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Band Dispersions in Photoluminescent Porous Si
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The same band dispersions as those obtained from crystalline Si alohgAhE symmetry line are
first observed from photoluminescent porous Si independent of its microstructure and porosity using an
angle-resolved photoemission technique. The electronic structures of porous Si observed in the normal
photoemission, valence photoemission, @nddge x-ray absorption spectra are interpreted consistently
to result from the overlap of that of bulk crystalline Si and that relating to the receding valence structure,
which is suggested experimentally to be linked to the luminescence origin. [S0031-9007(98)05828-1]

PACS numbers: 71.24.+q, 61.46.+w, 78.55.Mb

The origin of visible photoluminescence (PL) from at an anodization current density 60 mA/cn? for 20—
porous Si (PS) has been discussed in terms of “bullB0 s. The present anodization conditions lie within the
effects,” “surface effects,” or “as a combination of range of widely used anodization conditions for obtain-
both effects.” Among the major bulk effect models, ing photoluminescent PS. It is known that the structure
the quantum confinement model [1], noncrystallineof PS formed with a~0.01 () cm degenerate substrate
model [2], and the irregular structure model, in whichbecomes pillarlike with a dendrite structure, and that PS
some of the Si atoms are randomly removed [3], ardormed with a=1 () cm substrate has three-dimensionally
included. In these models, the visible PL is related toa more isotropic porous structure than PS formed with a
the widening of the band gap which originates from~0.01 ) cm substrate [9]. The measured porosities were
the bulk structures. A surface layer or a surface de{55 = 5)% and (70 * 5)% for the samples formed with
fect [4,5] is another candidate responsible for the PlLa 0.01-0.02 and 4.5-6.0 () cm substrate, respectively.
mechanism. Surface localized states, the energies dfhe luminescence properties were confirmed by PL mea-
which vary depending on the widening gap, have alssurements using a 325 nm He-Cd laser. PL can be ob-
been discussed [6]. Photoelectron spectroscopy (PESgrved easily with the naked eye from both the PS samples
is a useful tool which provides information about bulk formed with these different resistivity substrates where
and surface density of states (DOS) which are clues fothe PL intensity for PS on 4.5-6.0 ) cm substrate was
understanding the bulk and surface effects. Our earliehigher than that for PS on@01-0.02 {2 cm substrate by
PES studies indicate that the surface band gap of P®&ore than a factor of 100. The PL peak energies for these
traces relatively well the PL peak energy which variesPS samples were almost the same and were in the range
with the PS preparation conditions [7,8], suggestingof 1.7—1.75 eV.
that, at least to some extent, the surface electronic ARPES measurements were performed using the syn-
states are related to the PL origin. In this study, wechrotron orbital radiation (SOR) ring at the Photon Fac-
have investigated the electronic structure in detail usingory of the National Laboratory for High Energy Physics.
a combination of angle-resolved photoelectron specNormal emission spectra in the [001] direction along the
troscopy (ARPES), angle-integrated photoelectronl’-A-X symmetry line for the photon energy range 11—
spectroscopy (AIPES), and Si-edge x-ray absorption 40 eV were taken with an electrostatic hemispherical ana-
spectroscopy (XAS) techniques. In this paper, we preseryzer usingp-polarized light. The total energy resolution
the first observation of band dispersions alonglfhA-X  was =<0.2 eV and the angular resolution wasl°. The
symmetry line from photoluminescent PS formed atincidence angle with respect to the surface normal was
the surface layer of a Si(001) substrate. The electronid5°. AIPES and SiL-edge XAS measurements were per-
states of PS observed in the spectra obtained using theB@med using the SOR ring at the Synchrotron Radiation
techniques are consistently interpreted as arising frorhaboratory of the Institute for Solid State Physics, Uni-
bulk crystalline Si DOS and structures associated with theersity of Tokyo. The valence spectra were taken with a
receding valence states, which are suggested experimetiouble cylindrical mirror analyzer. The total energy reso-
tally to be linked with the luminescent structure. lutions were 0.43 and 0.05 eV for the valence and the

In order to understand the electronic structures of PSXAS spectra, respectively.
we used two kinds of PS samples with different mi- Si Lyj-edge XAS 2ps,, to conduction bands) spectra
crostructures. These samples were prepared by anodizirgnd valence spectra obtained from a clean Si(001) surface
p-type degeneratg0.01-0.02 2 cm) and nondegener- (crystalline Si,c-Si) and a PS sample formed withde -
ate (4.5-6.0 1 cm) Si(001) substrates in a mixture of 6.0 ) cm substrate are shown in Fig. 1. The binding
55 wt % aqueous HF solution and ethanol at a ratib:df  energies of all of the spectra are with respect to tHigpSi,
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II’ andIII’ features [14]. Upon hydrogen chemisorption,
the valence spectra of both crystalline and noncrystalline Si
exhibit thel’ peak, and their hydrogen-induced states and
spectral shapes are similar to each other [15,16]. Thus, it
is generally difficult to judge the change in the bulk struc-
ture from the valence spectra. However, the conduction
states are much more susceptible to the absence of long-
range order as seen in tiieedge XAS spectra.

