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Enhanced photoluminescence from porous silicon formed by nonstandard preparation
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Using a nonstandard preparation procedure, porous sille8hsamples are grown whose overall photolu-
minescencéPL) intensities exceed those of standard PS samples from the same Si wafer up to 50 times, and
whose PL maxima occur in the high-energy range at about 1.8 eV. The preparation includes an electrochemical
etching step in a HCI:HF:$H;OH electrolyte solution with varying HCI contents. The fine structure of
low-temperature PL spectra is discussed in terms of the confinement model. Crystalline silicon wires are
identified as PL active structural elements, and the wire diameters are determined. At room temperature, four
broad PL peaks are observed. The evolution of these peaks with varying HCI content of the electrolyte
provides detailed insight into the porous structure of the samples. PL studies on laser-irradiated samples
indicate that the Si wires are covered by stoichiometric silicon oxide. We conclude that the absence of Si
dangling bonds, and the well-ordered wire structure, could be responsible for the enhanced PL intensity of our
PS samples, as well as for their stability against exposition to air and postanodization.
[S0163-182607)08139-3

I. INTRODUCTION means of this electrolyte exhibit considerably better PL prop-
erties than samples obtained by means of the standard pro-
Porous silicon(PS forms a new kind of nanometer ma- cedure. The changes of the PL spectra are studied in detail in
terial with light emission in the visible spectral range. It hasdependence on the preparation conditions. With increasing
been widely investigated by experimental and theoreticaHCl content of the electrolyte the spongelike PS structure
means during the past six years. The photoluminescendéansforms into a wirelike structure. The PL spectra of laser
(PL) of PS is believed to be mainly due to quantum sizeirradiated PS samples are interpreted in light of the quantum
ef‘fectsi‘-‘6 a|th0ugh the existing data and their interpretationsconfinement model to infer details of surface chemical com-
are still controversial=*%While there seems to be clear evi- Position and structure of the PS wires. We conclude that the
dence that light emission originates from Si crystallf2%, absence of nonstoichiometrical silicon oxide, and the well-
the difference of only 0.3 eV between the red PL peak andrdered wire structure, could be the reason for the improved
the fundamental band gap of Si, as well as the effect oL properties of PS samples prepared under the nonstandard
chemical treatmefit 2% on the PL spectra, indicate that the conditions.
radiation process is more complex than the simple confine- The paper is organized as follows. In Sec. Il we describe
ment picture suggests. Moreover, the PL properties deperifi® sample preparation and the experimental PL setup. The
on the PS microstructure and the surface chemical compostL Spectra are presented and analyzed in Sec. Iil. Temporal
tion of the porous material. These observations have stimychanges of the PS samples under laser irradiation are studied
lated alternative explanations like, for example, modeldn Sec. IV. Section V concludes the paper.
which assume siloxene molecutésr nonbridging-oxygen-

hole complexe' as light emitting (.entities.. A critical review Il. SAMPLE PREPARATION

o_f these and other models, combined with a further e_Iabor_a- AND EXPERIMENTAL SETUP

