// 97//{5
SANDIA REPORT

SAND94-3248 - UC-704
bnlimited Release
~ Printed February 1995

Final Report on LDRD Project:
Quantum Confinement and Light
Emission in Silicon Nanostructures

T. R. Guilinger, M. J. Kelly, D. M. Folistaedt, D. A. Redman, E. H. Chason,
D. R. Tallant, J. C. Barbour, J. S. Custer, A. J. Howard, D. Dimos, S. R. Lee,
J. W. Medernach, J. O. Stevenson

Prepared by

Sandia National Laboratories

Albuquerque, New Mexico 87185 and Livermore, California 94550
for the United States Department of Energy

under Contract DE-AC04-34AL 85000

Approved for public release; distribution is unlimited.

A

SF2900Q(8-81)

DISTRIBUTION OF THIS DOCUMENT IS UNLIMiTED .




Issued by Sandia National Laboratories, operated for the United States
Department of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Govern-
ment nor any agency thereof, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, prod-
uct, or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government, any agency thereof or any of
their contractors or subcontractors. The views and opinions expressed
herein do not necessarily state or reflect those of the United States Govern-
ment, any agency thereof or any of their contractors.

Printed in the United States of America. This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
PO Box 62
Oak Ridge, TN 37831

Prices available from (615) 576-8401, FTS 626-8401

Available to the public from
National Technical Information Service
US Department of Commerce
5285 Port Royal Rd
Springfield, VA 22161

NTIS price codes
Printed copy: A04
Microfiche copy: A01




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




SAND 94-3248 Distribution
Unlimited Release Category UC-704
Printed February 1995

Final Report on LDRD Project:
Quantum Confinement and Light Emission in
Silicon Nanostructures

T. R. Guilinger, 1841, M. J. Kelly, 1824, D. M. Follstaedt, 1112,
D. A. Redman, 1112, E. H. Chason, 1112, D. R. Tallant, 1823,
J. C. Barbour, 1111, J. S. Custer, 1111, A. J. Howard, 1322,
D. Dimos, 1845, S.R. Lee, 1111, J. W. Medernach, 1332,
and J. O. Stevenson, 1841

Sandia National Laboratories
- Albuquerque, NM 87185

Abstract

Electrochemically formed porous silicon (PS) was reported in 1991 to exhibit visible
photoluminescence. This discovery could lead to the use of integrated silicon-based optoelectronic
devices. This LDRD addressed two general goals for optical emission from Si: (1) investigate the
mechanisms responsible for light emission, and (2) tailor the microstructure and composition of the Si to
obtain photoemission suitable for working devices. PS formation, composition, morphology, and
microstructure have been under investigation at Sandia for the past ten years for applications in silicon-
on-insulator microelectronics, micromachining, and chemical sensors. We used this expertise to form
luminescent PS at a variety of wavelengths and have used analytical techniques such as in situ Raman
and X-ray reflectivity to investigate the luminescence mechanism and quantify the properties of the
porous silicon layer. Further, our experience with ion implantation in Si lead to an investigation into
alternate methods of producing Si nanostructures that visibly luminesce.
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Abstract

Electrochemically formed porous silicon (PS) was reported in 1991 to exhibit visible
photoluminescence. This discovery could lead to the use of integrated silicon-based
optoelectronic devices. This LDRD addressed two general goals for optical emission from Si:
(1) investigate the mechanisms responsible for light emission, and (2) tailor the microstructure
and composition of the Si to obtain photoemission suitable for working devices. PS formation,
composition, morphology, and microstructure have been under investigation at Sandia for the
past ten years for applications in silicon-on-insulator microelectronics, micromachining, and
chemical sensors. We used this expertise to form luminescent PS at a variety of wavelengths and
have used analytical techniques such as in situ Raman and X-ray reflectivity to investigate the
luminescence mechanism and quantify the properties of the porous silicon layer. Further, our
experience with ion implantation in Si lead to an investigation into alternate methods of
producing Si nanostructures that visibly luminesce.

Accomplishments

Our work both in characterization of luminescence and properties of PS and in the use of He
implantation to form novel Si nanostructures led to 9 meeting presentations and 7 refereed
publications over the life of this project. The Bibliography below details the presentations and
publications. Attached to this SAND report as appendices are copies of the 7 refereed
publications resulting from this work. Here, we summarize the important findings from the
attached publications. Based on work already completed, we expect to complete one remaining
journal publication describing in detail our innovative work using in sifru Raman spectroscopy to
analyze the composition of porous silicon while measuring its photoluminescence.

We used He ion implantation to create a dense layer of nanocavities in silicon. We tailored
their size and shape by varying annealing times and temperatures. Hydrogen was introduced in a
controlled fashion to produce monohydride termination of the interior surfaces of the
nanocavities. A variety of passivation processess were performed, none of which produced
visible photoluminescence (PL) from the implanted strucures. We did, however, demonstrate
that a 120 nm blue shift in the peak of the PL emission band from porous layers formed on
implanted wafers was observed when compared to identically prepared porous layers formed on
unimplanted wafers. There was also an obvious difference in microstructure between the layers
grown on the implanted and unimplanted substrates as observed by TEM. We ascribed this
structure difference to the following model. The He bubble layer forms a fully depleted region
extending to the sample surface. This impedes anodic etching until the layer is breached in
scattered, localized regions as evidenced by TEM micrographs. Etching of the initially porous
bubble layer then proceeds very rapidly laterally as well as vertically. The additional porosity
effected by He ion implantation effectively shrinks the crystalline silicon domains between the
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nanocavities and leads to the observed blue shift. The observed blue shift thus supports the
quantum confinement model for PS photoluminescence.

We used X-ray reflectivity as a non-destructive method for measuring the thickness of porous
silicon layers as well as the interfacial roughness between the porous silicon and the single crystal
silicon substrate. Thickness and interfacial roughness measured using this method compared

-favorably with values measured using TEM and atomic force microscopy. Due to X-ray
absorption limitations imposed by the PS layer, the maximum thickness of porous silicon that can
be examined using X-ray reflectivity was estimated to be about 200 nm depending on the porosity
of the layer. Therefore, this technique is limited to the analysis of thin film PS structures. N

We also determined the structure of PS films using double-crystal diffractometry combined
with position-sensitive X-ray detection to image the reciprocal space structure of the material.
The PS material appeared to range in structure from a strained, single-crystal, sponge-like
material exhibiting long-range coherency to isolated, dilated nonocrystals embedded in an
amorphous matrix. Reciprocal space analysis of n* and p* porous silicon showed these materials
are strained single-crystals with a spatially-correlated array of vertical pores. The vertical pores
in these crystals are surrounded by nanoporous or nanocrystalline domains as small as a few nm
in size which produce diffuse diffraction indicating their presence.

In other work, Raman and photoluminescence (PL) spectra were obtained both ex sifu and in
situ on PS samples that emitted visible light. The results generally showed a correlation of blue-
shifted PL with increased oxidation. In one set of ex situ experiments, however, we observed an
inconsistency in the shift of the wavelength of maximum luminescence intensity for PS samples
that exhibited oxygenated character in the Raman spectra. A higher anodization current density
produced a red shift in the PL spectra in one experiment, while chemical dissolution of the PS by
hydrofluoric acid (HF) produced the well-known blue shift. In two in sifu experiments, we
observed very weak and red-shifted PL for a PS sample immersed in HF (compared to the same
sample measured later in air) while in another we immersed air-exposed PS in water and
observed a 15-fold increase in PL intensity along with a blue shift in the luminescence
maximum.

Finally, we developed a method for the reduction of the PL signal from PS by ion-irradiation.

Ton irradiation with 250 keV Ne was used to controllably reduce the integrated PL signal by 20%

after a fluence of 4x1012 Ne cm~2 and completely eliminate the PL signal after a fluence of
4x1013 Ne cm-2. We used vacuum and air annealing to recover ion-induced damage but the high
temperatures for annealing caused elimination of the PL signal.
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Photoluminescence and passivation of silicon nanostructures
D. A. Redman, D. M. Follstaedt, T. R. Guilinger, and M. J. Kelly

Sandia National Laboratories, Albuquerque, NM 87185-1056.

Abstract

A new method was used to fabricate nanometer-scale structures in Si for photoluminescence
studies. Helium ions were implanted to form a dense subsurface layer of small cavities (1-16 nm
diameter). Implanted specimens subjected to annealing in a variety of atmospheres yielded no
detectable photoluminescence. However, implantation combined with electrochemical anodization
produced a substantial blue shift relative to anodization alone. This blue shift is consistent with the

quantum confinement model of photoluminescence in porous silicon.
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Reports of light emission from electrochemically etched porous silicon! (PS) have suggested
the possibility of silicon-based optoelectronic devices compatible with current VLSI processing
technology. Recent work indicates that an éxplanation of the bluminescence must involve both the
modified electronic states in the silicon rﬁicrostructures and the interaction of tliese states with the
surface. For example, an "undulating wire" model proposed to explain structure in the low
temperature near-resonant PL excitation spéctra2 does not fully explain the reversible shifts in the
PL band observed in titration experiments.3 Theoretical approaches have concentrated on the
modifications to the silicon bulk electron states effected by the reduced dimensionality of the
PS,* however, the shape of the potential imposed by the boundary of the microstructure depends
on the nature of the chemical bond between the surface silicon atoms and the chemisorbed
species.

The wet chemical methods for producing PS involve an aqueous HF electrolyte and
necessarily expose the porous material to fluorine, hydrogen, and oxygen. Furthermore, a native
oxide and some hydrocarbon contamination covers the exposed surfaces when the specimen is
removed from the electrolyte and exposed to air.> The simultaneous presence of all the elements
required for both quantum confinement and surface state models precludes independent
evaluation of either. In the hope of elucidating the relative contribution of each model to the
luminescence mechanism, we formed nanometer-size structures ("nanostructures") in silicon using
helium ion implantation to produce a dense, subsurface layer of bubbles. 7 This porous layer is
free from contamination and is removed from any oxidizing ambient, making the process
compatible with contamination-free VLSI processing techniques. Furthermore, the interior
surfaces can be passivated in a relatively controlled fashion as compared to wet chemical methods.
The nanostructure dimensions are similar to the pore diameters observed in electrochemically
produced PS. We find that the bubble layer has a dramatic effect on the formation and
luminescence propertiés of PS even though nanostructures formed by implantation alone do not

luminesce.
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Helium-implanted (100) Si samples were prepared using 30 keV Het at room temperature.
Annealing at 600-800 °C was carried out in vacuum or in atmospheres of hydrogen or deuterium
for times up to 88 hours. Details of the specimen preparation are provided elsewhere.8 Figure la
shows a cross-section transmission electron micrograph (TEM) of a specimen implanted with
1.0x1017 He/cm2. The specimen contains helium bubbles of 1-2 nm diameter along with
substantial implantation damage. Annealing for 10 hours at 800 °C in vacuum removes some of
the implantation damage, allows the helium to diffuse out of the specimen, and coarsens the voids
to an average size of 16 nm. A well-defined cavityv layer exists at depths between 0.15 - 0.35 um
after annealing. |

Porous silicon was prepared using 0.5 - 1.2 Q-cm (100), p-type silicon wafers. These were
anodized in a 2-electrode electrochemical cell, with electrical contact to the backside of the silicon
sample made by pressing a gold disk against it. A 5% HF solution at a current density of 0.55
mA/cm? produced a layer approximately 73% porous with a thickness determined by the reaction
time. After anodization, the wafers were rinsed in water and allowed to air dry. Processed wafers
were stored in air. |

Photoluminescence (PL) measurements were made at room temperature for both as-implanted
and implanted/annealed specimens, both before and after Hy soaking. Spectra were taken using a
0.22 m double monochromator (SPEX 1680B) employing 1200 gr/mm gratings blazed at S00 nm.
Slit widths were typically 100 - 500 um. A cooled GaAs photocathode photomultiplier tube was
used in both a synchronous (lock-in) detection mode and a photon counting mode with a root
mean square dark noise of less than one count. An argon laser operating at 457 nm was used for
excitation at power densities less than 10 W/cm?2.

