
band photoemission, an alternative probe of the composition, that is more sensitive to surface
oxygen than the total electron yield measurements; Photoemission spectra of the valence band of
PS and siloxene are shown in Fig. 39 together with the valence band of an HF-rinsed Si (111)
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wafer for reference.

The valence band spectrum for siloxene shown in F i g . 39 has strong peaks

near 10 e V and 30 e V characteristic of oxygen 2p and 2s orbitals respectively. However the P S
valence band spectrum does not show the peaks at the position of the oxygen 2s or 2p orbitals.
Thus the absence of oxygen in photoemission in the as-prepared P S , as shown in F i g . 39, also
means that there is no siloxene on the surface.
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Figure 39: Photoemission valence band spectra for H F rinsed bulk S i (dotted line) and P S (solid
line) measured at a photon energy of 150 e V . The dots is the valence band of siloxene measured at
a photon energy of 100 e V . The spectra are raw data not corrected for charging.

The x-ray absorption of the layered polysilane and PS are found to be remarkably similar as
shown in F i g . 40. In particular, the K absorption edge of layered polysilane is shifted by 0.62 eV
with respect to bulk s i l i c o n . 4 1

8 0

This is the same as that of the stain etch P S sample.

Conceivably, P S , which we know to be oxygen free, could be made up of a small number of S i .
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Figure 40: The silicon K-edge spectra for layered polysilane, stain etch PS and crystalline Si.

( I l l ) layers stacked as in crystalline Si but terminated above and below with hydrogen. The asprepared siloxene spectrum also resembles that of layered polysilane apart from the peak due to aSi0

2

Figure 41 shows the L-edge absorption spectra for crystalline silicon, amorphous-Si02 and
a heat treated siloxene sample. The heat treated siloxene sample shows features in the absorption
spectrum which can be associated with both Si and Si02. The edge jump at 99.5 eV in the heattreated siloxene is not shifted with respect to bulk silicon. It shows the spin-orbit splitting, but
does not show a peak after the edge like that of crystalline silicon.

These are exacdy the

characteristics of the L-edge of amorphous Si. The x-ray diffraction pattern of heat treated siloxene
closely resembles that of amorphous-Si not siloxene.

41

Contrary to the diffraction data the valence
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band photoemission spectra for heat treated siloxene is basically identical to the spectra for
amorphous-Si02.
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Figure 4 1 : L-edge absorption spectra for crystalline silicon, heat treated siloxene, and amorphousSiC»2- The curves have been offset vertically for clarity.

The results show that in bulk measurements (diffraction) heat treated siloxene resembles
amorphous-Si; in surface sensitive measurements (photoemission) it resembles amorphous-Si02,
and with an intermediate probe of depth ( T E Y ) it shows the characteristics of both. This indicates
that heat treated siloxene must be considered to be small amorphous-Si particles coated with
amorphous-Si02. A s siloxene (Si6H6C»3) is heated to 250°C, the layer structure collapses and
hydrogen gas is e v o l v e d .
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The results suggest that once the hydrogen is released the silicon and

oxygen arrange into clusters of S i coated by SiC»2. If the S i particles are small enough, they will
show quantum size effects.

Presumably this could explain the weak visible luminescence in the

heat treated siloxene. Heat treated siloxene may be similar to rapid thermal oxidized P S .

8 2
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7. E F F E C T OF PREPARATION CONDITIONS ON BANDGAP

7.1 A N N E A L I N G EFFECTS

Thermal annealing studies have shown that the visible PL shifts to the red, and eventually
disappears when PS is heated to 600°C in vacuum - .
83

84

In the context of the quantum

confinement model the disappearance of the PL during thermal annealing can be attributed to nonradiative recombination caused by dangling bonds that are generated as the passivating hydrogen is
lost from the surface. On the other hand, in the molecular surface species model the changes in the
PL with annealing would be due to the decomposition of the surface species.
The PS samples were thermally annealed in U H V through resistive heating of the sample
holder.

The temperature of the sample was measured with an optical pyrometer which was

calibrated on one PS sample with a thermocouple pressed onto the back.

The absolute sample

temperature is believed to be accurate to ± 30°C. The PS was annealed at each temperature for a
fixed time of 3 minutes and then returned to room temperature for x-ray absorption and
photoemission measurements.

Hydrogen evolution during annealing was detected with a mass

spectrometer mounted with a line of sight to the sample.
amplitude of the mass two peak (H ) was recorded.
2

During each anneal the maximum

After each anneal the PS sample was

inspected visually in-situ for P L , which was excited by the 337 nm line from a HeCd laser.
Progressively higher temperature anneals caused a red shift in the L-edge absorption and the
gradual reappearance of the spin orbit splitting as shown in Fig. 42. In this figure the PS L-edge is
plotted after anneals at 300°C, 455°C and 590°C. We note that after annealing at 590°C the PS
absorption edge is red shifted slightly (0.1 eV) below the bulk Si L-edge. Also the shape of the
absorption edge is qualitatively different in that the ratio of L to the L3 absorption edges appears to
2

be larger for PS annealed at 590°C than for bulk Si.
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Figure 42: Total electron yield measurements of absorption at the Si L.2,3 edge for a crystalline Si
sample (solid line), a freshly etched PS sample (open triangles), and PS heated to 300°C (solid
circles), 455°C (open squares) and 590°C (solid squares). The electron yields have been scaled by
the edge jump to facilitate comparisons. The PS was electrochemically etched at lmA/cm^ for 15
min. followed by 35mA/cm2 for 5 min. by increasing the illumination intensity on the (100) n-type
starting material.

