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Phonon structures and Stokes shift in resonantly excited luminescence of silicon nanocrystals
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We have studied luminescence Stokes shift and phonon-assisted luminescence in H-terminated and surface-
oxidized Si nanocrystals by means of resonant excitation spectroscopy. For resonant excitation at energies
within a broad luminescence band, TO- and TA-phonon related structures in luminescence spectra are observed
in both H-terminated and surface-oxidized Si nanocrystals. In oxidized Si nanocrystals, the luminescence
Stokes shift is large and the phonon-related structures are unclear compared to the case of H-terminated Si
nanocrystals. The origin of the luminescence Stokes shift and surface localized states in surface-oxidized Si
nanocrystals are discuss¢80163-18208)05439-3

Semiconductor nanocrystals of sizes comparable to ofHF:H,0:C,HsOH=1:1:2) at aconstant current density of
smaller than the exciton Bohr radius in bulk materials are10 mA/cn?. By changing wafer resistivity or anodization
attracting much attention from the fundamental physicsime, we can obtain porous Si samples showing different
viewpoint and from the interest in the application to func- color luminescence. Surface structure of porous Si samples
tional devices. Si nanocrystals and porous Si are receivinghas been studied by Fourier transform infrared absorption
widespread interest because of their high quantum efficiencypectroscopy. In the as-prepared porous Si sample, the strong
of light emissior? Porous Si is an inhomogeneous system iNabsorption peaks due to the Sj-Hending mode, Si-Hde-
the sense that it has broad distributions of nanocrystal sizgmation modes, Si-kiscissors mode, and Si-Htretching

and shape and variations of surface structures. Under blue ghyges were observeédThe surface of nanocrystals in the

violet light excitation, porous Si shows broad photolumines- ; o ;
' . ; as-prepared porous Si layer was covered by silicon hydrides
cence(PL) at room temperaturéThis “full” luminescence prep P y y y

or nonresonantly excited lumin N ntain nirib (SiH, SiH,, and SiH). The as-prepared porous Si sample is

! esonantly excited luminescence contains co Uised as H-terminated Si nanocrystals.

tions from all nanocrystals in the sample and the spectrum is Si0,-capped Si nanocrystals were prepared by plasma de

inhomogeneously broadened. In these inhomogeneousl o . o . i
9 y 9 e/omposmon of SiH followed by thermal oxidatiod! Si

broadened systems, resondior site-selective excitation i .
spectroscopy is a powerful method to obtain intrinsic infor-N@nocrystals were formed in the plasma gas phase of SiH

mation from inhomogeneously broadened spettfeReso- diluted by_l—b and were collected on quartz substrates. The
nant excitation at energies within the luminescence band re2verage size of Si nanocrystals was controlled by changing
sults in a well-resolved phonon progression in PL spectra ahe partial pressure of Si-and H. The SiQ surface layer
low temperatures since we suppress the inhomogeneoustyas formed after thermal oxidation at 800 °C and at 10 min.
broadening of the luminescence by selectively exciting a narThe average size of the spheriaabi core was~2.5 nm,
row subset of nanocrystaisPorous Si shows TO phonon- where the nanocrystal size was determined by transmission
related fine structures under resonant excitation at lowelectron microscopy observations. Under 2.540-eV laser ex-
temperature®>”8The phonon-related structures in the lumi- citation, the luminescence efficiency of the Si€pped Si
nescence spectrum and the excitonic exchange splitting in ianocrystal sample is nearly equal to that of the as-prepared
nanocrystals have been discussed in conjunction with thporous Si sample.
origin of the efficient visible luminescence at room For PL measurements, Ar He-Ne or Ti:ALO; lasers
temperaturé:>1° were used as excitation sources. The typical excitation en-
In this paper we discuss the origin of the luminescenceergy density was~1 W/cn? and the modulated frequency
Stokes shift in H-terminated porous Si and surface-oxidizedvas ~20 Hz. The PL spectra were dispersed by a 50-cm
Si nanocrystals by means of resonant excitation spectrosiouble-grating monochromator and detected by a photomul-
copy. TO- and TA-phonon related structures in resonanthtiplier. The samples were immersed in superfluid liquid He
excited luminescence are observed in both H-terminated angk mounted on the cold finger of a temperature-variable
surface-oxidized Si nanocrystals. However, in oxidized Siclosed-cycle He gas cryostat during the measurements. The
nanocrystals, the luminescence Stokes shift is large and phepectral sensitivity of the measuring system was calibrated
non structures in the luminescence spectrum are uncleday using a tungsten standard lamp.
compared to the case of H-terminated porous Si. The shallow Figure 1 shows typical PL spectra of H-terminated porous
band-edge surface states in oxidized Si nanocrystals are diSi recorded 817 K using excitation photon energies @)
cussed. 1.785, (b) 1.587, (c) 1.564, and(d) 1.503 eV. Under
The porous silicon samples were prepared as follows. Th&.785-eV excitation, a broad PL baffdll PL) is observed in
substrates werg¢100-oriented p-type crystalline Si(c-Si)  the red and infrared spectral region and the peak energy is
wafers with resistivities of 0.9—8)cm. The anodization in located near 1.5 eV. Resonant excitation at energies within
dark was carried out in HF-ethanol solution the broad PL band results in fine structures in the spectrum.
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PHOTON ENERGY (eV) cited PL spectra in H-terminated porous 8D) and surface-

