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Annual Progress Report

ONR Contract N00014-83-K-0030
For Period: November 1, 1983 - October 31, 1984

A. Picosecond Laser Interactions with Semiconductors

The personnel associated with this project during this reporting period mEme
0',9 \
consisted of: 3399“' '
N Kireg
Dr. N. Bloembergen, Principal Investigator RN

This docum
Dr. H. Kurz, Semior Research Fellow [ for public r:lx:o?: sq:ge:quﬁ?ved ,

i distribution is unlimited.
Dr. A. M. Malvezzi, Research Fellow - T

Dr. D. von der Linde, Visiting Scholar (3/1/84-9/30/84)

Dr. G.-Z. Yang, Visiting Scholar (from 1/1/84)

Optical probing with picosecond pulses at various wavelengths of the com-
plex index of refraction of t".in semiconducting samples of silicon and ger—
manium, in which energy has been deposited by preceding picosecond pulses, has
provided firm guantitative experimental evidence that the energy absorbed by
carriers gets transferred to the lattice on time scales shorter than one
picosecond. If the energy absorbed per unit surface area is sufficient, melting
and superheating of the fluid also occurs on such time scales. These findings

have been published or presented at international meetings.

During the past year we have obtained evidence that a GaAs surface layer
irradiated by a green pulse (A = 530 nm) of 20 ps duration also undexgoes a
transition to the molten phase om a picosecond time scale. In this case a dif-
ferent optical probing technique was used. The incident light pulse, polarized

slong the (1,1,1) crystallographic direction, creates s second harmonic
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roflected ray. The second harmonic energy genmerated at A = 265 om is propor-
tional to the square of the incident intensity, as long as the sample remains
crystalline. When a layer equal to the absorption depth at A = 265 om has
melted, the second harmonic generation shows no further increase. The results
lead to an energy transfer time between the hot, dense carrier plasma and the

lattice vibrations of less than two picoseconds.

A careful observation and analysis of the photoelectric emission induced by
A = 265 nm picosecond pulses from a silicon crystalline surface has also been
completed. The data show, besides the ordinary linear photoelectric effect, an
emission proportional to the square of the intemnsity. This is due to photoemis—
sion from the hot, dense carrier plasma created by the same pulse, or by s
preceding picosecond pulse. The lifetime of this plasma surface layer is lim
ited by diffusion of the hot carriers out of the shallow absorption depth for A
= 265 nm radistion. The effect of space charge limitation of the electron emis-
sion in an intensity regime before melting occurs has also been demonstrated.
After the onset of melting, evaporation of atoms and ions from the superheated
fluid silicon takes place. The positive ions reduce the space charge, and the

number of emitted electrons equals that of the emitted positive ioms.

Further detsils on this work may be found in the appendices, which are pre—
prints or reprints of technical papers. This material was also presented at
seversl international meetings. Dr. H., Kurz presented invited papers at the
International Conference on Quantum Electronics in Anaheim, Califormia, in June
1984, and will also present an invited review of this field at the forthcoming
meeting of the Materials Research Society in Boston, MNassachusetts, in November

19“.

Recent experiments have focused on the problem of evaporation of meutral
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particles from the superheated fluid. It has been established that the silicon
readily reaches a temperature over 5000 K at a fluence of 500 nJ/cmz. Thin film
SOS samples are blown off, and the blow-off phenomenon has hampered the study of

the rate of evaporation.

Theoretical calculations on the variation of the effective mass of the car
riers at high temperatures and densities have been completed. They tend to com
firm that the effective mass remains much smaller than the free electron mass up

21

to densities of 10°" carriers/cc and up to the melting point.

During the next year attention will be focused on the additional damping or
energy transfer which may occur when the plasma frequency of the carrier gas
exceeds the band gap energy. It should be possible to investigate this new
regime experimentally in germanium. An attempt will also be made to measure the
evaporation rate from a superheated surface layer of fluid silicon created on 2
bulk single crystal of silicon. The evaporated atoms will be collected on a
transparent sheet and their density measured by optical means. An additional
program element will be the behavior of quantum well structures at high carrier

densities, created by picosecond pulses.
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Picosecond Pulsed Laser Induced Transformations in Metals and Alloys

The personnel associated with this effort were:

F. Spaepen, Principal Investigator

W.K. Wang, Research Fellow

T. Mizoguchi, Visiting Scientist (summer)
C.A. MacDonald, Graduate Student

S.M. Prokes, Graduate Student (summer)

L.C. Chen, Graduate Student

We have continued the program on the formation of alloys by pulsed laser

heating, mixing, and quenching. We have concentrated mainly on the Nb-Si sys-

tem, which is of interest for its superconducting properties. The starting

materials were made by ion beam sputtering, im our recently developed aspparatus

(see below, and attached report), and consisted of three types:

1.

Homogeneous Nb93Si7. which is & microcrystalline Nb(Si) solid soluotion
with lattice parameter a = 3.47 A.

Compositionally modulated Nb7ssi25 (period 32 3), consisting of fine
grained pure Nb and amorphous Si layers.

Compositionally modulated Nb (period 48 K). of the same structure

815119

as 2 above.

After laser irradiation (30 ps YAG or 30 ns ruby laser pulses), the follow-

ing structural changes were observed:

1.

The composition modulation, observed by x-ray diffraction, decayed as a
result of large fluence irradiation.

The Nb,,Siys modulated films transformed to a becc Nb(Si) solid solution
with lattice parameter a = 3.30 X after 30 ns irradistion.

The Nb818119 modulated films transformed to an as yet unidentified




phase (in electron diffraction) after 30 ns irradiation.

The Nbslsil9 modulated films transformed to a bcc Nb(Si) solid solution

with lattice parameter a = 3.45 X after 30 ps irradiation.
The Nb93Si7 films transformed into a mixture of an a-15 type Nb3Si.

bcc Nba and 1-Nb58i3 after 30 ns irradiation.

Some preliminary investigation of the superconducting properties of these

materials has been made. It has become clear that an inductive rather than a
resistive method would be preferable for measurements on the small amounts of

transformed material available after laser pulse induced transformation.

Glass formation in marginally glass forming alloys, which formed the bulk
of last year'’s work, was continued on the Fe-C system, in which so far no
glasses could be made from the melt by conventional quenching methods. Prelim- |
inary investigations show that 30 ps laser quenching leads to glass formation in

alloys containing 15 and 25 at.7 C.

Ve have continued our study on the direct measurement of the crystal growth
velocity and solute trapping in pure metals and simple alloys. The pump-probe
technique has been improved to give better statistics. We have also begun to
investigate interdiffusion in the liquid and subsequent solute trapping in modu-

lated films, using Auger spectroscopy and x—ray diffraction.

We bave made extensive use of the new dual gun ion beam sputtering
apparatus developed in this project for the preparation of starting materials.
} A copy of a technical report on it is attached. It has proved very versatile in

; producing both homogeneous alloys and various compositionally modulated films.
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Appendix 1

OFFICE OF NAVAL RESEARCH

PUBLICATIONS/ PATENTS/ PRESENTATIONS/ HONORS REPORT

for

1 October 1983 through 30 September 1984

for

Contract N00014-83-K-0030

Task No. NR SRO-150

Picosecond Laser Pulse Interactions with Metallic and Semiconducting Surfaces

N. Bloembergen and F. Spaepen
Principal Investigators

Harvard University
Division of Applied Sciences
Cambridge, Massechusetts 02138

Reproduction in whole, or in part, is permitted for any purpose of the United

States Government.

¢ This document has been approved for public release and sale; its distribution

is unlimited.
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a. Papers Submitted to Refereed Journals (and not yet publisghed)

1. A.M, Malvezzi, J.M. Liu and N. Bloembergen, ’'Second harmonic generation in
reflection from crystalline GaAs under intense picosecond laser irradia-

tion', Appl. Phys. Lett., to be published in November 1984,

2. A.M. Malvezzi, H. Kurz and N. Bloembergen, ’'Picosecond photoemission study
of laser-induced phase transitions im silicon’, to be published in the
Proceedings of the Topical Meeting on Ultrafast Phenomena, Monterey, Cali-

fornia, June 1984.

3. L.A. Lompre, J.M. Liu, H. Kurz and N. Bloembergen, ’'Dynamics of dense
electron-hole plasma and heating of silicon lattice under picosecond laser
irradiation’, to be published in the Proceedings of the Topical Meeting on

Ultrafast Phenomena, Monterey, California, June 1984.

4, A.M, Malvezzi, H. Kurz and N. Bloembergen, 'Nonlinear photoemission from
picosecond irradiated silicon’, submitted for publication in Appl. Phys. A

(Springer, Heidelberg).

5. F. Spaepen and C.J. Lin, 'Partitionless crystallization and glass formation

in Fe—B alloys during picosecond pulsed laser quenching’, Mat. Res. Soc.

Symposia Proceedings, in press.

6. F. Spaepen, A.L. Greer, K.F, Kelton and J.L. Bell, 'An ion beam sputtering
spparatus for fabrication of compositionally modulated materials’, ONR

Technical Report and to be published.

Papers 1 and 4 also received partial support from the Joint Services Electronics

Program under contract NO0014-84K-0465
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b. Papers Published in Refereed Journals

1. L.A. Lompre, J.M. Liu, H, Kurz and N. Bloembergen, 'Optical heating of
electron—-hole plasma in silicon by picosecond pulses’, Appl. Phys. Lett.

44, 3-5 (1984).

2. H.M. van Driel, L.A. Lompré and N. Bloembergen, 'Picosecond time—resolved
reflectivity and transmission at 1,9 and 2.8 pm of laser—gemerated plasmas

in silicon and germanium', Appl. Phys. Lett. 44, 285-287 (1984).

3. J.M. Liu, L.A. Lompré, H., Kurz and N. Bloembergen, 'Phenomenology of
picosecond heating and evaporation of silicon surfaces coated with SiO2

layers’, Appl. Phys. A 34, 25-29 (1984).

4. L.A. Lompré, J.M. Liu, H. Kurz and N. Bloembergen, ’'Picosecond time-
resolved optical studies of plasma formation and lattice heating in sili-
con', in Mat. Res. Symp. Proc., Vol. 23, (Elsevier, Amsterdam, 1984), pp.

57-62.

