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Change in luminescence properties of porous Si by F  , and D,0O exposure:
In situ photoluminescence, Raman, and Fourier-transform infrared
spectral study

T. Wadayama,® T. Arigane, and A. Hatta
Department of Materials Science, Graduate School of Engineering, Tohoku University, Sendai 980-0835,
Japan

(Received 29 June 1998; accepted for publication 26 August)1998

In situ photoluminescencéL), Raman, and infraredR) spectra of porous SPS during F,/D,0
exposures were investigated. &posure at 298 K resulted in a peak shift of PL band from 750 to
670 nm with an intensity reduction. IR spectra revealed that the surface hydrogenated Si of the PS
was displaced by fluorinated one. By subseques® Bxposure, the PL band further shifted to a
shorter wavelength with a significant intensity increase: IR bands due to surface oxides as well as
SiD and SiOD bonds were observed after the exposure. On the contrary, the average size of the Si
crystallites in the PS evaluated from Raman spectra remained almost unchanged throughout the
exposures. These results suggest that surface chemistry plays a crucial role in the PL of the PS.
© 1998 American Institute of PhysidsS0003-695(98)04843-§

Since the efficient room-temperature visible photolumi-has been described elsewh&telThe base pressure of the
nescencegPL) from electrochemically generated porous Sistainless-steel made vacuum cell was aboxtl™8 Torr.
(PS was reported by Canhafma number of studies of PS After evacuation of the cell, the PS was exposed tqd~
has been carried out. The origin of the strong “red” PL of luted to 5% by He; 0.05 ToJrand then exposed to freeze-
PS is still controversial; to date, PL from PS has been expump-thaw degassed,D (99.75%; 0.3 Torrat 298 K. The
plained on the basis of “pure” quantum confinement of SiPS could be transferred vertically in the cell. In thesitu PL
nanocrystallites in P’S or contributions of surface/interface- and Raman spectral measurements, the PS was located at a
related chemical structures of the crystallite: lower part of the cell. The PL and Raman scattered lights
It is widely accepted that the surface Si atoms of asgenerated by Ar laser 488 nm excitation were dispersed by
anodized PS are terminated by H and/or O atéfn& Al- @ polychrometer(JASCO;CT25TP and detected with a
though chemical reactions of the PS surface have been ifiquid-nitrogen-cooled CCD detectdPrinceton;ST13p In
vestigated with infrared (IR) spectroscopy®!’ the Situ IR transmission measurements of the PS were carried

correlation between the PL properties and the surface chemPUt @t an upper part of the cell through NaCl yvindows; a
cal structure of the PS has been still unclearisfone of the ~ Fourier-transform IR spectrophotometéBomem;MB100
effective dry etchants for $f which may modify the chemi- €duipped with a pyroelectritDTGS) detector was used and

cal structure of the PS surface through bond breaking rea@ the spectra were obtained as the average of 64 scans with

. 71 . -
tions of Si—H and/or Si—O bonds as well as etching reaction& resolution of 4 cm. It took about 180 s for obtaining each

: trum.
of Si atoms. Further, the PS surface aftgekposure should Spectrur .
be highly reactive because of formations of Sibonds In situ PL spectral changes of the PS at 298 K during F

and/or Si dangling bonds. Therefore, a subsequent exposuand DO exposures are shown in Fig. 1. Spe¢#a (b), and

. . o fg) were respectively measured before and after 10 min,of F
to water vapor may also yield a chemically modified struc-
and subsequent SO exposure. Upon fFexposure the PL
ture on the PS surface.

! . band of the PS in vacuum at 750 nm shifted its band peak to
In this letter, we reporin situ PL, Raman, and IR spec- 670 nm accompanied by a reduction of the band intensit
tral changes of the PS during Bnd a subsequent,D ex- P y y

posure. During these exposures, PL spectral features signifi-
cantly changed accompanying IR spectral changes, while the
average diameter of the Si nanocrystallites evaluated from
Raman measurements remained almost unchanged. These re-
sults cannot be explained by quantum confinement alone.
Modification of the surface chemical structure does account
for the PL changes in the present work.

The PS samples were prepared by the electrochemical
etching of p-type S{100 (8.5 () cm) wafers at a current

PL intensity /cps

density of 10 mA/crf for 30 min in HF:H,O=1:1 solution 500 600 700 $00 900

under a high-pressure Hg lam{a00 W) illumination. The Wayvelength /nm
spectrophotometer used for the PL and Raman measurements

FIG. 1. PL spectra of the PS at 298 K. Specta, (b), and (c) were
recorded before and after 10 min of Bnd subsequent 10 min of,O
¥Electronic mail: wadayamt@material.tohoku.ac.jp exposure, respectively. The acquisition time for each spectrum was 1 s.
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[Figs. 1@ and Xb)]. Subsequent 10 min exposure tg@ 7~

leads to a 30 nm blue shift of the PL band peak with a great © | ©-0)

intensity incremen{Fig. 1(c)]. The PL peak intensity ob- —~

tained after 10 min BO exposure is about three times more g |1.5% |3%

intense than that observed beforgdxposure. E_ © 2800 2600 1600 1400
The appearance of a much more intensified PL after s \'2;)——\/““

