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Resonantly excited photoluminescence from porous silicon:
Effects of surface oxidation on resonant luminescence spectra
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We have studied the photoluminescence mechanism of freshly prepared and naturally oxidized porous
silicon by fluorescence-line-narrowing spectroscopy. The surfaces of fresh and oxidized porous silicon are
terminated by silicon hydrides and silicon dioxide, respectively. The TO-phonon-related structure in resonantly
excited luminescence is clearly observed in H-terminated porous silicon. After surface oxidation, the lumines-
cence intensity increases and a structure in the resonant luminescence appears due to the coupling of excitons
and local vibrations at the surface. The effect of surface oxidation on the luminescence spectrum of Si
nanocrystals is discussd$0163-18207)50228-1

The goal of achieving efficient visible luminescence fromrous silicon by comparing freshly prepared and naturally oxi-
Si nanostructures has stimulated considerable efforts in urdized porous silicon.
derstanding optical properties of group-IV semiconductor The porous silicon samples were prepared as folfws.
nanostructures and producing nanostructure devitegar-  The substrates werél00-oriented p-type silicon wafers
ticular, porous silicon is receiving widespread interest beith a resistivity of~0.9 Q cm. Thin Al films were evapo-
cause of its high quantum efficiency of light emission. Thererated on the back of the wafers to form a good Ohmic con-
are many extensive studies concerning the origin of visiblgact, The anodization was carried out in HF-ethanol solution
light emission in porous silicoh However, the mechanism (HF:H,0:C,H;OH=1:1:2) at aconstant current density of

of visible luminescence IS not clear and is St'“. controverslal,lo mA/cnt. It is known that there exist a vertical structure
because porous silicon shows various optical;

) inhomogeneity in the thick porous layer and this structural
characteristics: ) ) . .
o : . . inhomogeneity affects luminescence properties of porous
Porous silicon is an inhomogeneous system in the sense. 113141, tical inh i ¢
that it has broad distributions of nanocrystal size and shap icon. 1€ vertical Inhomogeneily 1S a consequence o
and variations of surface structures. Under blue or violef!'® POrous silicon formauon meqhamsm._The top of the po-
light excitation, porous silicon shows broad luminescence afoUs layer has been in the etching solution longer than the
room temperatur&? This “full” luminescence contains con- bottom. The crystallme silicon size is then smaller a.t the tpp
tributions from all nanocrystals in the sample and is inhomo©f the layer. After air exposure, the top of the layer is easily
geneously broadened. It shows no fine structures even at lo@xidized. The size and surface structure of nanocrystals in
temperatures. However, as in many inhomogeneously broadbe top of the layer are completely different of those in the
ened systems, resonant excitation selective excitationre- ~ bottom of the layer. Then the porous layer thickness of
sults in fluorescence line narrowiAdsince we suppress the ~1um was chosen to provide a uniform optical excitation
inhomogeneously broadening of the luminescence by selesvithin the porous layer and a uniform native oxidation
tively exciting a narrow subset of crystallites, the resultingwithin the layer after prolonged air exposure.
emission is narrow, displaying a well-resolved phonon The photoluminescend®L) spectra were measured using
progressiort. The resonantly excited luminescence spectrurra double monochromator, a lock-in amplifier, a photomulti-
with fine structureg“resonant” luminescencdeprovides an plier, and cw He-Cd, Ar, Ti:AlO; lasers. The PL spectra
information on the ongoing discussions of the luminescencavere recorded by two different method$) Modulated laser
mechanism. Porous silicon shows the TO-phonon-relatedxcitation: The excitation laser light was modulated by an
fine structures under resonant excitation at lowoptical chopper with frequencie$(10 Hz<f<1.1 kHz).
temperature$-’ In contrast to porous silicon, the phonon- The PL spectra depended on the frequehcy?2) cw laser
related fine structures in the resonant luminescence spectruexcitation. The excitation laser light was not modulated, but
are not clearly observed in the size-controlled or sizeluminescence from samples was modulated by an optical
selected Si nanocrystals with a Si®Gurface layeP.® The  chopperf for the PL spectrum measurement. This PL spec-
nature of the emitting state and the resonant luminescence trum did not depend on the frequency and is the time-
porous silicon and Si nanocrystals has remainedntegrated PL spectrum.
controversial. 1! In this paper we discuss the effect of sur-  Figure 1 shows Fourier-transform infraréeTIR) absorp-
face structure on the full and resonant luminescence in paion spectra of as-prepared porous silicon and naturally oxi-
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FIG. 1. Infrared absorption spectra of porous silicon 1.6 2 24
samples: (a) as-prepared porous silicofln) porous silicon after 15 PHOTON ENERGY (eV)