5. A M, Malvezzi, J.M. Liu and N. Bloembergen, ’'Photoelectric emission studies
from crystalline silicon at 266 nm', Mat. Res. Symp. Proc., Vol. 23

(Elsevier, Amsterdam, 1984), pp. 135-139.

6. C.J. Lin, F, Spaepen and D, Turnbull, 'Picosecond pulsed laser—induced
melting and glass formation in metals’, J. Non—Cryst. Solids, 61/62, 767

(1984) .

Papers 1, 2 and 3 also received partial support from the Joint Services Elec—

tronics Program under contract N00014-84-K-0465
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¢. Books (and sections thereof) Submitted for Publication

None.

d. Books (and sections thereof) Published

None.

e. Patents Filed

None.

f. Patents Granted

None

g- Invited Presentations at Topical or Scientific/Technical Society Conferences

In January 1984 Professor N. Bloembergen opened the Office of Naval Research
Distinguished Speaker Colloquium Series with a presentation, ‘Nonlinear Optics

and Spectroscopy’.

Dr. H. Eurz presented an invited paper at the International Conference on Quan-
tum Electronics in Anaheim, California, June 1984, on 'Physics of Laser Anneal-

ing of Semiconductors’.

i. Honors/Awards/Prizes

Professor Nicolaas Bloembergen was elected =2 member of the Natiomal Academy of

Engineering, Washington, D. C., in April 1984.

Professor N. Bloembergen was also elected an honorary lifetime member of the

Optical Society of America.
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L. App endix 2

Cleina £

Dynamics of Dense Electron-Hole Plasma and Heating of Silicon Lattice
under Picosecond Laser Irradiation

e T
ot

L. A. Lompré*, J. M. Liu**, H. Kurz and N. Bloembergen

i Division of Applied Sciences, Harvard University, Cambridge, MA 0213&, USA
K

N Numerous investigations of the mechanisms for pulsed laser-induced phase tran-
sition provide ample evidence that the surface of metals and semiconductors

-~

‘ undergoes a solid-liquid phase change as soon as a critical laser fluence 1is
b exceeded. There is no doubt about the thermal nature of the phase transition
[ as long as nanosecond pulses are being used [1]. It is the main purpose of

T this contribution to clarify whether under picosecond irradiation the simple

thermal melting approach is still valid. This question is focused on the time
required to establish thermal equilibrium between carriers and phonons [2].

The conventional picosecond pump and probe technique is applied [3,4]. Tne
highly focused probe beam monitors the transmission and reflectivity of bulk
surfaces on thin silicon films on sapphire (S0S), induced by an exciting

{
}
E between 0.532 and 2.8 um. By comparing the changes in optical properties at

picosecond pulse at 0.532 um. The wavelength of the probe pulse is varied
‘ different wavelengths, the contributions due to a variation in lattice tem-

\ perature TL and those due to changes in carrier density N are separately
8 determined [5].

At the doubled frequency of a Nd:YAG laser (hw = 2.33 eV), the optical
properties of picosecond-excited silicon are mainly determined by the indirect
E] gand gap transition. The phonon-assisted indirect absorption a depends
strongly on the lattice temperature T [6]. 1In.S0S samples multiple reflec-

{ tions from air-silicon and silicon-sapphire interfaces enhance the optical
detectivity of changes Ae in the real part of the dielectric functions con-
siderably. Time-resolved analysis of the reflectivity signatures of SOS sam-
ples reveal the interplay between thermal (Ac > 0) and free carrier (Ac < 0)
contributions to € [9]. Dus to Agger recombination the plasma density is
known to drop below 1.2 x10 0 cm=3"after 200 ps. At this time the plasma con-
tributions become negligible at 0.532 um and the amount of lattice heating

can be determined experimentally by comparing samples with different film
thicknesses [5].

In Fig. 1 the surface temperature developed 200 ps after the exciting pulse
is shown. Picosecond optical probing of lattice temperature reveals signifi-
cantly higher values than those derived up to now from Raman_scattering data
using ns pulses. Compared to bulk surfaces (F ph = 200 mJ/cmz) SOS samples
exhibit a lower threshold value for surface me?ting (160 mJ/cmé). Because of
multiple interferences in SOS samples, a larger amount of energy density is
absorbed in the silicon film. The absorbed energy density in 0.5 um thick
silicon films is determined by reflectivity and transmission measurements of
the pump beam (see top of Fig. 1). The surface temperature increases non-

*pPermanent address: C.E.N./Saclay, DPh.G/S.P.A., 91191 Gif-sur-Yvette Cedex,
France
**Pprosent address: GTE Laboratories, 40 Sylvan Road, Waltham, MA 02154, USA
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linearly with the laser fluence F(2u) and reaches values c]oge to the melting
point of silicon (T, = 1680 K) at a fluence level (160 mJ/cm¢) where the re-
flectivity increases rapidly to the liquid state value. Obviously lattice
heating and melting occur during the pump pulse. The band gap shrinks nearly
instantaneously, resulting in an increase of the pump beam absorbance. This
picture is confirmed by measuring the transmission at time delays shorter than
the pulse duration. At a time delay of At = 10 ps, significant lattice heating
already occurs. The result shown in Fig. 1 is obtained by temporal deconvolu-
tion of the heating and probing pulse. Plasma contribution has been properly
taken into account. Clearly, phonons participating in the indirect absorption
process recejved a significant amount of energy deposited primarily in the
electron-hole plasma. The observed transmission changes are in excellent
agreement with the optical heating model, where an instantaneous energy trans-
fer to the phonons is assumed.

At a probing frequency below the indirect band gap, free carrier contribu-
tion becomes dominant. Drude-like plasma resonances have been observed at
2.8 um [7]. They have been used for a preliminary estimate of plasma densities
far below the threshold for meiting. At this Brobing wavelength the plasma
edge is reached at a fluence level of 40 mJ/cm¢ already. Strong free carrier
absorption causes transmission drops to zero, preventing a reliable determina-
tion of the maximum plasma density at higher fluence levels. For this pur-
pose thin film and bulk crystals are carefully investigated at 1.064 and 1.9 um.
At these probe wavelengths the plasma contributions are less pronounced, and
measurements up to the melting point can be performed. This study is completed
by a novel three-pulse technique, where the first pulse at 0.532 um creates
carriers, a second pump pulse at 1.064 um couples energy to the plasma by free
carrier absorption without creating new carriers, and a third pulse monitors
the induced optical changes [8]. The plasma heating of the second pulse does
not affect the susceptibility associated with intraband (Drude) and interband
transitions. Neither the reduced mass m* nor the density of electron-hole
pairs is changed by additional heating of the plasma. The probability of car-
rier multiplication by impact ionization is very low [8,9]). The energy loss
rate of the carriers to the phonons is faster than the rate for impact ioniza-
tion, which is expected to be comparable to the Auger recombination rate.

As a selected example, the transmission of bulk silicon at 1.064 um is
plotted versus incident laser fluence for two different time delays At in
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Fig. 2. At At = 200 ps the plasma density levels off to a constant value
above F(2.) = 50 mJ/cmé due to the non11near1ty of the Auger recombination
process. The lattice temperature, however, increases strongly with F(2uw).
Under these conditions the free carrier absorption at 1.064 um associated

with intraband transitions is proportional to [m* <t> (2yt)%]-1, where m* means
the reduced optical mass for electron-hole pairs, <1> the energy averaged
momentum relaxation time of the carriers, and y the Auger recombination coef-
ficient.

The solid line in Fig, 2 represents calculated transmission values of bulk
silicon using vy =_2 x10-31, m* = 0.164 m, and averaged momentum relaxation
time <t> = 7x1071% x300/T,, as found in ns experiments [10]. The agreement
between measured and calcufated data is excellent, indicating a strong phonon
participation in the carrier momentum relaxation, even at plasma density
levels at which electron-hole scattering dominates the relaxation process.
The same calculation provides satisfactory results for the transmission at

= 10 ps, where the plasma density depends on the laser fluence F(2w). 1In
this case the plasma density has been calculated with the standard equations,
including ambipolar diffusion and neglecting impact ionization. The calcula-
ted evolution of plasma density and temperature at the surface of silicon
jrradiated with increasing laser fluence F(2w) are finally summarized in
Fig. 3. These calculated data are cross checked with experimental data at
different probing wavelengths, excitation levels and time delays. They have
been used to ana]yze the dependence of the optical reduced mass on the car-
rier density in reflectivity measurements. Excellent agreement with the dgta
at 1.064, 1.9 and 2.8 um has been found up to a fluence level of 150 mJ/cm¢,
for a constant optical reduced mass of (0.16 +0.1)m,. The stability of the
Drude term indicates a "cold plasma" which is in thermal equilibrium with the
lattice. Close to ths thregho]d value for melting, the maximum plasma density
is limited to 1.4 x 10%! , mainly due to Auger recombination. The measured
values of lattice temperature and maximum plasma density are consistent with
optical heating and thermal melting even on a time scale of picoseconds.

This research was supported by the U.S. Office of Naval Research under

contract N0OO14-83K-0030 and by the Alexander von Humboldt Foundation, F. R.
Germany.
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\ PHOTCE + BTULIES FROM CRYSTALLIRNE SILICON AT 266 N™
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ABSTRATT

Three different rhotoclectric regimes are observed in
the interaction of i3 ps, 206 nm laser pulses with crystalline
silicon sam;les versus light fluence. A superposition of
linear and guadratic photoionization is followed by a space
charae limited regire u; to the critical fluence Fg; for the
surface amorphization where highly nonlinear ion emission 1s
observed. Ion anq electron emissions become equal in magnitude
at a fluence ~ 2Fg:. The apsence of observable thermionic
effects indicates that thermal equilibrium of the electron-
hole plasma and the lattice is reached during the laser pulse
duration,

INTRODUCTION

The central question in the investigation of pulsed laser annealing of
semiconductors 1in tne picosecond randc is related to the time scale of the
energy transfer between the hot electron-hole plasma created by the laser
pulse and the crystal lattice. In recent times much experimental effort has
been devoted to the study of this energy transfer. This goal has been mostly
pursued throuah optical diaanostic methods, either by measuring the optical
constants of the semiconducotrs witl: vumr and probe techniques [1] or by
direct derivation of the lattice temperature from Stokes and anti-Stokes
Raman scattering [2].

