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Photoluminescence from Si/Si@ single quantum wells by selective excitation
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We have studied the photoluminesceliee) mechanism of crystalline Si single quantum wells sandwiched
between SiQlayers by site-selective excitation spectroscopy. The asymmetric PL spectrum is observed in the
red spectral region at low temperatures and can be divided into two PL bands. The peak energy of the strong
PL band is almost independent of the well thickness and appears-rie@5 eV. Under selective excitation at
energies within the weak PL band, TO-phonon structures are observed in both PL and PL polarization spectra.
Steplike TO-phonon structure in the PL spectrum of two-dimensional Si quantum wells is similar to that of
zero-dimensional Si nanocrystals. The PL properties of very thin Si quantum wells are discussed.
[S0163-18207)51448-2

The goal of achieving efficient visible luminescence fromfine structures in the PL spectrum of 23Si systems, as in
Si-based materials has stimulated considerable effort in urinhomogeneously broadened systems such as porous Si and
derstanding optical properties of Si nanostructures and praSi nanocrystald®134In this work, we have studied lumines-
ducing nanostructure devicé$n particular, porous Siand Si  cence properties af- Si/SiO, single quantum wells by selec-
nanocrystals, often called zero-dimensiof@D) Si quantum tive excitation spectroscopy. The experimental results indi-
dots, are receiving widespread interest because of their higtate that the strong PL is ascribed to the radiative
quantum efficiency of light emission. There are many extenrecombination in the Si-SiQinterface region, while the
sive studies concerning the origin of visible light emission inweak PL to the radiative recombination in the 2D Si quan-
porous Si and Si nanocrystdi$dowever, the mechanism of tum well.
visible luminescence is still controversial, because porous Si The Si single quantum wells investigated here were
and Si nanocrystals show various optical characteristics andrmed on SIMOX (separation by implanted oxygema-
their optical properties are sensitive to the surface chemistrfers. SIMOX wafers were formed by implantif§O™ with
of Si nanocrystal$:? Therefore, well-characterized Si nano- a dose of 1.8 10" cm 2 at 200 keV following by sintering
structures are desirable for an understanding of photolumiat 1310 °C fo 5 h and at 1350 °C for 40 h. High-dose im-
nescence(PL) mechanisms of porous Si and Si nano-plantation and long-period sintering in the high temperature
crystals. Si nanostructures with SiGurface layers have of 1350 °C produce the very flat superficial Si layer on the
some advantages because Si©a well-characterized mate- SIMOX wafer, and these experimental conditions are essen-
rial known to passivate Si surfaces where the Si(Qifstem tial for the production of the very flat Si layets® The initial
is fully compatible with Si technology. One approach to con-140-nm superficial Si thickness was reduced to 3 nm or less
trol Si/SiO, nanostructures is the fabrication of 2D quantum-by thermal oxidation at 900—1100 °C in dry oxygen ambient
well structures. and etching with dilute HF solution. The 2D thin Si layers

Very recently, an interesting type of Si-based quantumwere formed between thin surface $i@-30 nm) and thick
wells and superlattices, crystalline S&i-Gi)/SiO, and amor-  buried SiQ layers (-400 nm). Good crystalline quality in
phous Si &-Si)/SiO, systems, has been propos@ef. 3  the Silayers was confirmed by the lattice image of transmis-
and demonstratetf.’ These quantum wells show broad PL in sion electron microscopyTEM) and the reflectivity mea-
the red spectral region at room temperature, similar to theurement. A typical TEM image of a 2.7 nm-Si/Si0,
case of Si@-capped Si nanocrystalsi® These broad PL single-quantum-well sample is shown in Fig. 1. The fluctua-
spectra suggest that 2D Si/SiQuantum wells and superlat- tion of the Si layers was about 0.5 nm. In our samples used
tices are inhomogeneous systems and the inhomogeneoustythis work, thec-Si well region is a single crystalline sheet
broaden PL spectrum will be due to the fluctuation of the 2D(or sheetlike crystallite
well thickness, strains in the wells, and structural variations The PL spectra were detected by using a 50 cm double
of the interface between the Si well and Sikarrier layers. monochromator and a photomultipliddlamamatsu, R14737
In studying inhomogeneous materials, site-selective excitaFhe spectral sensitivity of our system was calibrated by us-
tion spectroscopy is a powerful method to extract intrinsicing a tungsten standard lamp and the good spectral response
properties from inhomogeneously broadened spétird. was up to 880 nm. For the excitation sources, a 532-nm
Selectively excited luminescence spedtoa resonantly ex- pumped Ti:sapphire lasgiSpectra Physics, Millennia and
cited luminescence spectrprovide detailed information on 39009 was used for the measurement of selectively excited
the luminescence mechanism and exciton dynamics. It is edPL spectra. Two experimental geometries were used. In the
pected that selectivéor resonant excitation may result in  normal excitation geometry for the PL measurements, the
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FIG. 1. Cross-section TEM image of@Si/SiO, single quan- E-E_ (meV)

tum well. FIG. 3. Selectively excited luminescence spectra for the 1.7-nm

excitation liaht was normally incident on the sample SurfaceSi well thickness of the Si/SiOquantum well under various exci-
9 y P tation photon energies at 7 Ka) 1.769, (b) 1.697,(c) 1.630, (d)

