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We study photoemissions from Si�111�-�7�7� and Si�001�-�2�1� surfaces by means of time-resolved
two-photon photoemission spectroscopy. The peak from the conduction-band minimum �CBM� of bulk Si
electronic states has been identified unambiguously in the photoemission spectra for both surfaces, together
with peaks from their intrinsic surface states. The CBM photoemission is excited selectively by p-polarized
probe light with photon energy of around 5 eV. In terms of the one-step model of photoemission, we conclude
that the CBM photoemission results from the transition to evanescent final states induced by the surface
photoelectric effect.
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I. INTRODUCTION

Carrier dynamics on semiconductor surfaces is of great
scientific and technological interest. In particular, the dynam-
ics on Si surfaces has been studied extensively using ultrafast
optical spectroscopy techniques.1–12 These studies have re-
vealed ultrafast primary processes of carrier-carrier �e-e�
scattering and electron-phonon �e-p� scattering. Combined
with carrier diffusion2 and drift transport induced by tran-
sient space charging,1 these processes govern carrier scatter-
ing into surface states and hence surface carrier dynamics. In
spite of accumulating fundamental knowledge, no clear pic-
ture of the ultrafast dynamical coupling of bulk electrons to
intrinsic Si surface states has yet emerged.

In the Si�001�-�2�1� surface, which is the basis for most
semiconductor devices, rows of asymmetric Si surface
dimers form two distinct surface electronic bands: a filled
dangling-bond band �Dup� and an empty band �Ddown�.14 The
energetics of these intrinsic surface states has been estab-
lished precisely in a two-photon photoemission �2PPE� spec-
troscopy study,6 and furthermore, Weinelt et al. have re-
ported the important characteristics of ultrafast relaxation
within the surface electronic states at low temperatures using
time-resolved 2PPE.11 Additionally, Tanaka and Tanimura re-
ported an excitation-density-dependent electron population
transfer to the normally unoccupied Ddown band at room
temperature,8 without providing a dynamical mechanism due
to the lack of information on bulk-electron dynamics. In the
other typical reconstructed surface of Si�111�-�7�7�, char-
acterized by the dimer-adatom-stacking fault model,15 ada-
tom dangling bonds form occupied �S1� and unoccupied �U1�
surface bands.14 The carrier dynamics on the Si�111�-�7
�7� surface has been studied recently by Mauerer et al.12 A
broad photoemission band with ultrashort lifetimes has been
ascribed to the decay of the temporally occupied U1 band,
and energy-dependent decay characteristics have been ana-
lyzed in terms of a surface two-dimensional metallic system.
However, the possible roles of bulk hot electrons in the dy-
namics of electron population into U1 have not been studied.
Thus, relaxation of hot electrons in the bulk conduction
band, which are formed simultaneously with surface carriers,
and their roles in bulk-to-surface electron transfer remain
unclear.

For a comprehensive understanding of the carrier dynam-
ics on semiconductor surfaces in a short temporal domain, it
is highly desirable to probe simultaneously both the hot-
electron relaxation in the bulk electronic states and the popu-
lation dynamics of surface electronic states. One of the most
powerful methods for such studies is time-resolved 2PPE
with femtosecond-temporal resolution,13 in which probe
pulses with photon energies less than the work function are
often used to suppress a strong background coming from
one-photon photoemission. However, the use of low-photon
energy probe light is not typical for studying bulk electronic
states in photoemission spectroscopy, and has created some
difficulties in measuring the dynamical behavior of bulk
electronic states.13 In the case of Si, in particular, there are no
final states available for a momentum-conserving transition
up to 7 eV above the conduction-band minimum �CBM�.6,16

Although some previous studies reported photoemission
from the CBM of Si in experiments using low probe-photon
energies,2,3 the spectral features were not well characterized
and the photoemission process was understood only phenom-
enologically as “indirect transitions.” Therefore, further ef-
fort is highly desirable to identify bulk-state photoemission
peaks and to elucidate the mechanistic processes of the pho-
toemission in the low-probe-photon-energy regime.