In Fig. 43 we plot the quantum shift in the L-edge and the peak H2 signal from the mass
spectrometer as a function of annealing temperature. Hydrogen will desorb from PS when the
temperature is high enough to sever the Si-H chemical bond. Fourier transform infrared studies on
PS annealed in vacuum have shown that hydrogen from S1H2 species desorbs between 360 and
420°C, whereas hydrogen from SiH species desorbs between 450 and 530°C 84,85
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e

as

_

prepared PS sample shown in Fig. 43 initially had a 0.4 eV quantum shift in the L-edge, which
with stepwise annealing up to 430°C decreased by 0.1 eV. Hydrogen evolution was observed in
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Figure 43: Energy shift of the conduction band edge relative to bulk Si measured by x-ray
absorption and the peak H2 signal observed in the mass spectrometer during annealing, as a
function of the annealing temperature.

the mass spectrometer over the same annealing temperature range, presumably due to dissociation
of SiH2 species. On annealing above 430°C A E drops sharply to zero and then at 540°C becomes
C

slightly red shifted while in the same temperature range the hydrogen evolution peaks and then
drops to zero. A E remained constant at -0.07 eV when the PS sample was annealed above 530°C.
C

The intensity of the visible P L from the PS was not affected by anneals below 300°C.
Between 300 and 420°C the P L intensity decreased with annealing temperature and above 420°C
no P L was detectable visually, consistent with previous P L studies on PS 83,84

T h p§ P L
e

disappears at a lower annealing temperature than the sharp drop in AEc presumably because of the
strong effect of a few Si dangling bonds on the non-radiative recombination rate. The L-edge
shifts and hydrogen evolution results can be explained in a straight forward way with the quantum
confinement model.

We propose that as the hydrogen passivation layer desorbs, the PS
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nanostructures agglomerate to reduce their surface energy. The resulting net increase in the size of
the microstructure reduces the quantum confinement effect.

86

The slight red shift in the L-edge in

the agglomerated PS could be due to structural disorder which could reduce the gap.
Photoemission studies show that the valence band edge is also shifted in PS relative to bulk
Si. Earlier we showed that the shift to higher binding energy in the valence band edge (AE ) in PS
V

is larger than the shift in the conduction band but is proportional to i t .

16

In Fig.44 we show the

valence band photoemission spectrum of as-prepared PS and the same sample after heating to
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Figure 44: Photoemission spectra of the valence band of PS at hv=140 eV for an as-prepared
sample (solid circles) and the same sample after annealing at 590°C.

The valence band spectra

have been referenced to the Si 2p core level to correct for charging or Fermi level shifts. The PS
was prepared by electrochemically etching (111) oriented n-type Si at ImA/cm for 15 min.
2

followed by 25mA/cm for 5 min. The current was controlled by changing the illumination
2

intensity.
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590°C, both measured at a photon energy of 140 eV. The valence band edge of the as-prepared PS
has a higher binding energy (by 0.6 eV) than the same sample after heating to 590°C.

In the latter

case the binding energy is the same as for bulk Si. The peak in the photoemission spectrum at 7
eV binding energy for the annealed PS in Fig.44 corresponds to the oxygen 2p orbital.
intensity of this peak increases with each consecutive anneal.

The

During annealing the chamber

pressure can rise as high as lxl0~ Torr for a short period of time due to out-gassing of water
7

vapor from the sample, sample holder and exposed parts of the chamber. This water vapor may be
responsible for the oxygen contamination of the PS after annealing.

The valence band

photoemission is sensitive to even a fraction of a monolayer of surface oxygen because the oxygen
2p orbital has a significantly larger cross section at 140 eV photon energy than the Si 3s and 3p
orbitals which make up the valence band.
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We have plotted A E (open circles) and (AEA)/2 (filled circles) on the same energy scale for
V

easy comparison in Fig. 45. Note that the conduction and valence band edge shifts have the same
dependence on annealing temperature.

As expected the data points for A E and (AEA)/2 are
V

consistent at all annealing temperatures within experimental error. Also for ease of comparison the
conduction band edge shift, A E , is plotted on a scale that is expanded by a factor of 2.0 on the
C

right hand axis. This is further illustrated in Fig.46 where we plot the AEc as a function of A E
with annealing temperature as a parameter for a number of different PS samples.

V

Note that the

conduction and valence band edge shifts have the same dependence on annealing temperature. A
linear fit to the data gives a proportionality factor of 1.89 ± 0.18 for A E / A E .
V

C

This is in good

agreement with the value reported earlier of 2.12 ± 0.17 on a series of samples made with different
preparation conditions. '
16

86-88

The fact that the ratio of the valence band shift to the conduction band shift remains
constant during annealing suggests that the quantum shift in the two band edges is not sensitive to
the geometric shape or crystallographic orientation of the microstructure of the PS. The alternative
explanation seems unlikely, namely that the surface orientation and shape remains fixed as the
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Figure 45: Quantum shift in the conduction band measured by x-ray absorption (triangles), and in
the valence band measured by photoemission (open circles) and by Auger spectroscopy (solid
circles) all for the same PS sample as a function of annealing temperature. The shift in the Auger
spectrum has been divided by two to facilitate comparisons with the photoemission data. Valence
and conduction band quantum shifts include error bars representing uncertainty in measurement.

microstructure grows in size during annealing. Quantum confinement shifts can be estimated most
simply in the effective mass approximation where we neglect the spin-orbit splitting as discussed
earlier. In this model the ratio of the valence to conduction band edge shifts is 1.48 for a <100>
oriented wire with a square cross section and 1.42 for a <100> oriented square box. Similarly the
ratios are 1.42, 1.48 and 4.4 for one dimensional quantum wells oriented in the (111), (110) and
(100) directions respectively ' . Except for the effective mass result for the (100) well, these
16
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values are close to the measured ratio and support the hypothesis that the ratio may not be very
sensitive to the geometric shape or crystallographic orientation of the microstructure in the PS.