.Figure 2 compares a typical photoluminescence spectrum from an implanted specimen to that
from electrochemically prepared PS on a 1 Q-cm (100), p-type wafer. The electrochemically
produced specimen was 73% porous, as determined by gravimetric measurements on full wafers
processed under identical conditions. The implanted specimen received 1.0x10!7 He/cm? at 30

keV with no post-implant annealing prior to Dy soaking at 600°C for 67 hours. The
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electrochemicélly—prepared specimen yields a strong PL band extending from 550 nm to 825 nm
and centered at 694 nm (spectrum a). The implanted specimen shows no evidence of
~ photoluminescence over a similar band (spectrum b). Transmission through 0.35 pm of silicon is ~
93% at 700 nm; thus absorption in the silicon overlayer is not a significant factor in detecting light
emitted from the implant region.

The lack of photoluminescence from the implanted specimen can be explained in terms of both
the microstructure and the effects of internal surfaces. Efficient optical emission requires enhanced
radiative recombination (direct band-to-band or excitonic) and simultaneous suppression of
nonradiative recombination. Theory suggests that the zone center matrix element for direct optical
recombination becomes significant in silicon only when the crystalline dimensions are reduced to <
~10 nm.4 The 600 °C anneal is expected to coarsen the cavities to ~8 nm in diameter, but
crystalline regions between them would be greater than 10 nm. Furthermore, the porosity is
relatively low compared with that of PS. The He cavity layer of implanted specimens has a
porosity of ~7%, whereas PS can have porosities greater than 90%. High connectivity of the
crystalline regions between cavities presents a correspondingly small potential barrier for carrier
diffusion into the substrate. This apparently inhibits radiative recombination by precluding the
formation of stable excifons or localized excess carriers within the implanted layer.

TImplantation creates additional rpathways for nonradiative recombination that are not found in
PS with comparable microcrystallite sizes; hence complete passivation is critical. The importance
of passivating surface states for luminescence in PS is well known.? The as-implanted specimen
shown in Fig. 1(a) has nanostructures with appropriate dimensions for quantum shifts in the
silicon band structure, however dislocations from implantation damage permeate the layer. This
damage provides nonradiative recombination centers in addition to the surface states arising from
dangling bonds on the internal surfaces of the voids. 10 Annealing removes some of the
dislocations at the expense of reduced carrier confinement. We attempted to passivate defects and
dangling bonds by soaking the samples in Dy or Hy at 600 °C. Examination of treated specimens

with FTIR shows that monohydride (Si-H) bonds preferentially form on the cavity interiors.11
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These and other means of passivation, including ECR plasma hydrogenation and HF immersion,
were not successful in prodﬁcing photoluminescence, even when amounts of D expected to
saturate all dangling bonds were fouhd to be present with ion-beam anaﬂysis.]2 Higher He
fluences, up to 4.2x10'7 He/cm?, were also used in the hope of achieving greater porosity and
carrier confinement, but photoluminescence was not observed.8

We have also examined the photoluminescence of PS formed on a He-implanted substrate.
The wafer was implanted with 1x1017 He/cm2 and was subsequently anodized over 15% of its
area. A reaction time of 656 seconds under the anodization conditions described above produced
a 73% porous layer with a depth of 0.3 um in an unimplanted wafer. It was thus expected that
identical anodization of the implanted substrate would produce a porous region extending into the
layer with nanometer-sized bubbles, and that the layer would affect the PS etch rate and final
porosity. Figure 2 shows PL spectra from this specimen. Spectrum (b) was recorded with the
excitation incident on the implanted and D,-soaked substrate alone. Spectrum (c) shows the
spectrum recorded under identical conditions with the excitation incident on the porous,
implanted surface region. The dominant features of spectrum (c) are the PL band peaking at 590
nm on top of an exponential tail sloping away from the excitation line at 457 nm. The presence of
this tail indicates that the anodization enhances the surface scatter of the excitation light to a level
that is not rejected by the spectrometer. It has been reported that increasing the porosity of
electroéhemically produced PS (for a given substrate resistivity) shifts the peak of the PL band to
shorter wavelengths.! Wheﬁ the exponential tail is subtracted off spectrum (c), there is a 103 nm
blue shift of the PL peak from that of the 73% porous specimen in spectrum (a). This blue shift is
consistent with a local porosity that is very high in the porous, implanted region. The efficiency of
the PL from the anodized, implanted specimen is poor compared to that from the unimplanted
porous specimen, perhaps due to implantation damage not present in the virgin wafers.

Figure 1 compares the microstructure of an implanted substrate, an implanted substrate after
electrochemical formation of PS, and a thin PS layer on an unimplanted substrate. Figure 1b

shows the presence of a surface layer of relatively unaffected crystalline silicon above a layer of
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material with graded porosity. At the depth of the cavity layer (0.15-0.35um) the porous Si shows
a “texture” parallel to the surface, apparently due to lateral propagation of the anodization. A
finer structure is seen near the substrate side of the layer. Furthermore, the bubblgs formed by He
implantation alone (Fig. 1a) are cohﬁned to depths less than 0.35 pum, while the porous layer in
Fig. 1b extends to a depth of 0.45 um and forms an abrupt interface with the substrate. Figure 1c
shows the structure resulting from identical anodization (except for a shortened reaction time of
188 seconds) of an unimplanted wafer. In this case the fine “texture” appears to run normal to the
surfacé and is uniform throughout the layer.

We ascribe the structure and PL spectrum of the implanted and anodized specimen to the
following model. The He bubble surfaces have ambipolar dangling bonds that trap carriers.10
This charges the layer and causes bending of the carrier bands. To conduct charge to the
anodizing surface, the carriers must overcome the electrostatic barrier presented by the layer.
Moreover, a fully depleted carrier region is expected to extend to the sample surface. These
features impede anodic etching until the overlayer is breached in scattered, localized regions.
Figure 3 shows a lower magnification cross-section TEM image typical of such regions, which
were found to be separated by ~3 um. Etching of the initially porous bubble layer then proceeds
both laterally and vertically. The initial porosity and charge transport properties of the nanocavity
layer enhance the lateral etch rate by ~10x, allowing connection of the subsurface region between
the breach points. We believe the additional porosity of the nanocavity layer effectively shrinks the
crystalline silicon domains produced by anodization and leads to increased quantum confinement
and the observed blue shift.

In conclusion, we used He ion implantation to create a porous layer of nanocavities in silicon.
We.tailored the size and number of the cavities by varying He fluence and annealing temperature.
A variety of passivation processes were used to introduce hydrogen in a controlled fashion, but
none produced visible photoluminescence from the implanted structures. However, we have

demonstrated a 103 nm blue shift in the peak of the PL emission band from porous layers formed
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on implanted wafers when compared to identically prepared porous layers formed on unimplanted
wafers. ‘

The authors thank M. P. Moran for preparing cross-section TEM specimens and D. M.
Bishop for perforrhing the ion implantations and the anneals. Discussions with J. C. Barbour, S.
M. Myers, W. R. Wampler and H. J. Stein were quite valuable. This work performed at Sandia
National Laboratories is supported by the U. S. Department of Energy under contract DE-AC04-
94AL85000.
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Figure Captions

FIG. 1. (a) [110] cross-section TEM bright-field image of (001) Si implanted with 1.0x1017
He/cm? at 30 keV. (b) Similar image after anodic etching in 5% HF solution at a current deﬁsity
of 0.55 mA/cm?2 for 656 seconds. (c) Image of a porous layer produced by similar anodic etching
of an unimplanted substrate for 188 seconds. Under-focus TEM conditions were chosen to obtain

the best feature contrast.

FIG. 2. (a) PL spectrum obtained from a 73% PS wafer with no implant normalized to scale
of curves b and c. Structure in the spectrum at 685 nm is a spectrometer artifact. (b) Spectrum
obtained from a He implanted and deuterium passivated wafer similar to that shown in Fig 1a. The
solid line is a least square exponential fit to the raw data. (c) Spectrum obtained from porous
region of the same implanted wafer as described in the text. The solid line is a smoothed

representation the raw data intended as guide for the eye.

FIG. 3. Lower magnification cross-section TEM image of the same specimen shown in Fig.

1b. An area showing etching through the relatively defect free Si overlayer is seen near the center.




<
35 4.
A e
el

= e G RN i i AR 36% ERTO)
q EVs o3 A : : L #x

G
3,
)

G

X
A
A

v,
<
)
»;

A

LAY

o




PL Intensity (a. u.)

500

700
Wavelength (nm)




- epey wANT—




Appendix II. “Non-Destructive Measurement of Porous Silicon
Thickness Using X-Ray Reflectivity”
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ABSTRACT

In this paper, we describe a non-destructive method based on X-ray
reflectivity for measuring the thickness of porous silicon layers as well as the
interfacial roughness between the'porous silicon and the single crystal silicon
substrate. Thickness and interfacial roughness measured using this method
compare favorably with values measured using transmission electron
microscopy (TEM) and atomic force microscopy (AFM) but differ from values

obtained by gravimetric techniques for porous silicon layers thinner than 150
nm.
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ABSTRACT

In this paper, we describe a non-destructive method based on X-ray.
reflectivity for measuring the thickness of porous silicon layers as well as the
interfacial roughness between the porous silicon and the single crystal silicon
substrate. Thickness and interfacial roughness measured using this method
compare favorably with values measured using transmission electron
microscopy (TEM) and atomic force microscopy (AFM) but differ from values
obtained by gravimetric techniques for porous silicon layers thinner than 150
nm,

INTRODUCTION

Although the property of visible photoluminescence from porous silicon (then
called silicon stain film) was discovered more than 30 years ago [1], renewed
interest due to the work of Canham [2] has resulted in numerous publications
related to the composition and morphology of porous silicon (PS) and their
relation to the mechanism of PS photoluminescence. As yet, no clear model for
PS photoluminescence has been accepted although proposed mechanisms
include: (1) quantum size effects due to the small size of the PS nanostructures
causing band structure modification of the silicon [2,3]; (2) chemiluminescence
from Si-O-H polymeric compounds such as siloxene, SigO3Hg, and fluorinated
derivatives [4]; (3) photoluminescence due to the presence of SiHx compounds,
particularly SiHo and SiH3z [5]; and (4) light emission from hydrogen-
terminated amorphous silicon structures [6].

*Electrochemical Society Active Member



In this paper, we describe the use of X-ray reflectivity in the measurement of
physical properties of thin PS layers. Analytical tools previously applied to the
measurement of the chemical and physical properties of porous silicon layers
include the following: X-ray photoelectron spectroscopy (XPS) to examine the
chemical species present in porous silicon and associate these chemical species
with the PS photoluminescence [6], soft x-ray absorption to measure the
differences in absorption spectra between porous and crystalline silicon [7],
electron paramagnetic resonance to probe the localization of charge carriers in
PS nanostructures [8], small-angle X-ray scattering to determine PS porosity
and thickness [9], X-ray fluorescence and diffraction to obtain mean pore size,
correlation between pores positions, and local lattice distortions [10], Fourier
transform infrared spectroscopy (FTIR) measurements to determine the extent
of hydrogen bonding of PS samples [5,11], and Raman spectroscopy to examine
the broadening of the crystalline silicon peak to measure the presence of silicon
microcrystallites in the 2-3 nm range [12,13,14].

The physical properties of the porous silicon layer, such as porosity and
thickness, can be measured in a number of ways including gravimetry [15,16],
interferometry [17], and cross-sectional microscopy. Gravimetry and ‘
microscopy require destruction of the PS sample. Interferometry, using either
infrared or visible light, results in two unknowns in the data analysis: porosity
and thickness. For this technique, either an independent measure of porosity or
thickness must be made or the interferometry must be performed at multiple
angles of incidence. X-ray reflectivity suffers from neither of these problems.

X-ray reflectivity has been used to study the structure of surfaces and
interfaces in a large variety of materials. This technique has become popular
not only because it is non-destructive but also because X-rays are highly
penetrating which makes it possible to study buried interfaces and perform in
situ studies where non-opticalkprobes cannot be used [18]. The development of a
new approach to X-ray reflectivity measurements using energy dispersive
detection has made this technique more accessible to laboratory-based X-ray
generators [19]. In this approach, the reflectivity is determined as a function of
energy at a fixed angle. Working at a fixed angle lessens the experimental
difficulty of scanning small angles at high precision.
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It is our intent in this paper to show that X-ray reflectivity can be used to

accurately determine the thickness and interfacial roughness of porous silicon
layers. We will compare the values of thickness and roughness measured by X-
ray reflectivity with those determined by cross-section transmission electron
microscopy (XTEM), atomic force microscopy (AFM), and gravimetric
techniques.

