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Band Dispersions in Photoluminescent Porous Si
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The same band dispersions as those obtained from crystalline Si along theG-D-X 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, andL-edge 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
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The origin of visible photoluminescence (PL) from
porous Si (PS) has been discussed in terms of “bu
effects,” “surface effects,” or “as a combination o
both effects.” Among the major bulk effect models
the quantum confinement model [1], noncrystallin
model [2], and the irregular structure model, in whic
some of the Si atoms are randomly removed [3], a
included. In these models, the visible PL is related
the widening of the band gap which originates from
the bulk structures. A surface layer or a surface d
fect [4,5] is another candidate responsible for the P
mechanism. Surface localized states, the energies
which vary depending on the widening gap, have als
been discussed [6]. Photoelectron spectroscopy (PE
is a useful tool which provides information about bulk
and surface density of states (DOS) which are clues f
understanding the bulk and surface effects. Our earl
PES studies indicate that the surface band gap of
traces relatively well the PL peak energy which varie
with the PS preparation conditions [7,8], suggestin
that, at least to some extent, the surface electron
states are related to the PL origin. In this study, w
have investigated the electronic structure in detail usin
a combination of angle-resolved photoelectron spe
troscopy (ARPES), angle-integrated photoelectro
spectroscopy (AIPES), and SiL-edge x-ray absorption
spectroscopy (XAS) techniques. In this paper, we prese
the first observation of band dispersions along theG-D-X
symmetry line from photoluminescent PS formed a
the surface layer of a Si(001) substrate. The electron
states of PS observed in the spectra obtained using th
techniques are consistently interpreted as arising fro
bulk crystalline Si DOS and structures associated with t
receding valence states, which are suggested experim
tally to be linked with the luminescent structure.

In order to understand the electronic structures of P
we used two kinds of PS samples with different m
crostructures. These samples were prepared by anodiz
p-type degenerates0.01 0.02 V cmd and nondegener-
ate s4.5 6.0 V cmd Si(001) substrates in a mixture of
55 wt % aqueous HF solution and ethanol at a ratio of1 : 2
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at an anodization current density of100 mAycm2 for 20–
30 s. The present anodization conditions lie within t
range of widely used anodization conditions for obta
ing photoluminescent PS. It is known that the struct
of PS formed with a,0.01 V cm degenerate substra
becomes pillarlike with a dendrite structure, and that
formed with a*1 V cm substrate has three-dimensiona
a more isotropic porous structure than PS formed wit
,0.01 V cm substrate [9]. The measured porosities w
s55 6 5d% and s70 6 5d% for the samples formed with
a 0.01–0.02 and a4.5 6.0 V cm substrate, respectively
The luminescence properties were confirmed by PL m
surements using a 325 nm He-Cd laser. PL can be
served easily with the naked eye from both the PS sam
formed with these different resistivity substrates whe
the PL intensity for PS on a4.5 6.0 V cm substrate was
higher than that for PS on a0.01 0.02 V cm substrate by
more than a factor of 100. The PL peak energies for th
PS samples were almost the same and were in the r
of 1.7–1.75 eV.

ARPES measurements were performed using the s
chrotron orbital radiation (SOR) ring at the Photon Fa
tory of the National Laboratory for High Energy Physic
Normal emission spectra in the [001] direction along t
G-D-X symmetry line for the photon energy range 11
40 eV were taken with an electrostatic hemispherical a
lyzer usingp-polarized light. The total energy resolutio
was #0.2 eV and the angular resolution was#1±. The
incidence angle with respect to the surface normal w
45±. AIPES and SiL-edge XAS measurements were pe
formed using the SOR ring at the Synchrotron Radiat
Laboratory of the Institute for Solid State Physics, U
versity of Tokyo. The valence spectra were taken wit
double cylindrical mirror analyzer. The total energy res
lutions were 0.43 and 0.05 eV for the valence and
XAS spectra, respectively.