Measurements of the electron and ion emission from the semiconductor
surface during the interaction with picosecond laser pulses offers an alter-
native approach to the problem. Here, one probes the material only in its
outermost layers, and therefore the data are insensitive to the gradients in
the profiles of plasma density or lattice temperature. Thermionic emission
is extrer.ly sensitive to the electron temperature. Conversely, the emission
of positive ions is an indicator of a hot lattice.

In this paper detailed measurements of the charges emitted by crystal-
line silicon samples irradiated with 266 nm, 15 ps laser pulses are reported.
This work extends the measurements of Liu et al. [3] to laser fluences about
four orders of magnitude below the critical value for a surface phase trans-
formation. One of the main results of this analysis is the absence of ob-
servable thermionic effects throughout the whole range of laser fluence.
Thus, an upper limit to the average electron temperature of & 3000 K within
the laser pulse can be deduced.

EXPERIMENTAL METH(D

The source of excitation of the silicon samples is a 15 ps, 266 nm laser
pulse obtained by frequency quadrupling the output of a Nd:YAG 30 ps laser
pulse. The radiation is focused by quartz optics into a vacuum chamber in
which the silicon sample is located., The angle of incidence is 48°, and the
reflected portion of the beam escapes from the chamber through a second

mat. fes. Soc. Symp. Proc. Vol. 23 (uu)@nnvtu Science Publishing Co.. Inc.




M e e

B G ZEn Smn s am amed

i

136 )

window. A 1 mr diameter wire placed at 2.5-3 mr from the sam;le surface !
acts as a charge collector. Bota sample and wire are electrically insulated
{rom the body of the vacuum chamber and can be independently biased ufp tc

+ 4 kV. Two configurations for the measurements are possible. One can mea-
sure either the charges collected on the wire or the ones escaping from the
sample. Both methods have been shown to give similar results. Most of the
measurements, however, have been performed by mcasuring the total charges
escaping from the target. A charge amplifier connected to the sample col-
lects the charges and provides a signal proportional to the collected
charges to the data acguisition system. The calibration of the amrlifier
has been checked for high charge signals against the charge signal obtained
at the oscilloscope tiarough a coaxial cable of knowr capacitance. The read-
ings agree within a factor 1.5. An absolutely calibrated photodiode and
neutral density filters provided the total energy value of each laser pulse.
Laser and charge data were directly plotted by an automatic data acquisition
system,

Measurements of the spatial beam profile on the target were performed
for each experimental run by evaluating the area of the amorphous spots at
various laser fluences, as described in reference [4].

The experiments were performed in a vacuum of S x10'7-5 x 1078 Torr.
The samples were Si (111) and Si (100) lightly doped p-samples with 1-5 fi-cm
and 15-5C {i-cm, resvectively.

RESULTS AND DISCUSSIONM

The electron and ion emission from Si (111) and Si (100) has been mea-
sured in many experimental runs with different focusing conditions. The
(1/e) radius p of the laser intensity profile on the sample has been varied
between 12 and 178 um. The electron signal does not depend on the contami-
nation of the sample surface. Cleaning procedures sSuch as multiple shot ex-
posure below the fluence for morphological surface damage [5) do not modify
the observed features in the collected charges. Contrary to expectation, nho
qualitative difference in the emission has been found between Si (1l11l) and
Si (100) oriented samples, despite the differences in ionization potentials
[6,7]. Presumably the surface oxide layer present on the samples exposed to
alr is not removed by laser pulse cleaning and thus lowers the ionization
potential at the surface of the sample (8).

Figure 1 shows the total of collected electron and ion charges versus
laser fluence in a typical plot for Si (l11l). The behavior of the electron
emission can be divided intc three reqimes. At lower fluences {(region I} we
have a progressively nonlinear departure from a pure linear {(slope = 1) re-
lationship between electron signal and laser fluence F¥“. This andicates
that the energetically allowed single photon effect is accompanied by a non-
linear photoelectric effect. 1In a second range of laser fluences (region II),
a decrease in the slope of the curve is observed. The collected charge sig-
nal_is here dependent upon the bias voltage and scales agsroximately wéth
vgias' This behavior is then interrupted at a fluence Fenh = 0.08 J/cm“,
where amorphous spot formation and positive ion emission occur simultane-
ously. Above Fi* (region III) a steep increase of the electron emission
occurs. 1In this regime each experimental point is obtained on a fresh por-
tion of the sample. lon emission, on the other hand, is characterized by a
very steep behavior. There is no significant amount of ions emitted in re-
gions I and II. The ion signal emerges from the noise at about one quarter
of the critical fluence P‘g. The first part of the ion emission has a rela-
tively low slope. It is gollowed by a jump~like behavior. Within 25% of
the critical value Fé“ the emission increases by more than two orders of
magnitude. At the critical fluence Ft for amorphous formagxon. the curve
bends to a lower slope, and equal amounts of electrons and ions are observed
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above ZFé: in region III.

A more 1llustrative way of displayving these three regimes of electron
erlssion is shown in Fig. 2, where the ratio Q/E, of the total electron
charge Q to thg incident laser eneray E. (in Joules) is plotted versus laser
fluence F(J/cm*). The behavior at low fluences (region I) up to laser
fluences ~ th/li is linear, as shown on an enlarged scale in Fig. 3. Thas
indicates that a superposition of linear and quadratic ionization processes
is effective 1in this range of laser fluences. Tne functional dependence of
the current density J(T,t) versus laser intensity I(¥,t) is described by

1Z.0e H‘(1(?,t)e)2
1 Thy 2\" nv

JF,0) = k

where e 1s the electron charage, hv the photon energy and k;, k, the coeffi-
cients for linear and quadratic photoemission, respectively. Integrating
this equation over the space and timec with the Gaussian beam profile results

in 2
k. e
.Q_ = kl -g. + .—2_2 F
En Vo 27 we
Here T 1s the laser pulse duration, E, the total energy of the laser pulse

(J) and F 1ts fluence (J/cm®).

The value of the quantum yield for single photon emission at 4.66 eV,
as deduced from the experiment, eguals 8(¥ 2) x10~’ electrons per absorbed
photon, in agreement with data found in the literature for silicon samplfs
exposed to air (7). The exverimental value for the quadratic effect, 3 +
1.5%x10732 cm? s 1s consistent with the results obtained by Bensoussan et al.
[9}], if extrapolated to higher photon energies. This nonlinear process com-
pletely dominates the electron emission over a wide range of laser fluences.
This can be attributed to a much higher escape probability for the two-photon
excited electrons which have an intrinsically higher (up to ~ 4.6 eV) kinetic
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of thne ratio Q/E, (emitted negative charge
over incident laser energy) versus inci-
dent laser fluence for Si (111).
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FI1G. 3. Ratio Q’E), of emitted
negative charge to incident
laser energy versus 1incident
laser enerqgy at different focus-

ing conditions on a Si1 (11l)
sample. The values of the
laser spot radii are shown for
each curve.

energy than the electrons emitted by a sinagle photon process, which have
about 0.06 eV kinetic energy.

The nonlinear behavior at fluences higher than ~ F¥/15 is masked by
space charge limitations. This regime of emission depen‘s on the bias veolt-~
.- age on tne collecting electrode and canno: be neutralized at the highest bias
voltages permissible in our experimental ccnditions. Space charges rapidly
neutralize the aprlied fields at the surface. The electron emission is
AR limited to the leading edge of the picosecond pulse.

‘o

-~ v wY

Simultaneously with the observation of amorphous spot formation at the
critical laser fluence Ft;, sharp rises in ion and electron emission occur.
The ion emission has a step-like behavior, and the electron space charge
limitation is suddenly released. These discontinuities show that the surface
conditions of the sample are suddenly modified at this fluence, as cne would
expect for a4 phase transition to the molten state of silicon.

O

. Thermionic emission is a very steep function of the electron temperature
To. Therefore, it should manifest itself with a highly nonlinear behavior
even in region I. In Fig. 3 the ratio Q/E, versus incident laser energy E,
for various laser spot sizes in region 1 shows that the behavior is strictly
linear. Thus the thermionic contribution below the saturation equals at most
the accuracy of the data. Application of the Richardson-Dushman equation
gives an upper limit of ~ 2200 X for the average electron temperature during
the laser pulse in region I. 1In region III the equal amounts of electrons

. and ions observed above ZFL: reduce the possible thermionic emission contra-
bution to less than 10'12 Coulombs in this regime. This gives an upper limit
of ~ 3000 K for the average electron temperature during the phase transition.

Ae auh ane oo on g

CONCLUSTONS

The results of our measurements can be summarized as follows. The elec-
tron charges collected at lower laser fluences must be attributed completely
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to tne sur<r;ositicn of single-photon photoermission and a quadratic phot o-
electriz effecs. NO expwrimental evidence for thermionic emission is found
1 our measurements. _Tris provides an upper limit cf 30Ju K to the averaae
electron temperaturc T during the laser pulse duration. The data are con-
sistent with the establishment of ejuilibrium between the carrier and the
lattice temperature during the laser pulse (15 ps). A spacc charge limited
regime 1s observed for the electron emassion at fluences between F{y’l5 and
ré:. Sufficient charge densities (Coulombs/cm3) can build u; to screen the
aprlied field ir a fracticn of the laser pulse duration. At the critical
fluence for the phasv transformation, melting resulting in subsequent forma-
tion of an amorphous pattern, the sudden release of the space charge regime
and the appearance of rositive charges are consistent with the notion of
surface melting during the laser pulse [10}.
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k PICGSECOND TIME-RESCLVEL COPTICAL STUDIES OF PLASMA FORMATION AND LATTICL
HEATING IN SILICON

L. A, LOMPRf,' J. M. LIU,** 4, KURZI AND N. BLOEMBERGEN
Division of Arrlied Sciences, Harvard University, Cambridge,
MA 02138: *C.E.N. Saclay, DPh.G./S.P.A.S., 91131 Gif-sur-
Yvette, France; **Department of Electrical and Computer
Engineering, Bell Hall, SUNY at Buffalo, Amherst, NY 14260

ABSTRACT

Time-resolved studies cf reflectivaty and transmissiorn
at {.230 um, 1.023 ym and 2.6 .7 of thin silicon films foli-
lowing irradiation witi p's tulses at 0.532 .rm have been per-
formed. The formatiorn ¢f the electron-hole plasma and the
evolution of lattice temjerature 1S 1nvestigated as a function
of pum; fluence and time delay. Quantitative determination
of the plasma densities and lattice temperature uyx te the
melting temperature shows that the maximunm rplasma density is
limited to ~ 1~ 10“* cm™ by Auger recombination even on a
time scale of picoseconds at fluences sufficient to cause the
phase transition. The thermal nature of the phase transition
is confirmed.