EXPERIMENTAL

Porous silicon was formed by electrochemical anodization of 0.5-1.0 Q-cm,
boron doped, (100) p-Si in a dual-tank electrochemical cell. Details of the design
and testing of this cell are given elsewhere [20,21]. The PS samples examined in
this paper were formed in 5 wt% HF at 0.58 mA/cm? for times ranging from 141
to 376 sec. The total area of PS formed was 45.8 cm2. Gravimetric
measurements, utilizing the weight loss of the silicon sample on anodization
and after removal of the PS layer with 7 M NaOH, indicated that these
formation conditions produced PS layers about 70-79% porous with thicknesses
ranging from 110 to 200 nm.

X-ray reflectivity was performed on samples of porous silicon by exciting the
PS in a broad band X-ray source produced from a Mo target on a rotating anode
generator operating at 4 kW (40 kV and 100 mA). The X-ray filament was in the
line focus mode creating an effective source size of 0.05 cm x 1 cm. The total
area of PS sample excited was 5 x 5 mm. The reflectivity was obtained
experimentally by measuring the reflected intensity as a function of the
scattering vector. In conventional reflectivity measurements, the X-ray energy
is kept constant and the scattering vector is scanned by changing the
scattering angle. In the energy-dispersive technique, the scattering vector is
scanned by fixing the scattering angle (at 1 degree) and measuring the reflected
intensity as a function of energy.

The measured reflectivity was analyzed with an optical single layer or
multilayer model (Parratt [22]) using a nonlinear least-squares fitting routine
to optimize the parameters. The parameters to be varied were the number of




layers, the density and thickness of each layer and the roughness of the top
surface and buried interfaces.

AFM micrographs were taken using a Digital Instruments Nanoscope III
atomic force microscope operating in air in contact mode. No sample
preparation was required for this non-destructive technique. The AFM has
built-in capabilities for the analysis of RMS surface roughness. Images were
taken from several areas of each sample with varying sample sizes to yield
average RMS roughness over the entire sample.

RESULTS AND DISCUSSION

We prepared four porous silicon samples according to the recipe described
above. The samples were prepared under identical conditions with anodization
times of 141, 188, 282, and 376 sec providing PS layers with different
thicknesses. After determining their X-ray reflectivity, three of the PS samples
were cross-sectioned, electrochemically thinned, and then ion-milled for TEM.
The reflectivity data was fit to both single layer and multi-layer models.
Satisfactory fit of the data to a single layer model was found for all four PS
samples. Furthermore, TEM detected only one layer in the samples examined.

Figure 1 shows the X-ray reflectivity data and the single layer fit of the data
for the PS sample anodized for 188 sec. The X-ray reflectivity data for each PS
sample was analyzed to obtain the thickness, porosity, and roughness of the PS
layer. Figure 2 shows the thickness of the porous silicon layers as determined
by X-ray reflectivity. Error bars on the X-ray reflectivity data in Figure 2 are at
5% of the measured value representing a conservative estimate of the error
associated with the single layer least squares fit of the data by perturbation
analysis. A satisfactory linear fit to the thickness data from X-ray reflectivity
can be made. This linear fit yields a non-zero x-intercept at about 48 sec
suggesting an induction time for the production of porous silicon. If
electropolishing were occuring during the first 48 sec, about 8 nm of silicon
would be removed before PS formation began (assuming that the number of
electrons transferred during electropolishing is 4 per silicon atom removed). We




are currently analyzing PS layers made at anodization times between 0 and 142
sec to determine the validity of the induction time concept.

We used cross-sectional TEM as an independent means to determine the
thickness and roughness of three of the PS layers. After digitizing the TEM
micrographs, we calculated both the average PS layer thickness over the area of
the micrograph (micrographs covered a cross-sectional distance of about 500
nm) and the root mean square roughness of both the PS/silicon interface and
the PS surface. Figure 3 shows a p'ortion of a representative XTEM for the PS
sample anodized for 188 sec. Thicknesses of the PS layers as calculated from the
TEM micrographs are shown in Figure 2. For the PS samples anodized at 141
and 188 sec, thicknesses measured by X-ray reflectivity and XTEM are within
10% of one another and the differences in the measured values are well within
the error estimates of the two techniques. For the PS sample anodized for 282
sec, error between the two methods is about 30% although the very large
uncertainty in the XTEM measurement, caused by the roughness at the
PS/silicon interface, indicates that the difference in thickness determined by the
two techniques is nearly within the error estimates for the XTEM.

We routinely determine the thickness and porosity of PS samples by
gravimetry. Gravimetric determinations of the porosity and thickness of the
porous silicon samples described here showed that porosity varied between 70
and 79% while thicknesses calculated by material balance were 120 nm, 110
nm, 160 nm, and 200 nm for the 141 sec, 188 sec, 282 sec, and 376 sec PS
samples, respectively. As shown by the data in Figure 2, thicknesses calculated
by gravimetry are consistently higher than those determined by X-ray
reflectivity. It should be noted that gravimetric thicknesses are averaged over
the entire area of the PS layer (45.8 cm2) while a 5 x 5 mm area was examined
by X-ray reflectivity. Furthermore, for these thin PS layers, considerable error
is introduced in gravimetric measurements due to the difficulty in accurately
and precisely measuring small (0.01 mg) weight changes on large (10 g)
substrates. As shown in Figure 2, the deviation between gravimetric and x-ray
reflectivity measurements of thickness decreases with increasing PS layer
thickness showing that for larger silicon weight losses, these two methods are
in closer agreement.



Figure 4 shows root mean square roughness of the interface between the PS
layer and the silicon substrate and of the PS top surface determined by X-ray
reflectivity, atomic force microscopy (AFM), and XTEM. The interfacial
roughness for AFM was determined by removing the PS layer in 7 M NaOH
before AFM analysis. All three analysis methods show that the interfacial
roughness of PS is about 5-10 times that of the top PS surface. Further, all
three methods are in approximate agreement on the absolute value of the
interfacial (about 2-5 nm) and surface (about 0.5 nm) roughness of PS. The
AFM measurement of roughness at the PS/substrate interface is probably low
due to the smoothing effect of 7M NaOH used to remove the PS layer before AFM
analysis. Figure 4 also shows that PS surface roughness is constant with .-
increasing anodization time (this surface roughness is equivalent to that
determined by AFM for a virgin silicon wafer) while PS/silicon interfacial
roughness increases with increasing anodization time.

CONCLUSIONS

We used X-ray reflectivity as a non-destructive method for measuring the
thickness of porous silicon layers as well as the interfacial roughness between
the porous silicon and the single crystal silicon substrate. Thickness and
interfacial roughness measured using this method compare favorably with
values measured using TEM and atomic force microscopy. Due to X-ray
absorption limitations imposed by the PS layer, the maximum thickness of
porous silicon that can be examined using X-ray reflectivity is estimated to be
about 200 nm depending on the porosity of the layer. Therefore, this technique
is limited to the analysis of thin film PS structures.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

X-ray reflectivity, R, normalized by Fresnel reflectivity, R, for the
porous silicon sample anodized for 188 sec. Also shown is the non-
linear least squares fit of the data using a single layer model.

Porous silicon thickness as a function of anodization time measured
by X-ray reflectivity, XTEM, and gravimetry. Error bars on the X-ray
reflectivity are 5% of the measured value. Error bars on the XTEM
are estimated from maximum deviations of the measured thickness

from the mean. Line for the X-ray reflectivity is linear least squares
fit. '

Cross-section TEM micrograph of the porous silicon sample anodized
for 188 sec. '

Roughness of the porous silicon/silicon interface and the porous
silicon top surface as measured by X-ray reflectivity, XTEM, and
atomic force microscopy (AFM). Lines are linear least squares fit.
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Appendix III. “Non-Destructive Characterization of Porous
Silicon Using X-Ray Reflectivity”




NON-DESTRUCTIVE CHARACTERIZATION OF POROUS SILICON
USING X-RAY REFLECTIVITY

E.'CHASON, T.R. GUILINGER, M.J. KELLY, T.J. HEADLEY and A.J. HOWARD
Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACT

Understanding the evolution of porous silicon (PS) layers at the early stages of growth is
important for determining the mechanism of PS film growth and controlling the film properties.
We have used X-ray reflectivity (XRR) to determine the evolution of layer thickness and
interfacial roughness during the growth of thin PS layers (< 200 nm) prepared by electrochemical
anodization. The porous layer grows at a constant rate for films as thin as 15 nm indicating a very
short incubation period during which the surface may be electropolished before the PS structure
begins to form. Interface roughness measurements indicate that the top surface of the film
remains relatively smooth during growth while the roughness of the PS/silicon interface increases
only slightly with film thickness. The XRR results are compared with results obtained from the
same films by cross-sectional transmission electron microscopy (XTEM), atomic force

microscopy (AFM) and gravimetry.

INTRODUCTION

Porous silicon (PS) films have properties that make them interesting for a variety of
technological applications, e.g., as insulating layers in microelectronics [1] and for
micromachining applications [2]. The discovery of visible photoluminescence by Canham {3] has
generated further interest because of the possibility of creating light emitting devices in Si-based
materials. Although there has been significant interest in utilizing PS, there is still not a complete
understanding of the porous layer formation process or the resulting microstructure. Part of the
reason for this is the difficulty of characterizing the porous structure accurately. Many of the
available techniques are time-consuming and sample preparation can be difficult.

In this paper, we report on the use of X-ray reflectivity (XRR) to study the evolution of
“the PS film structure. XRR is a sensitive probe of thin film layer thickness and surface and
interface roughness. The technique is non-destructive, requires minimal sample preparation and,
because X-rays are highly penetrating, it is possible to study buried interfaces. We have
concentrated primarily on the evolution of the PS film structure during the very early stages of
film formation by measuring a series of samples prepared under identical condition for different
anodization times. For comparison of the resolution of XRR with other techniques, some of the
samples were also measured using gravimetry, XTEM and AFM.

The porous silicon (PS) was formed by electrochemical anodization of 0.5-1.0 Q-cm,
boron-doped, (100) p-Si in a dual tank electrochemical cell. Details of the design and testing of
this cell are given elsewhere [4]. The PS samples were formed in 5 wt% HF at 0.58 mA/cm? for
times ranging from 5 to 376 s. The total area of PS formed was 45.8 cm2.




X-RAY REFLECTIVITY (XRR)

X-ray reflectivity is a technique for measuring the structure of thin films. A review of the
technique may be found in ref. 5, so only a brief discussion is given here. The reflectivity is
measured as a function of the scattering vector,

k = 4n/hc E sinb ¢y

where E is the energy of the X-ray and 20 is the scattering angle. In contrast with X-ray
diffraction, X-ray reflectivity is performed at small values of k where the reflectivity may be
interpreted as arising from a continuous medium with an index of refraction, n, that depends on
the electron density, pe] [6]. The index of refraction for X-rays in matter is less than 1 so that for -
sufficiently small incident angles total external reflection occurs.

~ Above the critical value for total external reflection (k¢), the reflectivity from an ideal
interface is given by the Fresnel reflectivity (Rp(k)) with the asymptotic form (kfkc)'4. For an
imperfect interface, the reflectivity is given approximately by [5]

R(k) = Rp(k) | F(dpel/d2)? )

where F(dpe)/dz) is the Fourier transform of the electron density gradient in the direction normal
to the surface of the film. The relationship between the film structure and eq. (2) is shown
schematically in figure 1. The electron density in the direction normal to the film surface (fig. 1a)
is constant where the film composition is uniform and changes at the interfaces between the
substrate, the PS film and vacuum. The gradient of the electron density (dpej/dz) has peaks at
these interfaces as shown in fig. 1b. If the interface is smooth, then the peak in dpg|/dz will be
narrow, while if the interface is rough or diffuse, the peak will be broader. The roughness is
generally taken to have a Debye-Waller form (exp(-k262)) where ¢ is the interface roughness.
The normalized reflectivity from this structure (fig. 1¢) is given by the Fourier transform of the
density gradient. The oscillations shown in the reflectivity spectra come from interference
between scattering from the surface and the buried interface, while the decay in the reflected
intensity is determined by the roughness of the interfaces. The reflectivity spectra can therefore
be analyzed to obtain the thickness, electron density and interface roughness of the individual
layers.

