
Visible photoluminescence from pressure annealed intrinsic Czochralski
grown silicon
G. P. Karwasz, A. Misiuk, M. Ceschini, and L. Pavesi 
 
Citation: Appl. Phys. Lett. 69, 2900 (1996); doi: 10.1063/1.117356 
View online: http://dx.doi.org/10.1063/1.117356 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v69/i19 
Published by the AIP Publishing LLC. 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 07 Aug 2013 to 203.230.125.124. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/648692836/x01/AIP-PT/APL_CoverPg_0713/FreeContentHand_1640x440.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=G. P. Karwasz&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. Misiuk&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Ceschini&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=L. Pavesi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.117356?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v69/i19?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Visible photoluminescence from pressure annealed intrinsic
Czochralski-grown silicon

G. P. Karwasz,a) A. Misiuk,b) M. Ceschini, and L. Pavesi
Dipartimento di Fisica, Universita` di Trento, via Sommarive 14, I-38050 Povo (Trento), Italy

~Received 17 July 1996; accepted for publication 9 September 1996!

Visible luminescence from thermal treated intrinsic Czochralski-grown silicon is reported. Oxygen
precipitates were formed in a nearly oversaturated silicon by a two-step thermal treatment with
auxiliary use of high pressures. A wide photoluminescence band peaked at about 2.3 eV is observed
in those samples for which the first treatment was performed at a relatively high temperature and
which show a higher amount of oxygen precipitates and oxygen related defects. Scanning electron
microscopy of the best performing samples show the presence of submicron conglomerates on the
surface. We have tentatively attributed the luminescence emission to the defects in the suboxide
SiOx phase formed in the oxygen precipitates. ©1996 American Institute of Physics.
@S0003-6951~96!03345-1#
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The search for efficient emission from silicon is one o
the main tasks to develop a low cost silicon based photon
technology. Several alternative approaches have been
lowed in the past to reach such a goal.1 The most successful
attempt to date is the use of partial anodical electrochemi
dissolution of Si wafers to yield porous silicon, a materia
which luminesces with about 10% efficiency at room tem
perature and in the visible.2 Driven by these results, various
techniques to obtain Si nanostructures have been propo
where quantum confinement of the photoexcited carriers a
efficient nanocrystal surface passivation are both prese3

An interesting approach has been the implantation of Si io
into silica films followed by thermal treatments which pro
duces Si nanocrystals with room-temperature visib
emission.4 A weak visible photoluminescence has also be
observed in Si from the damaged regions full of nanocaviti
created by heavy H or He bombardment and successive th
mal annealing.5,6 Following all these works, in this research
we propose a new technique to obtain luminescence fr
silicon, based on the isolation of nanometric suboxide SiOx

particles in oxygen precipitates, in order to mimic the loc
structures found in oxygen passivated Si nanocrystals.

Czochralski-grown~CZ! silicon contains high amounts
(1017–1018 cm23) of interstitial oxygen. Different tech-
niques have been developed to stimulate the oxygen prec
tation in silicon.7 Recently, a new approach has been pr
posed to thermal annealing of CZ silicon with the auxiliar
use of high hydrostatic pressures.8 A typical treatment con-
sists in preannealing of CZ silicon under ambient pressure
N2 atmosphere at temperatures up to 1000 K, in order
create small oxygen clusters which serve as nucleation c
ters for precipitation. In a successive annealing step at 127
1420 K for up to 200 h, oxygen precipitates and oxyge
related defects are formed. The samples are then subjecte
additional thermal treatment at high~typically 1 GPa! hydro-
static pressures in argon atmosphere. Depending on detai
the processing, such as temperature, time and pressure, c

a!Electronic mail: karwasz@alpha.science.unitn.it
b!At Instytut Technologii Elektronowej, Al. Lotniko´w 46, Pl-02668
Warszawa, Poland.
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ters, and precipitates of oxygen are formed with dimensio
varying from a few angstroms to a few tenths of a micron.8 A
Fourier transform infrared spectroscopy study has shown th
up to 80% of the interstitial O present in as-grown CZ silico
can be trapped into these precipitates.9 Different commer-
cially available CZ-silicon crystals with the same initial oxy
gen concentration give similar results.8