The Ecgm and Eygy positions of the PS sample with
respect to those of crystalline Si shift toward a higher
potential by ~0.35 eV and toward a lower potential by
~0.55 eV, respectively, resulting in the band gap widen-
ing by ~0.9 eV, as shown in Fig. 1. The ratio of the
Ecgm and Eygy shifts is in good agreement with the
other reported ratig~1:2) [17]. The I’ peak position
FIG. 1. SiLy;-edge XAS 2ps, to conduction bands) spectra of PS is almost unchanged with respect to that .
and valence spectra obtained from a clean Si(001) surface anthus, the shift in theZygy position results from a steep-

a porous Si sample formed with45—6.0 () cm substrate. ening of the leading edge induced by the recession of the
topmost valence states. Thig gy recession is also ob-
core state and the value of the binding energy is indicatederved ina-Si: H; however, theEc-gy edge does not shift
with respect to the valence band maximUigy;) of the  with respect to that of crystalline Si [18]. The station-
Si(001) surface. Thdygy position is determined from ary Ecgm edge and recedingygy €dge phenomena have
the leading edge of the valence spectrum. To obtain thbeen explained as being due to the lower self-energy of
Si 2ps/» core and thel j;-edge XAS spectra, measured the H(1s) orbital with respect to the Sip?) hybrid which
spectra were decomposed into the2gi » and Si2ps3/, compensates the shift in thg-gy edge [19]. Thus, the
spin-orbit partner components using a spin-orbit splittingband edge behavior of PS is in contrast to the case of the
of 0.61 eV and @p;, t0 2p3, intensity ratio ofl : 2[10].  noncrystalline modifications.
The conduction band minimuniEcgMm) is determined Figure 2 shows normal emission spectra obtained from
by the onset of thé |;;-edge absorption corresponding to PS samples formed with 0.01-0.02 aad-6.0 {1 cm
the point of maximum slope [10]. The XAS and valencesubstrates. The binding energies of the spectra are with
spectra from PS on &.01-0.02 () cm substrate were respect to theEygy leading edge of the spectrum taken
similar to those for the PS orda5-6.0 () cm substrate. In  with 2» = 40 eV. For such a high photon energy, the
the Lyj1-edge XAS spectrum of the clean Si(001) samplenormal emission spectrum reflects the density of states
three features, denoted hy b, andc, are observed. The [20].
features have been previously identified with transition The spectra obtained from the samples formed with
to maxima in the density of conduction statés;, L, substrates of two different resistivities are very similar
andL;, respectively [10]. These critical points are absento each other. In these spectra, some broad features
completely in the XAS spectra of both amorphou$sSEi)  with large background contributions are observed. How-
and hydrogenated amorphoug&iSi: H) [11]. However, ever, their dispersive and nondispersive structures can be
in the PS spectrum, these critical points are still clearlyclearly identified. The spectra show a dispersive peak,
observed, indicating that Si crystallinity is retained in PS.denoted byC’, for hv = 11 and12-~15 eV, a nondis-

In the valence spectrum of the Si(001) surface, thre@ersive peak, denoted i/, at ~3.2 eV for hy =~16—
well-known peaks, denoted by, 11/, andIII’, are ob- 18 eV; and a dispersive peak, denotedsdy for hv = 20
served, which are attributed to thig, L, andL, symmetry —and 22 eV. Fohr = 32 eV, one large feature centered at
points, respectively [12]. In the valence spectrum of the~2.5 eV, denoted by’, is observed. Several weak fea-
PS sample, thé' feature and three weak peaks, denotedures are seen in the lower binding energy side of peaks
by hi, h,, and K, are observed. We have assigned previ-C’ andE’. However, their energy positions are not clearly
ously the three weak peaks to the characteristics states idetermined. In the higher binding energy side of the spec-
duced by both monohydride and dihydride configurationdra, two large nondispersive peaks, denoted:pyand ,,
on the PS surface [7,8]. No oxygen-related feature haare observed. The nondispersiwgandh, peaks are lo-
been found on both the valence and XAS spectra. The resated at almost the same energy positions as:fhand
sults of our previous Auger electron spectroscopy studies) peaks in the PS valence spectrum. Thus, thend
also do not indicate any oxygen trace on the as-anodizekh peaks correspond to thg and i) peaks and originate
PS surface [8]. Thus, the as-anodized PS surface is bagrom the hydrogen-induced states.
cally covered with hydrogen. Thié peak is also observed  These spectral features are compared with those ob-
from a-Si [13]. The feature originates from thederived tained from crystalline Si surfaces. Johansebal. [21]
states and is less sensitive to the long-range order than thave reported recently on the precise normal emission
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surface, theh; and h, peaks are not observed; on the

f?fgé‘?fnﬂ h, h Eg{gus Si other hand, theE peak is observed up thr = 26 eV.

