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Resonant photoexcitation of Sj001) measured with two-photon photoemission spectroscopy
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Photoexcitation processes of @1) are measured by means of two-photon photoemiS&@BRB spectros-
copy. The 2PPE spectra obtained at different photon energies exhibit a sharp peak that is enhanced at 3.95 eV
photon energy. The peak width is approximately 0.3 eV and the width of the resonance enhancement is less
than 0.35 eV. The photon energy dependence has revealed that the peak arises from an occupied state at 0.46
eV belowEg, and is enhanced at resonance with an unoccupied state at 3.49 eVEghoVhe occupied and
unoccupied states are assigned to the bulk bands on the basis of the light polarization dependence.
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I. INTRODUCTION 2PPE processes measured with different photon energies
are briefly summarize¥A one-color two-photon absorption
The electronic structure of silicon has been extensivelyirom a fixed initial state aEq below Er generates a photo-
investigated for its scientific and practical importance. In electron with energf, as
particular, information on an excitation process from an oc-
cupied valence state to a normally unoccupied state is of Ex=2hv—E,, 1)

gre"?“ importance, because th(_a excitation of a normall_y UNOGiherehy is the photon energy. When a fixed intermediate
cupied state near the Fermi leveEd) governs various qqie ot aboveE, is populated by the first photon, the

atomic prOFGSSES such as ad_sorption/ desprption and Swfaggcond photon can stimulate photoemission from the inter-
reconstruction$: Thg electronlq structure is frequently dis- mediate state. The photoelectron enegyis then
cussed on the basis of ultraviolet photoemission spectros-

copy (UPS for occupied states, and inverse photoemission Ex=hv—E;. )
spectroscopylPES for normally unoccupied statés.Scan-
ning tunneling spectroscopy is also effective for probing oc-By plotting Ex againsthv, photoelectrons from process)
cupied and unoccupied states in the vicinitygef.5” A limi- lie on a line with slope two, and those from E®g), on a line
tation of these conventional methods is that they are notvith slope one. At the crossing photon energy of the two
direct probes of the valence excitation process. When we ai@es, the intermediate state Bf is resonantly excited. The
interested in photon-induced processes with VIS/ultravioletntensity of the photoelectron reaches maximum under the
(UV) photons, we require information on transition prob-resonant condition. Thus, we can determifig E;, and the
abilities and their resonance widths. Such information isresonance width from the 2PPE spectra measured with dif-
however, scarce in the literature. ferent photon energies. This analysis has been successfully
Two-photon photoemissio2PPH spectroscody*tis a  applied to two-dimensional systems such as image states and
method for probing surface electronic structures; it can probeadsorption-induced states, where the electron momentum
both occupied and unoccupied states simultaneously. Infomormal to the surface can be neglected. On the other hand,
mation on the resonance widths is also available from théhe analysis is not always accurate for three-dimensional sys-
2PPE photon energy dependefi¢é Another advantage of tems, because the momentum of the probed electron is de-
2PPE spectroscopy is its high time resolution. By utilizingpendent on the photon energy. We will demonstrate the use-
ultrafast lasers, extensive research has been devoted to invéshess of the analysis even for a three-dimensional system,
tigating the hot electron dynamics of semiconductdrs?  silicon.
On the other hand, the capability of 2PPE as a high-
resolution spectroscopic method has not been fully applied to Il. EXPERIMENTAL
semiconductors. The general trend of 2PPE spectrum for
semiconductors with UV photons is a smooth curve without The sample was a>410 mn¥ strip cut from a commercial
clear peaks due to occupied/unoccupied states. This situatiomafer of p-type S{001) single crystal(Shinetsu Kagaku
is in clear contrast with 2PPE results on metal imageCZ-P, 0.625 mm thicknegsvhose resistivity was 6) cm. It
state&?° and adsorbed moleculds?*~?3where sharp peaks was mounted in a turbopumped UHV chamber of 4®Pa
are observed in both electron energy distribution curves antlase pressure. A clean surface was obtained by a standard
in their photon energy dependence. procedure, i.e., repeated Ar-ion sputtering and annealing
The purpose of this study is to search for resonant excieycles. The sample was heated with direct current up to 1420
tation of a silicon surface. By finely tuning the excitation K. To achieve reproducibility of the step density on the sur-
photon energy, we have identified a resonant excitation beace, the sample was slowly cooled at the rate of 150°/min in
tween bulk bands. This study demonstrates the capability ahe temperature range between 1220 and 920 K.
2PPE spectroscopy to probe the valence excitations of semi- The light source consisted of a mode-locked Ti:sapphire
conductors. laser(Coherent Mira900F; a regenerative amplifiglCoher-
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ent RegA900Doperated at a repetition rate of 250 kHz, and T 2PPE from Si001)
an optical parametric amplifiefCoherent OPA9400 The
Ti:sapphire laser and the regenerative amplifier were pumped
by an Ar-ion laser. Output from the parametric amplifier was
frequency doubled into a photon energy range between 3.75
and 4.50 eV. Pulse duration was about 150 fs. The power of
the UV light was approximately 10 nJ per pulse. The UV
light was focused on the sample surface with a quartz lens of
30 cm focal length. To avoid a thermal effect, the lens was
set so that the photoelectron yield was one-third of that under
the tightly focused condition. The sample was kept at room
temperature during the measurements. Thermal heating of
the sample by light irradiation was negligible. The incident
light was introduced onto the surface along tb&0) direc-

