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Improvement in photoluminescence efficiency of SiO » films containing Si
nanocrystals by P doping: An electron spin resonance study

Minoru Fujii,a) Atsushi Mimura, Shinji Hayashi, and Keiichi Yamamoto
Department of Electrical and Electronics Engineering, Faculty of Engineering, Kobe University, Rokkodai,
Nada, Kobe 657-8501, Japan

Chika Urakawa and Hitoshi Ohta
Department of Physics, Faculty of Science, Venture Business Laboratory, Kobe University, Rokkodai, Nada,
Kobe 657-8501, Japan

(Received 26 August 1999; accepted for publication 9 November)1999

SiO, and phosphosilicate glagPSQ films containing Si nanocrystalsic-Si) as small as a few
nanometers were studied by electron spin reson@B8& and photoluminescend®L), and the
correlation between the two measurements was examined. It is shown that the incorporation of nc-Si
in SiO, results in the drastic increase in the ESR signal; the signal is assigned to the Si dangling
bonds at the interfaces between nc-Si and matrigscenters. The ESR signal becomes weaker

by doping P into SiQ matrices, i.e., by using PSG as matrices. By increasing the P concentration,
the ESR signal decreases further. By decreasing the ESR signal, the low-energy PL peak at 0.9 eV
decreases, while the band-edge PL at 1.4 eV increases. These results suggest that the 0.9 eV peak
is related toP,, centers, and that the decrease in the density oPtheenters by P doping brings

about an improvement in the band-edge PL efficiency of nc-Si.2000 American Institute of
Physics[S0021-89780)07104-9

I. INTRODUCTION In our previous work, we have prepared nc-Si as small
as a few nanometers embedded in Sitatrices by a cosput-

Light emission in the near-infrared and visible regionstering method, and studied the photoluminesceriee)

has been observed for a variety of Si nanostructtie®w-  properties*® At room temperature, the nc-Si exhibited a PL

ing to the large surface area of Si nanostructures, propeit around 1.4 eV. From the observed size dependence of the

surface passivation is essential in obtaining efficient luminesp| peak, we attributed the PL to the recombination of free

cence. Surface passivation controls the luminescence int€@iectron—hole pairs in nc-$band-edge PL*® In addition to

sity through the elimination of competing nonradiative car-y,qo band-edge PL, an additional PL peak was observed at 0.9

rier relaxation pathway$.Passivation by hydrogen and eV at low temperaturegtypically less than 100 K At 5 K,

oxygen is reported to be effective in improving the Iumines—,[he intensity of the low-energy peak was comparable to that

cence efficiency.However, the hydrogen passivation is im- of the band-edge PL. The low energy peak is observed also

practical for the device application, because hydrogen is eaiér porous Si and is generally attributed to the recombination

lclryéailrsr,]se%(ilated from the surface by a low-temperature heaof photoexcited carriers via the, centerS7:8

. . . - In a previous papetwe reported a new method in im-
Oxygen-passivated Si nanocrystats-Si, i.e., oxidized . - . .
nc-Si. nge kr))een prepared by thé-l oxidation of poroUs i, proving the band-edge PL efficiency of oxidized nc-Si. We

and by plasma chemical depositibopsputtering®°and ion employed phosphosilicate glag3SG, which is the mixture
implantatiod®'! methods. These oxidized nc-Si are reported®f SiC2 and BOs, instead of pure Sipas surrounding ma-

to exhibit strong luminescence, and the surface passivatiofficeS Of nc-Si. It was shown that, as the P concentration
by oxygen is considered to play an important role in thelnCreases, the intensity of the band-edge PL increases drasti-
strong luminescence. However, it is also reported that oxyc@lly, while theP,, center-related PL decreases. These results
gen passivation induces some kinds of new deféé©ne  suggest that the density of tH, centers decreases by P
of the well-known defects in oxidized nc-Si is the Si dan-doping and that this decrease results in improvement in the
gling bonds at the interface between nc-Si and,Si@trices  band-edge PL efficiency.

