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Results of Fast Time-Resolved Spectroscopy
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We present the first measurements of time-resolved luminescence spectra during the
growth of electron-hole liquid in Si excited by 15-nsec optical pulses. The results clear-
ly show that at high excitation intensities, the electron-hole liquid forms directly from a
hot, dense plasma rather than from a gas of excitons.

We report in this Letter the first measurements
of time-resolved luminescence spectra obtained
during the growth of electron-hole liquid“? (EHL)
in Si, following excitation by a fast (15 nsec) op-
tical pulse. The intensity of luminescence from
EHL reaches a peak = 55 nsec after the beginning
of the laser pulse. An analysis of the spectral
shape at various times during this growth proc-
ess allows us to determine the dominant form of
excitation (plasma, excitons, and/or EHL) in the
crystal at these times. In particular, the data
clearly show that in Si, following excitation by
short pulses, the EHL forms directly from a hot,
dense plasma rather than through nucleation from
an excitonic gas. Theories considering homoge-
neous nucleation from an ideal excitonic gas are
available,®? but direct formation of EHL from
the optically excited plasma has not yet been con-
sidered theoretically. The time evolution of the
luminescence without spectral resolution has been
previously measured in Ge,>° but the lack of spec-
tral resolution has limited the amount of informa-
tion obtainable from such studies. The time-re-
solved spectra reported here are essential in
studying the changes that occur during the trans-
formation of the initial optically excited electrons
and holes into the final EHL.

A Syton-polished crystal of 1000-2-cm Si was
immersed in superfluid He (~ 1.8°K) and excited
by 15-nsec pulses (~ 0.5 uJ/pulse) from a cavity-
dumped Ar* laser focused on the sample to a
spot ~ 100 um in diameter. The luminescence
was collected from the front face and analyzed
by a double spectrometer with =~ 1.2-meV spec-
tral resolution. The data presented here were
obtained by using an FW 118 S1 photomultiplier
followed by a photon counter with a 10-nsec gate.
The 10-90% rise time of the laser pulse, as mea-
sured by this detection system, was ~ 17 nsec.”

The low-temperature luminescence spectrum
of Si is dominated by TO-LO- and TA-assisted
recombination from the EHL and the TO-LO-as-

sisted free-exciton recombination.® The time-
dependent behavior of the two EHL bands is iden-
tical, and so we will concentrate on the strong-
er TO-LO-assisted EHL band which occurs at

~ 1.080 eV, and the TO-LO-assisted exciton band
at ~1.097 eV. The time evolutions of the lumi-
nescence signals with the spectrometer set at
1.080 and 1.097 eV are shown in Fig. 1 as curves
marked 1 and 2, respectively. For curve 1, the
peak in the luminescence is reached = 55 nsec af-
ter the beginning of the laser pulse while for
curve 2 it is reached at = 35 nsec.” The remark-
able shape of the luminescence signal in curve 2
leads one to the assumption of two distinct phas-
es: The early phase starts at¢=0, reaches a
peak at 35 nsec, and then decays to zero at £~ 55
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FIG. 1. Time evolution of luminescence intensity in
Si excited by a 15-nsec laser pulse. The spectrometer
was set at 1.080 eV, corresponding to the peak of the
EHL luminescence, for curve 1, and at 1.097 eV, cor-
responding to the peak of excitonic luminescence, for
curve 2. Spectrometer resolution is 1.2 meV. The zero
in time corresponds to the beginning of the laser pulse.
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nsec. The second phase starts somewhat later,
and has a long decay time characteristic of free
excitons.? Later in our discussion of the time-
resolved spectra we will show that the two-phase
assumption is correct, and we will identify the
early phase as the initial hot, dense plasma and
the second phase as the excitonic vapor associat-
ed with the electron-hole liquid. The time evolu-
tion over a larger range is shown on a semilog
plot in the inset. Decay characteristics of EHL
and free excitons have been studied previously®
and will not concern us here. The delay between
the 15-nsec-wide laser pulse and the peak of
curve 1 has been reported previously using wider
excitation pulses and/or slower detectors.™%

In Fig. 2, we present normalized luminescence
spectra at various delays with respect to the ex-
citation pulse. Spectrum 1, corresponding to the
time gate beginning at the peak of the laser pulse,
is very broad with large high- and low-energy
tails and no resolvable exciton structure. Spec-
trum 2, taken 20 nsec after 1, is narrower and
shows a shoulder at the exciton energy (1.097 eV).
Spectrum 3, taken 60 nsec after 1, has a smaller
high-energy tail and a well-resolved exciton peak.
Spectra taken at longer delays are similar to
spectrum 3 on the low-energy side but have steep-
er high-energy tails and relatively stronger ex-
citon peaks in accordance with Fig. 1.