tion, at an angle of 45°from the surface normal. During the
measurements, the sample was biased-tiy00 V from the
chamber ground. Photoelectrons emitted normal to the
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I1l. RESULTS R N S B I

The 2PPE spectra measured witipolarized light of sev-
eral photon energies are shown in Fig. 1. The horizontal axis Final Energy Above E. (eV)
is the final energy ) of photoelectrons with respect to the ] ) ) _
Fermi level €g). Eg is determined from the 2PPE of a mo- _ FIG. 1. 2PPE spectra of ®01) measured witlp-polarized light
lybdenum part of the sample holder. The spectra were obl the energy region between 3.75 and 4.50 eV. The photon ener-
tained with the laser power, that was constant within 100Jies are shown on the right-hand side of the spectra. Two series of
fluctuation. The spectra exhibit two structures, pdaknd str:uctures are denoted AsandB. PeakA is enhanced at 3.95 eV
broad humpB, and a scattered electron component near 4.%;;?“; Pherregey. Some traces around strucBirare enlarged by a
eV (the work function cutoff. PeakA shifts to higher energy '
as the photon energy increases. HuBgxhibits a similar
but weaker tendency. As a visual aid, some traces around
hump B are also plotted with a magnification factor of three the fixed intermediate state causing péak
The work function of clean $901) is determined from the The final energy of peal is plotted against the photon
low-energy cutoff to be 4.76 eV, which is in agreement withenergy in Fig. 3. Two lines with slopes of one and two fit the
values reported in the literatuf@. experimental points very well. The line of slope two indi-

In order to find out the origin of peal in Fig. 1, the cates that the photoelectrons originate from the two-photon
spectra are replotted in Fig. 2 on a scale of the intermediatabsorption from an occupied state at 0.46 eV belgw The
energy,Ex — hv. Forhv =4.30 eV, magnified curves are other line with slope one indicates the one-photon absorption
also shown. As shown in the bottom spectrum, at 3.75 eMfrom the intermediate state at 3.49 eV abdwe. At the
photon energy, peak is weak, superimposed on a stepwise cross point of the fitted lines, the photon is resonant with the
background. It becomes clearer as the photon energy irtransition from the occupied initial state to the intermediate
creases. The peak position shifts closer to a vertical line agtate. This is consistent with the observed enhancement of
3.49 eV. At 3.95 eV photon energy, the intensity of péak the intensity ahv=3.95 eV (Fig. 2).
reaches maximum. The width of the peak is approximately The polarization dependence of the 2PPE spectra is
0.3 eV. At photon energies higher than 3.95 eV, the pealshown in Fig. 4. Photon energies are choselaa8.95 eV,
positions align vertically, indicating the photoemission fromat the resonance, arftd) 4.50 eV, above the resonance. The
a fixed intermediate state at 3.49 eV ab&e. The intensity ~ spectra withp ands polarizations are denoted & and Y,
gradually becomes weak as the photon energy increases ugspectively. The dotted points represent the intensity ratio,
to 4.20 eV. This variation of the intensity is due to the reso-Ys/Y,. The ratio forms a clear peak at the 2PPE padkr
nant enhancement. At photon energies of 4.10 and 3.85 e\Wthe resonance conditiqa). The enhanced ratio indicates that
the peak heights are less than half of the height at 3.95 e\Mhe transition is enhanced wite-polarized light. For the
Thus, the resonance width is estimated to be less than 0.2#ove resonance conditidh), the ratio forms a broad struc-
eV. At photon energies above 4.30 eV, the high-energy sidéure around peald. The enhancement of the ratio at the
of peak A gains intensity, making its width broader. This high-energy side of peak also suggests the additional con-
broadening is due to the contribution from states other thatribution of the intermediate state higher than 3.49 eV.
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4.00ev photon energy. The experimental points represented by filled circles
3.95 gV fit on a line of slope one fohy=3.95 eV, and on a line of slope
two, for lower photon energies. The line fits indicate that the initial

\ FIG. 3. The final energies of peak are plotted against the

3906V occupied state is 0.46 eV belok, and the intermediate state is
3.85eV 3.49 eV aboveEg .