In this paper, we identify definitively the photoemission
peak from the CBM in the 2PPE spectra, together with peaks
from surface-specific states for Si�001�-�2�1� and
Si�111�-�7�7�. We conclude that the CBM photoemission is
generated by a transition from transiently occupied bulk
states near the CBM to an inverse low-energy electron dif-
fraction �LEED� final state with evanescent characteristics.
This transition can be induced only by the surface photoelec-
tric effect using probe light with the electric vector perpen-
dicular to the surface. Some spectral features of the CBM
peaks are discussed as well.

II. EXPERIMENT

Boron-doped p-type Si�001� and Si�111� wafers
�10 � cm� were clamped with Ta sheets to the sample holder
in an ultrahigh vacuum chamber ��5�10−11 Torr�. The sur-
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face structures were characterized by a scanning tunneling
microscope prior to photoemission measurements. The
double-domain �2�1� structured surfaces were well ordered
for �100� surfaces, with surface-defect concentrations of
about 1%. On the other hand, almost perfect �7�7� struc-
tures, with surface-defect concentrations less than 0.01%,
were prepared for �111� surfaces. Two different laser systems
were used in time-resolved 2PPE experiments. A Ti:sapphire
oscillator operated with a 76 MHz repetition rate was used to
generate 715 nm laser pulses with a temporal width less than
80 fs. Probe pulses of 120 fs width were generated by fre-
quency tripling the oscillator output using nonlinear crystals.
Also, in order to excite the surfaces more intensely, a
250 kHz regeneratively amplified Ti:sapphire laser, operated
between 745 and 765 nm, was used to pump a tunable opti-
cal parametric oscillator and/or amplifier �OPA� to generate
pump pulses of 150 fs temporal width and photon energies
ranging from 1.8 to 2.6 eV. The probe pulses of 200 fs width
were generated by frequency tripling the regenerative ampli-
fier output using nonlinear crystals. The pump and probe
pulses, with a preset time delay ��t�, were aligned coaxially
and focused on the sample surfaces at 45° to normal. The
polarization of pump pulses was chosen to be s or p polar-
ized, while the polarization of the probe pulses could be set
at an arbitrary angle, without changing the temporal and
spectral characteristics of the third-harmonic femtosecond-
probe pulses. Electrons emitted along the surface normal
�±2° � were analyzed by a hemispherical analyzer with an
energy resolution of 70 meV.

III. EXPERIMENTAL RESULTS

Under thermal equilibrium, the Fermi level EF at the
Si�111�-�7�7� surface is pinned about 0.7 eV �from
0.63 to 0.78 eV in Ref. 14� above the valence-band maxi-
mum �VBM�, thus inducing surface band bending. The spu-
rious influence of the surface photovoltage complicates the
interpretation of the assignment of photoemission peaks be-
cause of its own dynamical behavior.12,17 Therefore, to make
the energetic analysis clear and to avoid effects that distort
photoelectron energy distributions, it is essential to perform
photoemission measurements under a flatband condition,
which can be achieved under intense photoexcitation via the
photovoltaic effect.14 We first measured the photoemission
spectra only using probe pulses, with sufficiently weak inten-
sity, illuminating �7�7� surfaces with cw-laser light from
another Ti:sapphire laser �800 nm� at different intensities to
obtain flatband conditions. We found that downward band
bending under thermal equilibrium, or in the dark, is
0.38±0.02 eV at 296 K in a p-type specimen with doping
concentration of 5�1014 cm−3 �EF=0.29 eV above the
VBM in the bulk�. Therefore, the Fermi level is pinned at
0.67±0.02 eV above the VBM on our well ordered 7�7
p-type surface �defect concentration less than 0.01%�. Using
the well established value of the work function �S �4.60 eV�
for Si�111�-�7�7�,14 we calculate the ionization potential �
for the surface to be 5.27±0.02 eV, which agrees well with
the value reported previously for clean Si�111�-�7�7�.18

Based on the basic results described above, we performed
2PPE measurements on Si�111�-�7�7� at 90 K since a per-
sistent flatband condition is more easily attained at low
temperatures.12,19 Figure 1�a� displays the photoemission
spectrum measured for the probe-photon energy �h	p� of
5.20 eV under cw-laser illumination that has established flat-
band condition. Using the values of �S and � mentioned
above and the Fermi level evaluated for our specimens at
90 K, we can set the energy scale precisely with respect to
the VBM �or vacuum level �vac�. Based on the band-gap
energy �1.17 eV� of Si at this temperature, the position of the
CBM is set precisely in the abscissa of Fig. 1�a�.

