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Time-resolved “two color” photoluminescence is reported from the 944 meV band produced by a low
concentration of copper in silicon. Photoluminescence has been generated by a pulsed pump beam, and then
partially quenched by a probe beam from a free-electron laser. The kinetics of the quenching allow the
absorption cross section for photoionization of the center to be determined without knowing its concentration
in the sample. The time-resolved data demonstrate a partial recovery of the luminescence after photoionization,
due to repopulation of the ionized traps.
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I. INTRODUCTION

At low temperature, the radiative lifetime of the lumines-
cence emitted by most optical centers in silicon is long, of
the order of 100ms. Consequently, these centers, many of
which are well characterized, can be used to investigate non-
radiative processes. For example, it is well established that
most of the strongly luminescent centers are in the neutral
charge state, isoelectronic with the lattice, because a charged
center could preferentially de-excite by an Auger emission of
the excess charge. A very simple picture has been developed
for the excited states of the majority of the isoelectronic cen-
ters. Excitation of the center is equivalent to exciting one
chargeshole or electrond to a higher energy state at the cen-
ter, leaving the core of the center chargedsnegative or posi-
tive, respectivelyd. The high permittivity of silicon and the
low effective masses of the electrons and holes result in the
excited charge moving into an effective-mass state. The
effective-mass particle may be the hole, for example, at the
carbon-related “T” center,1 or the electron, as in the example
discussed in this paper. By using the known properties of the
extremes of the valence or conduction bands, it is possible to
understand in detail many properties, such as the response of
the states to perturbations,2 or to link the relative optical
transition probabilities of different excited states to the
electron-phonon coupling at the center.3 The partial separa-
tion of the electron and hole states results in the long radia-
tive lifetimes and, consequently, in very weak absorption
strengths, but the localization of the energy produces appar-
ently high quantum efficiencies at low temperatures. Photo-
luminescencesPLd spectroscopy and associated techniques
have therefore been the preferred optical probes of the cen-
ters. For example, for some centers, the Rydberg-like series
of excited states have been detected by PL excitation
spectroscopy.4 The long lifetimes in the excited states also
favor two-color spectroscopy, in which one “pump” beamsof
photon energy of the order of the band gapd excites the cen-
ter, and a second mid-infrared “probe” beamswith photons
of the order of 10 to 100 meVd excites transitions within the
effective-mass states.5,6 Precision measurements of the
effective-mass states have been reported using high spectral
resolution in the probe beam. Additionally, in a “two-color”

experiment, the selection rules for transitions induced by the
probe allow states to be investigated that are not observed by
direct PL measurements.

To date, the two-color experiments have used steady-state
excitationsstrictly, low-frequency modulated for lock-in de-
tectiond. This approach allows high spectral resolution. How-
ever, the concentrations of the optical centers are usually not
known with any precision, and the fraction of them in the
excited states is also unknown, so that data cannot be ob-
tained on the kinetics of the processes. In this paper we re-
port time-resolved two-color excitation, in which a pulsed
probe beam has been obtained from a free-electron laser
sFELd. These measurements allow the photoexcitation cross
section of transitions from the excited states to be determined
without knowing the concentration of the excited optical
centers, and they demonstrate that a carrier that has been
photoionized from an optical center may be recaptured by it.

We consider here a luminescence center produced by cop-
per in silicon. The properties of copper in silicon have con-
siderable relevance to silicon-based technology. Copper is
used for interconnects in recent generations of microchips.7