Numerous investigations of the change 1in optical properties of silicon
have beern. carried out as a function of ricosecond irradiation fluence [1-4).
These data indicate melting of the surfacc when the pulse fluence exceeds a
critical threshold value. This paper shows that more quantitative informa-
tion about the lattice temperature and the electron-hole plasma kinetics can
be obtained by varying the wavelength of the probing beam and 1ts tame delay
with respect tc the heating pulse.

The real part of the dielectric functior at a probing frequency « below
the direct bandga:,

€ = ni(T,N)[l - %2 (T.N)) - AN (1

()
W e Ty

increases with the lattice temperature T due to indirect interband transi-
tions and decreases with the number of electron-hole pairs N. The optical
reduced mass, m* = (m; + m; )”* may depend on the structure in the vicinity
of the conduction band minimum and valence band maximum covered by the ener-
getic distrabution of the carriers during the time of observation.

where

The imaginary part of the dielectric function

2
€E" = ZnL(T,N)kL(T,N) + BN (2)

where

ane? ( 1, )
uJ me’Ye> mh<1h>
increases with the temperature T and plasma density N. As a third unknown

parameter, the scattering times of the carriers (Te and ) averaged over
their energy distribution come into play.

At a wavelength of 532 nm the real part €' reveals the opposing effects
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e" are dominated by plasma effects (7).

Careful comparisor. between the time-resolved spectra of the reflectivity
and transmission at these wavelengths permits the guantitative determinatic
of the lattice temperature and plasma density during and after ps excitat:icns
by photons whose enerqies are about twice as larJe as the indirect band ga;
of s51.

To avoid undesirable diffusion vhenomena and ohbtain uniform temperature
and 1lasma frofiles withirn the penetration depth of the extiting pumr lascr,
the measurements have been performed on thin (C.5 um! films of silicon oI
shire (SOE). In add:tior., the multiyle interferences between air-silicer
silicon-sa 1re 1nterfaces increase the sensitivity to changes of the
dielectric function.

Further understanding of the picosecond dynamics of semiconductor car-
riers and lattice has been obtained by a novel three-pulse technique. The
first pulse at 530 nm creates carriers. A second pump pulse at 1.064 .r of
30 ps duration adds energy to the plasma by free carrier absorption, without
changing its density. The effect of this additional plasma heatinT 1is
studied by a third rrobing pulse at 532 nm, at diiferent time delays with re-
spect to the first two heating pulses (8], 1If the excess energy 1s retainea
in the plasma for times comparable to Auger recombination time, the tempera-
ture of the electron-hole rlasma is increased above the band gaj. Impact
ionization and, consequently, a lowering of the dielectric function arc
expected.

The experimental set-up for all taese measurements 1s similar to that
described in reference (3]. Due to Auger recombination the electron-hole
plasma density drops below 1 x 1029 cm=3 after 150 ps, and the plasma contri-
butiorn to €' and €" becomes negligible for 532 nm light. At a time dclay of
200 ps the lattice temperature can be directly measured by transmission
changes of silicon film at various fluence levels. The SOS samjle 1s heated
by a 20 ps pulse with a diameter of 302 .m. The probe pulse at the same
wavelength 1s focused to 30 um and aligned directly at the center of the jum;
spot. The polarization of the two beams 1s orthogonal to surpress undesir-
able interferences. The fluence of the probc pulse 1s kept at 0.1% of the
pumi fluence to avoid reheating phenomena.

As shown in Fig. 1, the SOS film exhibits significant changes of reflec-
tivity and transmission with increasing fluencc level of the pump pulsc FU“.
The reflectivity increases gradually from 15% to 40t, followed by a flat
level up to 0.16 J/cm*, Above this level a sharp rise to 69t occurs, which
corresponds to the metallic reflectivity of liquid silicon at an angle of 26°
as used in this experiment. The flat level portion reflects the conditions
of bulk reflectivity because of the nearly complete suppression of the mul-
tiple interferences by the strong increase of the film absorbance.

The transmission drops continuously from an initial value of 48% to the
detection limit of 1% at 0.2 J/cm?. This limit corresponds to an average
optical absorption G = 47nk/X 2 7 x10% em™%, nearly one order of magnitude
above the room temperature value of a ~ 10® em™ . According to the measure-
ments of Jellison and Modine, the absorption coefficient G increases exponen-
tially with temperatures a = Q,exp(T/6), where 8 = 430 ¥ 30 K and a, 1s a
constant factor [9]. We determined a, = 4200 e~ for the 505 sample at room
temperature. Fyom the transmission data of Fig. 1 we extract the surface and
average temperatures in the following way, We calculate the temperaturc pro-
file T(x) after 200 ps for various laser fluences, taking into account the
temperature dependence of optical absorption, thermal conductivity and heat
capacity. These T(x) profiles are converted into absorption profiles a(x) =
aoexp(T(x)/OJ and compared with the optical densities & = d~ L a(x)dx
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of increasing lattice tem;erature and increasing ylasma dens:ity. Tne imais-
nary part depends mainly on the lattice temperature, while plasma absorit:c:
1s negligiktle at 331 nm [%,€]. By contrast, at 2.& ur and 1.% urm both €' and
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IS. 1. Reflectivity and transmis- j
sion at ? = 33z nm, probed with a
delay At = 20{ ps after the pump 00 J
pulse at > = 532 nm, versus incident
fluence in a 0.2 Lum thick 505 samjle. r
300 e L L
obtained from the transmission data. 005 ot ors
The corresponding surface tempera- FI® (anem®

tures T, and average temperature T =
d™* [9 T(x)dx of 505 are plotted in
Fi15. 2 versus the incident laser
fluence Fg“. It should be noted that
the multi;le interferences of S0§

lead to rapidly varying spatial modu-
lation of tne energy absorption during
the ps irradiation. Therefore, we measured in addition the reflectivity R
and transmission T at a time delay Lt = 0. From the fraction of absorbed
energy A = 1-RK~T, we calculated the expected temperature rise using the
simple thermal model. There is excellent agreement between the two
approaches.

FIG. 2. Average temperature T and
surface temperature Ty in SOS sample,
obtained from the transmission data
versus incident fluence.

This oftical probing of the lattice temperature reveals significantly
higher values than those derived from Raman scattering [10]. When our data
are extrapolated to higher fluence levels along the dashed lines in Fig. 2,
the melting temperature Of 1682 K is reached at the surface of SOS for a
laser fluence above 160 mJ/cm?. It is precisely at this fluence level that
the reflectivity of SOS starts to rise to the liguid state value, as shown an
Fig. 1.

At shorter time delays St bgtwgen pump and probe pulses, the negative
plasma contribution (~AN = -(47e“/w‘m*)N) competes with the positive contri-
bution from the increased lattice temperature. The complete time-resolved
spectra of reflectivity and transmission of SOS shown in Fig. 3 reveals the
temporal change of the dielectric constants €' and €” by the formation of
electron-hole plasma and evolution of the lattice temperature. The trans-
mission drop is obviously terminated immediately after the excitation pulse,
indicating that the lattice heating is completed at this time and the phonons
contributing to the indirect absorption process have reached a steady state
temperature.

The reflectivity, however, rises to a maximum at At ~ O ps and passes
through a minimum where the plasma contribution AN is compensated by the tem-
perature-induced increase of nL(T). The slow recovery of the reflectivity to
the final value of 22% 1s clearly due to decay of the plasma density via
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Auger recomuination. T:o calculate the wlasma density, role of the imjact

1onization during the laser arradiation has to be clarit.-d.

A first pulse at 532 nm with 50 mJ/ch creates a carrier plasma and ele-
vates tne lattice temperature (full line in Fig. 3). A second pulsc with
30 peg duration at 1.0¢4 Lm adds around 1 eV excess energy to the plasma at a
time delay ﬂt:l = 100 rs. A third pulse at 532 nm probes the-resulting
changes in reflectivity R and transmission AT at a time delay Lt}l' The
dotted line in Fig. 3 shows the effect of the second heating pulse (25
mJ/cm?). A further increase of lattice temperature is observed, but no evi-
dence for a change in the plasma term 4me2N/w?m* can be deduced. Obviously
neither the reduced mass m* nor the density of electron-hole pairs is changed
by the additional heating of the plasma. As 1n the case of 532 nm excita-
tion, the optlical input energy is immediately transferred to the phonon
system.  The plasma cools off so raridly that the probability for the crea-
tion of new electron-hole pairs is very low.

Thus the electron-hole plasma kinetics is mainly governed by the optical
generation rate G, the Auger recombination rate YN” and the diffusion rate
=z, . . . : .

“ND; where D, is the ambipolar diffusion coefficient.

The three-pulse plasma heating technique permits a precise determination
of the temporal dependence of the free carrier absorption e NOPCA' by
measuring the additional amount of lattice heating at different delay time
LLZl. In Fi1g. 4 the probing pulse is set at a time delay of At = 400 ps,
monitoring the relative change of reflectivity AR and transmission AT.
Clearly the additional heating of the lattice is proportional to the number
of electron-hole pairs N. The heating peaks at a time delay ALZI of 10 ps,
indicating the moment when the plasma density reaches a maximum.