Si LIII-edge XAS (2p3y2 to conduction bands) spectr
and valence spectra obtained from a clean Si(001) sur
(crystalline Si,c-Si) and a PS sample formed with a4.5
6.0 V cm substrate are shown in Fig. 1. The bindi
energies of all of the spectra are with respect to the Si2p3y2
© 1998 The American Physical Society 3559
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FIG. 1. SiLIII-edge XAS (2p3y2 to conduction bands) spectr
and valence spectra obtained from a clean Si(001) surface
a porous Si sample formed with a4.5 6.0 V cm substrate.

core state and the value of the binding energy is indica
with respect to the valence band maximumsEVBMd of the
Si(001) surface. TheEVBM position is determined from
the leading edge of the valence spectrum. To obtain
Si 2p3y2 core and theLIII-edge XAS spectra, measure
spectra were decomposed into the Si2p1y2 and Si2p3y2
spin-orbit partner components using a spin-orbit splitti
of 0.61 eV and a2p1y2 to 2p3y2 intensity ratio of1 : 2 [10].
The conduction band minimumsECBMd is determined
by the onset of theLIII-edge absorption corresponding
the point of maximum slope [10]. The XAS and valen
spectra from PS on a0.01 0.02 V cm substrate were
similar to those for the PS on a4.5 6.0 V cm substrate. In
theLIII-edge XAS spectrum of the clean Si(001) samp
three features, denoted bya, b, andc, are observed. The
features have been previously identified with transiti
to maxima in the density of conduction states;X1, L1,
andL3, respectively [10]. These critical points are abse
completely in the XAS spectra of both amorphous Sisa-Sid
and hydrogenated amorphous Sisa-Si : Hd [11]. However,
in the PS spectrum, these critical points are still clea
observed, indicating that Si crystallinity is retained in P

In the valence spectrum of the Si(001) surface, th
well-known peaks, denoted byI0, II0, and III0, are ob-
served, which are attributed to theX4, L1, andL0

2 symmetry
points, respectively [12]. In the valence spectrum of t
PS sample, theI0 feature and three weak peaks, denot
by h0

1, h0
2, and h03, are observed. We have assigned pre

ously the three weak peaks to the characteristics state
duced by both monohydride and dihydride configuratio
on the PS surface [7,8]. No oxygen-related feature
been found on both the valence and XAS spectra. The
sults of our previous Auger electron spectroscopy stud
also do not indicate any oxygen trace on the as-anodi
PS surface [8]. Thus, the as-anodized PS surface is b
cally covered with hydrogen. TheI0 peak is also observed
from a-Si [13]. The feature originates from thep-derived
states and is less sensitive to the long-range order than
3560
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II0 andIII0 features [14]. Upon hydrogen chemisorption
the valence spectra of both crystalline and noncrystalline
exhibit theI0 peak, and their hydrogen-induced states an
spectral shapes are similar to each other [15,16]. Thus
is generally difficult to judge the change in the bulk struc
ture from the valence spectra. However, the conductio
states are much more susceptible to the absence of lo
range order as seen in theL-edge XAS spectra.

The ECBM and EVBM positions of the PS sample with
respect to those of crystalline Si shift toward a highe
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
ECBM and EVBM shifts is in good agreement with the
other reported ratios,1 : 2d [17]. The I0 peak position
of PS is almost unchanged with respect to that ofc-Si.
Thus, the shift in theEVBM position results from a steep-
ening of the leading edge induced by the recession of t
topmost valence states. ThisEVBM recession is also ob-
served ina-Si : H; however, theECBM edge does not shift
with respect to that of crystalline Si [18]. The station
ary ECBM edge and recedingEVBM edge phenomena have
been explained as being due to the lower self-energy
the Hs1sd orbital with respect to the Sissp3d hybrid which
compensates the shift in theECBM edge [19]. Thus, the
band edge behavior of PS is in contrast to the case of t
noncrystalline modifications.

