
VOLUME 48, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1982

tin, H. Thomas, V. Heine, and R. Zeyher.

Permanent address: Fachber eich Physik, Univer-
sitat Bayreuth, Bayreuth, Federal Republic of Ger-
many.

Permanent address: Institut fur Theoretische
Physik, Universitit Regensburg, D-8400 Regensburg,
Federal Republic of Germany.

See, e.g. , Stygctuxal Phase Transitions I, Topics
in Current Physics, edited by K. A. Muller and H. Tho-
mas (Springer, Berlin, 1981).

~W. Cochran, Adv. Phys. 9, 387 {1960);P. W. Ander-
son, in Pizika Dielektrikov, edited by G. I. Skamari
(Akad. Nauk SSSR, Fizicheskii Inst. Lebedeva, Moscow,
1960).

See, e.g. , A. R. Bishop, J. A. Krumhansl, and S. E.
Trullinger, Physica (Utrecht) 1D, 1 (1980).

H. Buttner and H. Bilz, in Recent Developments in
Condensed Matter Physics, edited by J. T. Devreese
(Plenum, New York, 1981), Vol. I., p. 49.

R. Migoni, H. Bilz, and D. Bauerle, Phys. Rev.
Lett. 37, 1155 (1976); H. Bilz, A. Bussmann, G. Bene-
dek, H. Buttner, and D. Strauch, Ferroelectrics 25,
339 (1980), and to be published.

See, e.g. , A. A. Maradudin, in Fe~roelect~ioity,
edited by F. Weller (Elsevier, Amsterdam, 1967).

~G. S. Pawley, W. Cochran, R. A. Cowley, and
G. Dolling, Phys, Rev. Lett. 17, 753 (1966); E. R. Cow-

ley, J. K. Darby, and G. S. Pawley, J. Phys. C 2, 1916
(1969).

H. Bilz, H. Buttner, A. Bussmann-Holder, W. Kress,
and U. Schroder, to be published; see also H. Buttner,
in Nonlinear Phenomena at Phase Transitions and

Instabilities, Proceedings of the NATO Advanced
Study Institute at Geilo, 1981 (to be published).

~J. D. Axe, M. Iizumi, and G. Shirane, Phys. Rev. B
22, 3408 (1980).

OM. Iizumi, J. D. Axe, G. Shirane, and K. Shimaoka,
Phys. Rev. B 15, 4392 (1977).

The microscopic origin off' and its relation to other
treatments [.A. D. Bruce and R. A. Cowley, J. Phys.
C ll, 3609 (1978)l will be discussed in a forthcoming
paper (Ref. 8).

i~M. S. Haque and J. R. Hardy, Phys. Rev. B 21, 245
(1980).
' Refer to H. Bilz and W. Kress, Phonos Dispersion

Curves in Insulators (Springer-Verlag, New York,
1979).
' A. Bussm~. ~~, H. Bilz, and H. Buttner, in Proceed-

ings of the Fifth International Meeting on Ferroelectric-
ity, University Park, Pa. , 17—22 August 1981 (to be
published) .

i5H. Frohlich, Proc. Roy. Soc. London Ser. A 233,
296 (1954); A. W. Overhauser, Phys. Rev. B 3, 3173
(1971); T. M. Rice, in Festkorpe~robleme: Advances
in Solid State Physics, edited by J. Treusch (Vieweg,
Braunschweig, 1980), Vol. XX, p. 393.

'6M. Tabor, Adv. Chem. Phys. 46, 73 (1981); P. Bak,
Phys. Rev. Lett. 46, 791 (1981).

'7H. Buttner and H. Bilz, in Proceedings of the Inter-
national Conference on Phonon Physics, Bloomington,
Ind. , 31 August-3 September 1981 (to be published).

' V. Heine and J. D. C. McGonnell, Phys. Rev. Lett.
46, 1092 (1981).

