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We have studied photoluminescer{&) from the condensed phase in silicon-on-insulator samples
with different Si layer thickness from 50 to 340 nm. Two major PL bands are observed at low
temperatures, originating from free excitqii€) and electron—hole dropletEHD). It is found that

with an increase of the excitation intensity the EHD PL shows a linear increase in the 50-nm-thick
layer while a superlinear increase in the 340-nm-thick layer. The intensity ratio of the EHD PL to
the FE PL in the 50-nm-thick layer is much larger than that in the 340-nm-thick layer under the same
experimental conditions. The luminescence from the EHD is enhanced in thin Si nanolayers. These
results suggest that highly dense electrons and holes are formed in the Si nanolayer and the
interfaces act as the nucleation center of the EHD2@4 American Institute of Physics

[DOI: 10.1063/1.1829141

In the past three decades, the condensed phase of elds-very important to investigate the FE and the EHD in large
trons and holes in bulk Si have been extensively studied botBi nanostructures for the design of Si-based light-emitting
theoretically and experimentally, and enormous and intimatenaterials and devices. Here, we show that highly dense elec-
knowledge about its optical properties has been stbred. trons and holes are spatially confined in the thick nanolayer,
With an increase of electron—hole pair density in bulk Si, freeand the formation of the EHD occurs at the interface.
exciton (FE) gas begins to condense into liquid and forms  We prepared several Si nanolayer samples with different
droplets, called electron—hole dropl@HD). The radius of thickness from the identical SOl wafer. The SOI wafer had a
the EHD is estimated to be several micrometers in the casg40-nm-thick p-type Si layer with a resistivity of 14-22
of bulk Ge® The radius of the EHD in bulk Si maybe has the Q ¢cm, and a 400-nm-thick buried Sj@ayer. The SOI wafer
same order. Therefore, it is expected that the luminescenagas etched at 33 °C in a tetramethyl-ammonium hydroxide
properties of the FE and EHD in nanostructures are com¢(TMAH) solution. The thickness of the Si layer was con-
pletely different from those in bulk Sif because the growth trolled by changing etching duration time, and was ranged
of droplets is restricted in a very small volume. However, tofrom 50 to 340 nm. The Si layer thickness was determined
our knowledge, there are only a few experimental reports oy using a cross-sectional scanning electron microscope and
properties of the condensed phase in silicon nanostructures.spectroscopic ellipsometer.

Recently, Tajima and IbuRaobserved the photolumines- PL measurements were performed through an objective
cence(PL) from the EHD in a few-hundred-nanometer thick lens, which makes possible the exact adjustment of excited
silicon-on-insulator(SOI) wafer under excitation intensities positions and excitation intensities. In addition, the shallow
where the condensation does not occur in bulk Si. Very redepth of focus realized to collect efficiently the luminescence
cently, Paucet al? reported the PL of the EHD in the wide from a surface layer. An excitation light was a 488 nm Ar-ion
range of thickness of SOI layers where quantum confinemergw laser and focused on the sample through an objective lens
effects have dominant influences on electronic states. Nevewith numerical aperture of 0.42. The typical beam size on the
theless, the mechanism of the enhancement of the EHD Iisample surface was carefully estimated to be abouuth5
minescence is not clear. In this letter, we report a low-py a knife-edge method. The PL was also collected through
temperature PL study of 50-340 nm Si nanolayers of SOthe objective lens. The PL signal was dispersed by a 25 cm
wafers and discuss their FE and EHD PL properties. monochromator and detected by an InP/InGaAsP photomul-

In large nanostructures where the sizes are much largeiplier. The photomultiplier signals were integrated by a pho-
than the exciton Bohr radius in bulk §-4.5 nm, quantum  ton counting method. The samples were mounted on the cold
confinement effects do not affect the FE spectrum; the sharfinger of a temperature-variable closed cycle He gas cryostat.
FE PL bands are observed at the near-infrared spectral rétere, PL properties of two different samples are reported in
gion, similar to the case of bulk Si. However, the PL effi- detail: the thin 50 nm Si layer and the thick 340 nm Si-layer
ciency in large nanostructures is much higher than that ogamples.
bulk Si, and the intrinsic PL bands are clearly observed at  The PL spectra of the 340 nm Si layer at 10 K are shown
elevated temperatures near room temperatfnerefore, it  in Fig. 1. Under low intensity excitatiopsolid curve(a)],

three intrinsic phonon-assisted PL bands are observed: the
TO phonon band!™©), the TA phonon bandl™), and the

dauthor to whom correspondence should be addressed; electronic o
mail:kanemitu@scl.kyoto-u.ac.jp TO+0O" phonon band1™*°) appear at 1.099, 1.138, and
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FIG. 1. PL spectra in the 340-nm-thick Si layer un@@r0.75 mW andb) L

2 mW excitation intensities. 100 101

Excitation Intensity (mW)

1.035 eV, respectively, where TO phonon is transverse opti- o _ _
cal phonon, TA phonon is transverse acoustic phonon, an IG._3. (a)‘The excitation intensity depgndeqcelgﬁ,D/IFE. (b) The excna-_