Due to its high solubility and rapid diffusionsas a positively
charged speciesd, copper is one of major contaminants in
silicon. The behavior of copper in silicon has been studied
extensively.8 In an isolated form, Cu has been found to take
a somewhat distorted substitutional position.9 At low tem-
peratures it precipitates and clusters with other defects. Many
of these centers exhibit electrical activity; some are involved
in radiative recombinations. The most familiar PL system
produced by Cu in Si has a zero-phonon linesZPLd at 1014.7
meV. This band is highly characterized. It occurs from a
center of trigonal symmetry,10 and the excited states can be
described in terms of an effective-mass electron orbiting in
the local trigonal field.11 The binding energy of the electron
is estimated to be 32 meV from the thermal quenching of
luminescence from the center.10 In the positive charge state,
the tightly bound hole state is observed in deep-level tran-
sient spectroscopysDLTSd at Ev+0.1 eV.12 The vibronic
sideband is characterized by a low-energy resonance phonon
of 7 meV, identified as a highly localized, in-phase motion of
the nearest-neighbor substitutional-interstitial copper pair
forming the center.13 In this paper we present data on a lesser
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investigated Cu center, known as Cu*, which is produced by
a lower contamination with Cu. The PL band has a very
similar shape to that of the 1014 meV band, and only differs
by having its ZPL shifted by 70 meV to lower energy to 944
meV.14 Correspondingly, we expect that the deep hole state
will be shifted deeper into the gap by the same amount,
because, for this type of center, the sum of the hole level, the
energy of the ZPL, the binding energy of the electronsagain
assuming,30 meV for an effective-mass electron in sili-
cond, and the exciton binding energys15 meVd will be close
to the indirect energy gaps1170 meV at low temperaturesd.
The associated hole level is located atEv+0.185 eV.15 Re-
cent ab initio calculations suggest that the Cu* center con-
sists of a substitutional Cu atom with an interstitial Cu atom
located near the third-neighbor tetrahedral site.16 This assign-
ment disagrees with published uniaxial stress perturbations
of the line, but those data were measured only for low
stresses and they are not fully understood.17 For present pur-
poses it is sufficient to knowsfrom the DLTS datad that the
center has a deep-hole shallow-electron structure, and that it
is produced with low metallic contamination.

II. SAMPLE PREPARATION AND EXPERIMENT

The p-type samples for the current study were prepared
by evaporating copper on both sides of a sample. The metal
was in-diffused by heating for 4 h at 1150 °C in aclosed
quartz ampoule containing 100 mbar of argon. After the dif-
fusion step, the ampoule was quenched to room temperature
in water and the samples were etched to remove 70mm of
the surface layers. The PL spectrum of the investigated
sample is shown in Fig. 1. It has been taken at low tempera-
tureT=4.2 K under continuous wave excitation with a 514.5
nm line of Ar+-ion laser. As can be seen about, 97% of the
PL samplituded detected at 4.2 K from the samples came
from the Cu* band, 3% from the 1014 meV Cu-related band,
and the remainder from the boron doping and the Ag-related
780 meV band.

For the two-color measurements reported here, the pump
beam was the second harmonic of a Nd:YAG lasers532 nmd

with a repetition rate of 5 Hz and a pulse duration of 100 ps.
A mid-infrared sMIRd probe pulse was provided by the
Dutch Free Electron Laser for Infrared eXperimentssFELIXd
users facility at the FOM Institute for Plasma Physics “Rijn-
huizen” in Nieuwegein, The Netherlands. The MIR beam
features short micropulses, which have a nominal duration of
1 ps and separated by intervals of 1 nss1 GHzd. The micro-
pulses form a trainsthe macropulsed with a duration of
,5 ms. The wavelength of the FEL is tunable between 35
and 65 meV and can be activated with a selected time delay
DtF with respect to the Nd:YAG laser pulse. Measurements
were carried with the sample fixed on the cold finger of a
flow cryostat resulting in a sample temperature of 16 K. The
emerging Er PL is dispersed through the spectrometer, and
detected with an InP/InGaAs nitrogen-cooled photomulti-
plier tubesHamamatsu R5509-72d with a flat response over
the wavelength from 300 to 1600 nm. The experimentally
measured system response time istdet<30 ms. More details
on the experimental setup for the two-color spectroscopy
with FEL can be found in Refs. 18 and 19.

III. RESULTS AND DISCUSSION

Figure 2 shows the decay of the 944 meV PL band after
excitation by the pump pulse. The figure also shows the ef-
fect on the decay curves of FEL pulses applied with delay
times of 100 and 400ms. For these data, the FEL pulse had
a photon energy set toEph=60 meV, and a sufficiently low
power to avoid complete quenching of the PLswith 10 dB
attenuationd. Using only the pump pulse, the PL intensity
decays exponentially with a decay rate ofW1=4.43103 s−1.
Applying a FEL probe pulse produces a strong quenching of
the PLsFig. 2d. The quenching effect is not observed when
the FEL photons are applied prior to the pump excitation
pulse, ruling out sample heating by the FEL pulse as the

FIG. 1. The 944 meV Cu* PL band observed in this projectsT
=4.2 K, Ar+-ion laser excitationd. In addition, the 1014 meV Cu-
related band of lower intensity can be distinguished.