~ R. A. Cowley, Adv. Phys. 20, 1 (1980).
W. P. Su and J. R. Schrieffer, Phys. Rev. Lett. 46,

738 (1981).
~~H. Bilz and H. Buttner, in Proceedings of the Fifth

International European Physical Society General Con-
ference, Istanbul, Turkey, 7-11 September 1981 (to
be published) .

Time-Resolved Optical Transmission and Reflectivity
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The time-resolved optical transmission and reflectivity of n-'type crystalline silicon
has been observed during and after pulsed-laser irradiation. The transmission goes to
zero, and remains at zero, during the period of enhanced reflectivity, contradicting re-
ports of earlier experiments. Our measurements are in quantitative agreement with re-
sults of thermal melting model calculations and with known optical properties of molten
silicon.

PACS numbers: 68.55.+b, 78.20.Dj, 78.40.Fy, 81.40.Gh

The effects of pulsed-laser irradiation on semi-
conductors has recently become a topic of wide-
spread interest, both because of practical appli-
cations in device fabrication, and because of a

controversy which has. arisen regarding the new
physical phenomena involved. The thermal-melt-
ing madel' ' of pulsed-laser effects assumes that
the absorbed laser energy is transferred from
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the electronic system to the lattice in a time less
than or of order of the pulse duration (7, - 10
nsec) and that thereafter normal heat transfer
and melting occur. This model is supported by
an impressive array of experimental and theoreti-
cal results. ' ' Recently, however, Compaan and
co-workers have presented results which they
claim provide conclusive proof that the thermal-
melting model cannot be correct. ' ' In particular,
they observed' both the time-resolved reflectiv-
ity, R (at X =0.633 pm), and transmissivity, T
(at g = 1.15 p, m), of -400-pm-thick semi-insulat-
ing crystalline Si (c-Si) during pulsed-laser irra-
diation (Z =0.485 pm). They found that, although
T showed a sudden drop as R rose and a recovery
when R fell, the T at minimum (duration-50
nsec) did not go to zero, as would be expected if
the layer of molten Si (skin depth -100 A) implied
by the melting model were present. Instead, they
observed that (i) about 25% of the full T recovered
only with a very long time constant (-400 nsec),
and (ii) the minimum T had a continuously de-
creasing rather than a flat bottom. They inter-
preted their results as arising from a laser-in-
duced transition of Si to a new "fluid phase, "
arising from formation of a high-density, hot
plasma, as suggested by Van Vechten et al. '

In this Letter, we present results of time-re-
solved T and R measurements during pulsed-la-
ser irradiation of silicon, which contradict the
results of Lee et a/. ' We find that when the meas-
urements are differently carried out, the trans-
missivity drops to zero, and remains at zero
throughout the high-ref lectivity phase (HRP);
other features of the T and R "signatures" are
also in agreement with each other, with the re-
sults of melting-model calculations, ' and with
known optical constants for molten silicon. "

Experiments were carried out with use of a
pulsed ruby laser (& =0.69 pm) operated in TEM«
mode with 14+ 1 nsec full width at half maximum
(FWHM) pulse duration. The samples, which were
-400-pm-thick c-Si wafers (n type, P doped, 2-
7 0 cm), polished on both sides to eliminate scat-
tering of the 1.15-p, m probe laser beam, were lo-
cated 9.8 m beyond the second amplifier stage of
the pulsed laser and 75 cm beyond a f~ = 100 cm
converging lens; this resulted in good homogene-
ity of an -4-mm-diam central part of the laser
beam. The irradiated area was limited to a 2-
mm-diam region in initial experiments (later 3
mm) by a thin mask placed directly over the sam-
ple.