Before proceeding to a discussion of the signif-
icance of these results, we describe briefly the
expected theoretical shape of the luminescence
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FIG. 2. Normalized luminescence spectra of optical-
ly excited Si obtained at different times during the
growth of EHL. The curves 1, 2, and 3 are experimen-
tal and were obtained with a 10-nsec gate centered at
20, 40, and 80 nsec, respectively, after the beginning
of the 15-nsec (full width at half-maximum) laser pulse.
The points are calculated using equations in text taking
n=75x10"% cm™3, T=45% (solid circles); n=2.65x10"
cm™3, T=18°K (crosses); and n=3.0x10"%¥ cm™, T
=12°K (squares). The free-exciton peak occurs at
~1.097 eV. The relative intensities of the spectra may
be obtained from curve 1, Fig. 1.
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spectrum from an electron-hole plasma of den-
sity n. The low-energy edge of the luminescence
is well defined and occurs at E,’ - iwrg, wWhere
E,’ is the reduced band gap and %« g is the TO
phonon energy. The reduced gap decreases with
increasing density but its value is expected to be
insensitive to increases in temperature up to
~50°K. The magnitude of the reduced gap can be
either calculated theoretically®° (see below) or
obtained from published experimental curves at
2°K.%° One finds that E,’ —Tiwo=1.067 eV for »
=n,, the electron hole density in EHL.'' The
high-energy tail of the luminescence spectrum
is a sensitive function of the temperature T and
extends to higher energies with increasing T.

Let us now consider what qualitative conclu-
sions can be derived from the spectra in Fig. 2.
The observation that spectrum 1 extends to ener-
gies considerably lower than 1.067 eV can only be
explained if the excitation is in the form of a liq-
uid or a plasma whose density is significantly
larger than n,. The long high-energy tail implies
that the temperature of the plasma is consider-
ably higher than the helium-bath temperature.
Furthermore, the high-energy tail does not show
any sign of exciton luminescence which leads to
the conclusion that no excitons are present in the
crystal during the intense optical excitation.

Three dramatic changes are apparent in spec-
trum 2 (Fig. 2), taken immediately after the end
of the laser pulse. The low-energy edge has
come closer to the expected value of 1.067 eV
for the condensate, the exciton has begun to
emerge, and the high-energy tail has become
steeper. These observations indicate that EHL
has already been formed and that its temperature
is considerably lower than the temperature of the
plasma in spectrum 1. The emergence of the
luminescence from excitons shows that at least
partial phase separation between EHL and free
excitons has taken place. The intensity of the ex-
citon luminescence is considerably smaller than
that of the EHL luminescence, implying that the
number of excitons is much smaller'? than the
total number of pairs in the liquid phase. Thus
the formation of EHL has occurred directly from
a hot, dense liquid without going through an ex-
citonic phase.

Another important change occurs in spectrum
3, which was taken 40 nsec after spectrum 2. Its
low-energy edge is close to that of spectrum 2
and covers an intermediate range lying between
spectra 1 and 2. This leads to the conclusion
that both spectra 2 and 3 are indeed coming from
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an EHL with the liquid in 2 at higher temperature,
and hence of a lower density, than the liquid in 3.
Because of the lower temperature, the exciton
peak has become well resolved in spectrum 3. At
this point in time, only the excitons contribute to
the time-decay curve 2 in Fig. 1. This qualita-
tive discussion leads us to conclude that intense
optical excitation initially produces a hot, dense
plasma and that the EHL is formed directly from
this hot, dense plasma in tens of nanoseconds.
Keeping this discussion of time-resolved spec-
tra in mind, let us return to the time evolution
curve 1 of Fig. 1. First we wish to stress again
that this time evolution curve does not represent
the total luminescence intensity integrated over
the spectra shown in Fig. 2 but represents the
luminescence intensity in a 1.2-meV energy win-
dow at 1.080 eV. Since the spectral distribution
changes with time, the time evolution of the total
integrated intensity will be quite different from
curve 1, Fig. 1. Combining the data in Figs. 1
and 2, one easily finds that the total integrated
intensities under spectra 1 and 2 are approxi-
mately the same. Since the total integrated in-
tensity is proportional to pn, where p is the en-
hancement factor' and » the density of the plas-
ma or liquid, one finds that p,~ 2p,, where the
subscripts correspond to spectra numbered in
Fig. 2. This increase in p with time is expected
for the following reasons. The enhancement fac-
tor is a result of the exchange and correlation ef-

eV2qpy' —e)V2de

fects between carriers and is expected to de-
crease with increasing kinetic energy of the car-
riers.'® A decrease in the density or the temper-
ature of the carriers leads to a decrease in their
kinetic energy and hence an increase in p.

