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Defect study of light-emitting HCl-treated porous silicon
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Electrochemically etched porous silicon~PSi! samples have been exposed to a 3M HCl solution for set time
intervals, resulting in a stable and enhanced luminescence from this material. These samples were examined
using photoluminescence~PL!, electron spin resonance~ESR!, and Raman spectroscopy. The Raman chemical
disorder component is found to increase significantly with increased HCl exposure, tracking also with the
increased PL intensity. In contrast, a significant drop in the nanocrystalline Raman component is monitored,
suggesting that the number of silicon nanocrystallites decreases with increasing exposure to HCl. ESR spectra
of these treated PSi samples indicate the presence of an NL8 type of oxygen shallow donor, which tracks
extremely well with the increasing PL emission and the amount of chemical disorder induced with increasing
HCl exposure.
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INTRODUCTION

Visible-light emission in the orange-red and red region
the spectrum has been reported in a variety of silicon-ba
nanostructures, including porous silicon ~PSi!
nanostructures,1,2 oxidized Si nanoclusters,2–5 nanocrystal-
line Si/SiO2 ~nc-Si/SiO2! films deposited by plasma chemic
vapor deposition6 ~CVD!, and Si nanowires.7 The material
most studied, however, has been PSi. The optical behavi
this material has been interpreted in terms of two very d
ferent types of mechanisms: quantum confinement1 and mod-
els related to surface species8–14 such as the emission from
SiHx or polysilanes,8,9 siloxene,10 or silanol groups,12 Si
band-tail states,11 oxygen-related defect centers,13 and sil-
anone~SivO! related entities,14 the latter two of which may
be closely correlated.

From the defect studies in porous silicon, there are sev
defect structures that have been reported, including the
dangling bond center, prototype of which is thePb center,15

an E8 center~oxygen vacancy!,16 the oxygen shallow dono
~SD!,17 and anEX center~silicon vacancy!.16 Although it has
been reported that thePb center leads to an increase in no
radiative recombination, thereby decreasing the visible
emission,11 a direct link has been reported between t
orange-red–red room-temperature PL intensity observe
freshly made and oxidized PSi and interfacial oxygen-rela
defect centers~SD andEX!.18

It has been shown previously19 that the exposure o
freshly made PSi to an HCl solution varying in molari
from 0.2M to 6M can result in a much enhanced re
emission intensity as well as a long-term stability~after treat-
ment with methanol! in the atmosphere. In this manuscrip
we will present results of a 3M HCl treatment of PSi
samples, with the perspective of tracking the changes in
nanocrystalline and amorphous fractions of the samples~Ra-
man spectroscopy!, the PL emission energy and intensi
~PL!, and the defect density~ESR! with increasing HCl ex-
posure time. We will also show that despite the fact that
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fraction of the nanocrystalline component comprising the P
structure significantly decreases with increased HCl ex
sure, the PL emission intensity increases considerably
scales well with the increasing disorder fraction and the
creasing oxygen shallow donor concentration. These res
cast doubt on the quantum confinement model, while giv
further support to the suggestion that an emitting chem
defect structure, comprised of a core SivO entity,13,14 gives
rise to the observed PL.

EXPERIMENT

The PSi samples were prepared by standard electroch
cal etching of 1-V cm p-type Si~100! wafers for 30 min at a
current density of 14 mA/cm2 in a 25% hydrofluoric acid
~HF!/methanol solution. While a number of the samples w
exposed to a 3M HCl solution through continuous soakin
for periods of one or two weeks following the initial etc
cycle, several additional samples remained untreated.
fresh samples referred to in the text are PSi samples
were freshly etched and analyzed within one hour.
samples were examined using Raman spectroscopy, pho
minescence~PL! excited using the 488-nm Ar1-ion laser
line, and cutoff filtered at 550 nm, and electron spin re
nance~ESR!, performed at 20 K, with and without tungste
lamp illumination. Further experimental details have be
published elsewhere.13,15