oxidized Si nanocrystalé®) as a function of excitation laser en-
FIG. 1. Resonantly excited PL spectra of H-terminated porousergy. The inset shows luminescence spectra of H-terminated porous
Si at 7 K. The excitation photon energy (@ 1.785,(b) 1.587,(c)  Si (lower) and SiQ-capped Si nanocrystalsppe) under 1.597-eV
1.564, ande) 1.503 eV. excitation.

Steplike structures are observed under resonant excitation 8f 2TO4)]. This figure shows that the PL fine structures of
the high-energy side in the PL spectrum. With a decrease df-términated porous Si are related to TA- and TO-phonon-
excitation photon energy, the peak structure appears. gssst_edllummescencg, such as bufi. The Si nanocry;tal
Figure 2 shows, in more detail, resonantly excited PLIS @n indirect gap semiconductor and then the absorption and
spectra of H-terminated porous Si using excitation photorfMission of momentum-conserving phonons are needed dur-
energies of(a) 1.587, (b) 1.564, (c) 1.543, (d) 1.523, () ing the I|ght_absorpt|on and'en?lssmn processes.
1.503, andf) 1.489 eV, where the zero on the abscissa scale With an increase of excitation energy, the TA and TO
corresponds to the excitation energy. The arrows show thBhonon structures shift to the lower energy and become un-
TA(A) and TGA) phonon energies in bulkc-Si, where clea_tr. There. is small energy dlfference. in TO-phonon-
TA(A) and TOA) are transverse acoustic and transverse op@Ssisted luminescence between porous Si and bk as
tical phonons, respectively, at the conduction-band-minimungliscussed in Ref. 3. The phonon peak and step structures at
A point and the phonon energies of ™ and TQA) are the lower-energy side of the excitation energy appear at
18.5 and 57.5 meV, respectivel§The energies of peak and AEp,
steplike structures are almost consistent with those of one AEo = At NE 1)
phonon[TA(A) or TO(A)] and two phonon§TA(A+TO(A) PLT2S TO>
where E1g is the TO-phonon energy in Si nanocrystais
4 . : . =1 (one TO phonohor n=2 (two TO phonony| andAg is