79

More sophisticated pseudopotential calculations give a ratio of valence to conduction band edge
shifts of about 1.8 for (100) quantum wells , and for 2.0 spherical quantum dots
89

90

rather

different from the effective mass calculation but in good agreement with the experimental data.

Figure 46: Conduction band shift as a function of the valence band shift with annealing temperature
as a parameter for a number of different porous Si samples. The type of silicon and reaction used
to form the PS is given in the legend. Electrochemical PS is labeled by the current density used in
the anodization, chemical PS etched in a 4:1:5 HF:HN03:H20 solution is labeled as stain. The
solid line is a best fit line to the data.

In principle the L-edge blue shift in PS might also be explained by a chemical shift in the Si
2p core level caused by hydrogen bonding. In fact an apparent chemical shift is observed in the
more surface sensitive Si 2p core level photoemission, although this could also be caused by
inhomogeneous charging of the PS or small amounts of surface oxide. Since blue shifts of up to
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0.7 eV are measured in some of the PS samples and the Si 2p core level is chemically shifted by
0.3 eV per hydrogen bond , at least two hydrogen bonds per silicon atom would be needed to
91

explain the L-edge data. This amount of hydrogen would require a polysilane (linear chain)
structure which has a Si/H ratio of 1/2. This structure would be expected to have a dramatically
different L-edge absorption from bulk Si, in addition to a hydrogen chemical shift. Even for the
smaller blue shifts the chemical shift explanation would still require of order one bonded hydrogen
for each Si atom, to a depth of order 10's of nanometers in the PS: a surface hydrogen layer would
not be enough.

Such high hydrogen contents are difficult to reconcile with the experimental

observation that the hydrogen passivation of PS can be replaced by oxygen while retaining similar
photoluminescence characteristics. ' 82

83

92

Furthermore, hydrogen will chemically shift the 2p

core level and add a Si-H bonding orbital to the valence band, but otherwise have little effect on the
valence band edge. Since the valence band edge is measured relative to the 2p core level the net
effect on the valence band will be to cause an apparent shift to lower binding energy, contrary to
what is observed.
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7.2 SELF LIMITING M O D E L

7.2.1 Model 1: Porous Silicon Strongly Coupled to Bulk Silicon

For reasons that are discussed further below the anodization process preferentially etches the
bulk silicon at the bottom of the pores and does not attack the PS film that is left behind on the
surface as a product of the reaction. One can conclude that the etching process is self-limiting and
stops when the thickness of the residual silicon reaches a certain critical value.

The chemical

reaction that takes place in the etching process requires holes to be available at the semiconductor
electrolyte interface. It has been proposed that the self-limiting behaviour of the etching process is
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Figure 47: Current density as a function of light intensity during electrochemical etching of n-type
1-30 Q-cm silicon at 5 V applied bias. A background current density of 0.2 mA/cm measured in
2

the dark, has been subtracted.
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caused by a reduction in the number of holes at the semiconductor-electrolyte interface when the
dimensions of the silicon microstructures in the porous material are small enough to produce a
quantum shift in the valence band.

3

To test the hypothesis that the self-limiting behaviour of the

etching process is due to the quantum confinement effect and to identify the preparation conditions
which produce large quantum shifts, we have explored the effect of various preparation conditions
on the silicon L-edge shift in PS.
The porous silicon samples are made from n-type Si anodized under illumination from a
halogen lamp. A constant voltage of 3V was applied between the silicon substrate and the Pt wire

Current Density (mA/cm )
( R e l a t i v e Light Intensity (Arb. Units))
2

Figure 48: Conduction band edge shift as a function of the current density used to make the PS.
The current density is proportional to the light intensity. The number of photo-generated holes is
also proportional to the light intensity. The solid line has a slope of 0.5 kT as predicted by the
model 1 and the dashed tine has a slope of 0.33 kTL as predicted by model 2. Both models are
discussed in the text.
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counter electrode during preparation. For the 3 V bias used in the anodizing, the current in the
electrochemical cell is approximately linear in the light intensity, as shown in Fig. 47. >
69
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A

series of samples were prepared at different current densities by first pre-anodizing n-type Si
substrates for 10 mins. at a current density of 0.8 mA/cm , and then increasing the current density
2

to a new value for the final 5 mins. by adjusting the illumination intensity. A graph of the quantum
shift as a function of the current density in the last 5 min of the anodization is shown in Fig. 48. A
second set of PS samples were prepared from n-type Si. In this case the current density was kept
constant and and the etching time was varied. The quantum shift as a function of etching time is
plotted in Fig. 49 for a series of samples etched at a constant current of either 25 mA/cm or 10
2

mA/cm .
2

Figure 49: Conduction band edge shift as a function of the anodization time used to make the PS.
The filled circles represent samples etched at a current density of 25 mA/cm . The open circles are
2

84

samples etched at 10 mA/cm . The solid line has a slope of 0.5 kT as predicted by the model 1 and
2

the dashed line has a slope of 0.33 kTL as predicted by model 2.
The blue shift in the CB edge increases in a logarithmic manner with anodization current and with
anodization time as shown in Figs. 48 and 49.
In order to explain the observed increase in the quantum size effect with etching current we
propose the following simple model. To begin with we note that there are at least two types of
silicon in the problem: there is bulk silicon at the bottom of the pores which etches rapidly during
the anodization, and there is the porous material which we believe has at least one small dimension
which etches slowly or not at a l l . - '
3