RESULTS AND DISCUSSION

The Raman spectroscopy was performed on freshly m
PSi and samples treated for one or two weeks in 3M HCl.
Figures 1~a!–1~c! represent Raman spectra for these th
types of samples. The Raman signal for all the PSi sam
is blueshifted from that of bulk Si, and increases in wid
@full width at half maximum~FWHM!# with increasing HCl
exposure.19~b! The fits for the individual Raman spectra a
also depicted in Figs. 1~a!–1~c!. The Raman spectrum fo
1878 ©2000 The American Physical Society
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FIG. 1. Raman spectra and peak fits for~a! untreated PSi sample,~b! PSi after one-week treatment in 3M HCl, ~c! PSi after two-week
treatment in 3M HCl, and~d! PSi after two weeks in HCl showing a peak fitting line corresponding to SiOx .
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freshly formed PSi is comprised of two major peaks,
sharper one~at around 513 cm21! is associated with nano
crystalline silicon and a broader peak~at around 480 cm21!
is associated with disordered silicon.20 The Raman spectrum
that results after a one-week HCl exposure produces a s
shift of the nanocrystalline component to about 511 cm21,
while a two-week HCl exposure results in a nanocrystall
component position close to 513 cm21. The amorphous sili-
con disordered component remains in the vicinity of 4
cm21. The standard error for the fits of the crystalline pea
for all the samples was always around 10%, while the e
for the disorder peaks was always in the 15–18 % range
all samples fit.

What is striking in these figures is the significant grow
in intensity of the disordered fraction with increased exp
sure to the HCl solution. In fact, the ratio of the integrat
area for the disordered to nanocrystalline peaks is 0.77
the fresh sample, 2.8 for the sample treated for one wee
HCl, and 3.6 for the sample treated for two weeks in H
Coincidentally, the FWHM changes from 57 cm21 for the
freshly made PSi to 73 cm21 for a one-week HCl exposure
to roughly 85 cm21 for a two-week HCl exposure. Sinc
Raman spectroscopy is a measure of local order, the w
~FWHM! increase of this disordered feature suggests
chemical disorder is being introduced into the amorph
all
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silicon component due to the HCl treatment. This could o
cur through the incorporation of O, H, or Cl species into t
disordered Si network in what is, at the very least, a disord
enhancing process.

Although the spectrum for the two-week treated samp
is reasonably fitted by the sum of nanocrystalline and am
phous peaks, an improvement to the fit below 450 cm21 can
be achieved if a third broad feature, centered at about
cm21, is added@Fig. 1~c!#. This, in fact, is the region from
which one would expect to observe contributions from t
rocking band vibration in SiO2, centered at 450 cm21.21

However, it has been reported that large redshifts of the
bration frequency and the FWHM occur for material that
significantly off stoichiometry, corresponding to SiOx ,
wherex is significantly less than 2.22 Thus, we suggest tha
the apparent additional 430-cm21 feature present after a two
week exposure to HCl is the signature of SiOx , whose pres-
ence increases with increased HCl exposure time. Fur
information on the incorporation of O, H, and Cl constitue
cies, as well as on the formation of SiOx , is currently being
obtained from Fourier-transform interferometry~FTIR!.

We have used the 488-nm line of the Ar1 laser to excite
PL from the HCl-treated PSi samples. The spectra depic
in Fig. 2 were obtained using a 550-nm cutoff filter, whic
was necessary to suppress scattered laser light. The obs
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spectra are therefore localized to the orange-red–red e
sion region and do not reveal those contributions from
shorter-wavelength ‘‘green’’ emission feature19~b! that has
previously been associated with a silane based silicon o
hydride precursor state.23

After optical pumping with the 488-nm Ar1 laser, the PL
from a freshly made PSi sample is not easily measurable,
is the PL from PSi samples that were not exposed to HCl
were aged in the atmosphere for two weeks. However,
PL for the one-week HCl-treated sample increases marke
and the PL for the two-week-treated sample is almost 5 tim
that for a one-week exposure~Fig. 2!. While we observe tha
no shift in the PL spectrum occurs for any of the HCl-trea
samples, a clear shift in the nanocrystalline size is eviden
from the Raman crystalline peak position. Thus, it appe
that no correlation between the PL intensity and the crys
line particle size is evident but a correlation between the
intensity and the amount of~O, H, Cl!-containing chemically
disordered amorphous silicon exists.

