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ABSTRACT The intense, ultra-fast electronic excitation of clean
silicon (100)—(2 x 1) surfaces leads to the formation of sili-
con nanostructures embedded in silicon, which photoluminesce
in the yellow-green (~ 2-eV band gap). The silicon surfaces
were irradiated with slow, highly charged ions (e.g. Xe*** and
Au3t) to produce the ultra-fast electronic excitation. The ob-
servation of excitonic features in the luminescence from these
nanostructures has recently been reported. In this paper we re-
port the dispersion of the excitonic features with laser excitation
energy. A phonon-scattering process is proposed to explain the
observed dispersion.

PACS 71.35.-y; 63.20.Ls

1 Introduction

Bulk silicon is a poor light emitter owing to its
indirect band gap. Since 1990 many authors have observed
visible-light emission from silicon nanostructures. Two of the
prominent examples are porous silicon (e.g. [1,2]) and sili-
con nanoclusters in silica (e.g. [3]). Visible emission has also
been observed from one-dimensionally confined silicon in
silicon/SiO, superlattices [4]. Many authors show that the
visible emission can be due to quantum confinement of the
excitation to a structure with less than 5-nm radius (Bohr ra-
dius of an exciton in silicon) (e.g. [2]). Confinement leads to
a widening of the band gap and increased oscillator strength
for the transition (e.g. [5]). The extent of changes (direct ver-
sus indirect) in the band structure of nanostructures of silicon
is still a controversial topic (e.g. [6, 7]).

Recently, we have briefly reported the observation of light
emission from nanostructures on silicon formed by intense,
ultra-fast electronic excitation [8]. The intense, ultra-fast elec-
tronic excitation of clean silicon (100)—(2 x 1) surfaces leads
to the formation of silicon nanostructures embedded in sili-
con, which photoluminesce at ~560-nm wavelength (~ 2-eV
band gap). The silicon surfaces were irradiated with slow,
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highly charged ions (e.g. Xe*** and Au>*) to produce the
electronic excitation. The observation of excitonic features in
the luminescence is particularly unusual for silicon nanostruc-
tures. The temperature dependence of the luminescence and
the measurement of the triplet—singlet splitting of the emis-
sion strongly support the excitonic assignment.

Intense, ultra-fast electronic excitation of a semiconductor
surface such as silicon leads to the promotion of many (> 10%)
valence (bonding) electrons into the conduction bands (anti-
bonding states). The promotion of a single electron or even
many electrons into antibonding states does not impart a suf-
ficient force for a sufficient length of time to cause displace-
ment of the atomic nuclei. In contrast, the high density of
electrons in antibonding states created by an intense, ultra-fast
electronic excitation can impart an impulse leading to atomic
displacements [9—12]. Direct evidence of atomic motion on
a ~160-fs time scale due to antibonding state excitation is re-
ported by Petek et al. [13].

The deposition of potential energy from slow, highly
charged ions (SHCI) such as Xe** (616-keV kinetic energy
in this study) in semiconductor surfaces forms highly local-
ized regions of intense electronic excitation [10, 14] on fem-
tosecond time scales [15]. We define slow ions as ions with
velocities less than the Bohr velocity. At these velocities the
electrons in the solid surface can respond quickly to the mo-
tion of the incident ion, allowing for neutralization of the
ion in femtoseconds. Slow, highly charged ions provide their
electronic excitation in a nanometer-sized volume. The relax-
ation of the intense electronic excitation leads to motion of the
atoms in the surface, which can freeze into metastable geo-
metric structures with novel electronic properties. The novel
electronic property produced in silicon (100)—(2 x 1) is pho-
toluminescence (PL) in the yellow-green [8]. The emission
was assigned to photogenerated excitons within the individ-
ual SHCI impact sites, based on the temperature dependence
of the photoluminescence signal. Here, we report the disper-
sion of the excitonic photoluminescence observed from these
nanometer-sized defects in silicon surfaces produced by slow,
highly charged ions.