In the edge EXCItatlon_ geomet_ry f_or th_e PL pOIa_”Zatlon mea'1.588, ande) 1.568 eV. The zero on the abscissa scale corresponds
surements, the polarized excitation light was incident on

o ON o the laser excitation energies. The arrow indicates a peak structure
cleaved edge of the sample. The polarization of luminesyinin the broad PL spectrum.

cence was determined by a polarizer and polarized lumines-

cence was focused onto the entrance slit of a monochromator

through a depolarizer. The samples were immersed in supep! Well thicknesgfrom Fig. 2a) to 2(c)]. This implies that
fluid liquid helium or mounted on a cold finger in a closed- the quantum confinement state érSi wells (Refs. 16 and

cycle helium gas cryostat during the measurements. 17) plays a key role in th€@ band luminescence. In order to
Figure 2 shows thickness dependence of PL spectra in 26/arify the PL origin of the wealQ and strong bands, we

c-Si/SiO, systems under 488-nm laser excitation at 2 K. Ef-measured PL spectra under selective excitation at energies

ficient PL in the visible spectral region was observed in veryithin theQ or | band. _

thin well samples €2 nm). The asymmetric PL spectra in Figure 3 shov_vs selectlvely gxmted PL spectra for the

the red and infrared spectral region can be fitted by twol-7-nm Si well thickness of Si/Siquantum well under the

Gaussian bands, the weak PL badénoted a€)) and the Vvarious excitation photon energies at 7 (&) 1.769 eV, (b)
strong PL banddenoted as), as shown in Fig. 2. The PL 1.697 €V,(c) 1.630 eV,(d) 1.588 eV, ande) 1.568 eV. The

peak energy of thé band is almost independent of the well Z€T0 0N the abscissa scale corresponds to the laser excitation
thickness and appears-atl.65 eV. Efficient 1.65 eV PL has €nergies. In this sample, the wedR band appears at
been reported in 0B-Si/SiO, nanocrystalé.in contrast, the 1.5 €V and the main PL peak is located-al.65 eV, as
peak energy of th€ band depends on the thickness of theShown in Fig. 2a). Under laser excitation abovel.65 eV

c-Si well, and shifts to higher energy with a decrease of thdthe higher-energy side of the main PL pgakere is no fine
structure in the PL spectrum and the PL spectrum is broad.

— T T T On the other hand, under resonant excitation at the lower-
energy side of the PL pedkurvesd ande), there appears a
@ peak in the broad PL spectrum, as indicated by the arrow in
the figure. The peak position 6¢56 meV is almost equal to
the 57.4-meV T@\)-phonon energy at the conduction-band
- minimum, close to th&X points, in bulkc-Si.*8° Then, we
(b) speculate that this peak is related to the momentum-
conversing TO-phonon-assisted luminescence-8i wells.
The intensity of TO-phonon-related luminescence is so weak
compared with that of the L®’)-phonon Raman signal from
c-Si substrate(~64.5 meV, since the number of the ab-
© | sorbed photons in 2B-Si wells is much smaller than that in
the c-Si substrate.

e In thick well samples, the PL efficiency of ti@ band is
14 16 1.8 2 quite low under the laser excitation lower tharl.65 eV

PHOTON ENERGY (eV) (the Iower-energ_y side of thieband _and theQ andl b_a_nds
are overlapped in the spectral region. Then, it is difficult to
FIG. 2. Photoluminescence spectrace8i/SiO, single quantum  observe the TO-phonon-related structure clearly under selec-

wells under 488 nm laser excitation at 2 & 1.7, (b) 1.3, and(c) tive excitation of theQ band in thick well samples. We need
0.6 nm thickness. The asymmetric PL spectra can be fitted by tw#o study fine structures in th® band in very thin well
Gaussian bands, the wegkband and the strongband. samples, since the PL intensity increases with a decrease of