In obtaining the ESR data, the same samples whose
man and Ar1 pumped PL spectra are shown in Figs. 1 an
were evaluated in order to avoid possible sample to sam
variations. The ESR study was performed with and with
tungsten lamp illumination. A typical signal for the two
week-treated samples exposed to tungsten lamp illumina
is shown in Fig. 3~a!. Dark samples@Fig. 3~b!# show only a
single broad signal atg'2.0055, which has been identifie
as a silicon dangling bond15 (Pb center! in this system. This
feature is also visible in the illuminated scan albeit with
somewhat greater intensity. However, a second, much m
intense feature appears under illumination, which has an
erageg value of 1.997. From previous studies, where t
feature has been reported in freshly made as well as o
circuit etched PSi, we identify the ESR signal with that of
oxygen shallow donor~SD!.17

We can suggest a possible explanation for the behavio
these defect centers in the absence and presence of light
Pb center is amphoteric with a1/0 transition approximately
0.2 eV above the valence band and a 0/2 transition about 0.3
eV below the conduction band.24 The Fermi level of the
sample is below the1/0 transition of thePb center ~well

FIG. 2. Photoluminescence spectra for PSi samples treated
various time periods in 3M HCl. The data were taken using th
488-nm line of the Ar1 laser and a 550-nm cutoff filter.
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below the 0/1 transition of the SD’s!. At low temperatures,
the SD is neutral and diamagnetic and thePb center is posi-
tively charged and also diamagnetic. Optical excitation c
remove an electron from the SD, making it positive and pa
magnetic. ThePb center may then capture the electron, ne
tralizing it and also making it paramagnetic. Following th
mode of preparation, the two centers in the absence of
ther illumination remain in these metastable states beca
there are no free carriers available to reverse or continue
process. Also, because of local inhomogeneous bandben
in the Si nanocrystals, even in the absence of illuminati
some of thePb centers will be neutral, as we have observe

Figure 4 demonstrates the angular dependence of the
for the two-week HCl-treated samples. This angular dep
dence exhibits an identical behavior to the SD’s repor
previously, which have been identified as an NL8 type17 of
thermal donor. Since the SD identified here is the same
that identified previously in regularly etched PSi samples
seems unlikely that the outlined HCl treatment leads to
formation of a different SD, which bears Cl2 incorporation
in its nearest-neighbor configuration. Here, both defects
pear to be NL8 SD’s, which consist of a silicon vacancy a
oxygen nearest neighbors. Thus, the role of the HCl in t
case may not be to contribute a chloride to the active ce
but rather to enhance the formation of suboxides/oxides le
ing to an enhanced formation of the SD’s in the interfac
region.

While the ESR and Raman data presented in this st
suggest~1! the presence of SD defect sites associated w
silicon-oxygen bonds and~2! an increase in these defect sit
commensurate with an increase in the disordered sili

for

FIG. 3. Typical ESR spectra taken at 20 K for~a! two-week-
treated PSi sample, with and without tungsten lamp illuminati
and ~b! all three types of sample taken with no illumination.
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structure, these probes do not indicate the nature of
ligands that might be attached to the silicon-oxygen core.
have previously considered23 that fluorophors correspondin
to silanone-based silicon oxyhydrides might account for
PL from porous silicon. We have suggested23 that the
‘‘green’’ precursor state PL, which has been associated w
porous silicon, be correlated with anuR group bound sil-
anone and that the oxidative transformation of theuR group
bound ligand to a correspondinguOR group can accoun
for the formation of the long-lived~triplet state! orange-red
emitter, viz.,

In fact, evidence has been obtained, in a recent near
scanning optical microscopy~NSOM! study25 using 488-nm
excitation, which suggests that this oxidative treatment
be enhanced through the excited-state oxidation of the lo
lived precursor state. While clear evidence for this proces
not apparent in the present study, its contribution to the
mation of the orange-red emitter in both the 488-nm Ar1 PL
excitation ~Fig. 2! and tungsten-lamp-illuminated ESR e
periments~Fig. 5! must be kept in mind.