All samples in the present study have been obtain
from a single~001! orientedp-type CZ-silicon wafer of 0.6
mm thickness. Before annealing the hole concentration w
at 131015 cm23 level and the oxygen contents close to
oversaturation (1.131018 cm23). The thermal treatments
which have been used for various samples are reported
Table I. These samples are representative of others wh
have been annealed at 750, 950, and 1400 K for perio
varying from 5 to 20 h. Some of these were additionall
treated at 1200–1450 K at a pressure of 109 Pa. The last
treatment induces oxygen precipitates as well as oth
oxygen-related defects, like stacking faults, saucer pits d
fects, and prismatic dislocation loops defects. Densities
these defects can be evaluated in transmission electron
croscopy and, after selective surface etching, in polarize
light microscopy or scanning electron microscopy. As an e
ample, sample 1, which gives naked-eye visibl
photoluminescence at 80 K and whose thermal story is giv
in the table, contains stacking faults and dislocations at 1
3106 and 0.73106 cm22 concentrations, respectively, and
almost no other defects like saucer pits or prismatic defec

TABLE I. Thermal history of the various samples. The second–fourth co
umns refer to the temperature and duration of the various thermal tre
ments. The last column refers to the percentage of the oxygen initia
present in the wafer and which forms the precipitates. It was measured
Fourier transform infrared absorption spectroscopy in Refs. 8 and 9.

Sample
no.

First
annealing

Second
annealing

Third annealing and
pressure treatment

Oxygen
precipitate

~%!

1 750 K/20 h 950 K/20 h 1200 K/1 GPa/5 h 85
2 1100 K/20 h 1350 K/10 h ••• 45
3 750 K/20 h 1350 K/20 h ••• 45
4 750 K/20 h 950 K/20 h ••• 10
/96/69(19)/2900/3/$10.00 © 1996 American Institute of Physics
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~Yang etch7 has been used!. In addition, more than 80% of
the initial oxygen concentration has precipitated in th
sample. It turns out, that changing slightly the time and/
temperature of the third, pressure annealing, different typ
of defects can dominate, maintaining constant their over
concentration.

Scanning electron microscopy images of samples 1
are shown in Fig. 1. These samples were not subjected
chemical etching, to avoid any modification of light
emitting, near-to-surface layers. In the pressure-trea
sample~No. 1! irregular-shaped, submicron ‘‘bubbles’’ with
high secondary emission coefficient are visible@Fig. 1~a!#.
These are tentatively assigned to SiOx aggregates. Similar to,
but of smaller dimensions, electron re-emitting dots are a
visible in sample 2@Fig. 1~b!#. Numerous other samples ex
amined by SEM do not reveal any inhomogeneity on t
surface. However, prolonged exposure of some of them~e.g.,
sample No. 3! to a high-energy~30 keV! electron beam
opens spherical-like cavities@see Fig. 1~c!#. Reference
sample No. 4 gives a homogeneous SEM picture.

Photoluminescence~PL! was excited by using the 488
nm line of an argon-ion laser with a maximum power dens
of 17 W/cm2 or the third harmonic at 355 nm of a Nd:YAG
~yttrium–aluminum garnet! laser. A SPEX double spectrom
eter followed by an RCA 31034A02 photomultiplier inter
faced to a standard photon counting system was used
record the spectra. The samples were placed in a liqu
nitrogen flux cryostat to change the temperature.

Photoluminescence was observed for samples No. 1
but not for the reference sample 4. At 80 K bright yellowis
photoluminescence from sample 1 is also easily visible
the dark-adapted naked eye. PL spectra of samples 1–3
shown in Fig. 2. A wide emission band covering more tha
300 meV, peaked at about 2.3 eV and with a long low ener
tail is observed in the three samples. Some differences
intensity and spectral position among them are observa
Sample 1 shows the most intense emission which is sligh
redshifted with respect to the other samples. The intensity
PL in this sample depends on the position on the surface
the spot@compare the two curves in Fig. 2~a!#. A time deg-
radation of the luminescence intensity which lowers to 1/2
the initial emission in the first 30 min but remains stab
afterwards has also been observed. Sample 2 exhibits a lo
overall emission intensity than sample 1. However, no te
poral degradation or surface inhomogeneity in its emissi
properties have been observed. Its spectral line shape is
dependent on the excitation energy@see Fig. 1~b! full line
and dots#. Please note that the additional, low energy pe
observed for the 355 nm excitation is probably due to
experimental artifact. Due to a different focalization of argo
and Nd:YAG laser beams we cannot judge absolute PL
tensities comparing signals in Fig. 1~b!. However, compara-
tive studies performed using a 1000 W xenon lamp and co
ering the 500–380 nm range indicate little dependence of
intensity on the excitation wavelength.