6 9

7 5

Based on earlier studies of the etching mechanism we

assume that the etch rate is proportional to the density of holes at the semiconductor electrolyte
interface, ' and that no other factors such as diffusion of reactants are important in determining
3
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the etch rate. Consistent with this assumption we further assume, as proposed earlier ' , that the
3

quantum size effect is a key part of the self-limiting mechanism.
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The idea is that the etching

proceeds until the Si skeleton becomes so thin that there are no holes left in the valence band,
because the band edge is quantum shifted away from the hole Fermi energy.
In the experiment the anodization current is found to be proportional to the light intensity, as
shown in Fig. 47. This means that the hole density is proportional to the light intensity assuming
the reaction rate is proportional to the number of holes at the semiconductor electrolyte interface.
In general the density of holes at the semiconductor-electrolyte interface will be proportional to the
product of the absorbed optical flux F and the hole lifetime x. In this case from the usual definition
of the Fermi energy, the Fermi energy for holes at the interface between the bulk Si and the
electrolyte (position A in Fig. 50) is given by,

Fx = K i exp[-(Efp-E )/kT]
v

(24)
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where K i is a constant independent of the light intensity because we have assumed that the hole
density is proportional to the light intensity. As shown in Fig. 50, Efp is the quasi Fermi energy
for holes and E is the energy of the top of the valence band in the bulk Si.
v

Figure 50: Schematic diagram showing a silicon wire on a bulk Si substrate.

An energy band

diagram along the line connecting A to B is also shown.

At this point we need a way to estimate the density of holes in the PS. The density of holes
will be determined by a balance between the amount of light absorbed in the porous material, the
recombination rate of electrons and holes in the PS and the transfer rate of electron-hole pairs
between the bulk Si and the P S .

94

For simplicity we assume that the quasi-Fermi energy for holes

is constant in the PS and equal to the quasi-Fermi energy for holes at the surface of the bulk
material as shown in Fig. 50. This assumption is valid, for example, in the limit that the electronhole pair transfer between the PS and the bulk Si is rapid compared with the recombination rate in
the PS and the carrier generation rate from the light absorption in the PS. In this case the density
of holes, p

p s

at the surface of the PS (position B in Fig. 50) can be related to the hole Fermi energy

in the bulk silicon as follows,

Pps = K exp[-(Efp-E )/kT]
2

vp

(25)
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where K2 is a constant independent of the light intensity and Eyp is the energy of the top of the
valence band in the PS. We have neglected band bending and surface recombination in the PS.
These assumptions are reasonable since the surface of the PS is passivated by hydrogen. The
opposite limit, namely slow exchange of electron hole pairs between the PS and bulk Si will be
considered in the next section.
If the illumination level is increased during the anodization process there will be an increase
in the density of holes at the surface of both the porous and the bulk Si, and the rate of the etching
reaction will go up. However as the porous material gets smaller Eyp in equation 25 will decrease
due to quantum confinement which will reduce the surface hole concentration and slow the etch
rate. After an initial transient, the etch rate of the PS will decrease exponentially, as the size scale
of the porous material shrinks. In the experimental situation the electrolyte composition and the
etching time is held fixed and the light intensity is allowed to vary. For a given etching time, to
first approximation the etching rate (or hole density) at the end of the reaction, will be a constant,
independent of the illumination level.

Although the reaction will proceed further at high

illumination levels, the hole density at the end should be approximately independent of the
illumination for a fixed etch time. This is the "self-limiting" hole density.
Setting this critical hole concentration equal to another light intensity independent constant
K3, we can solve equation 24 and 25 for the light intensity dependence of the confinement shift,
A E = E - Eyp. The result is,
V

v

AE

V

= kT[lnF + ln(K x/KiK )]
2

3

(26)

The quantum shift measured in the experiment is actually the conduction band shift AEc and not the
valence band shift A E . However photoemission measurements of the quantum shift in the valence
V

band show that 16,86^

AE

C

= 0.5 A E

V

(27)
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Taking this additional factor of 0.5 into account we obtain the solid line shown in Figs. 48, as the
predicted current dependence of the quantum shift in the conduction band. The solid line in Figs.
48 has been shifted along the vertical axis to match the data. The calculated slope is approximately
a factor of two smaller than the best fit to the data.
In another experimental situation the illumination intensity or current density is held constant
and the etch time is varied.

As discussed above we assume that the etching rate is completely

determined by the density of holes and is proportional to the density of holes. It follows that if the
etch time is scaled up by a factor f, the same PS structure will be obtained provided the hole
density is scaled down by the same factor. This means that the PS structure is a function of the
product of the hole density ( or light flux F) and the etch time, t.
Accordingly the etch time can be incorporated into equation 26 as follows:

A E = kT [ ln(Ft) + constant ]
V

(28)

Taking into account the fact that A E =2 A E we find:
V

AE

C

C

= 0.5kT [ ln(Ft) -constant ]

(29)

In Fig. 49 we plot the conduction band shift as a function of anodization time for two sets of
samples prepared at different current densities. In both cases the shift in the conduction band edge
increases logarithmically with etching time. The slope of the best fit line to the data was 1.4 kT for
the samples prepared at 25 mA/cm and 1.25 kT for the samples prepared at 10 mA/cm . The
2

2

slope is a factor of = 3 larger than the solid line with slope 0.5 kT, which is predicted by equation
29.
In this model there will be a maximum quantum shift in the valence band in PS, since the
hole Fermi level cannot be made to go below the top of the valence band of the bulk Si with
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reasonable dc light intensities. This limit also means that one of the assumptions, namely that the
hole density is a linear function of light intensity will breakdown at high light intensities.
Accordingly one would expect the bandgap of Si to be the upper limit on the quantum shift in the
valence band for PS produced by the electrochemical method. The data in Fig. 48, are consistent
with this limit if we convert the conduction band edge shift into the equivalent valence band shift,
using equation 27, which gives a maximum valence band shift of 0.7 eV.
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7.2.2 Model 2: Porous Silicon Weakly Coupled to Bulk Silicon