FIG. 2. The quenching of Cu-related PL bands944 meVd by the
FEL probe pulse. The effect is illustrated for a photon energy of 60
meV with the probe pulse applied 100 and 400ms after the YAG-
laser excitationsdenoted byDtF=−100, −400msd. The inset shows
the recovery of the PL signal after termination of the probe pulse
sset to a maximum intensity of the MIR probe photonsd.
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cause of the quenching. Figure 2 also shows that after a rapid
decrease during the FEL pulse, the decay curve continues
with the same exponential decay time as without the FEL
pulse; PL quenching takes place only during the FEL pulse.
For a fixed photon energyEph and a photon fluxf of the
FEL, the fraction of the PL signal that is quenched is inde-
pendent of the delay time; that is, the quenching is propor-
tional to the concentration of the emitting centers available at
the moment when the FEL is fired. All data have been taken
in the regime in which the PL quenching effect depends lin-
early on the pump power to avoid saturation effects. In the
absence of the FEL pulse, the decay of the populationN in
the luminescing state therefore follows the usual rate equa-
tion dN/dt=−W1N. During the FEL pulse, this becomes
modified todN/dt=−W1N−WqN, whereWq is the decay rate
induced by the FEL pulse. This induced decay rate is found
to be proportional to the FEL photon fluxf, Wq=sf, at a
fixed photon energyEph. The physical meaning ofs is there-
fore that of the cross section for the absorption of photons
from the excited state at each of the centers. We defineR as
the “time-integrated” ratio of the PL intensity observed with
and without the FEL pulse, where the integral is from the
time chosen for the pulse to infinity. We approximate the
FEL pulse by a square pulse of durationt. In the limit that
Wq@W1, which is valid here, we expect that the quenching
ratio, measured from the time of switching off the FEL pulse
st=0d, is given simply by

R=

exps− WqtdE
0

`

exps− W1tddt

E
0

`

exps− W1td
= exps− Wqtd. s1d

However, there is a further complication in that when the
power of the FEL pulse is increased so that there is almost
complete quenching of the Cu signal, a recovery is observed,
commencing after the quenchingsinset to Fig. 2d. Integrating
the PL to long time shows that 29±3% of the quenched Cu
signal recovers after the FEL pulse. Where the recovered
fraction can be accurately measured, it is found to be inde-
pendent of the photon energy and also of the flux of the FEL
beam. It is proportional to the signal level after the FEL
pulse, so that in the simple description employed here it in-
creases the numerator of Eq.s1d by a constant factor.

The origin of the quenching is established by Fig. 3,
where the FEL quenching rate is plotted as a function of the
FEL photon energyEph for three different FEL fluxes, all
sufficiently low that the quenching rate is linearly dependent
on the flux. The quenching rateWq is known directly as
−lnsRd /t fEq. s1dg, and has been normalized to constant FEL
flux density.sWe assume that the signal recovered after the
FEL pulse is constant and equal to 29% of the quenched
signal.d The threshold, near the energy expected for ioniza-
tion of the effective-mass electron, establishes that the
quenching process is simply the photoionization of the elec-
tron. The photoionization cross sections into a continuum of
states is expected to depend on the photon energyEph as

ssEphd ~
sEph − EDd3/2

sEphd3+2g , s2d

whereED is the threshold energy for the ionization, andg is
an adjustable parameter of the order of unity. The lines in
Fig. 3 are a fit of Eq.s2d with g=1.6, and define the thresh-
old asED=37±1 meV. For a silver-doped silicon material,
which forms a similar bound exciton optical center giving
rise to PL band at 780 meV, a fit to photoionization data
producesED=39±1 meVssee Fig. 4d.

Figure 5 plots the quenching rateWq against the FEL flux
f for three values of the FEL photon energyEph. SinceW1
andt are known, a least-squares fit toWq s=sfd givess for
each value ofEph. The values ofs decrease froms=1.1
310−14 cm2 at Eph=45 meV to 8.7310−15 cm2 and 5.6
310−15 cm2 at 54 and 62 meV, respectively, where allow-
ance has been made for reflection losses at the surface of the
sample.

FIG. 3. The effective decay rateWq induced by the FEL pulse of
Si:Cu sample as a function of FEL photon energy, for three different
values flux of the MIR photon.