(P, centey.5~8 At room temperature, thB,, center acts as a Although the optical data suggest a decrease inRpe
nonradiative recombination center, thereby decreasing theenters, direct evidence was not shown in the previous work.
band-edge luminescence efficiency. Therefore, by decreasirigefects in Si nanostructures have been studied by electron
the density of theP, center, further improvement in the spin resonancéESR.6#1%M1 The large surface area of Si
band-edge luminescence efficiency of oxidized nc-Si is exnanostructures allows the ESR study of surface and interface
pected. defects under highly improved conditions compared with
bulk samples. In this article, we will show the results of ESR
dAuthor to whom correspondence should be addressed; electronic maif’?tudies of the PSG films containing nc-Si. We will discuss
fujii@eedept.kobe-u.ac.jp the effects of P doping on the density of paramagnetic de-

0021-8979/2000/87(4)/1855/3/$17.00 1855 © 2000 American Institute of Physics

Downloaded 10 Jun 2002 to 133.30.106.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



1856 J. Appl. Phys., Vol. 87, No. 4, 15 February 2000 Fujii et al.

]lll.|.lll|'l"_|"'|"' 35||||||||||]1||||||
nc-Si in PSG b ‘!\\1 7 Saol nc-Si in PSG ® a
| d=3.5nm i ‘\\\\\\ ] S d=3.5nm ]
AN o5k
I .
(a)RT N T S 20| @PL .
~F b AN -1 © 1.4 eV Peak
2 A =15 -
= @
g \ ‘GC_-,’ 10 ._\ - -
£ f 51 T7rell..0.9 eV Peak
N2 o B--N--mn
= or -
‘B i
5 12’%0 I (b) ESR
£ o 8k _
3 - .
2 4 .
...... 2 | i
A S ol et "
RO % 00 05 10 15
e Sord w

P,0O5 Concentration (mol%)

e

vt
AT IR N S T RS |

08 1.0 1.2 14 1.6
Photon Energy (eV) FIG. 2. (a) PL intensities of the 1.4 and 0.9 eV peaks at 5 K, &by

integrated ESR signal as a function ©f .

FIG. 1. Photoluminescence from nc-Si dispersed in PSG thin fihat
room temperature an@) at 5 K. P concentrationGp) is changed from 0 to
1.7 mol %.

those shown in Ref. 9. A peak can be observed at about 1.4
] ) ) eV. Although not shown here, the 1.4 eV peak shifted to a
fects and reveal the mechanism of the improvement in thggher energy and became intense with decreasing the size of

band-edge PL efficiency. nc-Si. The peak energy versus size relation was in good
agreement with those reported for porous Si and nc24?
Il. EXPERIMENT suggesting that the PL arises from the recombination of

The samples were prepared by the same method as uslfctron—hole pairs confined in nc{dand-edge PL In Fig.
in our previous work Small pieces of Si chips were placed 1, we can see that & increases, the PL intensity increases.
on a PSG sputtering target and they were cosputtered in Ar__ Figure b) shows the PL spectra at 5 K. For the samples
gas. The substrates were fused quartz. After the sputterin/ith Cp smaller than 1.3 mol%, a broad peak appears at
the films were annealed in an,jas atmosphere for 30 min around 0.9 eV in addition to the 1.4 eV peak. The 0.9 eV
at 1100°C. P concentration in the films was controlled bypeak |s_gen_erally assigned to _the reco_mblnatlon Qf electron—
changing the P concentration in the PSG target. The averagi?!€ Pairs viaP,, centers. Detailed studies on the size depen-
P concentration in a whole film, i.e., the mol concentration ofd€nce of the 0.9 eV peak were made in our previous work.
P,0s [Cp (Mol%)] was determined by an electron probe mi- In F_lg. 2, we can see that the 0.9 eV peak becomes weaker as
croanalysigJXA8900(JEOL)]. The size of nc-Si was deter- Cr increases and almost disappears@pe=1.3 mol %. The
mined by cross-sectional high-resolution transmission elecntégrated intensities of the 0.9 and 1.4 eV pedks K are
tron microscopic (HRTEM) observations [JEM-2010 Shown in Fig. 2a) as a function ofCp. The 1.4 eV peak
(JEOL)]. The HRTEM observations revealed that each nc-sfncreases wittCp, while the 0.9 eV peak decreases monoto-
was isolated from the others by PSG barriers several nanorfiUsly- TheCp dependence of the 1.4 eV peak at room tem-
eters in thickness. The size of nc-Si was found to be noPerature was very similar to that at 5 K.