The decrease of AR and AT at larger Atzl reflects again the decay of the
plasma density via Auger recombination. This thermometric determination of
plasma relaxation is by far more sensitive than direct optical measurements.
The solid line in Fig. 4 shows the calculated relative reflectivity and

% | an $08 ¢:03um
-1- . s0mirem’ 4
3 1a0miren’
st Ay, * 400m
o 4
- FIG. 4. Relative changes of reflec-
o 1 tivity (AR) and transmission (AT)
- d probed at a delay fixed at 400 ps
av induced by a second pulse at 1064 nm
0 L % 5%  with a fluence of 40 mJ/cm? as a
a2 function of its time delay At,,.
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Thg plasma density Nix,t) has been calculated
errsec, Dy = 6103 T entrs (Do AT

2l ex~ [ll,. Tne calculation assumes that the ab-
sorbed laser energ. 1s distributed immediately to the lattice. Tho relaTive
changes of K and T are evaluated by using conventional thin film ortics ex-
pressions at a fluenze level of Fg* = 5 ml/em<. The plasma depsity_rea:hcs

a maximum of ~ 4 » 127 em™3 at At = 13 rs and drops to 6.5 > 10 em™ at

numerically with v
R
o = 5 > Nt
and Croa 5 1

By changing the probe wavelength to 2.8 um, the contribution of the lat-
tice temperature to €' and £" becomes negligible compared to the plasma cf-
fects. The transients in reflectivity and transmission of SOS are exclu-
dively dominated by the plasma terms AN and BN at this wavelength. Probed at
a time delay of 17 ps, where the plasma density reaches a maximur, the trans-
mission of S$SO¢ drops te zero for 2.8 um already at low laser fluences of the
excitation beam, as shown in Fig. 5. The initial rise in the transmission
below 20 mJ/crm~ is solely due to interference effects in SC3 samles,

The reflectivity exhibits a Elasma resonance, _indicating that the plasma
density exceeds N. = m" g, {c/ed)c = 2.5 %1C cm™° where €, = 11.€ is the
high frequency dielectric constant and m* = (m;1 +mh7d = 6015 m, is the
optical reduced susceptibility masses of electron-hole plasma in eJuilibriur
with the lattice phonons. As soon as the plasma edge is reached, the trans-
mission drops te zero and no further probing of the plasma kinetics 1is
possible.

To determine the plasma densities at higher fluence levels close¢ to the
threshold for the phase transition, probing at 1.064 um is preferable. At
this wavelength the reflectivity does not exhibit a Drude-like resonance.
The density anpears to be limited below the critical density N. = 1.76 x 10
cm™3 for this wavelength. The transmission remains measurable up to the
threshold fluence for melting. Again, the slight increase of the transmis-
sion at low fluences is due to multiple interferences of the probing light
between, the SOS interfaces. Around Fo~ = 0.160 J/cm®, where the SOS sam; le
starts to melt, transmission drops to 34%. With the free carrier absorption
g =51 x> 10" T/ 305 eme reported in the literature and with our numeri-
cally calculated d%stribution functions for N(x) and T(x), a density at the
surface N, = 1 x 102} er™3 is derived. This value is in good agreement witl
theoretical calculations of the spatial and temporal development of the
plasma density N(x,t) based on thermal equilibrium between plasma and lattice
rhonons.

[

In conclusion, time-resolved measurements of reflectivity and transmis-
sion of SOS samples as a function of pump fluence, time delay and of probing
wavelength provide quantitative data about the lattice temperatures and
rlasma density during and after the irradiation with picosecond pulses.

Cliose to fluence threshold for phase transitions at the sample surface, the
lattice temperature reaches the melting point and the plasma density peaks to

W TRANSINSSION
—

Fig. 5. Time-resolved transmission

\ _28sm mroBING
v in $0s (0.5 um) induced by a pump
\ pulse at 532 nm at different
E; fluences and prabed at 1.064 and
% g 2.8 um at a time delay of 10 ps.
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1248 em , limited oy Auger recomiination., Therc 1s nc evidense for impace
ionization throughour the range of laser fluences, :ndicatinz a fast enerzy
loss of the electron-hole plasma via phonon emissicrn. The characterist:cs
enercy transfer time is less than a few ricoseconds, in agreement with tre

. theoretical expectations based on deformation potential scattering. The lat-
tice reaches the melting point during the ricosecond pulse, if the enerzy

L fluence exceeds the threshold valus necessary to observe a phase transitior..
b This research was surperted by the United States Office of Naval

[ Research under contract NJJ14-83-K-0030.
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Phenomenology of Picosecond Heating

and Evaporation

of Silicon Surfaces Coated with Si0, Layers
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Abstract. Picosecond time-resolved reflectivity measurements on bare silicon surfaces and
silicon surfaces with oxide lavers reveal very fast heat diffusion and material evaporation on
subnanosecond time scales. With a thick oxide layer resolidification of a molten silicon
surface can take place in a few hundred picoseconds. At high laser fluences, vaporization

processes take only a couple of 100 ps.

PACS: 64.70.Fx, 44, 79.20.Ds

Recent experimental results [1, 2] on ultrafast pulsed
laser interactions with silicon have demonstrated that
thermal equilibrium between the dense photo-excited
electron-hole plasma and the silicon lattice is es-
tablished on a picosecond time scale. Experiments with
femtosecond laser pulses [3] indicated subpicosecond
energy transfer times from the carriers to the lattice
and subsequent structural changes of the silicon lattice
in a few picoseconds. Our earlier experiments [4]
measured on picosecond time scales the temperature
rise of a silicon lattice induced by 20-ps laser pulses.
When the laser pulse has sufficient fluence to induce
melting, heating rates can be as high as 10'¢“Cys.
Transient lattice heating, melting, and overheating of
the melt are observed during the 20-ps pulse duration
[5]. The extremely high heating rates on the surface
create very steep gradients in the temperature profiles
which then induce very high cooling rates through fast
diffusion of the heat into the bulk substrate after the
pulse. These ultrafast heating and cooling processes
induced by picosecond pulses provide a unique oppor-
tunity to study the thermodynamics of transient phase
transitions and the kinetics of crystal regrowth and

* Permanent address: GTE Laboratories Incorporated. 40
Sylvan Road, Waltham. MA 02254, USA
** Permanent address: C.E.N.,/Saclay,
F-91191 Gif-sur-Yvette Cedex, France

DPh.G/'SPAS.,

phase transformation under extreme conditions
ft.2]

Previously, we have reported that at higher fluences.
evaporation of material from the irradiated surface can
take place. The morphologies of evaporation or re-
moval of material induced by a 20-ps laser pulse under
various conditions have been studied [6]. When a
silicon surface covered by a layer of SiO, is irradiated
with a picosecond pulse at a fluence above certain
threshold value, the oxide layer can be removed after
the pulse. The sharp, reproducible threshold laser
fluences to induce melting of the silicon surface.
cracking of the SiO, layer, and complete removal of
Si0O,, for samples, with oxide layers of different
thicknesses are reported in this paper. We also describe
picosecond time-resolved reflectivity measurements on
silicon surfaces covered by oxide layers of known
thickness in comparison with data taken on bare
silicon surfaces to demonstrate the very fast processes
of heat diffusion and material evaporation in different
laser fluence regimes.

Experimental

Silicon wafers of (100) and (111) surfaces were used in
this experiment. However, the data do not depend on
the surface orientation except that the amorphous
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Fig. 1. Reflectivity of a bare silicon surface
vs. pump fluence at various probe time
delays. Both pump and probe are 20-ps
pulses at 532-nm wavelength

0 01 0.2

FLUENCE (Jicm?)

patterns induced by the 20-ps pulses at 2 =532 nm are
easier to observe on a (111) surface. The oxide layers of
well-controlled thickness characterized with an argon
laser [7] were grown by heat treatment in dry O,, at
960° or 1100°C, respectively, for appropriate time
durations. In this experiment, we exclusively used the
20-ps pulses at 532-nm wavelength from the second
harmonic of a mode-locked Nd: YAG laser. The time-
resolved reflectivity measurements were performed
with the same experimental setup described in [4].
Briefly, the sample is heated by a pump pulse focused
to a diameter of 300 um at the (1/e) intensity contour of
its Gaussian spatial profile. The probe pulse at the
same wavelength (4= 532 nm) focused to a diameter of
30 um at the exact center of the pump spot is incident at
26" to the normal of the sample surface. The variable
time delay of the probe pulse with respect to the pump
pulse can be extended from -50 ps to 2.5ns.

Results

Here, we discuss the results on three different samples:
bare (111)silicon, (111) silicon with a thin SiO, layer of
410A thickness, and (111) silicon with a thick SiO,
layer of 2100 A. Figure 1 shows the reflectivity of a bare
silicon surface as a function of pump fluence at various
probe delays longer than 100 ps when the pump and
probe pulses are temporally completely separated. A
sharp rise of the reflectivity to 69%, characteristic of
the metallic reflectivity of molten silicon at an incident
angle of 26°, indicates the occurrence of melting at a
threshold fluence of 0.2 J/cm? [4, 5]. At lower fluences,

P, PP P AP, W

L
03 04

the reflectivity increases from an initial value of 31.5%
gradually with increasing pump fluence because of
heating of the silicon surface below the melting thres-
hold. At higher fluences, the decrease of the reflectiviiy
with increasing pump fluence at 100 and 200 ps probe
delays indicates overheating of the molten surface with
excess fluence above the melting threshold. This re-
duced reflectivity recovers to the 69% level as the
overheated liquid silicon surface cools down. This
process takes about 300 ps at a fluence below 0.5 J.cm?.
Cooling and resolidification of the molten silicon
surface are driven by diffusion of heat into the bulk
substrate. At fluences just above the melting threshold.
these processes may take place right after the pulse.
When the resolidification front reaches the optical
penetration depth of molten silicon (about 90A at
532nm), the reflectivity starts to drop. This explains
the gradual drops of the reflectivity after 1 ns probe
delay at fluences between 0.2 and 0.26 J/cm?. Without
the precise knowledge of the initial melt depth at
various pump fluences, we cannot derive an accurate
value of the upper limit of the regrowth speed.
However, if we estimate a conservative melt depth of
400 A, the regrowth speed in the initial stage of
resolidification may well be above 30 m/s. This high
regrowth speed results in amorphization of the silicon
surface observable at fluences between 0.2 and
0.26 J/cm? [6, 8]. At fluences above 0.26 J/cm? cooling
takes longer times as indicated by the long-lasting high
reflectivity. The siower regrowth speeds then allow the
liquid surface to resolidify into crystalline phase at a
threshold fluence of 0.26 J/cm?.
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} Fig. 2. Reflectivity of a silicon surface with a SiO,
01 layer of 410 A thickness vs. pump fluence at various
probe time delays. Both pump and probe are 20-p»
ol ! . I pulses at 532-nm wavelength
[} 0t 0.2 03 0.4 05
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When a silicon surface has a SiO, laver. the optical
reflectivity can be changed drastically due to multiple
interferences in the oxide layer [7] although SiO, does
not absorb light at 532nm. In our experiment, the
sample with a thin SiO, layer has an initial reflectivity
0f 26.5% at 532 nm and the one with a thick SiO, layer
has an initial R = 30%. which are both very close to the
bare silicon reflectivity of 31.5%. For the sample with a
thin oxide layer, melting also occurs at a threshold
fluence of 0.2 J-cm? as indicated by the sharp rise in the
plot of reflectivity vs pump fluence at various probe
delays in Fig. 2. At fluences below 0.2 J;cm? heating of
the silicon surface also increases the reflectivity gradu-
ally with increasing pump fluence. However, no change
in the behavior of multiple interferences as a function
of probe time delay was observable. At a very reprodu-
cible threshold fluence of 0.26J/cm?2, we started to
observe cracking and partial removal of the SiO, layer.
Complete, clean removal of the SiO, layer occurs at a
threshold of 0.3J/cm?2. Because SiO, softens at 1853
and melts at 1983 K [9] which are both higher than the
melting point of silicon at 1685 K and because SiO,
does not absorb light at 532 nm, at fluences between 0.2
and 0.26 J/cm? the silicon surface melts under the solid
oxide layer and resolidifies into amorphous phase
afterwards. In this fluence regime, the high reflectivity
level rises during the pulse and reaches a maximum
value of 61% at 100 ps delay. which is lower than the
reflectivity of the bare molten silicon surface because of
the multiple interferences in the oxide layer. However,
the reflectivity does not stay at the maximum value, but
it keeps on changing and starts to drop after 100 ps
when heat diffusion from the molten silicon surface