- The details of the experimental apparatus are discussed in ref. 7. In the energy dispersive
technique used in this work, a broad range of X-ray energies impinge on the sample at a fixed
angle and a solid-state Ge detector is used to simultaneously measure the reflectivity at each
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Figure 1. Schematic of relationship between a) electron density of thin film on substrate, b)
electron density gradient normal to the surface and c) normalized X-ray reflectivity. z and k are in
the direction normal to the surface of the fiim.
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wavevector k. For the actual data analysis, an optical multilayer theory [8] that takes into account
multiple scattering is used. Optimum values of parameters corresponding to porosity, PS layer
thickness, surface roughness and buried interface roughness were obtained using a non-linear
least-squares fitting routine. It is important to note that XRR only measures variations in the
electron density normal to the film surface and does not probe the interface structure in the plane
of the film. The total area of the sample illuminated by the X-ray beam is approximately 0.5 x 0.5
cmZ; the measured roughness corresponds to integrating over a region determined by the lateral
coherence length of the X-rays which is on the order of 1 um.
‘ XRR spectra are shown in figure 2 from PS samples prepared for anodization periods of
5, 15, 30, 60 and 140 s as indicated in the figure. The increase in the frequency of the intensity
oscillations with the anodization time corresponds to increasing layer thickness. The oscillations
decay after only a few periods indicating substantial roughness at one or both of the interfaces.
The solid lines represent the calculation of the reflectivity from the optical multilayer theory. For
the sample that was processed for S s, the structure could be adequately described by a model that
contained only a rough surface and no PS layer. For the other samples, a model structure
containing a single PS layer on the Si substrate was used.
The dependence of the thickness of the PS layer on the anodization time is shown in figure

3. The error in the XRR determination of layer thickness is estimated to be = 5%. The evolution
of the roughness with anodization time is shown in figure 4a for the roughness from the surface
and in figure 4b for the buried PS/substrate interface . The error on the surface roughness is
estimated to be + 0.2 nm while the error on the buried interface roughness is = 0.5 nm. The solid
lines in figures 3 and 4 are guides to the eye.

~ In the following section, we present a comparison between results obtained using XRR
and other thin film analytical techniques. The implications of these results for understanding the -
growth process will be discussed in the final section.

0
-
—~
o2
E Figure 2. X-ray reflectivity spectra
= .3 from PS films. Open circles are
(@) experimental data; solid lines are
O | calculations from optical multilayer
-4 theory. Anodization times are
indicated on the figure. '
- Sy ! ! 1
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COMPARISON OF XRR AND OTHER EXPERIMENTAL TECHNIQUES

In order to compare the sensitivity of the XRR technique to other thin film analytical .
methods, a series of samples were prepared with different anodization times and analyzed using
XRR, XTEM, AFM and gravimetry. An XTEM micrograph for a sample that was anodized for
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determined by XRR.

141 s is shown in figure 5. The micrograph was digitized and the average PS layer thickness and
RMS roughness at the surface and buried interface was calculated. The lateral range covered by
the micrograph was approximately 500 nm, which is comparable to the lateral coherence length of
the XRR method. The micrograph indicates that the bottom interface is significantly rougher than
the top surface. The image also shows no gross non-uniformities in the layer which is consistent
with the good agreement of the XRR spectra with a single layer model.

Gravimetric measurements of layer thickness and porosity are obtained by measuring the
change in the sample weight before and after PS layer formation and after stripping off the PS
layer using NaOH. The porosity measurements (not shown) indicate that the porosity of the PS
layer does not increase significantly with increasing layer thickness. The porosity of these films
was on the order of 70 - 80%. The XRR results are consistent with the porosity of the films being
independent of the layer thickness, but forcing the layer density to the value obtained from
gravimetry produced significantly worse fits and suggests that the layer density may not be
completely uniform with depth. AFM measurements of the surface roughness were obtained from
analysis of several 1 um x 1 um regions per sample. The buried interface roughness was obtained

Figure 5. Cross-sectional TEM
micrograph of PS film after 141 s
anodization time.




The results for the layer thickness determination are shown in figure 6. The thicknesses
calculated by gravimetry are consistently higher than for the XRR and XTEM. At small values of
the layer thickness, the agreement of the gravimetry results becomes worse. For these very small
layer thicknesses, the measurement is presumably dominated by the resolution of the weight
change measurement. The agreement between the XRR and XTEM determinations of the sample
thickness is very good. The main drawback to the XTEM analysis is the difficulty of preparing
cross-sectional samples for analysis. Because XTEM samples a very small portion of the sample,
local variations in the thickness can have a significant effect on the errors associated with the
measurement. '

A comparison of the measured surface and interface roughness is shown in figure 7 for the
surface (figure 7a) and the PS/substrate interface (figure 7b). All of the techniques indicate that
the bottom interface is significantly rougher than the surface and are in approximate agreement on
the magnitude of the interfacial (2 - 5 nm) and surface (0.5 nm) roughness. Although XTEM
suggests a stronger dependence of the bottom surface roughness on anodization time than the
XRR, the small area of the sample used for XTEM measurements makes it difficult to determine
what error should be associated with this number. The AFM value of the bottom surface
roughness also may be supressed due to smoothing of the interface during the PS removal with
NaOH.

EVOLUTION OF THIN FILM STRUCTURE

The results of the XRR measurement of PS layer thickness (figure 3) indicate that the
layer formation rate is linear with time even for very thin layers. Significant deviation from
linearity occurs only for the results obtained at the shortest anodization times: S s, where no PS
layer is observed, and 15 s where the measured thickness falls below the linear value extrapolated
from the longer times. These results suggest that the growth is linear except when the layer
thickness is comparable to the roughness of the bottom interface.

The evolution of the surface roughness with anodization time (figure 4) indicates that once
the initial pore formation is completed, the top surface does not continue to etch significantly.
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Figure 6. Comparison of PS film Figure 7. Comparison of a) surface
thickness determined by XRR, XTEM roughness and b) PS/substrate interfacial
and gravimetry. roughness determined by XRR, XTEM and
AFM.




The surface reaches a roughness of between 0.5 - 0.7 nm after only 5 s, and this roughness does
not increase over the measured range. This result is consistent with the gravimetric result that
indicates that the porosity does not change afier the initial porous layer is formed. If the porosity
were changing significantly, it would most likely lead to an increase in the surface roughness as
well. Etching of the Si by HF does not appear to contribute to a significant increase in the surface
roughness. At an estimated etch rate of 0.0005 nm/s [9], only 0.15 nm of Si is removed after the
maximum etch time of 300 s which is significantly less than the surface roughness of 0.6 nm.

The fact that the roughness of the buried interface does not increase significantly suggests
that the PS forming reaction is self-limiting, i.e., that the pores interact to keep the growth front at
the same level. This is consistent with previous work performed on the effect of PS formation on
initially rough substrates in which it was found that the porous layer formation resulted in a buried
interface that was smoother than the intial surface roughness [10].

These results are consistent with a model that suggests that for very early times, the
porous layer starts to form by initially roughening the top surface. This porous layer is formed
very shortly after the etching process begins since we do not observe a long incubation period of
electropolishing before the PS layer formation begins. The Si appears to be significantly etched
only in the vicinity of the pore tips since the top surface does not continue to roughen after the PS

layer is formed. The active region of pore formation has a width of approximately 3 nm which it
maintains as it continues to burrow into the Si substrate. Since these results are taken from the
very early stages of layer formation, it is difficult to compare with the predictions of proposed
models of PS formation that deal primarily with the later stages of growth [11].

In conclusion, we have used X-ray reflectivity to study the evolution of PS layer thickness,
surface roughness and PS/substrate interface roughness. The results obtained with XRR are in
good agreement with results obtained by gravimetry, XTEM and AFM. The growth kinetics
indicate that the rate of PS formation is remarkably linear beyond the point where the layer
thickness is comparable to the steady-state roughness of the PS/substrate interface. The surface -
and buried interface roughness remain constant during the PS layer growth with the buried
interface rougher than the surface by a factor of S. This work was performed at Sandia National
Laboratories supported by the U. S. Department of Energy under contract DE-ACO4-
94A1.85000.
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ABSTRACT

The microstructure of anodically prepared porous silicon films was determined using a novel
x-ray diffraction technique. This technique uses double-crystal diffractometry combined with
position-sensitive x-ray detection to efficiently and quantitatively image the reciprocal space
structure of crystalline materials. Reciprocal space analysis of newly prepared, as well as aged,
p- porous silicon films showed that these films exhibit a very broad range of crystallinity. This
material appears to range in structure from a strained, single-crystal, sponge-like material
exhibiting long-range coherency to isolated, dilated nanocrystals embedded in an amorphous
matrix. Reciprocal space analysis of n* and p™ porous silicon showed these materials are
strained single-crystals with a spatially-correlated array of vertical pores. The vertical pores in
these crystals may be surrounded by nanoporous or nanocrystalline domains as small as a few nm
in size which produce diffuse diffraction indicating their presence. The photoluminescence of
these films was examined using 488 nm Ar laser excitation in order to search for possible
correlations between photoluminescent intensity and crystalline microstructure.

INTRODUCTION

The goals of this study were two-fold. The first was to assess the ability of a relatively new
technique for reciprocal space analysis, based on position-sensitive x-ray detection, to yield new
insights into the crystalline microstructure of various types of porous silicon. In order to do this,
reciprocal space analysis was used to survey the microstructure of both newly prepared and aged
porous silicon films anodized under a variety of conditions. Perhaps not surprisingly -- given the
wide range of conclusions reached in transmission electron microscopy (TEM), transmission
electron diffraction and x-ray diffraction studies that are already published -- the porous silicon
studied here was found to exhibit a wide range of crystallinity and a diverse microstructure.
Using reciprocal space analysis, we found that we could observe and quantify the following
microstructural phenomena: nanocrystal and nanovoid size and shape, nanocrystal orientation,
lattice dilation in films containing isolated nanocrystals, lattice strain distributions in films which
remain single crystalline, and mean pore spacing in single-crystalline samples containing vertical
pore arrays. Results for three prototypical porous silicon structures are presented in detail below
in order to demonstrate the unique capabilities offered by reciprocal space analysis.

Quantitative determinations of the size, shape and volume-fraction of nanocrystalline
domains that exist in various forms of porous silicon are of particular interest because of their
relevance to quantum confinement as a mechanism for photoluminescence (PL) in porous silicon.
Our second goal was to attempt to test the quantum confinement hypothesis by looking for the
presence or absence of a quantitative correlation between relative PL efficiency and relative
nanocrystal density. Thus, following structural characterization by reciprocal space analysis,
photoluminescence measurements were made on all samples. While our comparisons of
photoluminescence and microstructural results are not yet on a fully quantitative footing, an
initial discussion of photoluminescence and microstructural results is presented.




EXPERIMENTAL

(100)-oriented, 625 pm-thick Si wafers that were doped nt, p™ or p~ were anodized at
constant current. The electrochemical cell was a bowl-type arrangement with a Au-plated metal
platen contacting the Si backside to form an anode at the bottom of the cell. A Pt mesh was
suspended above the Si as the cathode. A schematic of the cell appears in reference [1]. The
samples for which we present detailed reciprocal space analysis results were anodized in (1:1)
HF:ethanol. Additional specific details for the anodization of each sample are presented below.

Reciprocal space analysis of the porous Si was carried out using an apparatus that consists
of a standard, double-crystal, x-ray diffractometer which has been modified by the addition of a
position-sensitive x-ray detector (PSD) [2-4].. The PSD simultaneously measures the total
scattering angle of diffracted x-rays emerging from the sample over a wide range of 20 angles.
This highly parallel analysis of the scattering angle allows one to map reciprocal space more than
100 times faster than can be done using a traditional, serially-scanned, triple-axis diffractometer.
The tradeoff is a substantial decrease in resolution relative to that of a triple-axis system [4].
Reciprocal space maps were produced by measuring the diffracted x-ray intensity as a function
of the rocking angle of the sample, ®, and the scattering angle, 20. Intensity as a function of
angle, I(®,28), was then mapped into an intensity function in reciprocal space, I(K[001],K[hh0]),
using a coordinate transformation derived from an Ewald sphere construction [3].