defined as the luminescence Stokes shift under resonant ex-
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1 citation. The energy position of TO-phonon assisted lumi-
nescenceé\ Ep depends on the excitation photon energy. It is
] considered that the excitation energy dependenca s,
] reflects that of the luminescence Stokes shiftbecause the
TO(A) phonon energy near the Brillouin zone edge is not
- sensitive to the nanocrystal size. Based on the above assump-
tion, we estimated the excitation energy dependence of the
T luminescence Stokes shithg from that of TO-phonon-
i related structures in resonantly excited PL spectra. The lumi-
nescence Stokes shiftg in H-terminated porous Si is sum-
marized in Fig. 3. The luminescence Stokes shift of H-
terminated porous Si is consistent with the onset energy or
- the forbidden gap in the previous experim@nt.
TTA TIOT TTA"TIO 2o The origin of the luminescence Stokes shiff has been
0 -50 -100 -150 -200 discussed in terms of the exciton exchange splittihdf
E-E With a decrease of the nanocrystals size, the exciton ex-
-EL (meV) . . ;
change energy increases and the triplet exciton becomes
FIG. 2. PL spectra of H-terminated porous Si at the low-energystable: The lowest excitonic state is split into the singt (
side of the excitation energies at 7 () 1.587,(b) 1.564,(c) 1.543, =0) and triplet §=1) states due to the exchange interac-
(d) 1.523,(e) 1.503, and(f) 1.489 eV. The TAA) and TQA) pho-  tion between electrons and holes. At low temperatures, the
non energies of bulk crystalline Si are indicated by the verticallight absorption occurs between the ground state and the up-
arrows. per singlet-exciton state and light emission occurs from the
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FIG. 4. Luminescence Stokes shift derived from resonantly ex-
cited PL spectra in oxidized Si nanocrystals as a function of exci- PHOTON ENERGY (eV)
tation laser energy. The inset shows luminescence spectra of
surface-oxidized Si nanocrystals under 1.959-@dwer) and
2.409-eV(uppe) excitation at 7 K.
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lower triplet-exciton state. The exciton exchange splitting
contributes to the luminescence Stokes shift. The calculated
size dependence of the exchange en¥rigyin rough agree-
ment with that of the luminescence Stokes shift of H-
terminated porous Si. TO-phonon structures are attributed to
the interiorc-Si state in H-terminated porous Si.

On the other hand, the phonon-related structures are sen-
sitive to the surface structure of Si nanocrystats’ As an
example, the inset of Fig. 3 shows PL spectra in,Si@pped 0
Si nanocrystals and H-terminated porous Si under 1.597-eV 1'4' . '1'6' L '1'8
excitation. The phonon-related fine structures in Si@pped ’ ) )

Si nanocrystals and oxidized porous Si are unclear compared PHOTON ENERGY (eV)
to the case of H-terminated porous Si. The Stokes shift in
SiO,-capped Si nanocrystals is also summarized in Fig. 3. A},
excitation energies higher thanl.6 eV, the Stokes shift in
SiO,-capped Si nanocrystals is larger than that in H-
terminated porous Si. This observation shows that the sufAg.o—E+o) is summarized in Fig. 4. In oxidized Si nanoc-
face states affect the luminescence properties in smallaystals, the luminescence Stokes shift estimated from the
nanocrystals. In large nanocrystals, however, the surfac8i-O vibration structurésolid circles is smoothly connected
states do not critically affect the PL process exhibiting infra-with that from the TO-phonon structufepen circles

red PL. In SiO,-capped Si nanocrystals, the phonon-related fine

Very small oxidized Si nanocrystals show efficient lumi- structures are unclear and the luminescence Stokes shift is
nescence in the blue-green spectral redidtmder resonant large compared to the case of H-terminated porous Si. If the
excitation, broad luminescence spectra with multipeaks apexciton is localized in the shallow localized states at the sur-
pear and are divided by the Gaussian bands, as shown in tligce, the localization at the surface contributes to the Stokes
inset of Fig. 4. The energy intervals between the Gaussiashift. That is to say, the photogeneration occurs in di&i
peaksEsg;.o (=135-140 meY correspond to the 1100-cth  interior stateglight-absorption processnd then the carriers
Si-O-Si stretching modé** In this case, the PL peak posi- are localized into the lower-energy tail states. The carriers
tion at the lower-energy side of the excitation laser is dedocalized in tail states can undergo radiative recombination
scribed asAEp =Agi ot NEgi.o, Wheren=0,1,2,3. These through the formation of excitondight-emission procesgs
results indicate that excitons are strongly localized at theMoreover, in very small nanocrystals, the Si-O vibration
Si/SiG, interface since the coupling of electronic and vibra-structures are observed in resonant PL spectra. These obser-
tional excitations dramatically increases with localization ofvations suggest that shallow localized states are formed at
excitons in smaller dimensiot8.When the luminescence the interface between theSi interior and the outer SiO
shift Ao is much larger than the TO-phonon energyeei,  layer and the surface-localized states affect the luminescence
the momentum-conserving TO-phonon emission occurs iproperties in oxidized Si nanocrystals.
the light-absorption process. It is believed that the value of Surface-oxidized Si nanocrystals samples are obtained by
Agi.o— Eto gives the luminescence Stokes shift because thexidation of porous Si. Prolonged air exposure at room tem-
resonantly excited PL spectrum reflects the light absorptioperature converts the hydride surface of as-prepared samples
procesé. The Stokes shift in the higher energy region to the native oxide surface of aged sampl&sAfter surface