Now we consider the opposite limit where the exchange of holes between the PS and the
bulk silicon substrate is slow. We assume the density of holes in the PS depends on the light flux
F absorbed in the PS, according to the following expression:

P

PS

=F

(30)

Y

This dependence on absorbed flux, where 0]5< y < l is commonly observed in photoconductors.
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Since the bandgap increases as the size scale of the porous material gets smaller, a decreasing
portion of the tungsten lamp spectrum will be have an energy high enough to be absorbed in the
PS. To account for this effect we write:

~

F =Fe

A E

g

k T L

0

-3AE

=Fe

V

(31)

2 k T t

0

where TL = 3000K is the temperature of the tungsten lamp, assumed to be much less than E / k,
g

and A E

g

3
= —AE

V

represents the increase in the PS bandgap above that of bulk silicon. If we

substitute equations 30 and 31 into equation 25, using the fact that Eyp = E - A E , we can write an
v

V

expression for the PS Fermi energy in terms of the quantum shift in the valence band:

E

f

= E • + kT(lnK - YlnF ) + (-^Y~~ ~ 1 ) A E
v

2

0

V

(32)

The density of holes in the PS can now be related to the shift in the valence band by substitution of
the energy of the PS Fermi energy into equation 25.
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(33)

Pps = Fje

The etching will slow as the quantum shift increases the bandgap reducing the number of electron
hole pairs produced at a given light intensity. For a given etch time and solution conditions the
etching process terminates at a critical value of the hole concentration which we set as a constant
K4. At the critical hole concentration we solve equation 33 for A E , and find that the quantum shift
V

is a logarithmic function of the tight intensity:

(34)

The second equation in (34) is the predicted shift in the conduction band as a function of lamp
intensity according to the A E =2 AEc rule. The dashed line in Fig. 48 is the predicted current
V

dependence of the quantum shift in the conduction band. The calculated slope of the dashed line is
approximately a factor of three larger than the best fit to the data.
The time dependence of the quantum shift in this model can be formulated in much the
same way as described previously on page 88.

This means that the PS structure formed is a

function of the product of the hole density ( or light flux F) and the etch time, t.

The effect of

varying the etch time is incorporated into the expression for the critical hole concentration which
we set as a constant K5.

K

5 = Pps

1

(35)
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We substitute equation 33, the expression for the hole density in the PS into equation 35 and solve
for the time dependence of the quantum shift
The result is:

A E ^ ^ i n t +^ O n F o - ^ )
3y
3
y
C

0

(36)

The predicted relationship between the quantum shift and etch time, for y equal to 1, is plotted as a
dashed line in Fig. 49. The dashed line has been shifted along the vertical axis to match the data of
the PS samples etched at 25 m A/cm . We find the slope of this line is approximately 2 times larger
2

than the best fit to the data.
We find both self limiting models predict that the quantum shift should increase in a
logarithmic manner with current density and anodization time in agreement with the data.

As

shown in Figs. 48 and 49, the completely connected model gives slopes too shallow and the
completely disconnected model gives slopes to steep, and the actual best fit slope to the data is
somewhere in between. This suggests that the actual self limiting mechanism is a combination of
the two models, which is perhaps reasonable since there is experimental evidence for both models
as discussed below.
A consequence of the self limiting model where the PS is not in electrical contact with the
bulk is that the size of the nanostructure should be sensitive to the wavelength of the light
illuminating the sample during anodization. That is, the etching process should stop when the
bandgap of the PS approaches the illumination photon energy as shown in Fig.51. To test this we
have measured the quantum shift of the conduction band edge of the nanostructure phase in PS as a
function of the wavelength of the long pass cut-off filters on the lamp used to illuminate the sample
during etching. This technique has recently been used during post-anodization soaking to control
PL intensity and blue shift. 96

97
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Large S i Particle

B a n d Structure
at P S / S i interface

Figure 51: A schematic diagram of the illumination wavelength dependence of the PS etching
process.

The Si L-edge absorption is shown in Fig. 52 for PS prepared electrochemically from the same
substrate under illumination from light of different maximum photon energies.

The current was

held constant during the preparation of the PS by adjusting the distance between the sample and the
lamp. Notice that the L-edge in the PS is shifted in energy relative to bulk Si and that the shift
increases with the frequency of the illuminating light.

It has been reported recendy that the

frequency of illumination also increases the L-edge shift during post anodization H F soaking.
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The bandgap of PS can be determined by adding the measured conduction and the predicted
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valence band shift to the bandgap of bulk silicon. In Fig. 53 we plot the bandgap of PS as a
function of the photon energy of the cut-off filter used with the tungsten-halogen lamp during the
electrochemical etching. The solid line with unity slope corresponds to the situation where the
bandgap equals the maximum photon energy of illumination. We find a linear relationship between
photon energy and the bandgap for both the n-type PS samples (filled circles) and the p+ PS
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Figure 52: X-ray absorption spectra of bulk n-type (111) Si and n-type PS etched at 25 raA while
illuminated by broad spectrum light with maximum photon energies of 2.0, 2.4 and 2.7 eV.

samples (open circles). The bandgaps measured using the 3.6 eV filter did not fall on the line.
This may be because the spectrum of the halogen lamp falls off dramatically in this energy region.
The bandgap for the n-type PS is at least 0.4 eV less than the photon energy at all points, yet the
slope is remarkably close to unity.

A bandgap larger than the energy of the illuminating light

would be hard to explain. However it is reasonable for the bandgap to be smaller in a systematic
manner because the etching reaction will slow down when the size gets close to the illumination
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wavelength. It is perhaps surprising that the bandgaps of the p+ samples also show a dependence
on the photon energy of the light. A possible explanation is that the PS nanostructure becomes
intrinsic once the particle size is small enough.