For h	p=5.20 eV, the low-energy cutoff �Ecut� of the
spectrum corresponds to the state located 0.07 eV above the
VBM. The probe-light intensity was decreased to reduce the
two-photon photoemission component, although this compo-
nent could not be entirely eliminated as indicated by the
weak peak above 0.85 eV; the photoemission intensities
above 0.85 eV were proportional to the square of the probe-
light intensity. Except for the probe-pulse induced two-
photon photoemission component, the observed spectrum is
located entirely within the band gap of Si. The spectrum
represents the intrinsic occupied adatom dangling-bond band
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FIG. 1. �Color online� �a� The photoemission spectrum mea-
sured with p-polarized 5.20 eV femtosecond-probe light for p-type
Si�111�-�7�7� at 90 K under cw-laser illumination at 800 nm that
establishes the flatband condition. The symbol 
QF represents the
position of the quasi-Fermi-level for the flatband condition. �b� The
time-resolved 2PPE spectra for Si�111�-�7�7� at 90 K under exci-
tation with p-polarized 2.21 eV pump pulses and probed with
p-polarized 4.95 eV probe pulses. The curves labeled as −1, 0, and
1 show the spectra measured at probe-time delay ��t� of −1.0, 0,
and 1 ps, respectively. The inset shows the spectrum at �t=1 ps in
an expanded scale. The spectrum at �t=−1 ps is subtracted as a
background. In both figures, the energy scale is set with respect to
the VBM. The vertical line shows the position of the CBM with the
band gap of 1.17 eV.
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�S1�, since the surface-defect concentration is very small
�less than 0.01%�. Since the density of states of U1 extends
to the CBM,20 the high-energy cutoff of the spectrum is char-
acterized by the quasi-Fermi-level 
QF, shown by an arrow
in the figure, for the light-induced flatband condition. In fact,
the shape of the high-energy cutoff could be fitted well by
the Fermi distribution function with an effective temperature
of 275 K, which is higher than the crystal temperature
�90 K�. The high electron temperature is characteristic of the
nonequilibrated electron distribution under the flatband con-
dition characterized by 
QF.

In Fig. 1�b�, we show time-resolved 2PPE spectra under
excitation by p-polarized femtosecond-laser pulses at
2.21 eV generated by our OPA laser. In this measurement,
the probe-photon energy is 4.95 eV, which can probe any
occupied and transiently occupied states lying more than
0.32 eV above the VBM; Ecut is higher than the case in Fig.
1�a� by 0.25 eV with respect to the VBM. Except the differ-
ence in Ecut, the spectrum at negative delay times, which
represents the spectrum prior to excitation, is essentially the
same as that in Fig. 1�a�, thus confirming the flatband con-
dition even under femtosecond-laser pulse excitation. The
carriers generated by a pump pulse establish the flatband
condition and maintain it until the arrival of the next pulse.12

Although the two-photon component above 0.85 eV is more
pronounced in Fig. 1�b� than in Fig. 1�a�, due to the greater
intensity of the probe pulse, the two-photon component is
constant for a given probe-pulse intensity. Therefore, this can
be regarded as “background” for spectra measured at positive
time delays. The spectrum measured at �t=0, shown by the
curve labeled as 0, is characterized by two features: one is
the depression of the intensities below 
QF and the other is
the significant enhancement of the intensity above 
QF. The
broad photoemission component for energies above the
CBM �well above 
QF� shows a fast temporal response,
which is essentially the same as the cross-correlation trace
between pump and probe pulses. Therefore, they are ascribed
to coherent two-photon photoemission. On the other hand,
the spectrum measured at �t=1 ps �curve labeled as 1�,
where we can neglect the pump- and probe-pulse overlap,
shows one persistent peak at 1.19 eV, which just coincides
with the energy position of the CBM. The observed slight
high-energy shift of the peak from the precise CBM position
is due to the electron distribution near the CBM and the
limited energy resolution of our analyzer, as shown in the
next section. This photoemission peak can be detected at �t’s
greater than 100 ps.