into the Si0O, overlay changes the optical property of
Si0, gradually. This drop of reflectivity then stops at
500ps and the reflectivity stays constant with time
until the resolidification front under the molten silicon
layer comes within one optical absorption depth from
the surface after about 1ns, as discussed previously.
The temperature dependence of the heat diffusivity in
Si0, is not available to us. If we take the only available
value D=0.006cm?/s at room temperature [10]. we
estimate a time duration on the order of 1ns for the
heat to diffuse across the 410A-thick SiO, layer.
Presumably, the time-resolved reflectivity data show
that heat diffusion establishes a uniform temperature
profile in the SiO, layer within 500 ps. Then heat
diffusion into the bulk silicon substrate is solely
responsible for further cooling of the hot silicon surface
and the SiO, layer afterwards.

At higher fluences, heating of the SiO, layer through
heat diffusion from the overheated molten silicon
surface may raise the temperature to the softening
point or even the melting point of SiO,. Meanwhile,
the vapor pressure of the overheated silicon surface
also increases with increasing pump fluence. The
softened or molten SiO, may react with the molten
silicon to form SiO which then evaporates [8]. At even
higher fluences, direct evaporation of SiO, or blow-off
of SiO, by silicon vapor pressure can take place. After
the S10, layer is compietely removed, the surface then
shows the high reflectivity R =69% of the bare molten
silicon surface. The reflectivity plots in Fig. 2 then
demonstrate the time scale of the evaporation
processes. At fluences between 0.26 and 0.3J/cm?
where the removal of SiO, is never complete and
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ciean, the reflectivity recovers gradually to higher
levels that never reach 69%. In this fluence regime all
the processes of heating, softening, cracking, and
partial removal of SiO, can happen and the changes
in the reflectivity are very complicated. Above
0.3J/cm? where complete removal of the SiO, layer is
observed, the reflectivity eventually reaches the 69%
level after certain time delay which depends on the
pump fluence. At fluences just above 0.3)/cm? the
evaporation process may take 2 ns. At fluences above
0.4J/cm? it takes 150 to 200ps to complete the
evaporation.

The data on the sample with a thick SiO, layer of
2100A thickness also demonstrate very interesting
features of the heat diffusion and evaporation pro-
cesses. However, because of the larger thickness of the
SiO, layer, multiple interferences and heat diffusion
together make the reflectivity strongly dependent upon
probe time delay. The data became too complicated for
a plot as in Fig. I or 2. In this sample, the threshold
fluence for melting is increased to 0.22 J/cm? presum-
ably because more heat is diffused into the thicker SiO,
layer during laser heating of the silicon surface. At
fluences below this threshold, the reflectivity increases
gradually with increasing pump fluence. In contrast to
the trace in Fig. 2 for the sample with a thin $i0O, layer,
the reflectivity now changes with time delay even
below the melting threshold because the 2100 A SiO,
layer thickness is closer to the probe wavelength of
5320 A so that changes in the optical property in this
layer due to heating induce observable effects from
multiple interferences. At higher fluences, removal of
the SiO, layer is also observed with reproducible

thresholds of 0.33J/cm? for cracking and partial
removal and 0.39J/cm? for complete removal.
Although the layer is much thicker, the process of
evaporation and removal also takes only a few
hundred picoseconds to about 2 ns, depending on the
pump fluence. At a time delay of 1-1.5 ns, the reflectiv-
ity data become very scattered due to scattering of the
probe light by the evaporated SiO, particles in front of
the sample surface. The data become clean again after a
longer delay when these particles are completely
removed.

At a fluence between 0.22 and 0.33 J/cm?, the reflectiv-
ity data of the sample with a thick oxide layer show
early cooling of the molten silicon surface due to
diffusion of heat into the SiO, layer before the heat
diffusion into the bulk silicon substrate starts to cool
down the molten silicon layer. This phenomenon is
particularly obvious at fluences just above the melting
threshold of 0.22 J/cm?.

For the purpose of comparison, the reflectivity changes
of the three samples pumped at the same fluence of
0.23J/cm? are shown in Fig. 3 as a function of probe
time delay. The reflectivity of the bare silicon surface
rises abruptly to the reflectivity of molten silicon
during the pulse, stays until resolidification front
driven by heat diffusion into the bulk substrate reaches
an optical depth from the molten surface after 1 ns, and
then drops gradually as the whole molten layer
resolidifies. For the sample with a thin SiQ, layer, the
reflectivity also rises during the pulse as the silicon
surface melts under the solid SiO, layer. It reaches a
maximum of 61% at 100 ps time delay and falls as the
SiO, layer is heated by the heat diffusion. The reflectiv-
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Picosecond Heating and Evaporation of Silicon Surfaces

ity then stays constant from 500 ps to 1 ns time delay
after the oxide layer acquires a uniform temperature
profile and before resolidification of the underlyving
molten silicon layer starts to reduce the reflectivity.
The reflectivity trace of the sample with a thick SiO,
layer reveals a completely different process of cooling.
It rises somewhat more gradually to its maximum
value of 63%¢ at 100 ps time delay. indicating that more
heat is being taken away by diffusion into the thick
Si0, overlay during the pulse. After it reaches the
maximum value, it drops quickly and reaches a very
low value after 500 ps. Because of the thickness of the
oxide layer, a uniform temperature profile can never be
established in the layer through heat diffusion in a few
nanoseconds. This thick layer also has enough capac-
ity to absorb the heat released by the molten silicon
layer during cooling and resolidifying. Therefore, this
reflectivity trace shows that the molten silicon layer is
now cooled and resolidified mainly by heat diffusion
into the thick SiO, layer in less than 500 ps. rather than
being cooled by heat diffusion into the bulk substrate
which should happen later. The final reflectivity at a
level of 33% simply demonstrates the reflectivity of a
warm amorphous silicon layer covered by a warm
SiO, layer with a nonuniform temperature profile,
after the molten silicon layer has resolidified into the
amorphous phase.

This example shows that the behavior of coated
surfaces can give additional information about heating

Note added in proof: 1. In order to avoid interference of pump
and probe, the pump beam is s-polarized, whereas the probe is
p-polarized.

2. The error limits on the R values are +0.5% at zero or very
low pump fluences and + 1% at higher pump fluences close to
or above the melting threshold.
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and evaporation processes. Transparent lavers with
lower melting and boiling points than the melting
point of the substrate may also be useful. as would a
time-resolved mass-spectrographic  study of the
evaporating species.
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Appendix 6

Optical heating of electron-hole plasma in silicon by picosecond pulses

L.-A. Lompré,® J.-M. Liu,” H. Kurz, and N. Bloembergen
Gordon McKay Laboratory, Division of Applied Sciences, Harvard University, Cambridge. Massachusetts

02138

(Received 12 September 1983; accepted for publication 11 October 1983)

Using a novel three-pulse technique, essential information about the density, optical effective
mass, and kinetics of laser-generated plasmas in silicon has been obtained.

PACS numbers: 72.30. + q, 79.20.Ds, 71.35. 4+ z

Numerous investigations of the change in optical prop-
erties of silicon induced by a strong pump or “heating” pulse
have recently been carried out.'™ By varying the wavelength
of the probing pulse and its time delay with respect to the
picosecond pump puise, the contributions due to a variation
in lattice temperature and those due to changes in carrier
density have been separately determined.’

The real part of the dielectric function at a probing fre-
quency
4me’N
m*w’ M

increases with the lattice temperature 7'(dn/dT >0, x* < 1)

€ =ni(T)[1 - (T)] -

* Permanent address: C.E.N./Saclay. DPh. G/S.P.AS., 91191 Gifsur-

Yvette Cedex, France.

¥ Permanent address: Department of Electrical and Computer Engineer-

ing, Bell Hall, SUNY at Buffalo, Amherst, New York 14260.

3 ADpI. Phys. Lett. 44 (1), 1 January 1984  0003-6951/84/010003-03$01.00

and decreases with the number of electron-hole pairs N. As
long as there is no reliable information about the modifica-
tion of the optical reduced massm* = (m*, ' + m*, ')~ ' at
high densities and carrier temperatures T, available, the re-
flectivity data of laser-generated plasmas in silicon allow
only the determination of N /m*®.
The imaginary part of the dielectric function
dne’N( | 1 )
@ \m* (1)  m(7,)
2)
increases with N and T however, as a third unknown param-
eter, the scattering times of the carriers {r,, 7,) averaged
over their energy distribution come into play. Thus the ex-
perimental determination of €’ and ¢” does not provide suffi-
cient information to solve separately for N,, N,, and m*.
In this letter results obtained with a three-pulse tech-

€ =2 (Th,(T)+
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FIG 1. Time-resolved reflectivity and transmission 1n SOS induced by the
first pump pulsc at 532 nm with 50 mJ/cm’ and probed at the same wave-
tengths at different time delays (full line). Changes induced by the second
Fimp beam at 1064 nm with 25 mJ/cm? (dotted line).

nique are reported. The first pulse, with a fluence of 50
mJ/cm’in the visible (4 = 530 nm) of 20-ps duration, creates
the carrier plasma. A second pulse at 4 = 1.06 um of 30-ps
duration adds energy to the plasma by the free-carrier ab-
sorption processes without changing its density. A third
pulse (1 = 530 nm) probes the resulting changes in reflectiv-
ity and transmission of a 0.5-um-thick silicon-on-sapphire
{SOS) sample. Details of the experimental geometry have
been given in Ref. 5.