Figure 53: Plot of bandgap as a function of maximum photon energy of illumination during
anodization. The n and p+ samples were prepared under the same conditions at 25mA/cm for 15
2

mins.
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7.3 LIMITING F O R M OF POROUS SILICON

The self limiting model with rapid hole exchange with the bulk substrate predicts that there
will be a maximum quantum shift in the valence band in PS produced by the electrochemical
method, since the hole Fermi level cannot be made to go below the top of the valence band of bulk
Si. Maximum valence band shifts of approximately 1 eV (the bandgap for Si) would be expected
on this basis for PS made from n-type Si. The largest quantum shift in the conduction band edge
measured for electrochemically prepared PS is 0.45 eV. (half the valence band shift) This is in
good agreement with the predicted maximum conduction band shift of 0.5 eV.
Larger quantum shifts can be obtained by soaking the PS in HF, as shown in Fig. 25 or by
the stain etch method as shown in Fig. 29. HF will continue to etch the porous silicon very slowly
even in the absence of an external potential as has been reported earlier. 1
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Presumably this

reaction is similar to the stain etch reaction mechanism. The largest L-edge shift measured for PS
sample after a post-anodization H F soak is approximately 0.70 eV. This is the same maximum
value measured for stain etch PS samples.

Continued post anodization after the L-edge has

reached the maximum shift causes the PS structure to dissolve, suggesting a limiting form of PS
has been obtained.
The K-edge x-ray absorption of the layered polysilane and PS are found to be remarkably
similar. In particular, the K absorption edge of layered polysilane is shifted by 0.6 eV with respect
to bulk silicon.

This is the same as that of the stain etched PS samples with the maximum

conduction band shift as shown in Fig. 40. First principles electronic structure calculations show
that Si6H6 has a direct band gap of about 3.1 e V . 9 9

1 0 0

PS with a 0.7 eV conduction band shift

should have a band gap of 3.2 eV, using the 2:1 ratio of valence band shift to conduction band
shift Conceivably PS could consist of (111) oriented layers of Si terminated with hydrogen with a
chemical formula Si6nH6, where n is the number of layers and it depends on the preparation
conditions. In this picture layered polysilane (n=l) is the limiting form of PS. If this hypothesis

96

is proven to be correct, then it explains the close similarity between the x-ray absorption properties
of these materials.
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7.4 P H O T O L U M I N E S C E N C E

Photoelectron experiments show that the energy of the conduction band and valence band
edges in PS depends on the conditions used in the synthesis of the material and on treatment after
preparation. ' '
16
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Since photoelectron spectroscopy involves the collection of low energy
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electrons emitted from the material it is inherently surface sensitive.

Consequently in an

inhomogeneous material such as PS, the results of the photoelectron spectroscopy may not be
directly comparable with the more bulk sensitive optical techniques such as photoluminescence
(PL).

We compare the peak energy of the room temperature P L of PS with the bandgap

determined from the photoelectron spectroscopy measurements for a series of PS samples prepared
under different conditions.
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Figure 53: P L spectra from n-type PS samples prepared using current densities of (left to right)
0.6,10, 30, and 60 mA/cm . The 60 m A / c m sample peaks at the same energy as the 30 mA/cm
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sample but has a larger F W H M . The P L intensity has been normalized for easier comparison.
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The samples were prepared by electrochemical anodization of p and n-type silicon at constant
current. The electronic properties of the PS made from the n-type material were modified by
changing the current density during anodization. A p-type sample, anodized at lmA/cm2 for 3
hours, was modified after preparation by soaking in H F for varying lengths of time. P L spectra
for a series of PS samples prepared with different current densities and H F soak times are shown
in Figs. 53 and 54 respectively. The P L spectra are normalized to correct for the spectral
dependence of the throughput of the interferometer. To facilitate comparisons the P L spectra have
been scaled to the same value at the peak.
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Qualitatively the L-edge absorption and the P L spectra show the same behavior with
increasing current density (Fig. 24) and increasing soak time (Fig. 25), namely a shift to higher
energy. In contrast to P L and optical absorption in the visible range , which involve transitions
between the top of the valence band and the bottom of the conduction band, the L-edge absorption
is sensitive only to the conduction band and not to the valence band since the initial state in the xray absorption is the Si 2p core level. To compare the P L data with the L-edge emission we also
need information about the valence band. As discussed earlier we approximate the change in the
V B edge b y , 16
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AE

y

= 2.0AE

(37)

c

If we use the factor of 2 to relate the valence band shift to the L-edge shift we obtain a
"photoelectron bandgap" from the L-edge absorption, which can be compared with the P L
spectrum. In Fig. 55 we plot the energy and the halfwidth of the peak in the P L spectrum as a
function of the bandgap obtained by photoelectron spectroscopy for the series of PS samples in
Figs.53 and 54 above. Although the energy of the P L emission shows a similar increase with
current density and soak time as the photoelectron bandgap the P L bandgap is consistently lower as
shown in Fig. 55. P L emission is expected to be at photon energies below the bandgap found
from absorption type measurements, since the optically excited electrons and holes can thermalize
to lower energy states by diffusion to regions with smaller bandgap before they recombine
radiatively. In addition , P L probes the material to depths of 100's of nanometers set by the
penetration depth of the 457nm excitation light whereas the photoelectron spectroscopy is sensitive
to depths of 10's of nanometers given by the escape depth of the photoelectrons. In porous silicon
one might expect the outer part of the material to have a larger quantum shift since the surface is
exposed to the anodizing reaction longer than the material deeper inside and therefore may be
expected to have a smaller microstructure.