The photoluminescent signal was excited by 488 nm wavelength light from a multi-mode Ar
laser. The excitation light was incident at 45° from the sample normal, and the PL light was
collected at an angle of 10° from the sample normal in an optical fiber. The illumination spot-
size was = 1 mm in diameter, and the power density was = 1.5 W/cm2. The emitted PL light
was analyzed using a monochromator with a 150 groove/mm grating and detected with a
thermoelectrically-cooled CCD photodetector. The resolution of this system was measured to
be 2.3 nm over the range of wavelengths for the porous silicon light emission. Illumination times
varied from 1-100 seconds depending on luminescent intensity.

RECIPROCAL SPACE ANALYSIS RESULTS

Figure 1 shows reciprocal space maps for (004% and (224) diffraction from a 0.78 Q-cm, p-
type sample, produced by anodization at 80 ma/cm< for 5 minutes. The sample is 20 pm thick
and has a porosity of 69%. For this sample, diffraction and PL results were collected after the
sample was stored in air for more than one year. The diffraction patterns of Figure 1 are
consistent with a microstructure made of isolated nanocrystals dispersed in an amorphous
matrix.

The intense center spot in Figures 1(a) & 1(b) is due to substrate diffraction. The extended

- diagonal streak in each figure is an artifact produced by reducing the diffractometer power as the
scan rocks through the intense substrate peak. This is required in order to avoid damage to the
PSD. This streak fortuitously marks the orientation of the Ewald sphere in each scan.

The important feature in Figure 1 is the diffuse pattern surrounding the substrate peak. This
intensity consists of two components: thermal diffuse and background scattering from the
substrate, and nanocrystal diffraction in the porous layer. The broadening of the diffuse intensity
along K[hhO] in Figure 1(a), and its rotation between (004) and (224) so that it remains normal
to an axis passing through the origin of reciprocal space, is consistent with the presence of
nanocrystals that are slightly misoriented with respect to the substrate. The width along K[hhO]
in Figure 1(a) indicates that the nanocrystals are tilted away from the substrate [001] axis by <
1.6°.

Figure 2 shows the same data as in Figure 1(a) minus the large background due to substrate
scattering. This residual intensity is due only to nanocrystalline scattering in the porous layer.
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Figure 1. (a) the (004) diffraction pattern, and (b) the (224) diffraction pattern produced by p-
porous Si composed of isolated nanocrystals embedded in an amorphous matrix.

Using the width of this intensity peak along
the K{001] direction and the Scherrer particle
size formula, or by direct comparison with
reciprocal space simulations based on the
kinematic theory of diffraction by small
crystals [S], these nanocrystals are found to
be 3-5 nm in diameter. Taking into account
the broadening of the intensity distribution
along K[hhO] due to misorientation effects,
the  reciprocal space intensity s
approximately spherical. This indicates that
on average these nanocrystals are spherical
in shape. Finally, the vertical shift in the
centroid of the peak to a K[00l] coordinate
smaller than that of the substrate indicates Khho] (1 /'&)
that the nanocrystal lattice has dilated. The
average nanocrystal perpendicular lattice
constant is found to be 5.470 A. Assuming
a cubic dilation, based on similar
asymmetries in the (004) and (224) diffuse
scattering shown in Figure 1, a dilation of
0.72% 1s obtained. This agrees quite well with prevxous measurements where dilations of 0.65%
[6] and 0.95% [7] were found for Si nanocrystals 4 nm in diameter.

As a second example of reciprocal space analysis of porous silicon, figure 3 shows
reciprocal space maps for (004) and (224) diffraction from a 0.86 Q-cm, p-type sample,
produced by anodization at 80 ma/cm? for 30 minutes. This sample is 120 pm thick and has a
porosity greater than 69%. In this case, diffraction and PL resuits were collected after the
sample was stored in air for about four days. At first glance, the intense diffuse scattering, the
large width of the diffuse intensity along K[001], and the rotation of the diffuse intensity on going
from (004) to (224) again suggests nanocrystals that are a few nm in diameter. However, in

K [001] (1/R)

-O.SH ' | -0.1 -00 01 0.2 0.3
Figure 2. The (004) diffraction pattern produced
by p- porous Si, after subtraction of substrate

background scattering, showing dilation of the
nanocrystal lattice.

-3-




K [oon (1/4)

03 82 o1 99 o1 Log10 (X-Ray Intensity)' FPREREaNISSS 3.5‘
| K [hho] (1/R) K [hho] (1/A)

Figure 3. (a) the (004) diffraction pattern, and (b) the (224) diffraction pattern produced p- porous
Si composed of a single-crystal sponge and misoriented, sponge-like domains a few tens of nm in
size,

Figure 3(a) we have marked the expected centroid position due to diffraction by dilated, 4-nm-
diameter nanocrystals. The observed diffraction pattern is symmetrically centered about the Si
substrate peak, and there is no distortion of the pattern in the direction of the expected dilation.
This is inconsistent with a dilated, few-nm-diameter, nanocrystalline picture of microstructure.

In contrast to the aged p~ sample discussed above, combined (004) and (224) rocking curve
results (not shown) reveal that a coherently strained, crystalline sponge comprises at least a
portion of this anodized layer. The intensity of the layer's strain peak was weak (30x smaller
than the substrate peak) despite the large thickness of the anodized layer. This may be because
this coherently diffracting domain is a thin portion of the entire layer, or it may result from a
thicker, but highly disordered layer that retains only partial coherency. This layer has a parallel
~ lattice constant equal to that of bulk silicon and is tetragonally distorted in the surface normal
direction by 0.06%. The lattice is slightly dilated in agreement with previous studies [8,9].

Returning now to the diffuse scattering patterns of Figure 3, the following microstructural
picture is offered as a possible explanation. Domains of the crystalline sponge a few tens of nm
in size are misoriented with respect to the main structure. As before, the fact that the diffraction
pattern remains normal to an axis going through the origin of reciprocal space for both (004) and
(224) diffraction is consistent with rigid rotation of the domains away from their original
orientation. The width of the intensity distribution in Figure 3(a) along K[hhO] suggests
misorientations up to 0.7°. Since these domains are = 10 nm in size or larger, a large lattice
dilation is not expected, and the intensity remains centered about the substrate peak. Because
the domains are rather large, this only explams the diffuse scattering for AK values within about
0.06 A-1 of the substrate peak (AK is distance in reciprocal space relative to the substrate
reciprocal lattice point). Intensity at larger AK arises due to scattering from the randomly
positioned, 2-5 nm diameter voids which permeate both the coherent, and the misoriented,
sponge-like domains.

As a final example of reciprocal space analysis, Figure 4 shows results for (004) and (224)
diffraction from a 0.013 Q-cm, n-type sample, produced by anodization at 60 ma/cm? for 30
minutes. The sample is 95 pm thick and has a porosnty of 48%. Here, dnffractlon and PL results
were collected after the sample was stored in air for three days. For both the n* and p* material
we examined, there was always an intense coherent diffraction peak located near the substrate
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Figure 4. (a) the (004) diffraction pattern, and (b) the (224) diffraction pattern produced by n*
porous Si composed of a single crystal layer penetrated by an vertical array of pores. Diffraction
from nanovoids adjacent to the main pores appear to explain these patterns.

diffraction peak, indicating that these materials are primarily slightly strained single-crystals. The
dense array of vertical pores in these samples produces a crossbar of intensity centered on the
strain peak. This crossbar is barely seen near the center of Figures 4(a) and (b). Bensaid et al.
[10] provide both an explanation for the crossbar intensity based on correlated spacing of the
pores and a brief discussion of diffraction by randomly positioned voids.

In Figure 4, diffraction from nm-sized domains is again observed. In contrast to the above
p- results, the diffraction pattern does not change its basic orientation when going from (004) to
(224) diffraction. This indicates that misoriented domains are not the main source of diffracted
intensity for this sample. Here, the shape of the intensity distribution along K[00l], and the
symmetry of the diffraction pattern, suggests scattering from approximately spherical domains 2-
20 nm in size. However, since embedded nanocrystals are expected to exhibit both appreciable
misorientations and dilations that are not seen in Figure 4, it is believed that this diffraction
pattern may again result from diffraction by nanovoids. TEM of similar n* samples shows a
graded structure with pores in the upper region being surrounded by nm-sized domains [11].

PHOTOLUMINESCENCE RESULTS

Photoluminescence spectra for the above samples appear in Figure S as curves (a), (b) and
() along with spectra for two other samples we are studying. The same collection efficiency
and pump power was used for each sample so that the spectral intensities could be compared.

First we consider p~ samples which contained dilated nanocrystals. The most intense PL
signal (curve (a)) came from the aged p~ sample anodized at 80 ma/cm? (presented first above).
This spectrum also exhibits strong intensity oscillations not seen in the other samples. These
oscillations could be eliminated by tilting the sample to an 85° incident beam angle, or by using
the 514 nm Ar line for excitation. Curves (c) and (d) in Figure 5 are for p~ samples anodized
under much different conditions, but which also PL near 690 nm. Sample (c) produces a very
weak, almost undetectable, nanocrystal diffraction pattern while sample (d) has a clear, but
weak, nanocrystal diffraction pattern. Yet, these samples have PL integrated intensities that are
37% and 17%, respectively, of the intensity of curve (a). Superficially, there appears to be a
lack of correlation between relative nanocrystal density and PL intensity that does not support
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the quantum confinement mechanism for PL
emission. However, these three samples
have substantial differences in thickness,
porosity, and perhaps nanocrystal size, that
have not yet been fully determined. An
ongoing part of the present work is to take
these factors into account in order to more
carefully extract relative nanocrystal densities
from the reciprocal space maps. Ultimately,
a quantitative comparison of nanocrystal
density and PL intensity will be made.

Next, the 4-day-old, p~ sample which
was structurally analyzed second above, and
which is believed to be a crystalline sponge
with misoriented domains a few tens of nm in
size, luminesced strongly, but was red-shifted
to 760 nm (Figure S(b)). This PL result does
not appear to be explained by a quantum

M.

soadosacad 2 s a1 2 4 al

Photoluminescence (cts/sec)
T

o
L

700
Wavelength (nm)
Figure S. Photolummescence spectra: (a) > 1-yr-
old p-, 80 ma/cm in (1:1) HF:ethanol, (b) new p-,
80 ma/cm? in (1:1) HF:ethanol, (¢) > 1-yr-old p-,

confinement mechanism wunless quantum 2g ma/cm in (1:10) HF: HZO (d) new p-, 10
confinement effects can occur in an extended, ma/em? in (1:10) HF: H,0, () n* and -
sponge-like, single-crystal structure ten or

more nm on a side that is made up of smaller nm-sized interconnecr: A possible

complicating factor here is that the diffraction pattern produced by nanovoiu- ;i the sponge-like
domains could be masking weaker diffraction by nanocrystals, which may be present at a lower
number density. Again a more quantltatlve approach appears needed.

Finally, none of the n* or p* samples that were examined luminesced above background
Moreover, these samples did not appear to contain dilated nanocrystals in the few-nm-size range.
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ABSTRACT

We describe the acquisition of Raman and photoluminescence (PL) spectra on
porous silicon (PS) samples that emit visible light. Spectra were acquired in both ex situ
experiments (after exposure to air) and in situ experiments (with the PS covered either
with the hydrofluoric acid electrolyte used in the formation process or water). Our
results generally show a correlation of blue-shifted PL with increased oxidation. In one
set of ex situ experiments, however, we observed an inconsistency in the shift of the
wavelength of maximum luminescence intensity for PS samples that exhibit oxygenated
character in the Raman spectra. A higher anodization current density produced a red
shift in the PL spectra in one experiment, while chemical dissolution of the PS by
hydrofluoric acid produced the well-known blue shift in the other case. In two in situ
experiments, we observed very weak and red-shifted PL for a PS sample immersed in
HF (compared to the same sample measured later in air) while in another we immersed
air-exposed PS in water and observed a 15-fold increase in PL intensity along with a
blue shift in the luminescence maximum.