FIG. 4. The effective decay rateWq induced by the FEL pulse as
a function of FEL photon energy, for three different flux values of
the MIR photon for Si:Ag sample. The inset shows the quenching
of Ag-related 780 meV PL band by the FEL probe pulse with a
photon energy of 60 meV and the probe pulse applied 100 and
400 ms after the YAG:Nd laser excitation.
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The ratios of the values fors are in close agreement with
the ratios of the cross sections at those photon energies
shown in Fig. 3. To check the order of magnitude of the cross
sections, we note that the absorption coefficientm is related
to the cross sections by m=sN, whereN is the concentra-
tion of the optical center. The excited state of the Cu center
consists of an effective-mass electron orbiting a positive
hole—a configuration very similar to an electron orbiting a
phosphorus donor. The ionization continuum of the P donor
has a cross section ofs=m /N,2310−15 cm2,20 of the same
order as the values obtained here for Cu*.

We have noted that the fraction of the signal that recovers
after the FEL pulse is independent of the properties of the
FEL pulse, but is proportional to the signal after the pulse;
that is, it is proportional to the effect of the pump beam. It
could therefore be an intrinsic property of the center, or it
could be an effect of the pump beam ionizing other centers.
A similar effect has been observed for Si:AgsFig. 4, insetd.21

A time-dependent measurement allows the recovered frac-
tion to be observed, in contrast to a steady-state measure-
ment, such as when measuring the loss of PL as the tempera-
ture is increased, where the recovered fraction is simply
observed as an indistinguishable part of the total signal.

One of the unanswered questions concerning the class of
isoelectronic centers is the ionization mechanism. Thermal
quenching of the PL may have an activation energy equal to
the ionization of the shallow particle, for example, at the 780
meV Ag center,22 it may be equal to the binding energy of
the tightly bound particle, as at the sulfur-related centers,23 or
it may equal the exciton binding energy. We have seen that
following photoionization of the Cu* center, there is a tran-
sient increase in the PL signalsFig. 2, insetd. First, consider
the situation with a low concentration of Cu-related centers.
In contrast to ionizing a gas atom, where by definition the
electron travels away from the ion, an electron ionized from
a center in a crystal can lose energy as it comes to thermal
equilibrium with the lattice. For example, an electron of

mass 0.1me and kinetic energy 20 meV would travel a total
distance of about 100 to 1000 atomic spacings in 10−13 to
10−12 s, which we take as the time to come to thermal equi-
librium. The Coulomb potential attracting the electron to the
ionized center is then at least 5 to 0.5 meV in magnitude,
comparable with the thermal energy of about 1.4 meVs16
Kd. With no externally applied electric field, recapture of the
ionized electron is quite probable. With increasing tempera-
ture, the probability that the electron will escape increases,
and indeed the experimental results show that the magnitude
of the PL recovery process is strongly temperature dependent
and does not occur forT. ,40 K. With a weak Coulomb
potential, as at the 780 meV center, recapture is likely to
affect predominantly the emission rate, and thus is not obvi-
ous in a steady-state measurement. With a deep potential, as
at the sulfur-related centers with electron binding energies of
about 60 meV, thermal ionization of the shallow particle
alone may be prohibited.

On the other hand, for a high concentration of Cu-related
centers, a different scenario might be applicable. We note
that the cross section for electron capture in a cascade pro-
cess, as applicable for a shallow, effective-mass state has a
relatively high value, of the order ofs<10−11 cm2. Assum-
ing a reasonable value of average thermal velocity of elec-
trons in Si at cryogenic temperature,kvthl<106 cm s−1, the
characteristic time constant of the recapture process istcap
=fNscapkvthlg−1<0.1 ns for a concentration of the Cu-related
traps of 1015 cm−3. At this concentration the average distance
between the centers would be of an order ofd=100 nm,
comparable to the effective capture radiusreff=e2/kkT
<50 nm, for the Si dielectric constantk=11.6 and kT
=3 meV. In this case, if all the copper was present as Cu*

centers, optical ionization would be a transient phenomenon,
taking place only during the FEL pulse, with the full recov-
ery of the PL signal upon termination of the pulse. At higher
temperatures, the capture cross section decreases, leading to
a decrease of the effective capture radius and an increased
capture time. In both the low and high concentration limits, a
recovery in the PL emission is not unexpected. In the present
study the concentration of the different copper-related cen-
ters is not known, although the Cu* PL band is reported to be
observed at low copper doping levels.