The time delay between the first two pulses is kept fixed,
dry, = 100 ps. Then the reflectivity and transmission as a
function of 4¢,,, the time delay of the probe pulse, is shown
in Fig. 1 for two cases. The drawn lines are valid in the ab-
sence of the second pulse. This behavior has been explained
previously® in terms of decaying plasma density and with the
asymptotic values of R and T indicating the change in lattice
temperature. The dotted lines are valid when the IR plasma
heating pu'se of 25 mJ/cm? is applied. The data give the
variations AR and 4T, due to the change in lattice tempera-
ture. There is no) evidence for an increase in N /m* due to the

Aty
FIG. 2. Relative changes of reflectivity and transmission probed after 400

ps. induced by a second pulse at 1064 nm with a fluence F; = 40 mJ/cm’.
The 4R and AT values are measured as a function of its delay time 4¢,,.

second pulse. The data indicate that the energy relaxation
time 7, of the carriers with the lattice is faster than impact
ionization.

In Fig. 2 the probe pulse is fixed at 4r,, = 400 ps. The
change in reflectivity AR is measured as a function of 41,,. It
therefore measures the variation in the lattice temperature.
Clearly, the additional heating by the second pulse of 40 m)/
cm? is maximum for 4r,, = 10 ps and decays as the plasma
density created by the first pulse decays.

These data are consistent with a model in which the
energy relaxation time 7, between carriers and lattice is
taken to be short compared to the pulse duration. In fact, we
have put 7, = 0. Instantaneous thermal enhancement of the
indirect absorption at 0.53 um is assumed. Thus the genera-
tion rate of electron-hole pairs experiences a significant in-
crease® during the picosecond excitation at 0.53 ». With
these assumptions, the highest possible plasma densities in
the absence of impact ionization are calculated. The results
for a fluence level of F2* = 100 mJ/cm? are shown in Fig. 3,
where the plasma density at the surface N, and the surface
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temperature T, are plotted versus time. The plasma density
reaches the maximum with ~6.7x 10”2 cm~* a few pico-
seconds after the intensity maximum of the Gaussian tempo-
ral excitation profile centered at 4t = 0. The plasma density
is strongly reduced by Auger recombination (y = 4x 10~ ')
The rise and peak of the lattice temperature are retarded
with respect to the plasma features.

Optical probing of the plasma generated at this fluence
level yields an upper limit of N /m* values with N /m*
=4x10* g~ 'cm~***’ The maximum possible value of
the optical mass at this fluence level is m*<0.18 m,. Thus,
the data are consistent with a nearly constant reduced opti-
cal mass m* = (m,” ' + m,')~"' = 0.15 m,, expected for a
plasma in thermal equilibrium with the lattice.

The solid lines in Fig. 2 are calculated on the basis of
this model with the free-carrier absorption cross section at
1.06 um taken to be o = 2.3x 10~"7 (T /300). This coeffi-
cient is four times larger than that reported at lower carrier
concentrations.® The carrier momentum relaxation times ,
and r,, occurring in Eq. (2), are drastically reduced at high
temperatures and high plasma densities; alternatively, the
Drude model does not adequately describe the absorption. A
more complete theoretical discussion will be presented else-
where.

In conclusion, the three-pulse experiments support the

5 Appl. Phys. Lett. 44 (1), 1 January 1984
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picture that the carrier plasma rapidly cools off by transfer-
ring energy to the lattice. Plasma heating by free-carrier ab-
sorption does not lead to significant impact ionization. The
“simple heating’ model equations yield the correct plasma
density and temperature on a picosecond time scale. The real
part of the dielectric constant is consistent with a low value
of the effective mass, and the imaginary part indicates a shor-
tening of the momentum relaxation times.

This work was supported by the U. S. Office of Naval
Research under contract No. 0014-83K-0030. One of us
(H.K.) would like to acknowledge partial support from the
Alexander von Humboldt Foundation, Bonn, R. R. Ger-
many.
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Appendix 7

Picosecond time-resoived reflectivity and transmission at 1.9 and 2.8 um of
laser-generated plasmas in silicon and germanium

H. M. van Driel,” L.-A. Lompré,” and N. Bloembergen
Gordon McKay Laborarory, Division of Applied Sciences, Harvard University, Cambridge, Massachusetts

02138

(Received 24 October 1983; accepted for publication 14 November 1983)

We have observed plasmon resonances with 1.9-um and 2.8-um probe pulses in silicon and
germanium, excited by 25-ps pulses up to 40 mJ/cm? at 0.53 and 1.06 um, respectively. Firm

values of N /m®* are derived.

PACS numbers: 72.30. + q, 71.45.Gm, 52.25.Ps, 52.50.Jm

The kinetics of laser-generated electron-hole plasmas in
semiconductors and their possible influence on phase transi-
tions have been of considerable interest, particularly in the
area of laser annealing of ion-implanted materials.! One of
the most direct techniques which can be used to obtain the
carrier density and its temporal and spatial evolution in-
volves time-resolved free-carrier infrared spectroscopy’
with the ambipolar plasmas probed in reflection and/or
transmission. This technique has been used** in nanosecond
and picosecond time scales to observe transient plasmon re-
sonances at 5.4 and 10.6 um in Ge, Si, and GaAs for plasma
densities of 10'°-10%° cm 2. To investigate higher densities
in Si, several researchers have used high picosecond or fem-
tosecond excitations with probe pulses at wavelengths <1.06
pm.’ Although a free-carrier induced drop in the reflectivity
is observed in all cases, the enhanced reflectivity associated
with the plasmon resonance is not. Due to a lack of knowl-
edge of the detailed dielectric function at high excitation lev-
els, it is difficult to extract quantitative information about
the plasma parameters from such experiments. However,
even assuming the validity of Drude-Zener formalism, opti-
cal measurements allow only the evaluation of N /m*®, where
N is the plasma density and m*® the electron-hole reduced
conductivity effective mass.> From previous experiments

* Permanent address: Department of Physics and Erindale College, Univer-
sity of Toronto, Toronto, Canada, M3S 1A7.

® Permanent address: C.E.N./Saclay, DPh.G./SP.A S, 91191 Gif-sur-
Yvette Cedex, France.
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employing a 1.06-um picosecond probe a normalized den-
sity of N/m* = 3.4 10*® g~' cm~? has been found for a
0.53-um, 25-ps, 100-mJ/cm? excitation pulse.® According to
the Drude model the plasmon resonance would therefore be
expected at a wavelength of

A =c/em*/N,)" (e )" *~2 um, )

where €, = 11.8 is the high-frequency dielectric constant.

In this letter we report the direct observation of the
plasmon resonances by using picosecond probe pulses at 1.9
and 2.8 um. A firm value of N /m* is derived.

A passively mode-locked Nd:yttrium aluminum garnet
laser was used to produce single 30-ps, 1.06-um pulses which
had Gaussian spatial and temporal profiles. These pulses
were respectively focused to spot sizes of 800-um diameter
(e~ ! intensity points) on {111) surfaces of nearly intrinsic Ge
and Si wafers. The back surface of these samples was optical-
ly diffuse and so prevented undesired interference effects.
The generated plasmas were probed in reflection (R ) and in
transmission (7°) using 1.9 and 2.8-um pulses which were
derived from a portion of the initial 1.06-um pulse by the
stimulated Raman scattering in 50-cm-long cells containing
50 atmospheres of H, and CH,, respectively. The first Stokes
component from the H, gas and the second Stokes compo-
nent from the CH, gas were selected using interference
filters. The pulse widths, although not measured, are esti-
mated’ to be less than 30 ps. The probe pulses, whose spatial
profile was measured to be close to diffraction limited, were
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FIG. 1. Reflectivity and transmission of bulk Si at 1.9 um as a function of
probe time delay after a 0.53-um pump pulse at 0.04 J/cm>.

focused to spot sizes of <200 um at the center of the excita-
tion region; their fluence was kept less than 1 mJ/cm? to
avoid undesired heating effects. Three PbS detectors were
used to measure reflected, transmitted, and reference probe
pulse energies, while a calibrated vacuum photodiode was
used to monitor pump energies. The signals from all four
detectors were handled by a computer-automated data ac-
quisition system. Standard picosecond pump and probe
techniques were used to determine R and T as a function of
time.
Figures 1-3 display typical results for the time-resolved
reflectivity and transmission signatures in silicon and ger-
manium for different pump fluences. The curves accompa-
nying the data are guides to the eyes. The pump fluence was
kept below the threshold fluence for melting (200 mJ/cm? in
Si at 0.53 um, 75 mJ/cm? in Ge at 1.06 um) to avoid any
contributions from metallic or molten regions. Complete
theoretical interpretation of these results will be given else-
where.® Here we wish to illustrate the salient features for

BULK SILICON WAFER

0.04 J/cm? ®

® REFLECTIVITY

T W Y

REFLECTITY/TRANSMISSION

TIME DELAY (ps)

FIG. 2. Reflectivity and transmission of bulk Si at 2.8 um as a function of

5&:’ time delay after  0.53-um pump pulsed st (2) 0.015 J/cm? and (b) 0.04
cme,
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FIG. 3. Reflectivity and transmission of bulk Ge at 1.9 umand 2.8 um asa
function of probe time delay after a 1.06-um pulse of fluence 50 mJ/cm?.

different excitations and probe conditions. Figure 1 shows
the reflectivity R at 1.9 #m as a function of time for Si for a
40-mJ/cm’? pump fluence. At 40 mJ/cm? and below, the
transient R shows a broad single minimum. Within the
Drude-Zener model, the true minimum is reached when the
real part of the dielectric constant is unity, which occurs at a
critical density N, = (1 — 1/€_)N,, where N, is given by
Eq. {1). The value of the refiectivity at the minimum,
R = 0.12, is determined by the plasma damping mechanism
and the temporal width of the probe pulse. The nonzero
width of the probe pulse unfortunately partially washes out
the actual transient optical response of the plasmon reso-
nance. However, at least for the broad minimum in R, at low
fluences, these effects are small. Assuming that the convolu-
tion effects do not change the value of the minimum refiec-
tivity, a value of N/m* = 3.6 X 10** g~ cm~? is derived. If
one assumes for the effective mass, m* = 0.123my, (the low
density value) where m, is the free-electron mass, the plasma
density would be 4 X 10*° cm ™2 at the pump fluence of 40
mJ/cm?. Theoretical considerations® indicate that m*, and
consequently N, may be up to factor 2 higher at this level of
irradiation.