In Fig. 2�a�, we show similar results for Si�001�-�2�1� at
296 K. Because of the acceptor characteristic of surface de-
fects, the flatband condition is established for p-type
Si�001�-�2�1� as demonstrated in Ref. 11. The spectrum
measured with h	p=5.20 eV can be scaled directly without
consideration of possible band-bending effects. Based on
the reported values of �S, the ionization energy �
�=5.40±0.03 eV�,6 and the Fermi level of the present speci-
mens, we can set a precise energy scale with respect to the
VBM. The low energy cutoff in this figure corresponds to
0.20 eV above the VBM. In contrast to Si�111�-�7�7�, the
photoemission intensities below the CBM in the spectrum,

measured using only the probe laser, are mostly due to
surface-defect levels within the band gap, since the intrinsic
occupied surface state �Dup�, located 0.15 eV below the
VBM,6 cannot be probed by 5.2 eV photons.

We also show the 2PPE spectra measured at �t=0 ps and
1 ps using p-polarized 1.73 eV femtosecond-laser pump
pulses. In the spectrum for �t=0 ps, the peak at 0.64 eV
�electron energy EK measured from Ecut is 0.44 eV� is due to

the normally unoccupied state Ddown at �̄ �the bottom of
Ddown� transiently populated by pump pulses.8,11 The peak at
1.27 eV �EK=1.07 eV� is the coherent two-photon photo-
emission associated with the n=1 image state resonance with
binding energy Eb=0.69±0.05 eV on this surface.11,21 The
measured electron energy of 1.07 eV agrees reasonably well
with the energy evaluated by h	p−Eb. In the spectrum for
�t=1 ps, it appears that the Ddown peak dominates. However,
there is a weak but clearly distinguishable peak at 1.14 eV,
which coincides energetically with the CBM �1.12 eV above
the VBM at 296 K�, as shown in Fig. 2 �expanded scale�.
Figure 2�b� shows the 2PPE spectra, measured with
p-polarized 2.21 eV OPA generated pump pulses and
4.86 eV probe pulses. Because of the smaller h	p compared
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FIG. 2. �Color online� �a� The time-resolved 2PPE spectra mea-
sured with p-polarized 5.20 eV probe pulses and p-polarized
1.73 eV pump pulses for a p-type Si�001�-�2�1� at 296 K. The
curves labeled as −1, 0, and 1 show the spectra measured at probe-
time delay ��t� of −1.0, 0, and 1 ps, respectively. The inset shows
the spectrum at �t=1 ps in an expanded scale. The spectrum at
�t=−1 ps is subtracted as a background. �b� The time-resolved
2PPE spectra for Si�001�-�2�1� at 296 K under excitation with
p-polarized 2.21 eV pump pulses and probed with p-polarized
4.86 eV probe pulses. The curves labeled as 0 and 1 show the
spectra measured at probe-time delay ��t� of 0 and 1 ps, respec-
tively. The spectrum at �t=−1 ps is subtracted as a background.
The inset shows the spectrum at �t=1 ps in an expanded scale. In
both figures, the energy scale is set with respect to the VBM. The
vertical line shows the position of the CBM with the band gap of
1.12 eV at 296 K.
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to that in Fig. 2�a�, the Ecut is 0.54 eV above the VBM. In the
spectrum measured at �t=0 ps, the peak at 2.05 eV �EK
=1.51 eV� is the coherent two-photon photoemission associ-
ated with the n=1 image state resonance, and the growing
Ddown peak is detected at 0.64 eV. The broad peak around
1.3 eV is a coherent two-photon photoemission component,
the origin of which will be discussed in a separate paper.22 In
the spectrum at �t=1 ps, the peak located at the CBM posi-
tion is clearly visible without an expanded scale, since the
excitation density is about 100 times larger than that used to
obtain the results presented in Fig. 2�a�. Nonetheless, we
plotted the peak by taking the difference between the spectra
at �t=1 ps and �t=−1 ps, with an expanded scale to show
the same spectral shape as in Fig. 2�a�. Therefore, the pho-
toemission peak, the peak energy of which coincides with the
CBM, is detected clearly irrespective of the excitation wave-
length and intensity for Si�001�-�2�1�.