2 Experimental

Samples of float-zone silicon (100) were heated to
1300 K in ultra-high vacuum (base pressure < 5 x 10~'° Torr)
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to produce a clean surface exhibiting a (2 x 1) low-energy
electron-diffraction pattern. Secondary-ion mass spectroscopy
with highly charged ions was performed to ensure complete
removal of the native oxide layer and any surface contami-
nants. The samples were then irradiated at normal incidence
with slow highly charged ions extracted from the electron-
beam ion trap [16]. Secondary electrons emitted from indi-
vidual ion impacts were detected with an annular microchan-
nel plate to monitor the total ion dose with high efficiency
(~ 100%) [17]. After exposure the samples were removed
from vacuum and transferred to a second vacuum chamber for
the photoluminescence experiments.

Photoluminescence measurements were performed using
the doubled output from a femtosecond Ti—sapphire laser and
a variable-emission optical parametric amplifier as the excita-
tion source. The luminescence was collected using a scanning
monochromator with a holographic grating. A photomulti-
plier tube was used for photon detection using a lock-in ampli-
fier for signal processing. All samples were reintroduced into
vacuum (< 1073 Torr) prior to the photoluminescence meas-
urements.

3 Results and discussion

Atomic force microscopy images revealed the for-
mation of craters at individual slow, highly charged ion-
impact sites (see Fig. 1). The craters were ~ 15 nm in diam-
eter for Xe**. For Xe** impacts, the number of removed
silicon atoms was ~ 100/ion as measured by catching the re-
moved atoms on a diamond-like carbon surface, which was
subsequently analyzed by heavy-ion backscattering (see [10]
for a description of the technique). The photoluminescence
signal from the impact sites is linearly proportional to the
number of SHCI impinging on the surface (see Fig. 2). The
PL signal increased linearly by a factor of ~ 8 with Xe**
dose (irradiance) from 1 x 10'° /em?to 2 x 10! /cm?. Above
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FIGURE 1 Atomic force micrograph of individual Xe*** impact sites
on Si(100). Float-zone Si irradiated with 616-keV Xe** (dose
~10'% jons/cm?). The imaged area is 500 nm by 500 nm and the individual
impact craters are ~ 15 nm in diameter

2x 10" /em? to 1 x 10'? /cm? the PL intensity increased
only by a factor of ~ 2. A dose of ~ 2 x 10'! /em? is the ir-
radiance where overlap of impact sites begins, indicating that
the impact sites have a diameter of ~ 15 nm, in agreement
with the atomic force microscope measurements. The linear
dependence of the PL intensity on dose also confirms that the
PL comes from the individual impact sites and suggests that
the 15-nm craters are the emissive sites.

The features of the PL suggest that the emission results
from the radiative recombination of a photogenerated exciton
localized within the individual SHCI impact sites. The energy
spacing of the luminescence peaks is that of a hydrogenic se-
ries given by Ex = Ep—«/n, where n is the principal quantum
number, Ej is the direct interband transition, and « is the exci-
ton binding energy. Only the n = 1 and n = 2 states are clearly
resolved. The band-gap energy of this exciton is much higher
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FIGURE 2  a Photoluminescence spectra from Si(100) samples irradiated with 1 x 10'°, 1 x 10'!, and 5 x 10'! Xe***ions/cm?. The photoexcitation wave-
length was 400 nm for the spectra displayed. The exciton features that are well resolved are labeled for their principal quantum numbers, n =1 and n =2,
respectively. b Plot of the increase in the integrated photoluminescence intensity for the n = 1 exciton as a function of Xe*0*-ion irradiance. The lines are
least-squares fits to the low-dose data (< 2 x 10" Xe*0Fions/cm?) and the high-dose data (> 2 x 10" Xe*0*ions/cm?)
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than that of bulk silicon. Thus, a barrier must exist that keeps
the exciton confined to the higher band-gap region. Since the
samples are removed from vacuum and reintroduced to vac-
uum for PL. measurements, the native oxide of silicon may
provide such a barrier.