3.80eV

3.75 eV sults. The transitions are indicated by arrofs to (3) cor-

responding to the increase in the photon energy.
As shown in Fig. 5, the observed occupied state is close to
the branches from thE,s point and theS; surface staté>°
Intermediate Energy Above E . (eV) The polarization dependence indicates that3hstate is not
related to the occupied state, as discussed later. The unoccu-
FIG. 2. 2PPE spectra in Fig. 1 are rearranged on the intermedpPi€d state is between the two subbranches froni tgoint.
ate energyEx — hv. Spectra enlarged by a factor of three are alsolt is noted that Fig. 5 shows only one-third of the first Bril-
shown. For photon energies higher than 3.95 eV, peailigns  louin zone (bottom scalg Small differences between the
vertically, indicating the photoemission from a fixed intermediatepresently observed energy levels and the other ones may be
state at 3.49 eV. due to the exaggerated horizontal axis. Thus, the occupied
and unoccupied states observed in 2PPE can be assigned to
IV. DISCUSSION _bqu bands. One of the advantages of 2PPE spectroscopy is
its sharp spectral structures as narrow as 0.3 eV. This allows
The 2PPE results reveal that the occupied state is at 0.4% more detailed comparison of small differences in energy
eV belowEg and that the normally unoccupied one is at 3.49levels.
eV aboveEr . When the photon energy is 3.95 eV, the tran- The unoccupied state in 2PPE is electrically neutral, while
sition from the occupied state is resonant with the unoccuthat measured by IPES is negatively charged. Thus, the bind-
pied state. These energy levels should be compared witing energies of the states can be slightly different. Such a
UPS (Refs. 25,24 and IPES(Refs. 5,26 results. In Fig. 5, charge effect, however, may not be very significant for bulk
UPS and IPES results are represented by open and closbands. The small differences among the energy levels shown
circles, respectively, together with the calculated dispersiofn Fig. 5 may be caused by the inaccuracy of thg or
curves of the bulk band<.Also shown in Fig. 5 is the dis- Eygy. A slight decrease ofJ, results in a decrease in the
persion curve of a free electron taken from IPES anaffsis. photoelectron momentum of the present experiment. For ex-
In the IPES process, an electron coming from the vacuunample,U, was also reported to be 10.8 eV from a UPS
feels the inner potentiall,) of the crystal before the IPES experiment* Taking thisU, value, the observed occupied
process occurs. The value of the inner potential is cH8sen state comes close to the upper subbranch connectirig,the
to be —9.0 eV from the valence band maximurig\gy), andX, points, and the unoccupied state, to the lower sub-
which is reportetf to be 0.35 eV belovEg . Assuming that branch connecting th€ s and X, points, respectively. An
the final state of the 2PPE process is the same as the fréecrease inEy gy causes similar shifts. We believe that the
electron curve of IPES, the momenta of the photoelectrons ipresent results are in agreement with the bulk band structures
the present experiment fall in the shaded region of Fig. 5except for a slight change &f, and/orEygy .
Solid bars marked by “init” and “int'm,” respectively, rep- At photon energies higher than 4.20 eV, the high-energy
resent the occupied and unoccupied states of the 2PPE rside of peakA gains intensity(Fig. 2). This is a contribution

125324-3



KEN-ICHI SHUDO AND TOSHIAKI MUNAKATA PHYSICAL REVIEW B 63 125324

(a) hv =3.95¢eV Wave number (R )

H0.4
0.3 10
o Ho.2
; —
@ 0.1 >
S0 .3
§ | | I bl I 0.0 g [T
Pt T T T N T T T M T T N LI T M T T T T M T T . é I.IJ 5
£ Yp (b) hv = 450 eV 1o £
: o
2 (As/Ap)2 L
2 >
e =2
(]
I.E Er
c = 0
=
©
0 <@
L
Final Energy Above Eg (eV) - j
1 1 1
o 7
FIG. 4. Polarization dependence of the spectrum meadaed 0 A 2 . 4 1.0
with the resonant photon energy, 3.95 eV, &bgwith the above- r X

resonant photon energy, 4.50 eV. The dofg/(Y,,) are the ratio of
2PPE spectra measured wih(Ys) andp-polarized {f,,) light. The
horizontal lines represent thé, /Y, ratios estimated for bulk two-
photon transitions. The ratio ie) at peakA is close to the esti- FIG. 5. 2PPE result&solid bars marked by “init” and “intm”
mated value, indicating that peak arises from bulk bands. The for the occupied and unoccupied states, respectivelgmpared
ratio in (b) forms a broad feature around pe# suggesting a  with the band-structure calculatiofthin curves (Ref. 27, UPS
contribution from a high-lying intermediate state in the bulk. (open circles (Ref. 25, and IPES(filled circles (Ref. 26. The
horizontal axis is a fraction of the wave number with respect to the

f high-Ivi ied hich . X point. The wave number of the present experiment falls in the
rom a high-lying unoccupied state, which acts as an Inter'shaded region. The arrow$) to (3) schematically show the tran-

mediate state in this photon energy region. The high-lying;ion The curve labeled “Free Electron” is the IPES initial state

intermediate state is assigned to the upper subbranch frofgef, 28, and the horizontal dashed line is an occupied surface state
thel'y5 or I',, points. On the basis of the dispersion diagram(ref. 30, S1.

in Fig. 5, it is expected that the resonance with the state will
occur at the photon energy of approximately 4.9 eV.