IV. CONCLUSIONS

In conclusion, we have demonstrated, using a Cu center in
silicon, that the ionization cross section can be measured for
unknown concentrations of centers from the kinetics of the
two-color excitation measurements. We have verified the
value by comparison with the absorption coefficient reported
using known concentrations of shallow donors. Further, we
have presented evidence the recapture of charge photoion-
ized from the center.
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FIG. 5. The flux dependence of the MIR-induced quenching PL
for photon energies of 45, 54, and 62 meV and a delay time of
DtF=−200ms. The inset shows the model for the quenching effect.

VINH et al. PHYSICAL REVIEW B 71, 085206s2005d

085206-4



1A. N. Safonov, E. C. Lightowlers, G. Davies, P. Leary, R. Jones,
and S. Oberg, Phys. Rev. Lett.77, 4812s1996d.

2G. Davies, M. ZafarIqbal, and E. C. Lightowlers, Phys. Rev. B
50, 11 520s1994d.

3G. Davies, Phys. Rev. B51, 13 783s1995d.
4K. Thonke, A. Hangleiter, J. Wagner, and R. Sauer, J. Phys. C18,

L795 s1985d.
5D. J. S. Beckett, M. K. Nissen, and M. L. W. Thewalt, Phys. Rev.

B 40, 9618s1989d.
6P. C. M. Planken, P. C. van Son, J. N. Hovenier, T. O. Klaassen,

W. T. Wenckebach, B. N. Murdin, and G. M. H. Knippels, Phys.
Rev. B 51, 9643s1995d.

7J. M. Blackburn, D. P. Long, A. Cabanas, and J. J. Watkins,
Science294, 141 s2001d.

8A. A. Istratov and E. R. Weber, Appl. Phys. A: Mater. Sci. Pro-
cess.66, 123 s1998d.

9U. Wahl, A. Vantomme, G. Langouche, and J. G. Correia, Phys.
Rev. Lett. 84, 1495s2000d.

10J. Weber, H. Bauch, and R. Sauer, Phys. Rev. B25, 7688s1982d.
11M. H. Nazare, A. J. Neves, and G. Davies, Phys. Rev. B43,

14 196s1991d.
12H. B. Erzgraber and K. Schmalz, J. Appl. Phys.78, 4066s1995d.
13S. K. Estreicher, D. West, J. Goss, S. Knack, and J. Weber, Phys.

Rev. Lett. 90, 035504s2003d.
14K. G. McGuigan, M. O. Henry, E. C. Lightowlers, A. G. Steele,

and M. L. W. Thewalt, Solid State Commun.68, 7 s1988d.
15S. Knack, J. Weber, H. Lemke, and H. Riemann, Physica B308–

310, 404 s2001d.
16S. K. Estreicheret al. sprivate communicationd.
17K. G. McGuigan, M. O. Henry, M. C. Carmo, G. Davies, and E.

C. Lightowlers, Mater. Sci. Eng., B4, 269 s1989d.
18I. Tsimperidis, T. Gregorkiewicz, H. H. P. Th. Bekman, and C. J.

G. M. Langerak, Phys. Rev. Lett.81, 4748s1998d.
19T. Gregorkiewicz, D. T. X. Thao, J. M. Langer, H. H. P. Th.

Bekman, M. S. Bresler, J. Michel, and L. C. Kimerling, Phys.
Rev. B 61, 5369s2000d.

20R. L. Aggarwal and A. K. Ramdas, Phys. Rev.140, A1246
s1965d.

21M. Forcales, M. A. J. Klik, N. Q. Vinh, J. Phillips, J.-P. R. Wells,
and T. Gregorkiewicz, J. Lumin.102–103, 85 s2003d.

22G. Davies, T. Gregorkiewicz, M. Z. Iqbal, M. Kleverman, E. C.
Lightowlers, N. Q. Vinh, and M. Zhu, Phys. Rev. B67, 235111
s2003d.

23P. L. Bradfield, T. G. Brown, and D. G. Hall, Phys. Rev. B38,
3533 s1988d.

TIME-RESOLVED FREE-ELECTRON LASER… PHYSICAL REVIEW B 71, 085206s2005d

085206-5