6=0 Y R P However, the corresponding’ peak in the PS spectra
e is not confirmed abovar = ~20 eV. The obscurity of

?eVV) A' ?evV) A the E' feature abovéiy = ~20 eV is probably due to its

merging with the large contribution of the lower energy
side of theh; peak. The energy positions of the weak
features seen in the lower energy side of the pgakre
not clearly determined; however, they are close to that
of the I feature, suggesting that similar surface-umklapp
scattered transitions may also be involved for PS. Jhe
peak is not seen in the PS spectra. Since the hydrogen
termination is known to eliminate the surface states of a
clean surface [22], the lack of the dangling bahidtates
is due probably to this hydrogen termination.
Nondispersive bulk features are often referred to as the
nondirect transitions from high DOS regions. The binding
energy of the nondispersive’ peak (~3.2 eV) agrees
well with that of the nondispersiveé peak(~3.1 eV) in
! | the spectra of the Si(00D) X 1 surface and is also close
to the theoretically obtained value (2.8 eV [21], 3.1 eV
[23]) for X,4. Thus, theE’ peak is assumed to be due to the
transition from the flat band region near tkig symmetry
point. Using the direct transition model, the final bands
of the transitions corresponding to the dispersi/eand
FIG. 2. Angle-resolved normal emission spectra along they’ peaks are mapped with the theoretical band structure
b 5 LTI I blaned o perous S1samples fomedglong ther-A- symmery fne calulated by Johansson
et al.[21]. To obtain the final states, the initial states
study on a clean Si(00D) X 1 surface using-polarized are determined first by fitting the binding energy positions
light. The spectra taken for an incidence angle of,45 of the C’ and H' peaks to the calculated valence bands.
which is the same angle as that used in this study, shoin the analysis, the band energies of the top valence
a dispersive structure denoted 6yfor hv = 11-15 eV, bands have been multiplied by a constant factor so
a nondispersive structure denoted Byat ~3.1 eV for  that it reproduces the experimentally obtained energy
hyv = 17-26 eV, a dispersive structure denoted Hyfor 3.2 eV for X4, and this procedure has been applied to
hv = 17-30 eV, and a nondispersive peak denoted/by the mapping analysis for the Si(001) surface [21]. The
at ~1.5 eV for hv = 13-16 and 21-26 eV. Fohy =  results are shown in Fig. 3. For th#& peak, theC'-E’
30 eV, one large broad feature (denoted Ayn this pa- peaks seen folv = 11 and 12-17 eV are mapped.
per) is observed at2.5 eV. It is found clearly from the The C’ and H’ peaks are identified as the transitions
spectra that peal is not related to peakl and merges from VB3,4(As) to CBIO(A5) and from VR(A)) to
with peaks! andE. The other feature is a nondispersive CB15(A5), respectively. Both of the transitions are dipole
peak denoted by, which is very close t&ygy. The dis- allowed for the polarization vector used in this work
persive peak€ andH and the nondispersive pe@khave [24]. In the case of the Si(001) X 1 surface, only
been identified as the direct transitions fraly to A5  two transitions are observed fdrv = 11 eV as direct
bands and from\} to A} bands and the nondirect transi- transitions and are similar to those described above [21].
tion from a high DOS region near th& symmetry point, Therefore, all of the direct transitions as observed from
respectively. The peak has been interpreted as beinga clean Si(001) are reproduced for photoluminescent PS.
related to the surface-umklapp scattered transition frordbove hv = ~16 eV, the mapping points near CB10
the high DOS region near thiy symmetry point. The§  deviate slightly from those at CB10. This is because,
peak is the well-known surface state associated with that higher photon energies, the corresponding transitions
dangling bonds on th2 X 1 reconstructed surface [22]. exhibit the nondirect transition character, thiefeature.
TheC, E, H, andA bulk features appear in the normal The L-edge XAS and ARPES studies reveal that, even
emission spectra of the PS samples for almost the sanie PS is photoluminescent enough to be observed by
photon energy range and their binding energy positionthe naked eye, it still possesses the crystalline symmetry
correspond well with those of th€’, E/, H', and A’  of bulk crystalline Si. The fact suggests that the clear
features. These facts are consistent with the preservatign-derived peak in the top valence band reflects ke
of the crystalline Si bulk features in the XAS spectrasymmetry to some extent. Since the detection depth for
of the PS sample. In the spectra of the clean Si(001)he normal emission fohv = 11-30 eV is estimated to
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