Initial T measurements were carried out with

an unfocused 2-mW cw He/Ne probe laser (X
= 1.15 pm, 1/e' diam = 0.97 mm) incident at 14'
to the sample normal, and detected without the
use of collection optics. An extensive series of
T and R experiments were carried out later with
this beam incident at 4.7, focused to an -230-
p, m-diam (1/e') spot on the sample, and refo
cused onto the detector with various image/object
distances and collection optics. Our observation
of a period of zero T was found to be entirely in-
dependent of probe-beam focusing and/or the use
of collection optics; thus, the zero-T result is
not an experimental artifact resulting from scat-
tering, deflection, and/or self-defocusing of the
probe beam off the detector, due, for example,
to a change in index of refraction during the HRP. '

Both a Si avalanche photodiode (APD; active re-
gian 1.5 mm diam, 2-nsec rise and fall times)
and a Ge p-i-n photodiode were used in the T ex-
periments. However, the Ge p i-n dio-de was dis-
carded because its responsivity is - 10 times less
than that of the Si APD at 1.15 p, m, and because
it exhibited both a zero-baseline overshoot on a
falling light signal and a very long recovery time
(-600 nsec time constant). Similar detector prob-
lems may be a factor in the results obtained by
Compaan and co-workers. "A 1.15-p, m band-
pass filter (10-nm bandwidth and -40% T) was
necessary directly in front of the Si APD detec-
tor, in order to prevent intense near-band-gap
photoluminescence (NBG PL, see below) emitted
by the sample from swamping the detector when
it was close to the sample.

The initial (later) R measurements at X =0.633
pm were carried out using the Si APD detector
and a 3.4-mW cw He/Ne probe laser, which was
unfocused (focused to —140 p, m 1/e' diam) and in-
cident at 10' (4.7') to the sample normal. The
APD's high red sensitivity made it necessary to
use three 0.633-pm 1% bandwidth (FWHM) filters
in front of it, to block the ruby light pulse.

Three separate storage oscilloscope recordings,
on successive ruby laser shots, with (a) both
probe beam and ruby beam present, (b) probe
beam blocked, and (c) both beams blocked, al-
lowed a clean separation of the T or R signal from
NBG PL and radiated electromagnetic noise (as-
sociated with firing the pulsed laser). The meas-
ured quantities are ratios of T or R during the
HRP to the initial T p or Rp these are converted
to absolute T or R values using separate meas-
urements of T, and Rp.

The transient R signals observed were similar
in shape to those reported elsewhere, ~' consist-
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ing of a flat-topped period of maximum R followed
by a decaying R tail. However, we found that the
R in the HRP at 0.633 p, m with both focused and
unfocused probe beams (at 1.15 pm with unfo-
cused probe beam) was 2.05 (2.1) times the initial
R, corresponding to ref lectivities of (71+ 1.5)%%uc

[(82+ 5)%%uo]. Both values are in good agreement
with R values calculated from the wavelength-de-
pendent optical constants for molten Si,"R =

72%%uc

and 78%%uc at 0.633 and 1.15 pm, respectively.
Some earlier R experiments~ "did not demon-
strate that R rises in the HRP to the values ex-
pected for molten Si; this has been cited' as evi-
dence for the possible inapplicability of a thermal-
melting model. The present R experiments would
seem to remove this objection.

Figure 1 shows typical results of a series of T
measurements with the unfocused 1.15-p, m probe
for pulsed-laser energy densities, E„both below
and above the threshold (- 0.8 J/cm') for the HRP.
The probe-beam transmission drops to zero, and
remains at zero, for a period of time that in-
creases with increasing E,. The maximum trans-
mitted signal that could be present and remain un-

detected is —1%. The linearity of the detector
was checked over a wide dynamic range; the
background signal and subtraction procedure were
found to be highly reproducible on successive
shots; and, the presence of weak NBG PL during
part of the zero-T period verifies that the detec-
tor is responding during this time. Thus, our re-
sult of zero T during the HRP contradicts the
large, finite T obtained by Lee etal. '