On this basis as well one would expect the

photoelectron bandgap to be larger than the PL bandgap.
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Figure 55: PL peak positions (marker) and spectral width (length of the bars) as a function of the
bandgap as determined from photoelectron spectroscopy (PE gap). Solid bars represent HF soaked
samples (Fig. 48) while dashed bars correspond to samples prepared with different current
densities (Fig. 47). On the dashed line the PL peak position equals the PE gap.

Given the above arguments it is interesting to note that some of the PL emission is at higher
energy than the photoelectron bandgap.

This is not inconsistent with the photoelectron

spectroscopy results since in an inhomogeneous sample the parts of the sample with the lowest
energy absorption will dominate the absorption threshold and tend to give a lower limit for the
bandgap.
As shown in Fig. 53 and 54 in addition to the increase in the peak energy in the P L the width
of the PL emission band also increases with the current density and soak time. The full width at
half maximum obtained from Gaussian fits to the emission spectra are plotted in Fig. 55 as a
function of the corresponding photoelectron bandgaps. The increase in width is consistent with the
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change in the shape of the L-edge absorption with increasing blue shift as illustrated in Fig. 24.
The L-edge for the bulk Si sample has distinct double edge feature associated with the 0.6eV spin
orbit splitting of the 2p core level. This feature becomes progressively less distinct with increasing
blue shift in the L-edge in PS. The shape of the L-edge in PS can be simulated by convoluting the
bulk Si L-edge with a Gaussian of increasing width as the blue shift increases as shown in Fig. 56.
The width of the Gaussian broadening function used to simulate the data is set equal to the width of
the PL emission spectrum, while the energy offset of the Gaussian causing the shift up in energy is
determined from the quantum shift observed in the PL spectra taking the 1:2 ratio for the
conduction to

1

1

1

r

Photon Energy (eV)

Figure 56: X-ray absorption spectra shown in Fig.24 normalized at the absorption peak. The solid
lines model the PS absorption edge. They were obtained by convoluting the spectrum of crystalline
Si with Gaussian whose width and energy shifts were determined from the corresponding PL
spectra as discussed in the text.
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valence band quantum shifts. Discrepancies between model and experiment may be to some extent
due to the fact that the width of the P L spectrum arises from inhomogeneous broadening of both
the conduction and valence bands whereas the L-edge is only sensitive to the conduction band.
It is interesting to speculate on the origin of the increase in the width of the P L emission band
and the broadening of the L-edge absorption with increasing blue shift. The simplest explanation
for the width of the P L emission band is that it is inhomogeneous broadening due to the size
distribution of the microstructure.

As the microstructure shrinks the effect on the quantum

confinement energy of a given fluctuation in the dimension of the microstructure increases. As an
easy to calculate example of this effect we assume that the PS is made up of (111) oriented 2D Si
microsheets terminated at the surface by Si-H bonds.

In this case the minimum dimensional

fluctuation will be a change in the thickness of the sheet by one hexagonal (111) layer of silicon
atoms.

If the average 2D sheet contains N layers then it is reasonable to expect a minimum

thickness fluctuation of N±l layers if both surfaces of the sheet have the minimum fluctuation. Of
course this interpretation neglects the effect on the width of the P L emission band of carrier
relaxation in the semiconductor to low energy locations. This model has the virtue of reproducing
the correct value for the maximum bandgap that has been measured in PS namely the bandgap of a
single (111) sheet (layered polysilane). ' 69
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The bandgap of (111) oriented silicon wafers as a function of thickness can be estimated
using an effective mass theory.

In this approximation the sum of the quantum shifts in the

conduction and valence bands is given by ,
7 5

2 . 2 , / i2

1i A

AE = A E + A E =2—LV 3" — + —
c

C

v

2

V t
m

m

l j

2m L 3
2

0

(k + 2m)

(38)
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for a sheet of thickness L. The curvature of the conduction bands is described by longitudinal and
transverse effective masses, m *, mi* and that of the valence band by the effective mass parameters
t

k and m .

7 5

The full width at half maximum, W, of the PL peaks due to thickness fluctuations is,

W = 2(AL)-^(AE)
dL

(39)

where AL is the monolayer thickness of 3.13A.

We find the following relationship in electron

volts, between W and AE:

W = 0.74(AE)I

(40)

This simple result gives a remarkably good fit to the width of the P L spectrum as shown in Fig.
57.
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Figure 57: F W H M of the PL spectra as a function of the quantum shift AE, defined as the P L peak
position minus 1.1 eV, the Si bandgap energy. Open circles indicate H F soaked samples (Fig. 48)
while filled circles indicate samples produced using different current densities (Fig. 47). The solid
line is an effective mass model for the expected PL width from hydrogen terminated Si (111)
sheets.
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8.

CONCLUSIONS

In conclusion we find that x-ray absorption measurements at the Si K and L-edge are a
sensitive probe of the quantum confinement effects in the conduction band of PS. We show for
the first time a blue shift in the x-ray absorption spectrum of PS when compared to bulk silicon.
The blue shift can be explained in terms of quantum confinement which raises the bottom of the
conduction band, consequently the absorption threshold will increase by the same amount. Our xray absorption measurements suggest that the size of the nanostructure can be controlled by such
things as the anodization current density, anodization time, photon energy of light illuminating the.
sample during anodization and post anodization soaking in HF solution.