Upon changing the excitation energy in the photolumines-
cence measurement, the energy of the exciton shifts. Figure 3a
shows a few of the photoluminescence spectra for various
laser excitation energies from a Si(100) sample irradiated with
742-keV (kinetic energy) Au’** ions. Figure 3b shows the
energy loss (excitation energy minus emitted photon energy)
for the n = 1 and n = 2 exciton transitions versus laser ex-
citation energy for the same sample. The photoluminescence
from the Au>**-irradiated sample was identical to the Xe***-
irradiated sample except for the increased intensity with in-
creased charge (see Fig. 4). Only the irradiated portions of
the surface exhibited luminescence. Throughout the range of
excitation energies used in this investigation the photolumi-
nescence signal maintained the same excitonic structure.

No effect on the photoluminescence signal was ob-
served with variation of the kinetic energy of the ions
from 50 to 800keV. As shown in Fig. 4a threshold was
observed for the luminescence. Ions with potential energy
less than ~ 10 keV /ion (Xe?**) produced no photolumines-
cence signal. The photoluminescence signal was linearly
proportional to the potential energy carried by the ion up to
~ 130 keV /ion (Au®3*) once the ~ 10-keV /ion threshold was
reached.

If the energy of the PL above the bulk silicon band gap
is due to confinement of the exciton in the nanostructure, it
would be expected that the emission wavelength should shift
with the dimension of the nanostructure [18]. The PL intensity
increase with potential energy of the ion at constant irradiance
suggests that the area of each impact increases with potential
energy of the ion. This idea is consistent with the observa-
tion of increasing sputter yield of GaAs with potential energy
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FIGURE 4 Photoluminescence spectra for samples irradiated with the la-
beled ion at a constant irradiance of 1 x 10'! ions/cm?. Threshold for the
observed luminescence is Xe?>*, ~ 10-keV potential energy/ion

for highly charged ions [10]. That is, if the sputter yield in-
creases with potential energy, the crater size should increase
with potential energy. No shift in the PL is observed with
potential energy. In addition, the lateral dimensions of the
nanostructures are too large (greater than the ~ 5-nm Bohr
radius for excitons in bulk silicon [19]) for strong confine-
ment. If confinement plays a role in the observed emission,
the confinement dimension is normal to the surface (as in the
Si/Si0; superlattice [4]) and unchanged by an increase in the
potential energy of the ion. An alternative explanation for the
emission observed, that cannot be ruled out, is that the slow,
highly charged ion impact induces a phase transformation in
the impact volume to a structure (e.g. -Sn) with a direct band

gap.

11 T T T T T T T T T T T T T T T

1oL ® n=1Exciton i
| O n=2 Exciton
09} 4
__ o8t g
S I
(0]
o 0.7+ .
2
< 06} i
e i E _(0)=1.873eV
& °°f (0)=1.930eV]]
0.4 m*=0.114 .
03k Ebinding= 76 meV ]
0.2 1 1 1 1 1 1 1
20 22 24 26 28 30 32 34 36
b Laser Excitation (eV)

FIGURE 3 a Dispersion of the exciton features as a function of photoexcitation wavelength from 386 nm to 535 nm. b Plot of energy loss (photoexcitation
energy minus the energy of the luminescence photon) versus the laser excitation energy. The filled symbols represent the data for the n = 1 exciton and the
open symbols represent the data for the n = 2 exciton. Lines are fits to (4), with the solid line for the n = 1 exciton and the dashed line for the n = 2 exciton.
The parameters for the fits are displayed in the inset
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The luminescence spectra show dispersion in the visi-
ble region. This implies that the photoluminescence does
not originate from annihilation of an exciton in its lowest-
momentum state, E,(k = 0), where E, is the energy of the
exciton in principal quantum state n and k is the exciton mo-
mentum. For recombination from the E,(0) state, no shift
in the luminescence peak is expected with excitation en-
ergy. Recombination from k = 0 would appear as a straight
line with slope 1 in the energy-loss plot of Fig. 3b. Alter-
natively, for Raman-scattering events the energy difference
between the incident photon and the scattered light remains
constant. Neither of these two scenarios is supported by
the plot in Fig. 3b. In addition, the magnitude of the en-
ergy loss is quite large, more than typical phonon energies
(< 200 meV).