INTRODUCTION

Although the property of visible luminescence from porous silicon (PS) was
discovered more than 30 years ago [1], a renewed interest due to the work of Canham
[2] has resulted in numerous publications examining the composition and morphology
of PS and their relation to the mechanism of PS photoluminescence (PL). As yet, no
clear model for PS photoluminescence has been accepted. Proposed mechanisms
include: (1) quantum size effects in the PS nanostructures affecting the electronic band
structure of silicon [2,3]; (2) luminescence from Si-O-H polymeric compounds such as
siloxene, [4]; (3) PL due to the presence of SiH, species, particularly SiH, [5]; and (4)
light emission from hydrogen-terminated amorphous silicon structures [6].

Techniques such as Raman and Fourier-transform infrared (FTIR) spectroscopies
have been used to examine the chemical species present in PS and associate these
chemical species with PS photoluminescence. FTIR measurements of air-exposed PS
films indicate that H-bonding to the Si yields SiH, surface species that may be
important in PS photoluminescence since the peak PL intensity increases with
increasing SiH, concentration [S]. Conversely, another FTIR study reports that the
growth of a native oxide, and subsequent consumption of the SiH, from the PS, alters
only slightly the PL, thus precluding SiH, as the species responsible for visible PL [7].
Another FTIR study demonstrated that the disappearance of the PL with annealing
temperature did not scale directly with H, desorption and concluded that PL from PS is
ot directly related to the presence of SiH, species on the PS surface [8].

Raman spectroscopy has been used to support the siloxene model of PS
photoluminescence owing to the similarities between PS and siloxene spectra [4].
Other Raman measurements of PS samples exposed to air show a shift and broadening
of the crystalline Si (c-Si) peak consistent with silicon nanocrystallites in the 2-6 nm
range, and the absence of an amorphous silicon peak [9-11]. Shifting and broadening of
the c¢-Si peak at 521 cm-? has been correlated with Si nanocrystallite size thus affording
a means for measuring the dimensions of Si nanostructures in PS [9,12].

It is our intent in this paper to show that we can utilize Raman and PL
spectroscopy both in situ and ex situ to probe PS samples for evidence of SiH, species,
O-Si-H, species, amorphous Si, and the shift in the crystalline silicon Raman peak
associated with decreasing Si crystallite size in the 2-10 nm range. Because of the
importance of the environment in determinin% the species on the chemically reactive PS
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surface, the ability to record Raman and PL spectra in the presence of air (ex situ
measurement) as well as in the anodization cell containing the hydrofluoric acid
electrolyte or some other liquid without exposure to air (in siftu measurement) is crucial
to obtaining reliable correlations between the presence of chemical species in the PS
and the energy and intensity of the photoluminescence.

EXPERIMENTAL

Porous silicon was formed by anodization of 4-inch diameter, 0.8-1.2 g-cm, boron-
doped, (100) silicon in a spectroelectrochemical cell containing hydrofluoric acid gHF)
electrolyte. The cell, fabricated from high-density polyethylene (HDPE), confines
electrolyte to the front side of the wafer using 2 Viton o-rings. Electrical contact was
made to the back side of the wafer using a platinum disk. A sapphire window was
sealed against a Viton o-ring on the front of the cell body using a HDPE window cap
bolted to the cell body. The distance between the silicon wafer and the inside surface
of the sapphire window was 0.8 cm, and the area of the wafer exposed to the electrolyte
was 38 cm?. Electrolyte was introduced to the volume between the wafer and window
using a syringe and 1/16 " teflon tubing connected to the cell body with teflon fittings.
A platinum mesh next to the window served as the counter electrode. A 6 mm high
opening was cut into the center of the mesh to allow access of the laser beam to the
wafer surface. The generation of hydrogen bubbles at the silicon wafer and the
platinum mesh counter electrode prevented acquisition of spectra during the
anodization, so spectral analyses were performed after completion of the anodization.

PS was formed in electrolytes composed of either 4:5 (by volume) HPLC grade
water:49 wt.% electronics grade HF (referred to hereafter as 29% HF in water) or 4:5
absolute ethanol:49 wt.% electronics grade HF (referred to hereafter as 29% HF in
ethanol). The silicon wafers were electrolyzed at a current density of 30 mA /cm? for 13
minutes under room light. These conditions produce PS layers that are approximately
20 pm thick and 60-70% porous.

Spectroscopy was performed with a 457.9 nm argon ion laser focused to an
approximately 1 x 0.1 mm area on the silicon sample. The laser power was about 100
mW, resulting in a power density of about 100 W/cm?. PL and Raman spectra were
measured with a scanning double monochromator and a photon-counting
photomultiplier tube with a GaAs photocathode. The accuracy of the measurements
was about +1 cm-1, and the full width at half maximum resolution was about 6 cm-1.

RESULTS

In Figure 1, the ex situ PL spectra taken from the edge and from the center of a
silicon sample electrolyzed in 29 wt.% HF in ethanol are shown. The PL intensity for
the PS near the edge of the wafer is much greater (note the scale factor) and shifted to
longer wavelengths compared to the PL for PS at the center of the wafer. The four

eaks in the spectra for the PS in the center of the wafer are possibly due to
interference effects. Assuming a value of 1.4 for the refractive index of PS [13], the
thickness of the layer producing the interference effects is calculated to be about 5 ym.
This is less than the PS thickness calculated from gravimetric measurements (about 20
pm) and may reflect some laser-induced degradation of the PS film.

In Figure 2, the low frequency region of the Raman spectra for the same samples
is shown, and the peaks due to the Si-Si vibrational mode of crystalline silicon are
observed. Both peaks are shifted from the frequency at which the peak for bulk,
crystalline silicon is observed (521 cm-1, [9]), the peaks being observed at 515 cm-1 for
the sample at the wafer center and at 507 cm-! for the sample at the wafer edge. This is
consistent with silicon crystallite sizes at the wafer center of about 4 nm and at the
wafer edge of about 2.5 nm, based on the magnitude of the peak shift [9]. Both peaks
are also much broader in the lower frequency portion of the spectrum than the
crystalline silicon peak and have significant intensity at 480 cm-! (the frequency
corresponding to a peak observed in amorphous silicon), with the sample near the edge
showing the greater effect. -2-
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Figure 1. Ex situ PL spectrum of porous silicon sample (formed by electrolysis in 29%
HF in ethanol) at center and edge of wafer. Spectra were recorded about 72 hours
after electrolysis with the sample exposed to air during that interval. The narrow
features between 457 nm and 510 nm are Si-Si and Si-H Raman bands.
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Figure 2. Ex situ Raman spectra of porous silicon sample (formed by electrolysis in
29% HF in ethanol) at center and edge of wafer. Spectra were recorded about 72 hours
after electrolysis with the sample exposed to air during that interval. Peaks in spectra
for center and edge of wafer are at 515 cm-! and 507 cm-1, respectively.
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In Figure 3, the Si-H Raman region for the same samples is shown. Peaks due to
the symmetric and asymmetric stretches of Si-H bonds are observed. There are no
peaks observed in the vicinity of 2000 cm-1, indicating there is no significant silicon
monohydride (Si-H) concentration in the PS samples [14]. The PS at the wafer center
shows 3 sharp peaks at 2090, 2112, and 2140 cm-1, consistent with the presence of both
SiH; and SiH, surface species on the PS [14]. It should be noted here that these peak
assignments were made gased on published work on the infrared and Raman spectra of
SiH,, Si,He, and higher silanes [14]. Other workers [15] have identified the triplet at
2090, 2110, and 2140 cm-! as Si monohydride, dihydride, and trihydride stretches,
respectively. In either case, it is clear that the PS at the wafer center is hydrogen-
passivated. In contrast, the spectra for the PS at the wafer edge shows very broad peaks
shifted to higher frequencies, which is what would be expected for Si-H species that also
have an electronegative atom (such as oxygen) bonded to the Si atom [16].

We interpret the differences observed in Figures 1-3 in terms of the non-
uniformity in the current distribution in the electrolysis process. It can be shown that
for the parameters used in this process (current density, electrode area, electrolyte
resistivity), the current distribution will not be uniform across the diameter of the
silicon wafer but instead will be higher at areas near the edge and lower near the center
[17]. The higher current density will result in a thicker and/or more porous PS layer.
Based on the results seen in Figures 1-3, we propose that the higher current density
produced a more porous layer at the edge with smaller crystallites more susceptible to
oxidation. This resulted in a PL red shift and 100-fold increase in intensity.

In separate experiments, we obtained ex situ PL spectra of 4 separate PS samples
that were electrolyzed in 29% HF in water. The samples were allowed to soak in the
electrolyte for various lengths of time (0-15 hours) before being removed for
spectroscopic study. In all cases, the spectra were taken from a region near the center
of the wafer. We observed a blue shift in the peak intensity of the PL spectrum for
samples that were chemically etched by the HF electrolyte, in agreement with previous
results [2]. This blue shift was accompanied by a shifting and broadening of the
crystalline silicon Raman peak, a similar (but not nearly as dramatic) effect to that
observed in Figure 2. In addition, the samples exposed to HF for longer time periods
show a freater degree of oxidation in the Si-H portion of the Raman spectrum, similar
to the etfect seen in Figure 3.

The red shifted PL (from regions of higher current density, Figure 1) and the blue
shift observed for the PS-in-HF chemical dissolution experiments described above are
difficult to reconcile with the measured Raman spectra, as the trends observed in the
Raman spectra are quite similar. It should be noted, however, that exposure of PS to
O, at 200 oC (in the dark) or the exposure of PS to O, at room temperature under
ultraviolet light reduces the efficiency of the PL, but also produces a red shift in the PL
and replaces the infrared signal of Si-H bonds with that of O-Si-H bonds [18]. This
surface oxidation also produces dramatic changes in the Raman spectra, namely a large
broadening of the ¢-Si Raman peak and a shift to lower frequencies [10]. These results
were interpreted as resulting from surface-induced disorder effects. Since our
experiments were conducted in the presence of oxygen (i.e., in room air), we may be
observing an effect of a similar nature. However, all our spectroscopic experiments
were performed under identical conditions of laser power density and spectral
acquisition times. Therefore, in order for this phenomenon to be the cause of the
effects we observe, certain types of PS (e.g., PS at the edge of the wafer) would have to
be more susceptible to surface-induced disorder effects than other types of PS (e.g., PS
at the center of the wafer). This matter is presently under further investigation.

In Figure 4, the PL spectra for one PS sample is shown at 2 different times
following electrolysis in 29% HF in ethanol. The spectra have been normalized by
scaling to the height of the crystalline silicon Raman peak at ca. 521 cm-1. The in situ
spectrum, recorded 15 minutes following electrolysis, shows very little luminescence
above background except in the 825-875 nm region, where a small peak is observed.
Since the photomultiplier tube used in this study has very little sensitivity above 875 nm,
it is possible that the peak observed in this PL spectrum is an artifact and that the
actual peak in the PL spectrum is well above 900 nm. After this spectrum was
recorded, the PS sample was removed, rinsed with HPLC grade water, and dried. The
ex situ spectrum shows a large blue shift as well as a significant increase in intensity
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Figure 3. Ex situ Raman spectra of porous silicon sample (formed by electrolysis in
29% HF in ethanol) at center and edge of wafer. Spectra were recorded about 72 hours
after electrolysis with the sample exposed to air during that interval.
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Figure 4. In situ PL spectrum (recorded 15 minutes after electrolysis) and ex situ PL
spectrum (recorded 4.5 hours after electrolysis) of porous silicon formed by electrolysis
in 29% HF in ethanol. Spectra are scaled to the height of the crystalline Si Raman
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compared to the in situ spectrum. In addition, the interference fringes described earlier
are observed again. A possible cause for the low quantum efficiency observed in the in
situ experiment is photochemical etching of the PS in the hydrofluoric acid electrolyte.
n another in situ experiment, we immersed air-exposed PS in water and observed
a 15-fold increase in PL intensity along with a blue shift in the luminescence maximum
compared to the spectrum obtained in air. Here, photochemical etching of PS is not
-expected to be a factor. Then, replacement of the water with 29% HF in ethanol
resulted in a dramatic quenching of the PL, similar to the result in Figure 4. Further in
situ experiments will be performed by replacing the HF electrolyte with water or other
solutions where photochemical etching does not occur (e.g., HCI) to attempt to further
understand the correlation between Raman and PL spectra and their impact on the
proposed mechanisms for visible light emission from PS. The special
spectroelectrochemical cell described in this paper, along with the techniques we have
eveloped for performing in situ Raman and PL spectroscopic measurements, will allow
us to obtain reliable correlations between the presence of chemical species in the PS
and the energy and intensity of the photoluminescence.
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Appendix VI. “Photoluminescence of Silicon Nanostructures
Formed by Ion Implantation”™
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PHOTOLUMINESCENCE OF SILICON NANOSTRUCTURES
FORMED BY 10N BEAM IMPLANTATION
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ABSTRACT

A new method was used to fabricate nanometer-scale structures- in Si for
photoluminescence (PL) studies. He ions were implanted to form a dense subsurface layer
of small cavities (1-8 nm diameters). The implanted specimens were either annealed in H
or anodized with HF to evaluate the quantum confinement model for PL from porous Si.
Incomplete passivation apparently prevented PL in the H-annealed specimens. Implantation
combined with anodization produced a substantial blue shift relative to anodization alone,
which is consistent with quantum confinement.