Figure 2 shows normal emission spectra obtained fro
PS samples formed with 0.01–0.02 and4.5 6.0 V cm
substrates. The binding energies of the spectra are w
respect to theEVBM leading edge of the spectrum taken
with hn  40 eV. For such a high photon energy, the
normal emission spectrum reflects the density of stat
[20].

The spectra obtained from the samples formed wi
substrates of two different resistivities are very simila
to each other. In these spectra, some broad featu
with large background contributions are observed. How
ever, their dispersive and nondispersive structures can
clearly identified. The spectra show a dispersive pea
denoted byC0, for hn  11 and 12 ,15 eV; a nondis-
persive peak, denoted byE0, at ,3.2 eV for hn ,16
18 eV; and a dispersive peak, denoted byH 0, for hn  20
and 22 eV. Forhn  32 eV, one large feature centered a
,2.5 eV, denoted byA0, is observed. Several weak fea
tures are seen in the lower binding energy side of pea
C0 andE0. However, their energy positions are not clearl
determined. In the higher binding energy side of the spe
tra, two large nondispersive peaks, denoted byh1 andh2,
are observed. The nondispersiveh1 andh2 peaks are lo-
cated at almost the same energy positions as theh0

1 and
h0

2 peaks in the PS valence spectrum. Thus, theh1 and
h2 peaks correspond to theh0

1 andh0
2 peaks and originate

from the hydrogen-induced states.
These spectral features are compared with those o

tained from crystalline Si surfaces. Johanssonet al. [21]
have reported recently on the precise normal emissi
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FIG. 2. Angle-resolved normal emission spectra along t
G-D-X symmetry line obtained from porous Si samples forme
with 0.01–0.02 and4.5 6.0 V cm substrates.

study on a clean Si(001)2 3 1 surface usingp-polarized
light. The spectra taken for an incidence angle of 45±,
which is the same angle as that used in this study, sh
a dispersive structure denoted byC for hn  11 15 eV,
a nondispersive structure denoted byE at ,3.1 eV for
hn  17 26 eV, a dispersive structure denoted byH for
hn  17 30 eV, and a nondispersive peak denoted byI
at ,1.5 eV for hn  13 16 and 21–26 eV. Forhn 
30 eV, one large broad feature (denoted byA in this pa-
per) is observed at,2.5 eV. It is found clearly from the
spectra that peakA is not related to peakH and merges
with peaksI andE. The other feature is a nondispersiv
peak denoted byS, which is very close toEVBM. The dis-
persive peaksC andH and the nondispersive peakE have
been identified as the direct transitions fromD5 to D

0
2

bands and fromD
0
2 to D

0
2 bands and the nondirect transi

tion from a high DOS region near theX4 symmetry point,
respectively. TheI peak has been interpreted as bein
related to the surface-umklapp scattered transition fro
the high DOS region near theL0

3 symmetry point. TheS
peak is the well-known surface state associated with t
dangling bonds on the2 3 1 reconstructed surface [22].

TheC, E, H, andA bulk features appear in the norma
emission spectra of the PS samples for almost the sa
photon energy range and their binding energy positio
correspond well with those of theC0, E0, H 0, and A0

features. These facts are consistent with the preserva
of the crystalline Si bulk features in the XAS spectr
of the PS sample. In the spectra of the clean Si(00
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surface, theh1 and h2 peaks are not observed; on the
other hand, theE peak is observed up tohn  26 eV.
However, the correspondingE0 peak in the PS spectra
is not confirmed abovehn  ,20 eV. The obscurity of
theE0 feature abovehn  ,20 eV is probably due to its
merging with the large contribution of the lower energy
side of theh1 peak. The energy positions of the weak
features seen in the lower energy side of the peakC0 are
not clearly determined; however, they are close to tha
of the I feature, suggesting that similar surface-umklap
scattered transitions may also be involved for PS. TheS
peak is not seen in the PS spectra. Since the hydrog
termination is known to eliminate the surface states of
clean surface [22], the lack of the dangling bondS states
is due probably to this hydrogen termination.