F,/H,0* and F,/D,0 exposures can be explained by assum- 2 \\__\»/_., W

ing an effective termination of the PS surface. In general, Si é (@

dangling bonds present at the nanocrystallites surface are =

considered to act as a nonradiative recombination center of

the generated electron-hole p#irF, exposure to the PS l

might lead to the formation of Si dangling bonds, causing the I 10% m\'\

PL intensity quenching: the subsequentDexposure would 2300 2200 2100 /4250 1000 750

result in the effective termination of the dangling bonds Wavenumber /em™

through some reactions, e.g., the dissociative adsorption of
water vapor® resulting in the recovery of the PL intensity. FIG. 2. IR transmission spectral changes of the PS #{§O exposures at
F, exposure to the PS may lead not only to a Change i 98 K. (a) Before K, exposure(b) after 10—13 min of Fexposure, andc)
2= . . . —8 min of DO exposure aftetb). Each spectrum is shifted vertically for
the termination of the Si nanogrystalhtes surface but a!so t0 Qarity. The insets show the differende)-(b) in the regions of(S)O—D
size reduction of the crystallites through the evolution of(left) and Si-D(right) stretching. Downward peaks correspond to the in-
silicon fluorides'® On the basis of the explanation in terms crease in absorption intensity by the@exposure.

of quantum confinement, the size reduction of the nanosize
crystallites would bring about the blue shift of the PL energypg This oxidation may correspond to the reaction of neigh-

with a noticeable increase in oscillator strentftfhus, we boring Si—O bonds with the dangling bonds formed through
have measured the phonon band of the Si crystallites using,e pond breaking reaction of the Siz-Hy F,.

Raman spectroscopy. The _result sho_wed that the peak posi- ag shown in Fig. 2, the subsequenj@exposure leads
tion as well as the band width remained almost unchangegh, 4, intensity increase of the surface oxide band and a de-
through F/D,0 exposures. This result is in good agreemenicrease of the SiFbands. The insets in Fig. 2 refer to the
with our previous k/H,O exposure experiments on the ®s, difference spectrum ofb) and(c) in the (Si)O-D (left) and
confirming that the average size of the Si nanocrystallites isj_p (right) stretching regions. There are two bands at 2700
almost unchanged under the conditions employed. and 1540 cm®: the positions are in good agreement with
As can be seen from Fig(d), the PL band after 10 min  those reported fofSi)O—D and Si—D stretching vibrations,
D,O exposure is located at 640 nm. This peak wavelength igespectively® The results clearly indicate that the PS was
about 100 nm shorter than that observed after subsequegigdized by the DO exposure with the concomitant forma-
H,0 exposuré? Matsumotoet al* have reported that the PL tion of SiOD and SiD bonds.
band pOSition is sensitive to the iSOtOpiC EXChange of the PS Above-mentioned results Suggest that Changes in the
surface termination from H to D. This isotopic shift is at chemical structure of the PS contribute to the observed PL
present hard to explain on the basis of pure quantum corspectral changes during the/B,0 exposures. The correla-
finement. tion between the luminescent properties of layered polysilane
Changes in the chemical structure of the PS surface duisj;Hy) and PS has been demonstrated by Dethal & How-
ing F>,/D,O exposures were investigated using IR transmisever, in spite of the fact that the IR absorption intensity of
sion spectroscopy. Figure 2 shows timesitu IR spectral  the Si—D band is quite weal@%) in comparison to that of
changes of the PS at 298 K in the regions of 2200—-2000 anghe Si—H band before the,xposure(30%), the PL band
1300-700 cm'. Spectrum(a) was recorded before expo- intensity increases more than three times by thDFO ex-
sure to b. Spectrgb) and(c) were obtained after 10~13 min posures(Figs. 1 and 2 Thus, the layered polysilane is not
of F, exposure and subsequent 5-8 migODexposure, re-  responsible for the strong PL of the PS.
spectively. There are several distinct bands in specti@m Recently, Gole and Dixdfl showed that the PL spec-
From the literaturé?~*>*"these bands can safely be assignedrum of the PS corresponds well with the silanone-based Si
to SiH; (2149, SiH, (2110, and SiH(2080 stretching vi-  oxyhydride[Si=O(OR) and/or S=O(OHR); R=H, SiHs, or
brations, and Sik(905 and 81pbending vibrations, respec- a  hydrocarbon radichl Independently, Dettlaff—
tively. Bands located around 1100 cfishould be ascribed Weglikowskaet al*! investigated the effects of vacuum an-
to the Si oxides, indicating that the PS and/or substrate Sinealing on the structure and the optical properties 6léNo
used have already been oxidized befogeekposure. siloxene, and deduced that the annealed siloxene is respon-
F, exposure results in the intensity reduction of thesible for the PL of PS. Actually, SiOD and surface oxide
bands due to the hydrogenated Si (Sj}-Honds with emer- bonds are formed by exposure tg@® as shown in Fig. 2.
gence of strong absorptions at 960 and 850 tffig. 2)].  Thus, our present results suggest that such chemical species
The latter two bands can be ascribed to the antisymmetribaving silanone-based Si oxyhydride structures play an im-
and symmetric vibrations of SjF* Although the detailed portant role in the PL of the PS. It should be pointed out here
assignments are still controverstf:” an evident feature that, in spite of the strong PL intensiffig. 1(a)], there was
around 1150 cm'® can be assigned to the Si surface oxidesno band ascribable tSi)O—H stretchingabout 3700 cm?)

revealing that k- exposure brings about the oxidation of the in the IR spectrum before ,Fexposure(not shown in the
Downloaded 29 Sep 2008 to 130.34.135.158. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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