INTRODUCTION

Recent reports of light emission from electrochemically etched porous silicon! have
suggested the possibility of silicon-based optoelectronic devices compatible with current
VLSI processing technology. This has stimulated extensive research to identi®. iz ="s.
mechanisms responsible for the observed visible luminescence. The mechanis. .- o v
to date include (1) quantum-size effects!, (2) surface-bound, wide bandgap sxloxem:
polymers2, (3) hydrogenated amorphous silicon,3-4 and (4) dihydride bonds on the Sx
surfaces®. The wet chemical methods for producing porous silicon involve an aqueous HF
electrolyte and necessarily expose the porous material to fluorine, hydrogen, and oxygen.
Furthermore, a native oxide covers the exposed surfaces when the specimen is removed
from the electrolyte. The simultaneous presence of all the elements required for each
mechanism precludes. independent evaluation of the proposed models. We have formed
nanometer-size structures ("nanostructures”) in silicon using helium ion implantation to
produce a dense, subsurface layer of bubbles®:7. Implantation creates a porous layer which
is free from contamination and is removed from any oxidizing ambient. The nanostructure
dimensions are similar to the pore diameters observed in electrochemically produced
porous silicon. We have examined specimens prepared with a range of He fluences and
annealing atmospheres for photoluminescence in an effort to address independently the
quantum size and surface hydride models for light emission.

SPECIMEN PREPARATION AND CHARACTERIZATION

Specimens were prepared by ion implanting high-purity (001) Si with He™ at 30 keV to
fluences of 1.0 1o 4.2x1017 He/cm2. Some specimens were annealed at 700 or 800°C in
vacuums of < 10-7 torr to coarsen the cavities. Specimens were then “soaked” in 650 torr
of Hy or Dy gas at 600°C for up to 88 hours to passivate the cavity surfaces and lattice
defects by diffusion of D or H to the cavity layer, where it bonds to Si atoms on the cavity
surfaces.® Specimen microstructures were examined in {110} cross-section orientation by
transmission electron microscopy (TEM) at 200 kV. Specimens were prepared by gluing
two pieces together at their implanted surfaces. The materials were mechanically polished
("dimpled") at the glue line until transparent to orange light, and ion milled to produce a
hole with thin edges near the glue line.5
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The microstructure of a specimen just after implantation of 1,0x1017 He/cm? is shown in
Figure la. There is a subsurface layer which appears darker due to lattice damage. The
specimen was_tilled off the [110] zone axis in order to reduce diffraction contrast and
imaged in an underfocussed condition (-1.5 pm) to enhance the contrast of the cavity edges
by Fresnel fringes. In this figure, the cavities are so small that they appear as white spots
with a black circle around them. Their density is so high that it is difficult to avoid
overlapping cavity images, but for this lowest fluence their size is seen to be 1-2 nm in
diameter. The area most dense with cavities is consistent with the projected range of Ry =
0.29 um and with the width ARp = 0.09um predicted by the TRIM90 simulation
program!®. In this condition, the cavities are filled with He and are termed "bubbles”.
They probably still contain He after soaking in H at 600°C. The 600°C treatment may have
enlarged them somewhat, but probably to no more than 7 nm as observed for 700°C
annealss,

For specimens annealed at 700 or 800°C, a well-defined subsurface layer of cavities is
found between 0.15 -0.35 um. These anneals cause the He to diffuse from the cavities and
out the surface of the specimenS. The cavities are larger and can be individually identified
for counting and sizing to obtain the cavity volume within the layer’. The average of the
depth-integrated volume in the layer for these two temperatures is 14 + 4 nm3/nm?2, which
gives a porosity of 7%.

Room temperature Fourier transform infrared spectroscopy (FTIR) measurements of
specimens implanted with 1.0x1017 He/em2 and annealed at 700 or 800°C have been
carried out in conjunction with TEM for analysis of the cavity structure following
annealing in Hp!l. Strong absorption was detected near the surface Si-H stretch mode
frequencies of 2089 and 2100 cm™1. The presence of the dihydride scissors mode near 900
em-! could not be determined.

Increasing the He fluence increases the bubble size and is expected to increase the
porosity. Figure 1b shows the microstructure found after implanting the highest fluence of
4.2x1017 He/cm2. The isolated circular cavities have increased in size to 3-8 nm in
diameter, but near the center of the layer, the cavities are seen to have agglomerated into
efongated voids which extend up to “60 nm parallel to the surface and may be
interconnected. A porosity of 29% is predicted for this fluence by scaling the low-fluence
results. Other specimens show cracks extending farther. In this area of the specimen the
implanted layer was still intact, and electron diffraction (Figure Ic) could be used to
examine the region with the highest cavity density. The pattern shows no evidence of
diffuse rings that would indicate that amorphous Si had been formed by the ion irradiation
damage. We also examined such pattemns for evidence of a "bubble lattice® as seen in
metals implanted with high fluences of Hel2. Some diffuse scattering is seen about the
central spot, but neither rings nor spots indicative of a non-random spatial arrangement of
the bubbles or Jong-range ordering of their positions were found.

~ Cracks in the layer and blistering of the surface were most pronounced for 2.6x1017
He/cm2. Figure 1d is an optical micrograph of the implanted surface showing areas in
which much of the surface layer has broken away. In the brighter areas where the layer
still remains, circular holes are seen where blisters have broken open; a few domes of
unbroken blisters can be also be seen. High pressures are expected for He in the cavities,
which places the layer in compressive stress. As the porosity increases the subsurface
material strength is reduced, which leads to the blistering. Although this specimen is
predicted to have lower porosity (18%), it had more surface damage than
4.2x1017 He/em2, and TEM showed larger, interconnected cracks. A specimen with
1.6x1017 He/cm?2 showed no cracking within the layer and no surface blistering.
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Figure 1. a) [110] cross-section TEM bright-field image of (001) Si implanted with
1.0x1017 He/cm? at 30 keV, imaged at -1.5 pm defocus. b) Equivalent image to a) but with
4.2x1017 He/cm2, imaged at -0.5 um defocus. c) Electron diffraction pattern from region
of high cavity density in b). d) Nomarski optical micrograph of the surface of a specimen
implanted with 2.6x1017 He/cm? at 30 keV.




Photoluminescence measurements were made at room temperature for both as-implanted
and -implanted/annealed specimens, both before and after Hy soaking. Spectra were taken
using a 0.22 m double monochromator (SPEX 1680B) employing 1200 gr/mm gratings
blazed at 500 nm. Slit widths were typically 100 - 500 um. A cooled GaAs photocathode
PMT was used in both a synchronous (lock-in) detection mode and a photon counting mode
with a RMS dark noise of less than one count. An argon laser operating at 457 nm was
used for excitation at power densities less than 10 Wiem?.

PHOTOLUMINESCENCE RESULTS AND DISCUSSION

Figure 2 compares the photoluminescence spectrum from an implanted specimen to that
from electrochemically prepared porous silicon on a <100>, 1 Q-cm, p-type wafer.
Anodization was done in a Pt-grid "double cell” with a 5% HF solution at a current density
of 0.55 mA/cm?2 for 765 seconds. The electrochemically produced specimen was 73%
porous, as determined by gravimetric measurements. The implanted specimen received
1.0x1017 He/cm? at 30 keV with no subsequent annealing prior to Dy soaking at 600°C.
The porous specimen yields a strong photoluminescence band extending from 550 nm to
850 nm and centered at 700 nm. The dip seen in the trace is a spectrometer artifact. The
implanted specimen shows no evidence of photoluminescence over a similar band.
Transmission through a 0.35 um silicon overlayer is ~93% at 700 nm thus absorption of
any emitted light by this overlayer is not a factor. The numerous dislocations in the
implanted layer may provide nonradiative recombination centers which quench any
photoluminescence if the D2 soak did not passivate them sufficiently.
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Figure 2. Curve (2) shows PL spectrum Figure 3. Curve (2) shows PL. spectrum

of 73%, 0.35um thick porous silicon. of a 73%, 0.35 um thick porous region

Curve (b) shows PL spectrum of specimen  grown on an implanted (lxlO”. He/cmz)

implanted with 1x10! He/cm?, substrate while curve (b) shows the
spectrum obtained from the substrate
alone.




Specimens prepared with the different implantation fluences and annealing conditions
discussed above all gave spectra similar to the lower trace of Figure 2. Specimens
implanted with 1.0x1017 He/cm? were annealed in vacuum at 700 or 800°C to reduce
implantation-induced nonradiative recombination centers. These specimens were examined
before and after subsequent soaks in H aimed at passivating defects as well as terminating
the cavity surfaces with H.3 Neither annealing condition yielded measurable
photoluminescence.

We have also examined the effect of a He-implanted layer on the electrochemical
formation of porous silicon and its photoluminescence. The wafer was implanted with
1x1017 He/cm? and was subsequently anodized over 15% of its area. The anodization
conditions used produced a 73% porous layer with a depth of 0.3 um like that examined in
Figure 2. Thus it is expected that the porous region extends into the implanted layer, which
can affect its etch rate and final porosity. Figure 3 shows the photoluminescence spectrum
from this specimen. The upper trace was recorded with the excitation incident on the
porous region. The lower trace shows the spectrum recorded under identical conditions
with the excitation incident on the implanted substrate alone. The dominant features of the
upper trace are the PL band peaking at 550 nm on top of an exponential tail sloping away
from the excitation line. The presence of this tail in the porous Si spectrum alone indicates
that the anodization enhances the surface scatter of the excitation light to a level that is not
rejected by the spectrometer. The effect of increasing the porosity of electrochemically
produced porous silicon is to shift the peak of the PL band to shorter wavelengths! When
the exponential tail is subtracted off the upper trace, there is a2 120 nm blue shift of the PL
peak from that of the 73% porous specimen shown in Figure 2. This indicates that the local
porosity is very high in the porous/implanted region. This is consistent with the anodic
reaction rate increasing when the implanted layer is reached, effectively shrinking the
crystalline silicon domains between the nanocavities as shown schematically in Figure 4.
The smaller domain sizes in turn lead to the observed blue shift.

Implanted Unimplanted

Figure 4. Model for porous silicon formation on He implanted substrate.

CONCLUSIONS

None of our implantation conditions have yielded photoluminescence thus far. This may
be due to the presence of non-radiative recombination centers. We attempted to passivate
defects and dangling bonds -on the surfaces of the cavities by soaking in Dy or Hj.
Examination of such treatment with FTIR shows that monohydride (Si-H) bonds form on
the cavity interiors, but to date, dihydride (Si-2H) bonds have not been detected.!! Qur
result is consistent with the finding that dihydride bonds are necessary for
photoluminescence!3, but it does not confirm or dispell any of the models.




We were successful in altering the spectrum of electrochemically prepared porbus Si by
implanting He before anodization. The resulting blue shift is consistent with the quantum
confinement model since the cavities are expected to increase the final porosity, but is not
compelling.