days air exposure, an@) oxidized porous silicon. The surface of
as-prepared porous Si is covered by hydrogen atoms. After pro- FIG. 2. Temperature dependence of the luminescence spectra of
longed air exposure, the surface of nanocrystals is oxidized. (a) fresh porous silicon andb) oxidized porous silicon under
3.814-eV excitation. The luminescence peak energy at low tempera-
dized porous silicon after air storage. For FTIR absorptioriures is blueshifted after surface oxidation.
measurements, we removed the Al electrode on the back of
the c-Si wafer substrate and measured the absorption spedhe resonantly excited PL spectra of porous silicon at 2 K
trum of the porous Si layefthe absorption due to the-Si  are very sensitive to the surface structure of porous silicon,
substrate was correctedn the as-prepared porous silicon as will be shown below.
sample, the strong absorption peaks are clearly observed Figure 3 shows the modulated frequency dependence of
around 625, 665, 910, and 2100 ¢ These peaks are due (a) the full luminescence under 3.814-eV excitation dhbyl
to the Si-H, bending mode, Si-H deformation modes, the the resonant luminescence under 2.409-eV excitation of oxi-
Si-H, scissors mode, and the Sj;ldtretching mode!® The  dized porous silicon, at 2 K. The modulation frequency de-
surface of nanocrystals in as-prepared porous silicon layer igendence of the resonant PL spectrum is more clearly ob-
covered by silicon hydride&SiH, SiH,, and SiH), however, served, compared with the case of the full luminescence.
the samples show weak luminescence. After prolonged aiWith an increase in the modulated frequency, the PL peak
storage, a broad peak is observed arowid00 cmtdueto  energy shifts to the higher energy region. In particular, the
the Si-O-Si stretching mode. The increase in the Si-O-SPL spectrum depends on the modulation frequency at lower
band is ascribed to a gradual room-temperature oxidation dfequency regionf{<120 Hz). These results suggest that the
the crystal Si skeletott''® However, even after 15 days in relaxation time has broad time distributions and different PL
air, the three bands due to the Si-bpecies are clearly ob- processes coexist in porous silicon. Thus it is considered that
served around 2100 cmh. The absorption peaks in Si-H the resonant PL spectra at different modulation frequencies
bands are larger than those of Si-O bands, although the aib? fresh and oxidized porous silicon samples provides very
sorption coefficient of the Si-H band is much smaller thanimportant information on the PL mechanism of porous sili-
that of the Si-O-Si stretching barfet'® Thus this shows that con and Si nanocrystals.
the large area of the sample surface is still covered by silicon

hydrides, and the sample of Fig(hl is “fresh,” similar to r T T T —T T
the samples in the previous works® Then these samples @y 1®) 2K |
(used within two weekswere used as fresh or H-terminated :g?
porous silicon. After one year or more, the Si-O bending and 'g 1020 HZ'M
the Si-O-Si stretching modes are only observed in the FTIR s L 4 A
spectrum. The surface is covered by a Si@yer. These s 520 | 520
samples were used as oxidized porous silicon. > 220 | 220

Figure 2 shows full luminescence spectra of fresh porous @ 2r T .
silicon and oxidized porous silicon at different temperatures Z 120 _120
under cw laser excitation. The excitation wavelength was E e |
325 nm from a He-Cd laser, and the excitation intensity is ST T720 T
~1 mW/cn?t. Although the surface structures dramatically o 20 | Ao
changed in air storagsee Fig. 1, there is no drastic change 10
in the full luminescence spectrum at room temperature. After 055 5 3 15 2 2f5
surface oxidation, the PL intensity increases significantly PHOTON ENERGY (eV)

(more than one order of magnituddhe PL peak energy in

oxidized porous silicon is sensitive to the measurement tem- FIG. 3. Modulation frequency dependence of luminescence
perature, compared with the case of fresh porous silicon. Thepectra of surface-oxidized porous silicdr2& by using excitation

PL peak energy shifts to higher energy at low temperatureghoton energiesia) 3.814 andb) 2.409 eV.
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1.959, (b), 2.409,(c) 2.496, and(d) 2.540 eV. The zero on the

FIG. 4. Resonant luminescence spectra of fresh porous silicoAPSCiSsa scale corresponds to the excitation laser energy.
[(@ cw and(b) f =120 HZ and oxidized porous silicof{c) cw, (d)
f=13, (e) f=520, and(f) f=1020 H7 at the lower-energy side of position in the full luminescence spectrdthEven under la-
the laser line of 1.959 eV at 2 K. ser excitation of the higher energy side of the luminescence