To further clarify the excitation conditions that induce the
CBM peak, we examined the dependence of the spectral in-
tensity on the polarization states of the pump and probe la-
sers. In Fig. 3, we show the 2PPE spectra measured with p-
or s-polarized probe laser at �t=1 ps for Si�001�-�2�1� at
296 K. The 2.21 eV pump laser in this case is s polarized.
The figure clearly shows that the intensity of the CBM peak,
similar to the case of the surface Ddown peak, is reduced to
practically zero for an s-polarized probe laser; i.e., we mea-
sure a strong probe-light polarization dependence. The same
results were obtained for p-polarized 2.21 eV pump pulses.
A similar strong probe-light polarization dependence has
been observed for the CBM photoemission from Si�111�-�7
�7� at both 296 and 90 K, thus demonstrating that the po-
larization effect is not temperature dependent. The inset of
Fig. 3 summarizes the probe-light polarization dependence
of the CBM-peak intensity for both Si�001�-�2�1� and
Si�111�-�7�7� at 296 K; the measured intensity is plotted as
the angle � of probe-laser polarization with respect to the
vertical direction of the sample surface; �=0° �90°� corre-
sponds to s �p� polarization. For a given polarization angle �
of the probe light, we evaluated the field component normal

to the surface, which is proportional to sin2 �, and compare it
�solid curve in the inset� with the measured CBM-peak in-
tensities. The polarization-angle dependence of the CBM-
peak intensity is well described by this field component.
Therefore, only the electric vector perpendicular to the sur-
face can generate the CBM peak. This strong polarization
dependence of the CBM-peak intensity provides important
information for determining the mechanism that produces the
photoemission peak in the present 2PPE measurements.

IV. DISCUSSION

As described previously, a photoemission peak is gener-
ated at the energy position precisely at the CBM for both
Si�001�-�2�1� and Si�111�-�7�7� excited with pump
pulses. Since it is detected at a large �t, where temporal
overlap between pump and probe pulses is negligible, the
emission results from transiently occupied real states. The
electronic structures of both surfaces have been extensively
studied both experimentally and theoretically,14 and this
body of knowledge has shown that there are no such surface
states that coincide energetically with the bottom of the bulk
conduction band. Therefore, at least energetically, the peak
can be ascribed to photoemission from the CBM. Some is-
sues need clarification to establish this conclusion.

The CBM in Si lies along �-X line at the wave vector

�kCBM� of 0.8� �2
 /a�. Therefore, it is projected to �̄ of the
surface Brillouin zone of �001� surfaces and can be detected
as photoemission along the surface normal. However, theo-
retical band calculations show that there are no such final
states at least 7 eV above the CBM at kCBM.2,6,16 Therefore,
direct optical transitions by the present probe light �ranging
from 4.85 to 5.20 eV� are not possible to any final states
located above �vac. Indirect optical transitions, assisted by
phonons, could be possible to states lying above �5 eV that
satisfy the energy conservation with respect to the probe-
photon energy.6,16 However, the state reached by such tran-
sitions has an inappropriate symmetry ��5� for generating
surface normal emission; the final state must be totally sym-
metric ��1� for �001� surfaces.6,23

The situation becomes more complex for �111� surfaces,
since the CBM, lying along the �-X direction, cannot be

projected at �̄ of the surface Brillouin zone of the �1�1�
unit cell. However, it is transferred to near �̄ of one of the
�7�7� unit cells in terms of surface reciprocal-lattice vec-
tors. Therefore, the momentum requirements could be ful-
filled in terms of a backfolded scheme in the �7�7� unit cell
or in terms of the surface umklapp process. However, we
cannot solve the energy conservation discrepancy for optical
transitions from the CBM to any possible final states, as in
the case of �001� surfaces. Thus, the traditional model of
bulk photoemission fails to describe the photoemission from
the CBM for probe light with h	p�5 eV. Hence, we need to
discuss the photoemission process of the CBM peak in the
present 2PPE technique in terms of a more precise modeling
of photoemission which includes surface photoelectric ef-
fects.