In order to put this discussion on firmer theo-
retical grounds, we note that the average energy
per pair {E (n)) has been calculated? for Si at 0°K
as a function of density of particles in the liquid.
The chemical potential of the system is given by
12(n) =d[N{E (n))]/dN and the high-energy edge of
the luminescence from the liquid is given by 1°(x)
—hwyo. Here N is the total number of particles
and Zw,o=57.3 meV is the energy of the TO pho-
non participating in the recombination.* The re-
duced band gap is given by E, ' (r) = 1°(n) - (E,°
+Eg,%), where E; 0 (Eg,°) is the electron (hole)
Fermi energy at T'=0°K. For temperatures small
compared to the exciton binding energy (14.7
meV)," we assume that E,’(n) =E .’ (#) and p(n)
=E,'(n) +(Eg, +Eg;), where the Fermi energies
at finite temperature T are such that

Eg,/kT =(1.563% 10~ 21p¥3/T2 - 1,7)V2,

and
Egn/RT =(5.915x 1072»¥3/T2 — 1,7)V2,

for Si,'® where # is in inverse cubic centimeters
and T in degrees kelvin. Under these conditions
the shape of the liquid luminescence band is giv-
en by!®

hv!
I(hu',n,:r)ocf
0

where the emitted photon energy v is
hv=hv' +E, (n).

Using these equations, we have fitted the observed
spectra with theory treating » and T as adjust-
able parameters. The best-fit curves are shown
by dots in Fig. 2. The fit with measured spectra
is very good and supports the qualitative argu-
ments given above. In particular, the initial
plasma (spectrum 1) is dense (= 7.5% 10*® ¢m~3)
and hot (= 45°K). This plasma cools and expands
to 7= 18°K and n,= 2.65x 10'® cm™?® as shown in
spectrum 2. From the recent measurements of
Hammond, Smith, and McGill,'® we know that
these values of n, and T correspond to a point on
the liquid-gas coexistence curve of the phase
diagram. Thus these results show for the first
time that EHL forms directly from a hot, dense

{1 +explle —E¢,)/kT]H{1+exp[(kv' —€ —E,)/ET]}’

—

plasma. They also show that the temperature-
density trajectory of the plasma crosses the co-
existence curve of the phase diagram on the liq-
uid side first, and phase separation into EHL and
excitons then becomes possible. The fit to spec-
trum 3 shows that n, has increased to 3x 10'®
cm”® while T has decreased to 12°K. These val-
ues of T and n,; also correspond to a point on the
coexistence curve. Thus the liquid phase formed
follows a trajectory along the coexistence curve
where its density increases as its temperature
decreases. However, the average density of
pairs presumably continues to decrease because
of decay and expansion.

In conclusion, the time-resolved spectra pre-
sented here clearly show that in silicon, follow-
ing excitation by an intense short pulse, the for-
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mation of excitons does not precede the forma-

tion of droplets and that the electron-hole liquid
forms directly from the hot, dense plasma gen-
erated by the optical excitation pulse.
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Charge-transfer excitations of halogen impurities in potassium have been detected by
optical methods. The data are used to establish experimentally that optical threshold
profiles in metals are determined by chemical properties of optical centers.

Halogen impurities are known to exist as nega-
tive ions in alkali metal hosts (i.e., F°, CI7,
Br®, and I")." They adopt (»°)" configurations
with full outer shells bound well below the host
band edge.’ In this Letter we report the first ob-
servation of neutral halogen (p°)° configurations
in a metal. The new states were produced by pho-
ton absorption in the vacuum uv. The possible
occurrence of these charge-transfer states as
resonances in the local excitation spectrum has
been suggested® but not previously confirmed. We
account quantitatively for the threshold energy
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and relate the threshold broadening to the Stokes
shift. Novel features of the results that bear on
the spectroscopy of other materials are men-
tioned briefly. The most important consequence
of this work is that the present results, when
compared to other impurity and host spectra, es-
tablish experimentally for the first time that the
thveshold profile in metals is detevmined by
chemical features of the ground and excited elec-
tronic structures.

Figures 1(a)-1(d) show the optical absorption
per ion for F~, C17, Br™, and I" in potassium