The behavior of the SD’s as a function of HCl exposu
time is indicated in Fig. 5. The figure suggests that very fe
if any, SD’s are present in the freshly formed material, wh
the SD ESR signal grows with increasing HCl treatment

FIG. 4. Angular dependence~with respect to@100#! of the oxy-
gen shallow donor~SD! defect in the two-week HCl-treated PS
sample.
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should be noted that a dark scan ofall those samplesconsid-
ered produced only thePb signal, depicted in Fig. 3~b! ~also
reported previously!.13

Since the Raman, ESR, and PL probes have been ap
to identical samples, let us examine the trends which app
for the three sets of data which we have considered. Figu
corresponds to a plot of the intensity changes of the Ram
crystalline and disorder fractions~obtained from Fig. 1!, the
ESR signal intensity of the SD defects~from Fig. 5!, and the
red PL intensity as a function of exposure to the 3M HCl
solution for up to two weeks~from Fig. 2!. Similar results
were obtained for different sets of PSi samples with a
without HCl treatment. The PL intensity, ESR SD intensi
and the Raman disorder fraction all increase with increas
HCl exposure, while the Raman crystalline fraction actua
decreases with HCl treatment and thusdecreaseswith in-
creasing PL intensity. Since this crystalline component
attributed to the nanocrystalline particles present in th
silicon-based samples, the number of these particles is
creasing while the PL intensity is increasing. Furthermore
we have noted, no PL shifts are observed, yet the part
sizes obtained from the Raman data do change, althoug
obvious trend is established. These results are clearly inc
sistent with the quantum confinement model. It is interest

FIG. 5. Behavior of the SD’s as a function of HCl exposu
time. Experiments were performed at 20 K with tungsten lamp
lumination.

FIG. 6. Plot of the nanocrystalline and disordered Si fractio
SD intensity obtained from ESR, and PL intensity as a function
exposure time in the 3M HCl solution.
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to note, however, how the SD intensity, the PL intensity, a
the Raman disorder fraction track with increasing HCl exp
sure. In fact, the SD’s have been previously identified
clusters of nonbridging oxygen-hole centers~NBOHC’s!,
which are optically active in the red portion of th
spectrum26 and which have been associated with the red
exhibited by both freshly made and oxidized poro
silicon.27 The fact that these color centers are also presen
the intensely luminescing HCl-treated PSi, scale with the
intensity, and scale with the degree of disorder~presumably
increasing chemical disorder due to the presence of O
and Cl! gives further support to a model based in large p
on oxygen-defect luminescence13 ~NBOHC! and its potential
correlation with light-emitting silanone-based silicon oxyh
drides.

CONCLUSION

PSi samples have been electrochemically etched and
posed to a 3M HCl solution for given time intervals, result
ing in a stable and an enhanced PL. These samples
evaluated using Ar1-ion excited PL, electron spin resonanc
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and Raman spectroscopy, and the results of these stu
showed several interesting trends. It has been demonstr
that the Raman chemical disorder fraction increases sig
cantly with increased HCl exposure, commensurate with
PL intensity. In contrast, a significant drop in the crystalli
Raman fraction is monitored, suggesting that the numbe
nanocrystallites decreases with increasing HCl exposure.
ESR results suggest the presence of an NL8 type of oxy
shallow donor, which tracks extremely well with an increa
ing PL emission and the amount of chemical disorder no
with increasing exposure time. These SD’s have previou
been identified in freshly made and open-circuit etched
samples and associated directly with clusters of interfa
NBOHC’s, previously suggested as the source of the vis
red PL in this system.13,17 The fact that the PL intensity
chemical disorder~O, H, and Cl incorporation!, and SD sig-
nal track closely while the PSi crystalline component sig
tracks inverselyto the resulting PL emission intensity lend
support to a model consistent with a surface defect NBO
that might well support a silanone-based silicon oxyhydr
emitter.
,

-

A.

ys.

, J.

s,

, J.
hys.

J.

ci.

N.

y,
1L. E. Canham, Appl. Phys. Lett.57, 1046~1990!.
2Microcrystalline Semiconductors: Materials Science and Devic,

edited by P. M. Fauchet, C. C. Tsai, L. T. Canham, I. Shimi
and Y. Aoyagi, MRS Symposia Proceedings No. 283~Materials
Research Society, Pittsburgh, PA, 1993!.

3Y. Kanemitsu, inSurface/Interface and Stress Effects in Ele
tronic Material Nanostructures, edited by S. M. Prokes, R. C
Cammarata, K. L. Wang, and A. Christou, MRS Symposia P
ceedings No. 405~Materials Research Society, Pittsburgh, P
1996!, p. 229.

4S. Schuppler, S. L. Friedman, M. A. Marcus, D. L. Adler, Y. H
Xie, F. M. Ross, T. D. Harris, W. L. Brown, Y. L. Chabal, L. E
Brus, and P. H. Citrin, Phys. Rev. Lett.72, 2648~1994!.