In conclusion, we have used He ion implantation to create a dense layer of nanocavities
in silicon. We have tailored . their size and shape by varying annealing times and
temperatures. Hydrogen has been introduced in a relatively controlied fashion to produce
monohydride terminations of the interior surfaces. Ion implantation is a technologically
attractive alternative for producing silicon nanostructures without the contamination
unavoidable in wet chemical methods. However, lattice damage produced during
implantation may limit its usefulness as an effective means of producing efficient
photoluminescence from silicon. Although the presence of nonradiative recombination
centers in our specimens prevents a firm conclusion concemning the validity of the quantum
confinement model, the blue shift observed from a porous layer grown on an implanted
substrate is consistent with it.
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Abstract. A description of ion-irradiation-induced reduction in the
photoluminescence (pL) signal from porous silicon is given and a simple

model which is consistent with a nanocrystalline Si structure is presented. lon
irradiation with 250 keV Ne is used to controliably reduce the integrated pL signal
by 20% after a fluence of 4 x 10" Ne cm™2 and completely eliminate the pL
signal after a fluence of 4 x 10" Ne cm~2. The use of vacuum and air annealing
to recover ion-induced damage is also described, but the high temperatures for

annealing cause elimination of the pL signal.

1. Introduction

Visible light emission from silicon has recently been
thought to be negligible. Although hydrogenated amor-
phous Si [1] and polysilane-based alloys [2] had been
known to emit light, crystalline Si has an indirect
bandgap which allows only for phonon-assisted radia-
tive bandgap transitions which are highly inefficient and
produce light outside the visible range (~ 400-800 nm).
Current work on porous Si [3] and thin films of Si [4]
microcrystallites (2-5 nm diameter) have demonstrated
photoluminescence (PL) from infrared to green. In or-
der to make this new physical phenomenon compati-
ble with conventional integrated circuit technology, a
method is needed to control and pattern light-emitting
regions of this Si-based material. This paper will demon-
strate the use of ion irradiation to controllably reduce
the emission of red light from porous silicon. In addi-
tion, the behaviour of the PL intensity at room tempera-
ture as a function of incident-light energy and intensity
will be examined. Finally, the effects on PL of an-
nealing treatments to recover ion-beam damage will be
discussed.

2. Experimental details

The samples were made from (100)-oriented, 1 © cm
resistivity, boron-doped, p-type silicon. The porous sili-
con (PS) layer was formed using a double-tank electro-
chemical cell containing 5 wt.% HF in H,O and using a
0.5 mA cm~? anodization current density. The Ps layer
was 290 nm thick with a porosity of 73%. Elastic recoil
detection (ERD) with a 24 MeV CI*3 beam was used
for composition analysis of light elements (Z = 1-9) in
the Ps layer. Figure 1 shows an ERD spectrum collected

0957-4484/92/040202+03$07.50 © 1992 !OP Publishing Ltd

for an incident fluence of 5.6 x 10 Cl cm~2. The
angle of incidence for the analysis beam was 75° from
the sample normal and the scattering angle was 30°.
A 6 pm mylar foil was used to decrease the signal of
scattered Cl reaching the detector. However, some Cl
penetrated the foil and added a background signal be-
low the H signal. This background has been subtracted
from the spectrum in figure 1. The peaks in the ERD
spectrum appear as bell-shaped curves (poor depth res-
olution) because the porous nature of the sample limits
the depth resolution. For this reason, the following
analysis uses integrated peaks to give areal densities
(atoms cm~2) for the entire 290 nm thick layer rather
than a concentration depth profile. In addition to Si (3.9
x 10'7 Si cm—2, taking into account the reduced density
due to the high porosity), the Ps layer contains 20 at/%
O (8 x 10 O cm~2), 4at.% H (1 x 101® H cm~2),
and 2 at.% C. This amount of oxygen is much less than
that needed to completely oxidize the Ps layer and is
approximately equal to the amount expected for a 1 nm
thick native oxide covering the surface area.

An Ar laser was used as a PL excitation source:
514.5 nm, 496 nm, 476 nm and 457 nm. The light was
incident at an angle of 60° from the sample normal
which yields a light penetration depth of ~ 0.5 m for
these wavelengths in bulk Si, and the power density
for each wavelength was varied from 35 mW cm~2 to
685 mW cm~2. The emitted PL light was passed through
a spectrometer containing a 150 lines mm~! grating and
then collected with a CCD area-array photodetector. The
resolution of this detection system was ~ 2 nm.

Portions of the sample were irradiated with 250 keV
Net at an angle of incidence of 5° from the surface nor-
mal for fluences from 4 x 10'2 Ne cm~2 (0.0008 dpa)
to 4 x 10" Ne cm~2? (0.08 dpa). A damage level of
0.8 dpa or greater is needed to amorphize Si at room
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Figure 1. 24 MeV CI*5 elastic recoil detection (ERD)
was used to measure the content of H, O and C in the
290 nm thick porous silicon (ps) layer. The density of the
Ps layer was taken as 27% of bulk Si which yields 3.9

x 10" Si cm~2 in this layer. (2% C corresponds to 8 x
10" Cem—3).
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Figure 2. The displacement profile from a TRIM [5]
calculation of 250 keV Ne irradiation of a 73% porous Si
layer on an Si substrate. A displacement energy of 15 eV
was used for this calculation.

temperature. The range of these ions and the level
of damage was determined from a TRIM [5] Monte
Carlo simulation using a displacement energy of 15 eV
displacement —!. The range of 250 keV Ne was ap-
proximately 600 nm, as shown in figure 2, and the level
of damage in the less dense Ps layer was approximately
constant at 0.25 displacements ion~! nm~! throughout
the layer.

3. Resiits

3.1. Unirradiated sample

The PL spectrum from the unirradiated area is shown
as the solid line in figure 3. This figure shows a broad
spectrum which iS consistent with both line broaden-
ing due to finite particle size and to broadening due
to a distribution of particlc sizes. The ps layer emitted
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Figure 3. Photoluminescence intensity from the sample
irradiated with 250 keV Ne to different fluence (damage)
levels. A damage level of 0.0008 dpa corresponds to a
fluence of 4 x 10'® Ne cm~2,

light with a peak wavelength of 740 nm and this peak
position showed little dependence on the excitation-
light wavelength. The integrated photoluminescence
intensity at room temperature increased linearly with
excitation-light power density up to a saturation level.
This result is consistent with an increase in the num-
ber of emitted photons being directly proportional to
an increase in the number of excitation photons, up to
a saturation level which corresponds to a saturation in
the number of excited carriers. At a fixed power density
below saturation, the ratio of the integrated photolumi-
nescence intensities for 514 nm and 457 nm excitation
wavelengths was 1.9-2.0 which is approximately equal
to the ratio of the relative absorption coefficients in
bulk crystalline Si. Thus, these results are consistent
with the proposed model [3,4] for luminescence from
nanocrystalline silicon.

3.2. Irradiated samples
The red-light PL signal was controllably reduced by the

“use of 250 keV Ne ion irradiation to a damage level of

0.0008 dpa and completely eliminated above 0.008 dpa
(figure 3, bottom curve). lon-irradiation-patterned rect-
angular areas showed decreasing intensities of PL under
Ar-laser light excitation, whereas the surrounding unir-
radiated areas remained at the same level of integrated
intensity. The area irradiated to a damage level of
0.0008 dpa had an integrated intensity which was re-
duced from the unirradiated intensity by 20%.

The role of compositional changes during irradia-
tion may be a significant mechanism in the reduction of
PL efficiency. Therefore, the ERD signal was monitored
as a function of fluence to determine if the H or O com-
positions changed during ion irradiation with 24 MeV
CI*3. The H and O compositions remained approxi-
mately constant during the ERD data collection from a
fluence of 5.6 x 10!* Cl em~? to0 5.6 x 10 Cl ecm—2.
The smallest fluence which yielded enough statistics for
ERD analysis was 5.6 x 10'* Cl cm~2 (1/10 of the fluence
for the spectrum shown in figure 1) which corresponds
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to a damage level of approximately 0.008 dpa [6]. This
level of damage also completely eliminates the PL sig-
nal as shown in figure 3. This analysis suggests that H
and O compositions are not significantly altered dur-
ing irradiation; however, further work is necessary to
non-destructively measure the H and O content of the
samples for very low fluence irradiations.

The fact that the sample irradiated to a damage
level of 0.0008 dpa had an integrated intensity which
was reduced from the unirradiated intensity by 20% can
be interpreted in terms of a simple physical model. If
the mechanism causing the luminescence is due to quan-
tum confinement in nanocrystalline boxes, then creating
displaced atom(s) in these boxes would leave centers
for rapid carrier recombination. The longer radiative
recombination process would be eliminated for those
boxes which were significantly damaged. An average
box size of 1.7 nm sides has approximately 30 unit cells
per box with eight Si atoms per unit cell. Therefore,
a damage level of 0.0008 dpa corresponds to one dis-
placed Si atom per five boxes of side 1.7 nm. This
suggests that very few atoms need to be displaced in
a given box (possibly as few as one displacement) in
order to climinate the PL from that box. This model
describes the radiation sensitivity of the PS layer in terms
consistent with a nanocrystalline structure, but the high
radiation sensitivity is not exclusive to a crystalline ma-
terial and is not meant to demonstrate the validity of
that model. Similar descriptions could also have been
developed for polysilane chains or amorphous Si:H. In-
stead, figure 3 demonstrates the high sensitivity of the
PS material and the feasibility of using conventional
integrated circuit technology. (keV ion implantation)
for controlling the emission of light from porous sil-
icon. This result is important to PS processing because
the current alternative is to pattern the Si wafer first
and form the Ps regions only in these patterned areas.
Jon irradiation allows for the mass production of en-
tire wafers of uniform PS which can be patterned with
the ion beam, without subsequent chemical process-
ing.

Figure 3 also demonstrates a secondary effect of ion
irradiation on the luminescence. The PL peak from the
irradiated sample is shifted to slightly higher wavelength
(by ~ 7 nm) and the full width at half-maximum of the
peak from the irradiated sample is slightly larger than
that of the unirradiated sample. As stated above, the
wide breadth of the PL signal is consistent with both
crystalline size effects and to a distribution of crystallite
sizes. Although we expect fewer of the large crystal-
lites (which would produce longer-wavelength Iumines-
cence), the larger crystallites have a larger cross-section
for irradiation damage and we expected to observe a PL
peak shift to smaller wavelengths and a narrowing of the
PL spectrum based upon the model given above with a
uniform distribution of damage in depth. This discrep-
ancy indicates that secondary eftects need further con-
sideration in a more detailed model of ion-irradiation
effects, e.g. strain effects or irradiation-induced strain
relief effects on the PL properties.
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4. Annealing

Finally, ion-implantation damage in crystalline Si has
been studied extensively and the typical temperatures
required to anneal out the damage are 600 °C or
higher. Therefore, the irradiated samples (along with
an unirradiated control sample) were vacuum annealed
(10~7 orr) at 650 °C for 30 min and the PL intensity
was again measured. All samples, including the unir-
radiated control sample, showed complete loss of PL.
A series of air annealing treatments were then done
from 500 °C to 650 °C, and a sharp tramsition in the
PL behaviour was found between 550 °C and 600 °C.
Anneals for 15 min at 500 °C and 550 °C caused the PL
intensity to decrease but the red light was still visible,
whereas anneals for 1 min and 15 min at 600 °C both
caused elimination of the PL signal. Further work must
be done to determine the cause of the luminescence
loss with annealing, but again the possible mechanisms
which are known to occur in Si at these temperatures
are (1) structural changes such as strain relaxation or
relaxation of amorphous silicon, and (2) compositional
changes such as the loss of H or O (which may be
critical in passivating surfaces and defects for increased
carrier lifetimes).

5. Summary

Red-light photoluminescence from a porous silicon layer
was controllably reduced by the use of ion irradiation
to a damage level of 0.0008 dpa and eliminated by ion
irradiation at and above a level of 0.008 dpa. Ar-laser
light excitation caused the porous silicon layer to emit
light at a peak wavelength of 740 nm, independent of
the excitation-light wavelength. Below saturation, the
integrated photoluminescence intensity at room tem-
perature increased linearly with excitation-light power
density. At a fixed power density below saturation, the
ratio of the integrated photoluminescence intensities for
514 nm and 457 nm excitation wavelengths was 1.9-2.0
which is approximately equal to the ratio of the relative
absorption coefficients in bulk Si.
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