tion of the confinement model, have recently been given in

Ref. 6. All PS samples are made frofi00) oriented, mirror-

Owing to the dependence of the PL properties on the P®olished boron-dopeg-type CZ silicon substrate wafers of
microstructure, one should be able to prepare porous silicoh0—12 () cm resistivity and a thickness of 3g@m. Com-
samples of enhanced PL emission and improved crystallingonly, the Si wafer is anodically etched for 20 min in an
stability by changing the chemical composition of the inter-electrolyte containing a 1:1 mixture of methanol and 49%
nal PS surface. This may be attempted in two different wayshydrofluoric acid, using a current density of 30 mAtn
either during preparation as, for example, by varying the (standard procedureAn electrochemical cell with platinum
current density, oafter preparation, by prolonged chemical electrodes is used for the anodization. In our nonstandard
treatment in a solution or in a gaseous mixture of etchants. Iprocedure, the wafers are electrochemically etched in an
this paper, we employ the first way. We modify the chemicalHCI:HF:C,HsOH electrolyte at a current density of
nature of the nanocrystallite surfaces by using an electrolyt80 mA cmi 2, and anodized for 20 min. The HCI content of
of nonstandard composition, i.e., a HCI:HR-GOH solution  the electrolyte is varied in our experiments, it was 5% for
of varying HCI content. It turns out that samples prepared bysampleAl, 10% for sampleA2, 20% for sampleA3, and
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40% for sampleA4. Samples prepared by the standard pro- 10
cedure are referred to #€). Ad
The thicknesses of the porous layers were measured by
optical microscopy. They were found to range between 15
and 20um. The porosity was more than 70%, as estimated
by the gravimetric method. Experimental data on the micro-
structure of the porous layers and their surface morphology
were obtained by means of a scanning electron microscope
JEOL 840A equipped with a Link system. Sampl@ pre-
pared by the standard procedure exhibits the well-known
spongelike structure. The spongy PS consists of many ran-
domly distributed and interconnected pores. For samidle
obtained by the nonstandard procedure with a (6%) HCI
content, we find a thin layer with wirelike crystallites aligned
perpendicular to thé100) surface on top of a still existing
spongelike interfacial layer. The thickness of the wirelike ) X
layer increases, and the thickness of the spongelike layer I 4 iy [N
decreases if the HCI content is increased as is done in pre- S i
paring samplef\1—A4. 02 4
The PL measurements were performed with a SPEX 17 RN
1702/04 spectrometer using the 488 nm and 514.5 nm lines N a O T
of an Ar' laser(Innova 90 as excitation source. The lumi- / A0 \
nescence radiation from the samples was focused on the slit 0.0 bewmatbZhcrm i i R oo "
of a monochromator and the intensity was measured with a 1.4 16 1.8 2.0 22
GaAs photomultiplier. The irradiation power was in the Energy (eV)
range of 0.5—100 mW and was focused at an area of about )
1 mn? In all measurements the laser power was monitored, FIG. 1. P_L s_pectra obtained at room temperature from samples
and the same geometric conditions were used in order t00—A4. Excitation wavelength and power are 488 nm and 50 mW,
have comparable data. The sample was kept in air during tH&SPectively. Spectrum of sampi multiplied by a factor of 25.
measurements. The PL spectra were taken from different
sites of the sample to avoid the influence of laser irradiatiorPPtical gap on the wire diametet,;.. Other calculations
on the structure of the measured sample region. The scadsing linear combinations of atomic orbitals give similar
ning time of every PL spectrum was 3 min. results'’ These theoretical findings are reproduced in Fig. 3.
Also shown in this figure are calculated gaps for spherical
quantum dots as a function of their diamety,,.'® The
variation of the gap withy,; follows almost the same power
A. Overall comparison of PL spectra from differently law which applies in the case of wires, i.ei;olfg. The
prepared samples gap-versus-diameter curves of Fig. 3 are used to analyze the
L spectra of Fig. 2.

Let us first suppose the PL active structural elements of
e PS samples to be wires. Because of (ttg0) substrate
orientation it is natural to assume that the wires are aligned
along the cubic crystal axigl00]. The wire diametersl
may only change in step&d,;. given by the average pro-
1jection of the nearest neighbor vect@/4)(1,1,1) into the
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lll. PL SPECTRA AND PS MICROSTRUCTURE

Figure 1 shows the PL spectra of various samples taken &
room temperature. The overall PL intensities of samplés
to A4, prepared by the nonstandard procedure, are up to
times larger than the overall PL intensity of sample pre-
pared in the standard way. The PL peak of sandyfleoccurs
at lower energies than the peaks of samplésto A4. With
increasing HCI content of the electrolyte, the PL peaks o .
samplesAl to A4 undergo a blueshift, and simultaneously (_100; %a?ze X(a—/iaglge%;?nstarjt Onﬁ has .gldw"e.
their heights increase. For sampdd one has a single PL __[( +v2)/2]x (al4)=0. a. Hence, the possible wire
peak of Gaussian shape, while the PL line shapes of sampl&i@meters arel, .= dyire+kx0.302<a wherek means an
A1, A2, andA3 cannot be described in terms of a single (POSsitive or negativeinteger andd,; the average wire di-
peak. ameter. Lethv be the PL peak position for a wire of the

average diametet,; .. Then, assuming,yie>Adyire, @ Wire

B. Fine structure of low-temperature PL spectra of diameter dyjet kAgwire leads to a PL peak at
and PL active structural elements hv=hv+Ahv, wheré

Figure 2 shows the PL spectra of sampket—A4 re- Ahiv Ad...
corded aff=1.4 K. They exhibit a fine structure consisting K ggq e
of a set of small peaks spaced almost equally by 17—-21 meV. Ay
In the quantum confinement model, these peaks may be at-

tributed to silicon wires or dots of different diameté?s®in  The same consideration may be applied under the assump-
the case of wires, calculations based on a variational enveion that the light emitting elements of the PL samples are

lope function approach predict ad,,~>° dependence of the spherical dots rather than wires. If£00] direction, the dot

@

dwire
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FIG. 2. PL spectra of samplesl —A4 taken afT=1.4 K. Ex- Nanoparticle diameter ( nm )

citation wavelength and power as in Fig. 1.

FIG. 3. Dependence of PL peak position on nanoparticle diam-

. . . eter. The solid and dashed lines are theoretical predictions for the
diametersdy,, may only change in steps obf4), and in a  energy gaps of crystalline Si quantum wires and dots, respectively.