- . . jon intensity dependence of the peak intensity of the FE and EHD lumines-
O' is the zero-center optical phonon selected for 'merva"e%ence. The broken and dotted lines are guides to eyes. The broken lines
scattering’ in addition, a phosphorus bound excitt®(®)  show a linear dependence.
line is observed near 1.092 eV, at the lower side of the TO
phonon band. The intensity ratio Bf° to 17 bands implies _ . _
that the impurity concentration is estimated to be lower tharflensity of electron-hole pairs, respectivély.in both
1 10*2 cm 32 Therefore, we consider the Si nanolayer samples, the luminescence of the FE and EHD are clearly
fabricated from the SOI layer as high purity Si and thus carpbserved, similar to the case of bulk Si. With an increase of
study intrinsic luminescence properties of the Si nanolayerghe excitation intensity, the intensities of the FE and EHD
Under high intensity excitatiofsolid curve(b)], broad bands luminescence increase with no shift of the peak energies be-
appear around 0.8 and 1.12 eV. These two bands originaause the electron—hole pair density in the EHD state is con-
from the phonon-assisted recombination of electrons andtant and estimated to be X490 cm™ from theoretical
holes in the EHD. The high-energy and low-energy bands fittings of PL spectrd. Under weak intensity excitation of
are the TO-phonon-assisted EHD bd&tDro) and the TA-  0.75 mw, the EHD luminescence is observed in the 50 nm Si
phonon-assisted EHD bar{@HDr,), respectively. The PL  |ayer sample, while the EHD luminescence is not observed
from the EHD will be discussed later. in the 340 nm Si layer sample.

Figure 2 shows the PL spectra of the 50 and 340 nm Si  Figure 3a) shows the excitation intensity dependence of

layer samples as a function of the excitation intensity at 1Qne intensity ratio of the EHD luminescence to the FE Iumi-
K. The excitation intensities range from 0.75 to 30 mW, COMnescencelgyp/ | re. The intensity ratid o/l eg in the 50 nm

responding to~2x 10" to ~1x 10 cm3 in the average

Fr10K dg; = 50 nm
M

F10K dg; = 340 nm
,/\/L_ﬂ
M

Photon Energy (meV)

Photon Energy (meV)

Si layer is much larger than in the 340 nm Si layer in all
excitation intensities. The reduction of the ratio under higher
excitation region(e.g., 30 mW in the 340 nm Si layemay
be caused by the local heating by the laser beam.

In Fig. 3b), the peak intensity of the FE and EHD PL
bands in plotted as a function of the excitation intensity. The

z e 2 PL intensities are normalized by the values at 30 mW. The
£ M g ’/\/\"_ﬂ l?roken and dottgd lines are guides to the eyes. The _broken
> > lines show the linear dependence. In the 340 nm Si layer
2 ___/\k,ﬂ 2 v/u sample, the FE luminescence intensity increases linearly but
% V’ALA § enp JIFE the EHD luminescence increases superlinearly, with an in-
& smw | & 15mw crease of the excitation intensity. This behavior was also ob-
&0 e \ served in bulk Si. On the other hand, in the 50 nm Si layer
S 7o sample, the FE luminescence intensity shows a sublinear in-

crease under low excitation intensities, while the EHD lumi-
nescence intensity increases linearly. These observations

FIG. 2. PL spectra of the 50 and 340 nm Si layer samples at differeniF19S. 3@ and 3b)] clearly show that in the 50 nm layer

excitation intensities at 10 K.

sample the efficient formation of the EHD occurs even under
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15K~ dg=50nm 15K, dg=840nm lets are formed on both interfaces. Takin% account of the
wJ~\/\_’¥V N critical radius of the dropletsabout 10 nrm,l the EHD is
i 80 mw 30 mwW assumed to concentrate mainly within about 10 nm near the
= = interfaces. Therefore, the ratio of the two semispherical drop-
t 15mw | 15 mw lets to the whole volume is up te-0.4(=20/50 in the 50-
£ g nm-thick Si layer while~0.06=20/350 in the 340 nm Si
z p— 75 mw layer. If we assume that the FE and EHD PL intensities are
E E proportional to the volume of the FE and EHD in the layer,
£ EHD FE c . .
- B //\ - these estimated values show a good agreement with the ob-
- served PL intensity ratios shown in Figag thelgyp/lge in
j\ - A s mw the 50 nm Si layer is about five times as large as that in the
340 nm Si layer. The PL spectra at 15 K shown in Fig. 4 also
050 1100 1150 060 fi00 1150 support the importance of the interfaces; in the 50 nm Si
Photan Energy (meV) Photon Energy (meV) layer the EHD luminescence is clearly observed because the
FIG. 4. PL spectra of the 50 and 340 nm Si layer samples at diﬁerenfcormatlon of the droplets occurs .at the interfaces. .
excitation intensities at 15 K. In conclusion, we have studied the FE and EHD lumi-

nescence in Si nanolayers. It is found that in the 50-nm-thick

weak excitation, compared with the case of the thick giSi layer the EHD luminescence is clearly observed even un-
nanolayer and bulk Si. der weak intensities and even at high temperatures, where the

Figure 4 shows the excitation intensity dependence of HD luminescence is not observed in the 340-nm-thick Si
PL spectra in both samples at an elevated temperature of 18Yer- In addition, the intensity ratio of the EHD to the FE
K. The spectra of both samples under weak intensity excitadands in the thin Si layer is much larger than that in the thick

tion of 1.5 mW are quite similar to each other, but the spectra>! 1ayer. Itis concluded that the interfaces play an important
under strong excitation are quite different. Unde8 mw role in formation of the EHD because the thin Si layer has a

corresponding to X 106 cm® in electron-hole average large surface-to-volume ratio.
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