The x-ray absorption

spectra also show an excitonic enhancement at the Si L edge in PS which increases with the
quantum shift in the L-edge absorption. The enhanced excitonic absorption is in agreement with
the expectation that electron-hole interactions increase in silicon nanocrystals due to confinement
effects, and is consistent with the high luminescence efficiency in PS. Differences in the electronic
structure of the conduction band between bulk silicon and PS are understood qualitatively using a
simple L C A O model. In particular we can understand the blue-shifting of the conduction band
minimum in PS for both L and K edges. This model also explains the steeper onset of the K-edge
spectrum for porous silicon as compared to the bulk.
PES data show that the valence band of porous silicon is also shifted relative to the bands
for bulk silicon, and the shift is dependent on how the PS is prepared The quantum shift in the
valence band is larger than the shift in the conduction band and is proportional to it with a
proportionality constant of 2.0 that is independent of preparation conditions. This agrees with the
quantum confinement model for PS which predicts that the energies of the valence and conduction
band should be correlated and depend on the size of the Si microstructure.

The quantum

confinement shifts have been estimated using a simple effective-mass approximation where we
neglect the spin orbit splitting. In this effective mass model the ratio of valence to conduction
band edge shifts is 1.48 for a (100) oriented wire with square cross section, 1.42 for a (100)
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oriented box. Similarly the ratios are 1.42, 1.48, and 4.4 for a sheet oriented in the (111), (110)
and (100) directions respectively. More sophisticated pseudopotential calculations give a ratio of
valence to conduction band edge shifts of 1.8 for (100) oriented sheet and 2.0 for a spherical
quantum dot rather different than the effective mass calculation but in good agreement with the
experimental data.
The Si L V V Auger electron spectrum provides an alternative measurement of the quantum
shift in the valence band of PS. We find that the maximum kinetic energy of an Auger electron
from the PS will be lower than in crystalline silicon by a factor of 2(AE b). The reason for the
v

factor of two is that the ejected Auger electron comes from a valence band with a larger minimum
binding energy while at the same time the electron that drops into the 2p core level has less excess
energy to dissipate since it comes from the quantum shifted porous silicon valence band.
An independent confirmation of the relationship between the quantum shifts in the valence
and conduction band edges is obtained from the PS annealing experiments. The quantum shifts in
the conduction and valence band edges of PS relative to bulk Si are found to decrease with
progressively higher annealing temperatures, up to 550°C, at which point the band edge energies
revert to the values for bulk Si. These results suggest that the PS nanostructure collapses with an
increase in the PS particle size in the temperature range between 400 and 500°C where the surface
hydrogen evolves.

The ratio of the shift in the valence band edge to the shift in the conduction

band edge remains approximately constant with annealing and equal to 1.9, in agreement with the
ratio determined as a function of preparation conditions. The fact that the ratio of the valence band
shift to the conduction band shift remains constant during annealing suggests that the quantum shift
in the two band edges is not sensitive to the geometric shape or crystallographic orientation of the
microstructure of the PS. We conclude from the study of thermal annealing of porous silicon that
the changes in the conduction and valence bands, and the hydrogen evolution are all consistent
with a quantum confinement model for the optical properties in which H passivation of the surface
of the nanostructures plays a critical role in the high luminescence efficiency.
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Measurements of the Si L-edge have proven a useful way to probe the effects of different
preparation procedures on the electronic structure of PS. In particular we explore the hypothesis
that the self limiting behavior of the etching process is caused by a reduction in the number of holes
at the semiconductor-electrolyte interface when the dimension of the silicon microstructure in the
porous material is small enough to produce a quantum shift in the valence band. Two models have
been proposed to explain the logarithmic dependence of the quantum shift on the anodization
current (light intensity) and the anodization time.

In the first model we assume that the

photogenerated holes in PS are in thermal equilibrium with bulk silicon. In other words the PS is
completely connected to the bulk silicon. In the second model we assume the opposite limit where
the photogenerated holes in the PS are isolated from the bulk silicon.

Although both models

predicted a logarithmic dependence of the quantum shift with anodization current and etch time,
nether model exactly fit the data. The completely connected model predicts quantum shifts that are
too small and the weakly connected model predicts quantum shifts that are too large. We find the
actual results is somewhere in between the two models. This suggests that the actual form of the
self limiting etch mechanism is a combination of the two models.
The peak in the photoluminescence spectra for a series of porous silicon samples have been
compared with photoelectron spectroscopy measurements of the band edge quantum shifts.

The

peak in the PL spectrum and the bandgap determined from photoelectron spectroscopy show a
similar variation with preparation conditions although the PL peak is lower in energy than the gap
determined from photoelectron spectroscopy.

Both the PL and the L-edge absorption show an

increase in inhomogeneous broadening with increasing quantum shift. This increase is consistent
with an effective mass theory for quantum confinement in 2D silicon sheets with one atomic layer
fluctuations in the surface topography.
An alternative explanation for the visible PL is emission from a surface siloxene (Si6H603)
layer which is peaked near 550 nm.

The structure is known to consist of Si (111) layers

terminated above and below by OH groups and H atoms. It has been proposed that the shift in the
PL peak with preparation conditions could be caused by a heat-treated form of siloxene.

This is
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difficult to reconcile with photoelectron experiments which show that freshly prepared PS does not
contain oxygen. Recendy an oxygen-free form of siloxene (Si6H6) called layered polysilane has
been synthesized.

The x-ray absorption of the layered polysilane and PS are found to be

remarkably similar. In particular, the K absorption edge of layered polysilane is shifted by 0.6 eV
with respect to bulk silicon. This is the same as that of the PS samples with the maximum
conduction band shift. First principles electronic calculations show that Si6H6 has a bandgap of
about 3.1 eV. PS with a 0.7 eV conduction band shift should have a band gap of 3.2 eV, using
the 2:1 ratio of valence band shift to conduction band shift.

These results suggest that PS is

composed of a Si6 H6 silicon layer sandwich structures with small n. As the PS is etched a the
n

number of layers decreases, a limiting form of PS is obtained which occurs when n=l.
These results show how PS is a useful model system for explaining dimensional effects in
Si nanostructures.
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