[111] direction the possible changes are by a factow®f The experimental results are taken from the PL spectra at 1%4 K
larger. Averaging over all directions, we obtain an averagend 295 K(+).

step Ady, for the dot diameter changes equal to

(1/?)(3><1+4><1/§)(a/4)=0.355< a. The bL spectra Qf the " 5wn Gaussian peak. Inspecting Fig. 1, one notices that the
var-|ous samples{only part of them are shown.m Fig.) 2 PL spectra of sampleal, A2, andA3, in fact, resemble a
deliver experimental values fdrv and A%iwy. Using these  itineak behavior. In Fig. 4 we show the decomposition of
values in Eq.(1), one obtains average wire diametei.  the A1 spectrum into four Gaussian peaks, labeled as
for the various samples, provided that wires are in fact then;,;l b,c,d. Such a decomposition has been made for the spec-
PL active structural elements. The thus obtained average djz. ¢ o samples in Fig. 1. The results are shown in Figs
ametersd,,. combined with the pertinent average peak po- . '

- o i . F¥"5-8. Figure 5 shows the positions of peak®d, c, andd as
sitions# v are plotted in Fig. 3 as experimental points. Sincey sample function, more strictly speaking, as a function of

relation (1) also applies to dots, we may derive average dojhe HC| content of the electrolyte used for the sample prepa-
diameters as well. These are by a factor of 1.18 larger thaEia

the average wire diameters for the same sample. To avoi tion. Peala _is the only spectral feature for_ t_he standard
) — T ! ampleAO0, while all nonstandard samples exhibit four peaks.
confusion, the o7 v) points are not plotted in Fig. 3. It IS 'Il'his indicates that peak is due to the spongelike layer,
anyway clear that these points are far left of the theoretic hich forms the only porous region in samph®, while
curve for dots, so that dots may be excluded as light emittin . o
structural elements of our PL samples. On the other hand, t eak;b_, ¢ a_ndd may be attrl_buted to the ere!|ke layers
experimental points are close to the theoretical curve fofontaining wires of different diameters. I_ncreasmg the HCI
wires. This implies that, on the assumption that the confine€ONteNt, peala stays almost constant, while pedksc, and
ment model is valid, wires should be the PL active compo-d shift to higher energies. At the same time, the distances
nents. between peakb, c, andd decrease with growing HCI con-
tent, ending up at almost zero distances for high HCI content.
) _ _ Using the average-peak-position versus average-diameter
C. Line shape analysis of high-temperature PL spectra

plot of Fig. 3, we may associate each peak position with a
In the high-temperature spectra, wires of diameters flucwire group of a certain average diameter. The change of the

tuating by atomic steps around a certain average diamet@verage wire diameters with HCI content of the electrolyte is
give rise to one broad peak of Gaussian shape. If severahown in Fig. 6. In Fig. 7, the peak heights are plotted versus
peaks are seen in the experimental high-temperature PHCI content. One observes a shrinkage of paalty more

spectra, the presence of wire groups of considerably differerthan two orders of magnitude changing the HCI content from
average diameters is indicated, each group giving rise to it8% to 40%.
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FIG. 4. Fit of the experimental PL spectrum for sample to a FIG. 5. PL peak positions of samples0—A4 prepared by
sum of four Gaussians, labeled a,c,d. Excitation wavelength  means of electrolytes of different HCI conterits= 295 K.
and power as in Fig. IT=295 K.

_ _ minuteg both the PL and Raman peaks were shifted to
The reason for this decrease follows quite naturally fromhigher energies, and finally these peaks remained unchanged
the interpretation of peak as being due to the spongelike while continuing the laser exposition. The authors of Ref. 23

layer: The thickness of this layer decreases with raising HChttributed this behavior to the laser-induced oxidation and
content. That peaks andd rapidly grow, whereas peak

rapidly shrinks with increasing HCI content, can also be eas- 3.2
ily explained in our structural model of the porous layers: the I Py a__
fraction of wires with small diameters becomes larger, and R . -
that with large diameters becomes smaller if the HCI content 3.0
increases. Finally, in Fig. 8, the variation of the linewidth
[full width at half maximum(FMHW)] of the four peaks is 28
shown as a function of the HCI content of the electrolyte. All
peaks become narrower with increasing HCI content, indicat- ¢ "-\
ing the smaller dispersion of wire diameters within each wire £ 26 L}
group. 3
Concerning the stability of the samples against degrada- g N\
tion it should be mentioned that, prior to the PL measure- & 24 ‘-\b
ments reported above, all samples were exposed to air fora £ \'\\
period of 9 months. Some of the samples had also been mea- § 29 N
sured immediately after preparation. The spectra were ex- 32 A
actly the same as those reported above. '\‘
2.0 e
IV. STRUCTURAL STABILITY OF PS SAMPLES I e Ty
UNDER LASER IRRADIATION 1.8 /

Recently, the influence of laser irradiation on PL and Ra-
man spectra of PS samples prepared by the standard anod-
ization procedure in an HFE;OH=2:1 electrolyte has
been investigate®f In the initial stage of the irradiation, the ~ FIG. 6. Nanowire diameters versus HCI content of electrolyte
Raman and PL peaks showed a similar oscillatory behaviotorresponding to the four PL peaks. Detailed explanations are given
as the nonirradiated samples. After some tiftypically 50  in the text.T=295 K.