As noted in the Introduction, the momentum of the probed - .
electron is dependent on the photon energy in the threc2Nergy can similarly be estimated to b&=0.32 and
dimensional system. Thus, the analysis in Fig. 3 is appropri-Ap:0-53. f_ors andp p_olarlzanons, respectlyely. When opti-
ate only when the dispersions of the initial and intermediaté&@l transitions occur in the bulk, the intensity rawg/Y,, is
states are negligible. In reality, the energy shifts of relevangstimated from £;/A;)? to be 0.35. Because the observed
branches in the observed momentum redisimaded area in Ys/Y, ratio of 0.3 at pealA is very close to the estimated
Fig. 5 are smaller than 0.1 eV. This makes the analysig/alue, we attribute peak to originate from the two-photon
useful. absorption in the bulk. This is consistent with the above as-

As shown in Fig. 4, the polarization-dependent intensitysignment of the occupied and unoccupied states. For the con-
ratio (Ys/Y,) is ~0.3 at peakA under the resonant condi- dition above resonancé), the Y</Y/, ratio is enhanced at
tion. This ratio is to be compared with the strength of thethe high-energy side of peak This supports the assignment
electric fields in the bulk or on the surface. The electric fieldof the high-lying intermediate state to the upper subbranch
at the surface is estimated from Fresnel's equatiansl the ~ from thel';5 or I',, points.
optical constants of silicott. With p-polarized light, the field As shown in Fig. 5, the initial occupied state is close to
normal to the surface is enhanced at the surface. By takinthe occupied surface stat;. We cannot, however, assign
the 2PPE intensity to be proportional to the fourth power ofthe initial state toS;, because photoemission from the sur-
the electric field, ther /Y, ratio estimated for a transition at face state should be enhanced unpeolarization, in con-
the surface is much smaller than 0.3. The maximum value ofrast to Fig. 4. We speculate that 2PPE from the surface state
0.3 occurs only when the optical transition moments are parcannot be enhanced by resonance with bulk unoccupied
allel to the surface. Such an extreme condition is difficult tostates whose wave functions are spatially separated from that
explain. The absorption coefficients for the resonant photoof S;.

Fraction of Wave number

125324-4



RESONANT PHOTOEXCITATION OF SD0YJ) . .. PHYSICAL REVIEW B 63 125324

Finally, we note the width of the 2PPE features. The lineB exhibits only weak photon energy dependence. The pres-
width of peakA is ~0.3 eV at the resonant photon energy, ently used wavelength may be far from the resonance be-
3.95 eV. The photon energy dependence in Fig. 2 indicatesveen the states relevant to struct@eUnder far-resonant
that the resonance width is0.3 eV. These widths are in conditions, determination of energy levels is difficult. The
clear contrast with the UPS and IPES results. The linewidthdifference betweer\ and B features is a general character-
of the UPS featur@ is ~0.8 eV for the state corresponding istic of 2PPE process. 2PPE spectroscopy is very effective in
to the 2PPE initial state, and that of IPESef. 26 is ~0.9  determining pairs of occupied and unoccupied states when
eV for the state corresponding to the intermediate state. Theump/probe wavelengths, polarization, and emission angle
sharp width of the 2PPE features suggests that the UPS armde properly selected. Fine wavelength tuning is essentially
IPES features do not exhibit the natural bandwidths. Similaimportant to find out a resonant photoexcitation. The narrow
sharp features have been discussed for the 2PPE of molect®sonance width also suggests the importance of wavelength
lar adsorbates on a metal surfd8’ though the details re- tuning in the photochemical proce¥sEffective excitation
main uncertain. Nevertheless, the sharp 2PPE feature is helpnder the resonance condition will promote the efficiency
ful in refining the energy levels. and selectivity of surface reactions.

In summary, 2PPE spectroscopy of@&l1) has revealed
resonant excitation of the exciteghormally unoccupied
state at 3.49 eV above. . The resonance width is less than
0.35 eV. Because of the narrow resonance width, sharp 2PPE This study was partially supported by the Special Coordi-
features appear only when the wavelength and the polarizaration Funds of the Science and Technology Agency of the
tion are appropriately selected. In contrary to pédakhump  Japanese Government.
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