Extensive theoretical works were published to describe
the photoemission process in terms of the one-step
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FIG. 3. The 2PPE spectra for Si�001�-�2�1� at 296 K, pumped
with p-polarized 2.21 eV pump pulses and probed with p- and
s-polarized 4.86 eV probe pulses at a probe-pulse delay of 1 ps.
The inset shows the intensity at 1.14 eV peak as a function of
polarization angle � of probe light for Si�111�-�7�7�, the filled
circles, and for Si�001�-�2�1�, the open circles at 296 K. The solid
curve shows the probe-light field component perpendicular to the
surface, evaluated by sin2 �.
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model.24–30 Feibelman and Eastman formulated the photo-
emission from an independent-electron solid in terms of a
Green’s function formalism.26 According to their theory, the
surface-normal photoemission intensity is governed by the
transition from an ensemble of occupied �or transiently oc-
cupied� states � j�x�� at a position x� with energy Ej to the
inverse LEED state ���x� ;n� ;E�, induced by the operator

Ô�x�� defined by

Ô�x�� = �1/2��A� �x�� · p� + p� · A� �x��� , �1�

with the vector potential A� �x�� and the electron momentum p� .
The vector n� in ���x� ;n� ;E� specifies surface-normal emis-
sion. For crystals with bulk three-dimensional periodicity
and surface two-dimensional periodicity, both � j�x�� and
���x� ;n� ;E� are expressed as linear combinations of propa-
gating and evanescent Bloch functions.26 For well defined

crystalline Bloch states, the dipole approximation of Ô�x�� is
often used to specify the initial and final states of
photoemission.23 However, in the present case of photoemis-
sion from the CBM, we do not have appropriate final states
as discussed above. Therefore, p-polarized induced CBM
photoemission has no correlations with symmetry selection
rules in the optical transitions between bulk Bloch states.

We presume the strong polarization-dependent effect on
the CBM photoemission to be a manifestation of the surface
photoelectric effect,29 which has been studied extensively for
metals. The surface photoelectric effect includes two contri-
butions, in principle. One comes from nonperiodicity of the
crystal potential VS�x�� near the surface region, characterized
by �VS�z� /�z along the distance z perpendicular to the sur-
face, and the other is the rapid spatial variation of the longi-

tudinal component of A� �x�� in a crystal along z. Since the
latter contribution is significant only near the plasma fre-
quency �p,29 it is negligible in the present case; the excited
density is less than 1018 cm−3, and ��p of 16 eV for bulk Si
is far above h	p�5 eV. Therefore, the classical surface pho-
toelectric effect characterized by �V�z� /�z is responsible for
the observed CBM photoemission.

The Fourier transform of VS�z� has every component al-
lowed in the bulk periodicity, since VS�z� is not periodic.
Therefore, it couples crystal states having different momen-
tum components kz normal to the surface. Then, kz need not
be conserved for Bloch states, although k��, the wave vector
parallel to the surface, must be conserved. Then, in the two-
dimensional plane-wave representation for normal
emission,26 ���x� ;n� ;E� is expressed as

�� = �
g�

exp�ig� · ���ug��z;n� ,E� , �2�

where g� represents two-dimensional reciprocal-lattice vec-
tors, the vector �� is confined within the two-dimensional pe-
riodic surface, and ug��z ;n� ,E� represents the wave function as
a function of z for surface-normal emission at energy E. In
view of the absence of appropriate final states for photoemis-
sion in the energy range concerned, the inverse LEED state
may be composed mainly of evanescent wave functions for
crystals, which have finite amplitudes only near the surface.