We have also carried out detailed calculations
of the time-dependent T and R signals, using the
thermal-melting model. These calculations will
be published elsewhere'; however, comparison
of the main features of the T and R signatures
with each other and with these calculations is giv-
en in Table I. We define v (v,) as the duration
of maximum ref lectivity (zero transmission), 7&

as the fall time to the change in slope of the fall-
ing-R signal (thought to represent the transition
from molten to hot, solid silicon at the sample's
surface' ); and 7« =~ +7f is then the total sur-
face melt duration, all measured with focused
probe beams. (The spatial averaging effect of a
large, unfocused probe beam results in some
lengthening of rise and fall times for R and T
transitions. However, measured R rise times
with a focused beam were s 2 nsec, the 1-90%
rise time of our Si APD detector. ) As Table I
demonstrates, there is excellent agreement be-
tween measured and calculated values for vt t as
there is also between the measured (0.86~0.05 J/
cm' unfocused, 0.80+0.03 J/cm' focused) and cal-
culated (0.8 J/cm') threshold E, for the HRP. The
calculations, ' as well as simple wavelength-de-
pendent skin depth" considerations, also show
that the measured 7, at 1.15 pm should be slight-
ly shorter than v at 0.633 p, m, as is observed
(Table I).

TABLE I. Comparison of characteristic times (in
nanoseconds) from T (1.15 pm) and R (0.63 pm) signa-
tures of c-Si obtained with focused probe beams, with
results of thermal-melting-model calculations. The
rms error in time measurements, estimated f'rom sev-
eral successive measurements, is ~ + 10%.

T I ME ( n sec)

FIG. 1. Transmission of the unfocused 1.15-p, m probe
beam through c-Si, at a series of pulsed laser E& and
viewed on two different time scales (20 and 50 nsec/
div. ). The dashed horizontal lines indicate the initial
T p The top figure is for E& l ess than the threshold for
the HRP. The arrows mark the position of the peak of
the ruby-laser pulse (plus or minus a few nanoseconds).
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T measurements were also carried out M)ithout

the cw probe beam and 1.15-p, m bandpass filter,
and with the Si sample mounted directly on the Si
APD detector enclosure, - 9 mm from the detec-
tor chip. Intense NBG PL was detected in this
case. The radiation was separated into two com-
ponents, a sharp initial peak and a long slowly
decaying tail. The initial NBG PL peak occurs
s 4 nsec after the peak in the ruby-laser pulse
and, although it was not completely resolved,
had a FWHM comparable to the ruby pulse width.
A semilog plot of the slowly decaying tail re-
vealed that several decay processes may be in-
volved, with time constants ranging from ( 100
nsec to -1 @sec. The initial, short-lived PL
peak is easily distinguished from any leakage of
the ruby pulse to the detector, since this peak in-
creases as a fractional power of the ruby-laser
intensity and eventually saturates. The PL inten-
sity also falls off rapidly with increasing sample-
detector separation, as expected from solid-an-
gle considerations. Similar intense recombina-
tion radiation emitted by pulsed-laser-excited
silicon was reported by Svantesson, Nilsson,
and Huldt and by Nilsson, who ascribed the ini-
tial very rapid recombination to a third-order
process. " It should be noted that the 2-mW,
1.15-p. m probe-laser intensity corresponds to
only -1.5% of the peak PL intensity, with the
sample -9 mm from the detector chip; i.e. , it
would be completely swamped by the NBG PL
signal, until nearly 1 p sec after the ruby-laser
pulse, unless the bandpass filter is in place.

T measurements were also carried out using a
Ge p-i-n diode (as was used in the measurements
of Lee et al. '). lt was possible by mounting the
silicon sample directly on the detector enclo-
sure, and also focusing down the 1.5-pm probe
laser beam, to detect simultaneously both the
NBG PL and probe-beam signals (with no band-
pass filter being used). By carrying out T meas-
urements both with and without the probe beam,
and then taking the difference of the two measure-
ments, we were able to obtain the T signal while
NBG PL was also incident on the detector. A pe-
riod of zero T (or even slightly below zero T, a
result of detector baseline overshoot) was ob-
served, in rough agreement with the results in
Table I. However, transmission recovery was
very slow, with a I/e time constant )600 nsec,
similar in this respect to the behavior reported
by Lee et al. ' In contrast, full transmission re-
covery occurred within 450 nsec in T signatures
obtained with the bandpass filter jSi-APD combin-

ation (Fig. 1). Thus, it appears that the slow re-
covery of full transmission described by Com-
paan and co-workers may be an artifact of the
use of a Ge p-i-n photodiode.