5Surface/Interface Stress Effects in Electronic Materials Na
structures, edited by S. M. Prokes, R. C. Cammarata, K.
Wang, and A. Christou, MRS Symposia Proceedings No.
~Materials Research Society, Pittsburgh, PA, 1996!.

6M. Ruckschloss, O. Ambacher, and S. Veprek, J. Lumin.57, 1
~1993!.

7S. T. Lee, N. Wang, Y. F. Zhang, and Y. H. Tang, Mater. R
Bull. 24, 36 ~1999!.

8S. M. Prokes, O. J. Glembocki, V. M. Bermudez, R. Kaplan, L.
Friedersdorf, and P. C. Searson, Phys. Rev. B45, 13 788~1992!.

9C. Tsai, K. H. Li, J. Sarathy, S. Shih, J. C. Campbell, B.
Hance, and J. M. White, Appl. Phys. Lett.59, 2814~1991!.

10M. S. Brandt, H. D. Fuchs, M. Stutzmann, J. Weber, and
Cardona, Solid State Commun.81, 307 ~1992!.

11F. Koch, V. Petrova-Koch, T. Muschik, A. Nikolov, and V
Gavrilenko, inMicrocrystalline Semiconductors: Materials Sc
ence and Devices, edited by P. M. Fauchet, C. C. Tsai, L. T
Canham, I. Shimizu, and Y. Ayoagi, MRS Symposia Proce
ings No. 283 ~Materials Research Society, Pittsburgh, P
1993!, p. 197.
,

-

-

-

5

.

.

.

-

12S. Veprek and Th. Wirschem, inHandbook of Optical Properties
Vol. II: Optics of Small Particles, Interfaces and Surfaces, ed-
ited by R. E. Hummel and P. Wissmann~CRC Press, Boca Ra
ton, 1997!, p. 129.

13S. M. Prokes, Appl. Phys. Lett.62, 3244 ~1993!; S. M. Prokes,
W. E. Carlos, and O. J. Glembocki, Phys. Rev. B50, 17 093
~1994!.

14~a! James L. Gole, Frank P. Dudel, David Grantier, and David
Dixon, Phys. Rev. B56, 2137~1997!; ~b! J. L. Gole and D. A.
Dixon ibid. 57, 12 002~1998!.

15S. M. Prokes, W. E. Carlos, and V. M. Bermudez, Appl. Ph
Lett. 61, 147 ~1992!.

16H. J. von Bardeleben, C. Ortega, A. Grosman, V. Morazzani
Siejka, and d. Stievenard, J. Lumin.57, 301 ~1993!.

17W. E. Carlos and S. M. Prokes, Appl. Phys. Lett.65, 1245~1994!.
18S. M. Prokes, J. Mater. Res.11, 305 ~1996!.
19~a! F. P. Dudel and J. L. Gole, J. Appl. Phys.82, 802 ~1997!; ~b!

J. L. Gole, J. A. DeVincentis, L. Seals, P. Lillihei, S. M. Proke
and D. A. Dixon, Phys. Rev. B.61, 5615~2000!.

20J. M. Perez, J. Villalobos, P. McNeill, J. Prasad, R. Cheek
Kleber, J. P. Estrera, P. D. Stevens, and R. Glosser, Appl. P
Lett. 61, 563 ~1992!.

21G. Lukovsky, M. J. Manitini, J. K. Srivastava, and E. A. Irene,
Vac. Sci. Technol. B5, 530 ~1987!.

22J. T. Fitch, G. Lukovsky, E. Kobeda, and A. E. Irene, J. Vac. S
Technol. B7, 153 ~1989!.

23J. L. Gole and D. A. Dixon, J. Phys. Chem.103, 33 ~1998!.
24E. H. Poindexter, G. J. Gerardi, M. E. Rueckel, P. J. Caplan,

M. Johnson, and D. K. Biegelsen, J. Appl. Phys.56, 2844
~1984!.

25P. J. Moyer, T. L. Cloninger, J. L. Gole, and L. A. Bottomle
Phys. Rev. B60, 4889~1999!.

26D. L. Griscom, J. Ceram. Soc. Jpn.99, 923 ~1991!.
27S. M. Prokes and W. E. Carlos, J. Appl. Phys.78, 2671~1995!.