Therefore, even if momentum conservation is weakened by
the classical surface photoeffect, the photoemission yield of
the CBM peak is small, although the density of transiently
occupied CBM states is much larger than that of the surface
states. In fact, as seen in Figs. 2 and 3, the CBM-peak inten-
sity is much smaller than the surface peaks, S1 of
Si�111�-�7�7� and Ddown of Si�001�-�2�1�.

Due to final states with evanescent features, we probe the
electron population near the CBM only near the surface.
Therefore, we can study electron transfer from bulk-to-
surface states directly, without concern for transport effects
in the bulk. For carriers excited by �2 eV photons, diffusion
out of the short probe region ��10 Å�, due to an evanescent
contribution from the inverse LEED state, is expected to be
slow ��10−9 s�.2 This illustrates the special advantage of us-
ing time-resolved 2PPE to study surface carrier dynamics on
Si. However, some caution should be used when quantita-
tively analyzing the CBM peak.

In Fig. 4, we compare the CBM spectral shapes measured
under the same pump and probe conditions for two different
surfaces at the same temperature �90 K�. It is clear that the
peak width for Si�001� is substantially wider than that for
Si�111�, although the peak energies are almost identical. To
be more quantitative, we analyzed the spectral shape by us-
ing a classical electron distribution function for the conduc-
tion band, convoluted with our 70 meV energy resolution
�under the restriction of sufficiently low excitation density�.
By subtracting the tail component of the strong S1 peak, the
CBM peak of Si�111�-�7�7� at �t=1 ps is fitted well by the
distribution function using an effective temperature of
300±30 K �the broken curve�, which is close to the tempera-
ture we obtained by analyzing the quasi-Fermi level in Fig.
1�a�. However, the spectral shape for Si�001�-�2�1� could
be fitted only by using a significantly higher effective tem-
perature of 650 K.

Precise determination of the inverse LEED function for a
given surface requires extensive theoretical work, as has
been carried out for other surfaces.27,28 However, it is pre-
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FIG. 4. �Color online� Comparison of spectral shapes of the
photoemission peaks associated with the CBM for Si�111�-�7�7�
and for Si�001�-�2�1�, measured at a sample temperature of 90 K.
The curve labeled as S1 shows an extrapolation of the tail of S1

surface peak and the curve labeled as BD is the Boltzmann distri-
bution function with effective temperature of 300 K, convoluted
with 70 meV energy resolution. The broken arrow shows the posi-
tion of the CBM with the band gap of 1.17 eV at 90 K.
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sumed that for the two different surfaces we studied, the
states may comprise different wave functions ug��z ;n� ,E�’s in
Eq. �2� since both n� and g� are different. Also, the magnitudes
of �VS�z� /�z and the components kz’s involved are different
for different surfaces. Therefore, even if we assume constant
transmission amplitude from an inverse LEED state to free
electron vacuum states, in a narrow energy range, the spec-
tral shape of CBM emission may not be the same. Also, since
the concentration of surface defects on Si�001�-�2�1� is
greater than that on Si�111�-�7�7�, the broader width might
come from the surface defects due to momentum-conserved
relaxation parallel to the surface. Therefore, direct compari-
son of physical quantities obtained from spectral shape
analysis between different surfaces may not prove meaning-
ful. However, the time-resolved 2PPE technique allows us to
study the role of ultrafast hot-electron dynamics of bulk-to-
surface transitions for a given surface by simultaneously
probing both the relaxation dynamics of hot electrons in the
bulk conduction band and population dynamics of surface-
specific electronic states. The results of such studies on Si
surfaces will be published elsewhere.31

V. SUMMARY

The photoemission peak from the conduction-band mini-
mum of Si can be clearly detected in time-resolved 2PPE
spectra with probe-photon energies of approximately 5 eV. It
has been shown that the surface photoelectric effect induces
the photoemission by exciting the transiently populated elec-
trons at the CBM to the inverse LEED states, which have
evanescent features in this energy range. Therefore, time-
resolved 2PPE can probe hot-electron dynamics both in
bulk- and surface electronic states simultaneously leading to
much more comprehensive understanding of ultrafast carrier
dynamics on Si surfaces.
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