Detailed studies of PL spectra in the 80–300 K ran
also show a rather weak dependence of the emission on
temperature for moderately cooled samples. The PL sig
falls off by merely 30% when the temperature raises from
to 250 K. Then it drops by a factor of three raising furthe
Appl. Phys. Lett., Vol. 69, No. 19, 4 November 1996
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temperature to 300 K. However, it is still measurable at room
temperature. No changes as a function of the temperature a
observed in the spectral line shape and position.

Comparing our different samples we conclude that PL

FIG. 1. Scanning electron microscopy~secondary emission signal! photo-
graphs of thermal and/or pressure treated CZ-Si samples. JEOL 3000 inst
ment used.~a! sample 1;~b! sample 2;~c! sample 3 afterin situelectrobeam
etching. See Table I for sample description. Note a different magnificatio
factor for insets~a!, ~b!, and~c!.
2901Karwasz et al.
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can be obtained either in an intermediate/high temperatu
~1000/1350 K! two step slow~20 h/10h! annealing or in a
low-temperature~750/950 K! preannealing combined with
the final, intermediate temperature~1200 K! pressure treat-
ment. In both cases, the overall concentration of oxygen
lated defects after treatment is of 33106 cm22 order but
different kinds of defects dominate for each sample. Annea
ing at high pressures, leading to an almost complete preci
tation of the interstitial oxygen, is allowed to form center
with a very high PL brightness.

In the following, we consider two possible models fo
the luminescence:~i! the emission originates from defects
formed in small SiOx particles due to the O precipitation;7

FIG. 2. Photoluminescence spectra of three samples. The top panel refe
sample 1 and reports two spectra taken on two different points on the sam
surface. The middle panel refers to sample 2 and reports two spectra exc
by two different wavelengths and temperatures. The bottom panel refers
sample 3 and reports two spectra taken on two different points on the sam
surface.lexc is the excitation wavelength. The relative sensitivity factor
have been given for the spectra taken at 80 K and withlexc5488 nm. The
spectrum excited withlexc5355 nm is not directly comparable because of
different excitation intensity used and sample absorption coefficient at t
wavelength.
2902 Appl. Phys. Lett., Vol. 69, No. 19, 4 November 1996
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and ~ii ! the luminescence is due to nanometric Si regio
surviving among the O precipitates.5,6 Some signature of the
presence of SiOx particles can be inferred from the SEM
images in which higher secondary emission indicates a no
conducting phase. We are well aware that it is very difficu
to give a sound interpretation of our data on the basis of on
the luminescence measurements, hence work is in progr
to characterize a morphological and structural point of vie
of these samples. However, a lot of work has already be
performed in the literature about the green band observed
Si nanocrystals~see Ref. 4 and references cited therein! and
the so-named blue emission in porous silicon~see Ref. 10
and references cited therein!. Following the analysis and the
discussions reported in these works we are lead to the c
clusion that the luminescence we observed could be d
scribed by model~i!. In fact model~ii ! which relies on exci-
tons confinement in nanocrystals should rather b
disregarded due to the insensitivity of PL line shape a
spectral position on the sample treatment, on the density
precipitates and on the excitation wavelength. To the co
trary, model~i! which relies on the emission from defects in
the suboxide phase formed in the precipitates is compati
with our experimental observations.

In conclusion, visible luminescence in thermal anneale
intrinsic CZ silicon has been observed. A tentative attrib
tion of the emission to defects formed in the suboxide SiOx

particles due to the oxygen precipitation induced by therm
treatments has been proposed. Positron annihilation studi11

to relate the absolute PL intensity to the size and concent
tion of different defects induced by oxygen precipitation a
under way.

We appreciate the possibility of using the spectroscop
setup of the CEFSA-CNR Center~Povo, Trento!, the techni-
cal assistance of Dottore A. Piazza in the independent che
of the observed effect, and the help of R. Belli in SEM stud
ies. This work has been supported in part by the Polish Co
mittee for Scientific Research~Grant No. 8T 11B 048 09!.
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