In summary, we have used time-resolved T
and R measurements to probe the optical behav-
ior of silicon during and immediately after
pulsed-laser irradiation. The optical transmis-
sion goes to zero during the HRP, and corre-
sponding features of the T and R signatures are
in good agreement. These results contradict
those of Lee gt al. ' As is shown in more detail
elsewhere, our T and 8 experiments are also in
quantitative agreement with the results of ther-
mal-melting-model calculations. '
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Experimental evidence is presented for radiative transitions of light holes accumulated
in a limited area in momentum space to the heavy-hole band. Also reported is the ob-
servation of cyclotron resonance emission from the accumulated light holes. The pos-
sibility of far-infrared amplification is discussed.

PACS numbers: 72.20.Ht, 78.30.6t

Streaming motion' and population inversion' of
hot carriers in crossed electric and magnetic
fields have been established in Hall-effect meas-
urements on silver halides' ' and P-Gee'7at 4.2
K. Here I report the first observation of far-
infrared emission from the population-inverted
hot-carrier system.

The experiments are performed on P-Ge crys-
tals doped with In of concentration 1.2 &&10"/cm'.
Specimens are of simple rectangular shape (0.4
&&3 && 12 mm') with end contacts prepared by alloy-
ing with Au-In (2 at. %). Prior to the radiation
experiment, Hall-effect measurements are car-
ried out to confirm streaming motion and carrier
accumulation. A pulsed electric field E with an
amplitude 5 V/cm &E &1 kV/cm and a duration 40
nsec-2 p.sec is applied at a repetition rate of 30
Hz as in previous experiments. ' Sample heating is
confirmed to be insignificant by Hall-effect meas-
urements. The magnetic field B is applied per-
pendicularly to the current. The specimen and
a far-infrared detector are mounted at either end
of a metal light pipe of 30 cm length in a similar
configuration to that described in Refs. 9 and 10.
The whole system is immersed in liquid helium.
Two types of detector are used; a Ge/Ga photo-
conductive detector and an n-EnSb cyclotron reso-
nance detector. The Ge/Ga detector, "containing
Ga of -1&&10"/cm' density, is used to investigate
integrated radiation intensities. The n-InSb de-
tector (n-2 &&10" cm ' at 77 K), used under mag-
netic field B„, yields a sharp spectral response
at e-ku, -=heB, /m* with the effective mass of

electrons m* = 0.013mo." The spectral resolu-
tion is determined to be typically 1 meV by the
observation of H,Q laser lines.

At B=0, far-infrared emission is observed in
the whole range of E and is interpreted as due to
transitions of hot light holes to the heavy-hole
band. The radiation spectrum consists of a single
broad peak which shifts towards higher energies
with increasing E until the shift is saturated to
give the maximum intensity point around e-18
meV above E-100 V/cm. The saturation of shift
indicates the onset of streaming motion of light
holes above 100 V/cm. This interpretation is
supported by the following consideration. The
collision time 7;~ of light holes due to ionized
acceptor scattering averaged over the energy
range below the optical-phonon energy ~,

&
= 37

meV is estimated to be -12 psec. For E&100 V/
cm this ~;~ is longer than the traveling time,
T, ' —= (2m, *jgo,)'~'(eE) ', for light holes initially
at a=0 to reach a=5~,&, where m, *=0.043m, is
the light-hole effective mass. (T,z'-12 psec at
E= 100 V/cm. ) Thus streaming motion is ex-
pected above 100 V/cm. No indication is found
at any levels of E for recombination radiation
from impact-ionized impurities, ' ' which would
yield a sharp emission at e-10 meV. This fact
can be explained by the relatively low concentra-
tion of acceptors in the specimen used.

To explore the effects of light-hole accumula-
tion on radiation, the total radiation intensity is
studied as a function of B at different levels of
dissipative electric field E„. Typical results are
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