affected by P doping. In this work, the diameter of nc-Si was__ F19ure 3 shows the ESR derivative spectra of a,Siln
fixed to about 3.5 nm, and onlgp was changed from 0 to (A), @nd SiQ (B) and PSAC-B films containing nc-SiCp
1.8 mol %. is changed from 0 to 1.8 mol %. A factor of 10 is multiplied

PL spectra were measured using a Jobin Yvon HR-3240 the spectra A, E and F. All the samples are annealed at

monochromator equipped with a Ge dete¢@®-817(North ~ 1100 °C for 30 min. For the SiOfilm (A), a weak ESR
Coas}]. The excitation source was a 488.0 nm line of an ArSignal is seen; thg factor and the linewidth are 2.0044 and

ion laser. The spectra were measured in the temperatureC: 'eSpectively. The ESR signal becomes much stronger by

range between 5 and 300 K in a continuous-flow He cryostaf\corporating nc-Siin the Sigfilm (B), although theg fac-
[Optistat(Oxford Instruments. X-band ESR was measured t©f (2:0059 and the linewidth(7.9 G are not largely af-
by a conventional ESR spectromef&MX 8/2.7 (Bruken] fected. The drastic increase in the ESR signal indicates that

at room temperature. A nuclear magnetic resonance Gauli€ signal arises from the defects induced by the incorpora-
meter with 10°® resolution was used for field monitoring. N Of nc-Siin SiQ. By doping P into samples, the ESR
signal changes graduallf—F. As Cp increases, the signal

becomes weaker and for the sample vith= 1.8 mol %(F),

no ESR signals were detected. The integrated intensity of the
Figure Xa) shows the room temperature PL spectra forESR signal is plotted in Fig.(B). The intensity is calibrated

the samples with differenCp. The spectra are the same asby simultaneously measuring the signal from a fixed amount

IIl. RESULTS AND DISCUSSION
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between nc-Si and the matrices, and that the reduction of the

FIG. 3. ESR derivative spectra of a Si@im (A), and SiQ (B) and PSG  stress results in a decrease in the defect defisity.
(C)—(F) films containing nc-Si. For the samples containing nc-Si, the size

and concentration of nc-Si are fixed to almost the sameGid changed IV. CONCLUSION

from O to 1.8 mol %.

SiO, and PSG films containing nc-Si as small as a few
nanometers were studied by ESR and PL. It was found that

o Cust powdr. We can see trat e mersy vecreasefe DCOTOTen of 0L SES 1 e deste
drastically withCp. In Fig. 4, theg factor and the linewidth Y gha, g

. . . the Py, centers. The ESR signal was found to be weak by
are plotted as a fu_nctlon c}in. Theg factor is a'T“OSt inde- doping P and almost disappears f0p=1.8 mol %. As the
Eendenntforfct;, V\:g"f the I|irr11e\:\r/1|dtkllir|]n(\:,\r/%a;§eis V\;:ttipl'mﬂ\;fn tESR signal became weak, the intensity of the low-energy PL
ergzgnt or the increase € line s ho own At0.9ev decreased, while that of the band-edge PL at 1.4 eV
P in tﬁe resent samoles. nc-Si are dispersed in Si@s increased. These results suggest that the 0.9 eV peak is re-
Ne pres Pies, per: B BS. © ated toPy, centers, and that the decrease in density oRthe
Very similar films have been prepared by implanting Si in

Si0, and postannealin§:'* For the samples prepared by Si centers brings about a drastic improvement in the band-edge

implantation, the presence of three kinds of paramagneticPL efficiency of nc-Si

defegts is reported. These defects areESicenters, non- ACKNOWLEDGMENTS
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