A similar dispersive behavior to that observed here has
been reported for the yellow and green excitonic series in
Cu;0 by Yu and Chen [20] and Yu and Cardona [21]. They
considered a three-phonon scattering process involving two
dispersion-less longitudinal optical (LO) phonons and a sin-
gle dispersive longitudinal acoustic (LA) phonon to explain
the exciton dispersion. Figure 5 shows a diagram of the ex-
citation and relaxation processes involved which lead to the
dispersion of the exciton in the luminescence spectra. Since an
exciton is areal excitation it must obey conservation of energy
and momentum laws. An incident photon with energy A, will
cause an electron from the highest point in the valence band
with electron momentum equal to zero to make a vertical tran-
sition to a state in the exciton band. We assume a parabolic
shape to the exciton band for simplicity. In order to populate
areal state the emission of a phonon with wavevector k| is re-
quired for momentum conservation, to reach the exciton band.
The drawing in Fig. 5 shows a direct band gap, the exciton
minimum directly above the valence-band maximum, for sim-
plicity, but this is not necessary for the description presented
here. Since the frequency involved in scattering a visible pho-
ton is large we assume that this phonon is an optical phonon.
It is well known that excitons are more likely to be scattered
by longitudinal phonons [22]. In addition we can approxi-
mate the longitudinal optical phonon to be dispersion-less.
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FIGURE 5 The excitation and relaxation process for a photoexcited exciton
that undergoes phonon scattering to reduce its energy. The scattering process
involves two dispersion-less LO phonons and a single dispersive LA phonon

The energy and wavevector of the photoexcited exciton are
determined by energy conservation [21]:

E, (ki) = E,(0) + ki /2M = h (&) — ), (1

where M = (m} +m;) is the effective mass of the exciton and
) and wy are the energies of the incident photon and the LO
phonon, respectively. Notice that while energy conservation
is in general not necessary for transitions to virtual intermedi-
ate states during Raman scattering, in this case it is necessary
because of the real excitation of the n = 1 exciton.

Upon reaching the exciton state, the excitation will ‘cool’
through the emission of a single dispersive longitudinal
acoustic phonon with wavevector ¢, which we assume to have
a linear dispersion relation, wp o = vpalq|, where vy 4 is the
speed of the LA phonons. The exciton will then undergo a fi-
nal scattering off a second LO phonon with wavevector k3,
into a state from which the electron-hole pair will recombine
with the emission of a photon with energy Awpy .

From Fig. 5 we see that conservation of energy and mo-
mentum are given respectively as:

hwp = 2hwy + haopa + hopr, (2)
q = kl —k2, (3)

where fiwpy is the energy of the luminescence photon. Ad-
ditionally, by combining the two conservation laws and the
dispersion relation for the LA phonon and the energy of the
exciton (1) an expression for the exciton dispersion is ob-
tained and given by:

AE =2 (hwo — Mv? ) + [8ME, (hen — hao + E,(0)] ™ .
4

Therefore, we see that from (4) the energy loss (AE =
hoy — hopy) varies as [ho) — hwo + E, (0)]°°.

The lines in Fig. 3b are fits to (4) forthen =1 and n =2
excitons with two free parameters, M and E,(0). For this
calculation we assume vpa = VU5 St and wy = w9,
Since the speed of sound is principally dependent on the
atomic density, the structural reorganized region (i.e. the sin-
gle slow highly charged ion defect) will have a similar atomic
number density to bulk silicon. The second assumption is of
little consequence since contributions from these terms are
small compared to E,(0) and Mv} . The parametric fits for
the n = 1 and n = 2 exciton dispersion yield M = 0.114 £
0.005me, E;=1(0) =1.87+0.02¢eV, and E,—2(0) =1.90+
0.02 eV. Using the parameters given above, the fit to the data
is quite good.

4 Conclusions

The intense, ultra-fast electronic excitation that re-
sults from the deposition of potential energy from slow, highly
charged ion impacts on silicon (100) surfaces leads to the
formation of nanometer-sized structures. Photogenerated ex-
citons within these regions radiatively decay, emitting ~ 2-eV
light. The exciton dispersion evidenced by the square-root de-
pendence of the energy loss (the laser excitation energy less
the luminescence energy) on the laser excitation energy is ex-
plained by a cooling process involving an acoustic phonon.
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