band, this structure is observed in oxidized porous silicon. In

Figure 4 shows resonant luminescence spectra of frestontrast, in H-terminated porous silicon, the steplike struc-
and oxidized porous silicon at different modulation frequen-ture is only observed under laser excitation of the higher
cies. The measurement temperatures \aK and the excita- energy side of the luminescence band, but the peak structure
tion energy was 1.959 eV which corresponded to the red sidis not observed?® In oxidized porous silicon samples, a
of the full luminescence specttaee, Fig. 2 In the resonant peaklike structure is clearly observed at high chopping fre-
luminescence spectrum under cw laser excitation, the stegjuencies. We observed for the first time that there is a good
like structure can be observed in both fresh and oxidizedorrelation between the surface oxidation and the resonant
porous silicon samples. In H-terminated porous siliconluminescence spectrum in porous silicon.
samples, the PL spectrum scarcely depend on the modulated Let us now discuss the PL mechanism of H-terminated
frequency. The fine structures in the resonant PL spectrurand surface-oxidized porous silicon. It is well known that
shown by the arrows in the figure is equal to the TO hydrogen termination extremely reduces the surface recom-
(~57 meV) phonon energy of bulk crystalline Si-6i).>  bination centers inc-Si?° By utilizing H-terminated sur-
However, after prolonged air exposufgurface oxidatiop  faces, we can minimize the influence of surface states. More-
the steplike structure becomes unclear with an increase in thever, Raman spectroscopy examination implies that
strength of the Si-O-Si stretching mode. The resonant lumiH-terminated porous silicon shows the crystalline nature
nescence spectrum depends on the modulated frequenasyhile oxygen-terminated porous silicon shows atomic disor-
These results suggest that the PL mechanism of surfacgler within the nanocrystals. The PL peak energy in
oxidized porous silicon is different from that of H-terminated H-terminated porous silicon without air exposure is sensitive
porous silicon and different PL processes coexist in surfaceto the size of the nanocrystal, compared with the case of
oxidized porous silicon samples. surface oxidized Si nanocrystafsin H-terminated porous

Figure 5 shows resonant luminescence spectra recorded giticon, the interiorc-Si state plays an essential role in the
2 K using excitation energies of 1.95@urve a), 2.409 luminescence process. The weak deformation potential inter-
(curve b), 2.496(curvec), and 2.540 eMcurve d), where  action between excitons and phonongiSi causes the TO-
the zero on the abscissa scale corresponds to the excitatiphonon related structure in the resonant luminescence
energy. The resonant luminescence spectrum shows the pesqla(ectrurrf‘.'5 The steplike structure reflects the phonon-
structure rather than the steplike structure. Broad luminesassisted absorption process rather than the light emission
cence spectra with multipeaks are divided by the Gaussiaprocess in the-Si interior state’. H-terminated porous sili-
bands, where peaks are shown as the arrows in the figure. @on samples show their indirect-gagSi nature in the reso-
curve fitting program has been used to generate the Gaussiaantly excited luminescence process.
components, which are shown as dashed curves in Hij. 5 On the other hand, in oxidized porous silicon, the peak
where the sum curve of the Gaussian bands can reprodus#ructure is observed as shown in Fig. 5. The peak structures
the experimental curve. The energy interval between thavith 135-140 meV energy interval cannot be explained by
Gaussian peaks(135-140 meY corresponds to the the exciton-phonon coupling in the Si crystallites
1100 cm! Si-O-Si stretching mode, although the intensity (~57 meV TO phononas excitons are highly delocalized
ratio of the Gaussian peaks depends on the excitation energyithin nanocrystals. This energy is almost equal to the local
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vibration energy of the Si-O-Si stretching motfeas men-  other emission mechanisms are active in oxidized porous
tioned above. The strong coupling between localized excisilicon. Studies of the resonant luminescence in Si nanostruc-
tons and vibrations at the surface causes the structure in resires with an identified surface structure would reveal the
nant luminescence, through the Rlich interaction between nature of the visible luminescent mechanism in inhomoge-
excitons and polar Si-O vibratior8.These results indicate neous Si quantum structures and materials.

that excitons are strongly localized at the Si/Sitterface, In conclusion, we have discussed the effects of surface
since the coupling of electronic and vibrational excitationsstryctures on resonant luminescence spectrum of porous sili-
dramatically increases with localization of excitons incon, There is a good correlation between surface structure
smaller dimensions! After surface oxidation, the PL inten- ang the resonant luminescence spectrum in thin porous sili-
sity increases significantly and the PL peak energy at 10won samples. H-terminated porous silicon samples clearly
temperatures is blueshifted. The Si-O-Si vibration-modifiedshow the TO-phonon related structure in the resonant lumi-
structure appears in the luminescence spectra. Moreover, thigscence spectrum. After surface oxidation, the PL intensity
PL peak energy in oxidized porous silicon is not sensitive tGncreases and the fine structure in the resonant luminescence
the nanocrystal siz€. Then, oxygen-modified surface states of surface-oxidized porous silicon depends on the experi-
provide the active states for efficient luminescence. Thus it isnental condition such as the photon energy and the modula-
considered that efficient PL is due to the radiative recombiyioy frequency of the excitation laser. Both the surface and

nation at the surface state in oxidized porous silicon. HOWjnterior c-Sj states contribute to efficient PL in porous sili-
ever, the steplike structure is also observed in the infraredy,

spectral region. This is because the surface states do not

critically affect the PL process in large nanocrystals exhibit- The authors would like to thank Professor H. Mimura of
ing infrared and red PL. These results suggest the coexistfohoku University for useful discussions. This work was
ence of different PL processes in surface-oxidized porougartly supported by a Grant-In-Aid for Scientific Research
silicon samples. The PL mechanism of surface-oxidized pofrom the Ministry of Education, Science, Sports and Culture
rous silicon is complicated, compared with H-terminated po-of Japan and the Hoso-Bunka Foundation. S. Okamoto is
rous silicon. We believe that the efficient luminescencegrateful to the Research Associate Program of the Japan So-
comes from the oxygen-modified surface states, althoughiety for the Promotion of Science.
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