PL INTENSITY (arb. units)
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the energy difference between the PL energy and excitation
laser energy, the polarization degreeecreases and the in-
tensity of the featureless broad PL increases. The polariza-
tion p shows higher values in th® band and decreases due
to the carrier scattering in th@ band and the overlapping of
the Q andl band. At the TO-phonon energies, the polariza-
tion degreep also changes. At low temperatures, the
momentum-conserving TO phonons are emitted in both the
light absorption and light emission processes. Therefore, the
TO-phonon-related structure is observed in indirect-gap
semiconductor quantum wells. TO-phonon-related fine struc-
tures in the resonant PL spectrum and the PL polarization
spectrum show that th®-band PL is related to the size-
quantified states of 2D wells showing an indirect optical-
transition nature.
T8 20 The steplike TO-phonon structure in the selectively ex-
cited PL spectrum and the TO-phonon steps in the PL polar-
ization spectrum in 2[2-Si wells are very similar to those in
FIG. 4. Selectively excited photoluminescence and photolumi-OD Si nanocrystals and porous '8° It has been reported

nescence polarization spectra for the 0.6-nm Si well thickness of thihat in 0D nanocrystals the steplike structure in the selec-
Si/SiO, quantum well under the various excitation photon energiedively excited PL spectrum reflects the phonon-assisted ab-
at 2 K: (a) 2.540 eV/(full luminescencg (b) 1.658,(c) 1.687,(d) sorption process rather than the phonon-assisted light emis-
1.724, ande) and(f) 1.959 eV. Under selective excitation at energy sion proces$’ The spectral dependence of the absorption
within the Q band, TO-phonon-related structure is observed in bothcoefficient in the vicinity of the band gap in OD Si nanocrys-
luminescence and luminescence polarization spectra. tals is given by the expression for butkSi.2° From similar

. . honon structures in 2D and 0D structures, we suppose that
the well thickness and th@ band is apart from the 1.65-eV '?he absorption spectrum in 2D structures is similarﬁcp) that in

peak of thel band. the bulk c-Si and 0D Si nanocrystals. In fact, in 2D Si/Ge

Figure 4 shows selectively excited PL spectra for theg, qrjattices, the observed spectral dependence of the ab-
0.6-nm Si well thickness of the Si/Sy@uantum well at 2 K.

o ) o orption coefficient can be fitted by the expression for the
Under blue laser excitation, the asymmetric PL consisting o ndirect-gap semiconductors in the béikdn c-Si, thep-type
the Q and | band_s is observed in the red spectral régioNconduction band near thepoint has a large density of states
(curve a). N.o c-Si phqnon-related structures are observed,,q phonon-assisted optical transitions cause overlapping of
when selective excitation at energies within théand, as e gtical transitions. Then, the quantized optical spectrum
shown in curved-d in Fig. 4. It is concluded that the broad

d size-i i band i will appear continuous and similar featureless absorption
and size-insensitive band PL (strong luminescence at gyectra are experimentally observed in low-dimensional Si
~1.65 eV is caused by radiative recombination in the local-aterials. Further experimental and theoretical studied are

ized interface state betweenSi and SiIQ. needed for quantitative discussion regarding the origin of the
On the other hand, under selective excitation withinGhe phonon related structure in 2D and OD Si quantum struc-
band, a steplike structure is observedrvee). The energy res.
positions of the steplike structure are shown by the vertical |, conclusion, we have studied the PL mechanism of
broken lines in the figure. We also measured the luminesgjngle-crystalline Si single quantum wells sandwiched be-
cence polarization spectrum of cleaved samples. The degregeen siq layers by site-selective excitation spectroscopy.
of linear polarization of luminescence is defined as(l,  From selectively excited PL and PL polarization spectra, we
—1,)/(ly+1.), wherel(l.) is the intensity of the PL po-  oncjyded that both the Si-Sj@nterface states and the quan-
larized paralle(perpendicularto the polarization of the x-  {m confinement states play a role in the radiative recombi-
citation laser light and the polarization of the excitation laseration. We have demonstrated that site-selective excitation

is parallel to the unconfinement direction in_the Cleavagespectroscopy is a powerful method to clarify the PL mecha-
plane. We show the polarizatignspectrum in Fig. 4curve  nism of Si nanostructures.

f). When the PL photon energy approaches the excitation
laser energyp becomes larger. It is considered that a high The authors would like to thank Dr. Y. Takahashi, Dr. K.
and positive value op in the Q band is caused by dielectric Murase, Dr. H. Kageshima, and Dr. K. Shiraishi of NTT
effects and/or the anisotropy of luminescence state. On thBasic Research Laboratories and Professor M. Nakayama of
other hand, when selective excitation within thband, the Osaka City University for discussions. This work was partly
polarization degree also shows a small positive value, but theupported by a Grant-In-Aid for Scientific Research on the
TO-phonon-related structure is not observed. Then, the finBriority Area from the Ministry of Education, Science,
structure in the PL polarization memory spectr@rarve f ) Sports and Culture of Japan, the Hoso-Bunka Foundation,
strongly suggests th®-band PL originating from optically and the Murata Science Foundation. S. Okamoto is grateful
anisotropic 2D quantum wells, as will be discussed below. to the Research Associate Program of the Japan Society for
There is a good correlation between the resonant PL anthe Promotion of Sciencéhe Research for the Future Pro-
PL polarization spectra in th® band. With an increase of gram, JSPS-RFTF96R12501
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