Nondispersive bulk features are often referred to as th
nondirect transitions from high DOS regions. The binding
energy of the nondispersiveE0 peak s,3.2 eVd agrees
well with that of the nondispersiveE peaks,3.1 eVd in
the spectra of the Si(001)2 3 1 surface and is also close
to the theoretically obtained value (2.8 eV [21], 3.1 eV
[23]) for X4. Thus, theE0 peak is assumed to be due to the
transition from the flat band region near theX4 symmetry
point. Using the direct transition model, the final band
of the transitions corresponding to the dispersiveC0 and
H 0 peaks are mapped with the theoretical band structu
along theG-D-X symmetry line calculated by Johansson
et al. [21]. To obtain the final states, the initial states
are determined first by fitting the binding energy position
of the C0 and H 0 peaks to the calculated valence bands
In the analysis, the band energies of the top valenc
bands have been multiplied by a constant factor s
that it reproduces the experimentally obtained energ
3.2 eV for X4, and this procedure has been applied t
the mapping analysis for the Si(001) surface [21]. Th
results are shown in Fig. 3. For theC0 peak, theC0 E0

peaks seen forhn  11 and 12–17 eV are mapped.
The C0 and H 0 peaks are identified as the transitions
from VB3, 4sD5d to CB10sD0

2d and from VB2sD0
2d to

CB15sD0
2d, respectively. Both of the transitions are dipole

allowed for the polarization vector used in this work
[24]. In the case of the Si(001)2 3 1 surface, only
two transitions are observed forhn $ 11 eV as direct
transitions and are similar to those described above [21
Therefore, all of the direct transitions as observed from
a clean Si(001) are reproduced for photoluminescent P
Above hn  ,16 eV, the mapping points near CB10
deviate slightly from those at CB10. This is because
at higher photon energies, the corresponding transitio
exhibit the nondirect transition character, theE0 feature.

The L-edge XAS and ARPES studies reveal that, eve
if PS is photoluminescent enough to be observed b
the naked eye, it still possesses the crystalline symmet
of bulk crystalline Si. The fact suggests that the clea
p-derived peak in the top valence band reflects theX
symmetry to some extent. Since the detection depth f
the normal emission forhn  11 30 eV is estimated to
3561
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FIG. 3. Theoretical band structure of Si along theG-D-X
symmetry line calculated by Johanssonet al. [21]. Experi-
mental direct transitions from VB 2 (denoted byH 0) and
VB 3,4 (denoted byC0) are shown with open and closed
circles for porous Si samples formed with a 0.01–0.02 a
a 4.5 6.0 V cm substrate, respectively.

be 5–13 Å [25], the presence of the electronic structu
of bulk crystalline Si is contradictory to the uniform
formation of noncrystalline materials or other Si network
different from the bulk crystalline Si. Although the
recession of the top valence band is observed and
EVBM edge shift is measured using the leading edg
a small amount of tail still remains near theEVBM

position as shown in Fig. 1. These results probab
result from the overlap of the valence structure of bu
crystalline Si and the receding valence structure. Th
suggests that the bulk crystalline Si states affect t
determination of the band gap for the receding valen
structure. However, we have reported previously that t
surface band gaps of PS determined with the same met
as that presented here are well related to the PL p
energy [8]. This fact indicates that the measured ba
gap and then some local parts having the receding vale
structure may be related to the luminescence origin.
is noted that the results of the PS band edge behav
again exclude the localized formation of noncrystallin
structures. Both the PS samples formed with a 0.01–0
and a4.5 6.0 V cm substrate still have the bulk Si ban
structures and their structures are almost the same. T
the bulk Si electronic structure which is partly prese
in PS is not affected by the change in microstructu
and porosity of PS. This also implies that the nonbu
crystalline structures, which are also present, do not aff
the electronic states of the bulk Si structure significant
Very localized microstructures which are formed on bu
crystalline Si are likely to be the luminescence-relat
structures. Considering the earlier reported optical a
electronic properties of PS, which can be explain
partly by the bulk size effect [8,17], we believe that th
microstructures contain quantum-sized structures.
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