1.701 eV

D)

1.726 eV
1.748 eV

1.771 eV

FIG. 5. Resonantly excited PL spectra of surface-oxidized po-
s Si(a) before andb) after prolonged light illumination at 7 K.
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oxidation, the surface of porous Si samples is covered byhe state filling in the deep and/or shallow defects occurs
Si0, and oxyhydride Si¢H, compounds. The PL intensity during prolonged light illumination at low temperatures. This

increases(more than one order of magnitudand the PL  experiment strongly suggests that the localized states with
peak energy is blueshifted. Figure 5 shows resonantly exsmall state density are formed in oxidized porous Si.

cited PL spectra of oxidized porous Si. In this experiment, Our experimental observations indicate that at higher en-
the porous Si samples of1 um thickness were chosen to €rgy above~1.6 eV, the surface state affects luminescence
provide a uniform optical excitation within the porous layer Properties in Si@-capped Si nanocrystals and surface-

and a uniform native oxidation within the layer. Under lower 0Xidized porous Si. Thus it is considered that oxygen-

photon energy excitation, the sharp peak is observéd moqmed surfac;e states prowde the active states for efficient
meV below the excitation laser energy, as shown in I:igslumlnescence in the visible spectra region. Resonantly ex-

; - cited PL spectra suggest the coexistence of different PL pro-
g(::nzrr]lds%?émlThir-]g?psgsstl:altz due to the LIO phonon cesses in surface-oxidized porous Si samples. The PL

Before PL measurements, the sample was kept in the damechanism of surface-oxidized_ porous Si is (_:omplicat.ed,
at room temperature. Under resonant excitation, fine struc(-:omp"’lre.d to the'case of H-terminated porous Si. We be!|¢ve
tures are clearly observed in a well-rested porous Si sampl hat efficient luminescence comes _fro_m the oxyge_n-modlfled
At higher energy excitation above1.65 eV, a new structure Surface states, although other emission mechanisms are ac-
appears near 1.6 eV and it does not depend on the excitatidlf® ' OX|d|zgd porous Si. .
energy: The dashed-line peak structures in Fig) &re al- In conclusion, we have discussed luminescence Stokes
most independent of the excitation energy. The energy interi'hlft and phqnon-qsssted luminescence in H-terminated an'd
val between the peaks is equal to the TO-phonon energ _u_rface-OX|d|zed Si nanoqrystals _by means of resonant exci-
These features are similar to PL properties of defect-boun tion spectrosco_py_. In oxidized Si nanocrystals, the lumines-
excitons in bulke-Si® It has been pointed out theoretically *€"¢® Stokes shift is large and the TO-phonon-related struc-
that dehydrogenation creates midgap defect states due fyres are unclear compared to.'ghe case of H-terminated Si
dangling bonds! Therefore, it is considered that the size- ne}nocrystals. The qug_en-m_o@ﬂed §urface states affect Iu-
independent luminescence near 1.6 eV is due to the defefjinescence properties in oxidized .S' nanocrys_tgls. BOth the
luminescence in surface-oxidized porous Si surface and interioc-Si states contribute to efficient PL in

After prolonged light illumination(in a light-soaked porous Si and Si nanocrystals.
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the excitation energy. Since the radiative and nonradiatives. O. is grateful to the JSPS Research Associate Program
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