0 10 20 30 40
HCI content of electrolyte (%)
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FIG. 9. PL spectra of sampke?2 after laser irradiation for (1),

the structural instabilities of the wirelike nanocrystallites of 30 (2), and 60(3) min. Laser power 100 mW. The dashed curve
the PS samples.

To obtain similar structural information on our nonstan

shows the PL spectrum of the 60-min-irradiated san#ile after

d_depositing it fo 2 h in thedark. Excitation wavelength and power

ard samples, we have examined their PL spectra as a fun@® 488 nm and 100 mW, respectively=295 K.

tion of laser irradiation time. Figures 9—11 show the time
evolution of the PL spectra of, respectively, sam@#@s A3,
and A4 under laser irradiation of 50 mW. For sampk2

decrease monotonically for laser levels between 0.5 and
5W cm 2. Keeping the laser treated sampk® andA3 in

andA3, the PL intensities and the line shapes vary with timedark for two hours, their PL spectra recover, as seen in Figs.
As the irradiation time increases, the intensities of all peak® and 10. Such behavior differs from that of sampig
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which irreversibly loses PL intensity in the low-energy re-
gion after irradiation, just like sample0 does?*~23The ir-
reversible changes for sampl&® andA1l may be attributed

to the laser-induced oxidation of the nanocrystals of these PS
samples, particularly, to the photoinduced oxidation of sponge-
like structures with substoichiometric oxides, Sin their
surfaces. This oxidation, obviously, is absent in the case of
samplesA2 andA3. The reversible changes of the PL spec-
tra of these samples are caused by local heating which ther-
malizes only slowly, due to the bad thermal conductivity of
the spongelike layers which still exist for these samples.
These conclusions are also supported by investigations of the
PL spectra of samplesAl,A2,A3 at low temperature
(T=1.4 K). The samples were mounted inside a volume
filled with liquid helium and were exposed to laser irradia-
tion of 50 mW and 100 mW power during 60 min. No
changes of the PL spectra were observed. This is evidently
due to the absence of oxygen in the chamber as well as to the
effective cooling of the sample. In the case of sampie
shown in Fig. 10, both the PL peak position and intensity are
almost unchanged under laser irradiation for, at least, 40
min. This implies, in particular, that no local heating takes
place, which is understandable since no spongelike layers of
low thermal conductivity exist anymore. The absence of
photoinduced oxidation for samples2,A3,A4 means that

FIG. 8. PL peak widths versus HCI content of electrolyte. the silicon wires have been covered by stable ,Si®eady

T=295 K.

during preparation.
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FIG. 10. PL spectra of samphe3 after laser irradiation for Q1) FIG. 11. PL spectra of sample4 after laser irradiation for 0

and 60(2) min. Laser power 100 mW. The dashed cu(8gshows  (solid line), 30 (dashed ling and 60(dotted line@ min. Excitation

the PL spectrum of the 60-min-irradiated sampl after deposit-  wavelength and power as in Fig. 9=295 K.

ing it in dark for 2 h. Excitation wavelength and power as in Fig. 9.

T=295 K. Si wires at room temperature. As a result, the wires are cov-

ered by substoichiometric silicon oxide. In our preparation
process, obviously, the evolution of pores is neither too slow
V. CONCLUSIONS nor too fast, providing a wire structure rather than a sponge-
The above experimental data on the PL spectra and thefik€ structure and a Siplayer on the wire surfaces. The
laser-induced changes give some hints why the new prepg_bsenc.e pf Si dangll_ng ponds, which would act as effment
ration procedure results in PS samples of much higher Plr_10nrad|at|ye recombination centefsgould explain the.'n' .
intensity and structural stability. It is generally believed thatf[ense Iymmescence .Of our PS samplg;, and allso their stabil-
the kind of porosity of the samples is decisive for their PL Y @9ainst postanodization and exposition to air.
properties?’ If not enough silicon is removed during the an-
odization process, as in PS with low porosity, oxidation can-
not proceed efficiently because oxygen cannot easily pen- This work has been supported by the Russian Fund for
etrate the internal region of PS to oxidize it. If, on the otherBasic ResearckGrant Nos. 96-02-18853 and 95-02-04510
hand, the evolution of pores is too rapid, the total wire sur-as well as by CNPQ and FAPESBrazilian funding agen-
face increases too fast, making it difficult to fully oxidize the cies.
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