The transmission data, normalized to the bulk trans-
mission of an unexcited sample, provides complementary
information to that of the reflectivity, since it is sensitive to
the total number of carriers in the bulk. The normalized
transmission T is given by

Ti)=(0.7)-"[1 =Rt )]exp( . J:N(x)dx), @)

where 0.7 is the surface transmission of the unexcited sam-
ple. This equation is justified if o, the free-carrier absorption
cross section, is independent of depth x. The transmission
drops to a minimum of 10% at 40 mJ/cm’. This transmis-
sion minimum is located at a slightly positive time delay
between the excitation and the probe pulses. This is a direct
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consequence of the temporal integration (nonzero probe
pulse width). The free-carrier induced transmission change
recovered more slowly than the corresponding reflectivity
trace, due to the fact that the plasma density at the surface is
higher than the average density in the bulk.
Figure 2 shows typical experimental results obtained at
2.8 um, where the plasmon resonance is easily observed. The
15-mJ/cm’ data are similar to that of Fig. 1 and show a
broad single minimum. At 40 mJ/cm’, the transient R shows
two shallow minima on both sides of a peak near the zero
time delay. During the leading and the trailing edge of the
pump pulse, the carrier surface density passes twice through
the critical density N.. Deconvolution of the data with re-
spect to the nonzero probe pulse width indicates that the
peak reflectivity is > 0.9. The slower decay of R at 2.8 um is
as expected, since the reflectivity at the longer wavelength is
more sensitive to a given density of carriers. The clear experi-
mental observation of the plasmon resonance at 2.8 #m indi-
cates that the N /m* value passes twice through the value of
1.8 10* g=' cm > on each side of the maximum value of
3.6x10*® g='cm™? at the same fluence of 40 mJ/cm’.
Apart from discrepancy near zero delay, where large fluctu-
ations were noted, the transmission data at 40 mJ/cm? are
consistent with Eq. (2) with o = 5Xx 10”7 cm?.'°
The data taken with the Ge sample are interesting, since
they reveal apparent saturation of the carrier generation rate
which has been the subject of speculations over the past few
years.'"'? Figure 3 shows R and T dataat 1.9and 2.8 um for
Ge at 50 mJ/cm?, 30% below the threshold for bulk melting.
With a pump absorption depth of 0.7 um, the carrier genera-
tion rate at 1.06 um is higher than that of 100 mJ/cm? at 0.53
um in Si. Also the Auger recombination coefficient'® of
2x 1073 ¢m®/s is a factor of 2 smaller than in Si, as is the
reduced effective mass. However, as shown, the plasmon res-
onance is not observed at 1.9 um and is barely discernible at
2.8 um. Theoretical considerations for germanium indicate
that the reduced effective mass is not more than 20% greater
than its low density value m*® = 0.08m,. A detailed fit of the
data shows that the maximum density obtained is
N =25x10% cm~?, while N, =2.0x10?° cm~> for 2.8
p#m. The observations at 2.8 um are consistent with those at
1.9 um where no reflectivity peak is observed, as this would
require a density at the surface of 4.5 10?° cm 3. The low
densities are indicative of intravalence band absorption'?'4
or saturation of the valence-conduction band transition due
to the Burstein-Moss effect. A model which neglects these
processes would lead to a larger carrier density at the surface
{>10*' em~?), which is not observed. The low minimum

287 Appi. Phys. Lett., Vol. 44, No. 3, 1 February 1984

value of the transmission, shown here only for 1.9 um, also
indicates a stronger plasmon damping, due to the added con-
tribution of intravalence band transitions. Lastly, it should
be noted that the melting threshold of Ge at 1.06 um is con-
sistent with the absorption coefficient and the known melt-
ing temperature of 1210 K.

In summary, we have shown experimentally that the
plasmon resonances are located between 1.9 and 2.8 um for
picosecond excitation pulses of 40 mJ/cm® on silicon and of
S0 mJ/cm’ on germanium. In silicon the maximum plasma
density at the surface is 4 10?° cm ™" if variation of the
effective mass is negligible, although both may be up 10 a
factor of 2 higher. In germanium the maximum carrier den-
sity is about 2-3 X 10%° cm > before melting occurs. These
data show that fast infrared transient spectroscopy of Si and
Ge is a valuable technique.

This research was supported by the Office of Naval Re-
search under contract N00O14-83-K-0030 and the Joint Ser-
vice Electronics Program under contract N00014-75-C-
00648.
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Appendix 8
Picosecond Photoemission Study of Laser-Induced Phase Transitions in Silicon

A. M. Malvezzi, H. Kurz and N. Bloembergen

Division of Applied Sciences, Harvard University, Cambridge, MA 02138

Summary

Pulsed laser-induced phase transitions in semiconductors are character-
ized by an ultrafast energy transfer from the generated electron-hole plasma
to the phonons. Time-resolved optical measurements provide ample evidence
that the thermal equilibrium between carriers and phonons is established
within a few picoseconds [1]. However, optical techniques mainly explore
the evolution of plasma density and lattice temperature. Direct informetion
about the energy content of the electron-hole plasma and the emergy loss due
to phonon interaction cannot be obtained. Picosecond photoemission provides
a direct approach to this problem.

According to the well-known generalized Fowler-DuBridge theory [2,3],
the electron emission current is composed of photoelectric and thermionic
contributions. Under high excitation levels multiphotoelectric emission is
readily observable. Its power law dependence is characterized by the number
of photons necessary to bridge the energy gap between the ground state and
the vacuum level in intrinsic silicon. A variation of the photoelectric
yield is expected as soon as the incident laser pulse induces structural
changes on the surface of the semiconductor. The thermionic comtribution is
extremely sensitive to the enmergy content of & thermalized carrier distribu-
tion characterized by a temperature 'I‘c =T =1T,. Picosecond excitation
provides a stringent test for anomalous heating in which the carriers are no
longer in equilibrium with the lattice phonon. Due to the small specific
heat of the electron-hole plasma, T should be much higher than the lattice
temperature T, as soon as the emergy is not transferred to the phonons
instantaneously.

In this contribution we report on picosecond photoemission of siliconm,
with photon energies corresponding to the second harmonic (E = 2.33 eV) and
fourth harmonic (E = 4.66 eV) of a Nd:YAG laser pulse. The photoelectric
response is studied as a function of laser fluence up to 2F_., where F is
the threshold value for phase tranmsition. This work extends the previous
analysis of Liu et al. [4] to laser fluences four orders of magnitude below
Ft , to study explicitly the power laws of photoemission and to monmitor the
occurrance of anomalous heating evenm at low carrier densities. In this com-
text we used exclusively 4.66 eV pulses to create carriers with large excess
energies. Specific attention has been paid to the emission of positive
ions, which starts in the vicinity of Ft and exhibits an extremely non-
linear fluence dependence. It is clear khat this emission is intimately
correlated to the structural change of the surface taking place at Fth'

The experiments were performed in a vecuum of 5 x 10"'8 Torr. Both
S$i(111) and Si(100) have been irradiated. A vacuum diode configuration was
used to measure the electric charges. A 1 mm diameter wire placed at 2.5-3
mm from the sample surface acted as a charge collector. Both sample and
wire were electrically insulated from the body of the vacuum chamber and
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could be independently biased up to + 4 V. Two configurations for the
measurements are possible. One can measure either the charges collected on

the wire or the ones escaping from the sample. Both methods have been shown
to give similar results.

The fluence dependence of the photoelectric emission can be genarally
divided into three distinct regimes. In the case of UV-irradiation (E B =
4.66 eV), a superposition of linear 2nd quadratic effects can be obserEed
belovw F(4w) = F B (40)/15 ~ 2 mJ/cm” (regime I). The amount of collected
charges is comp{etely independent of the collector potential. Clearly, at
this fluence level we operate in the saturation regime, colecting all elec-
trons emitted from the surface. The value of E?‘ linear photoelectric yield
in electrons per absorbed photons, Y, = 8 x 10 ', is in agreement with pub-
lished dats for silicon gggoseg to air [6]. The experimental value for the
quadratic effect, 3 x 10 cm® s is consistent with results obtained by
Bensoussan et al. in picosecond experiments at lower photon energies [7].
In regime I the nonlinear ggissi n doninates the electron emission over a
wide range of fluences (10 “-10 ° J/cm”) The data are highly reproducible
and the quadratic quantum yield is completely insensitive to surface clean-
ing treatments.

Above F(4w) = F , (4w)/15 the collected charge signal starts to be
dependent on the coliector potential. VWe enter the space charge limited
regime (II) of the vacuum diode, where the applied field is screemed by a
cloud of electrons in front of the surface [5]. The nonlinear emission is
masked by this space charge effect. The electron emission_is limited to the
leading edge of the picosecond pulse. At F(4w) = 25 mJ/cm”, where the first
structural changes at the surface are observed, the electron emission exhi-
bits an extremely nonlinear increase in this regime (III). The space charge
field is lowered by the simultaneons emission of positive ioms. Above
2F , (40) equal amounts of electrons and positive ions can be collected with
the + 4 kV spplied on the wire. The space charge fields are completely neu-
tralized above this fluence level. We attribute the sharp incrase of pho-
toelectrons and the simultaneous apearance of positive ions to a structural
change of the surface. The threshold for photoemission is abruptly changed
to lower values and positive ioms cam be extracted from the highly disor-
dered phase by the space charge field developed in front of the surface.
This picture is consistent with melting of the surface. Similar behavior
has been observed in the case of VIS-irradiation (Eph = 2.33 V).

The photoelectric emission at 2.33 eV is determined by a strong two-
quantum process and weak higher order contributions. In contrast to the
4.66 eV irradiation, the quadratic quantum yield depends strongly on the
surface condition, as expected from a nesr-threshold excitation. Because of
the lower photoelectric current density below the fluence threshold for

phase transition, space charge effects are less promounced than in the case
of UV-irradiation.

The lower quadratic quantum yield at 2.33 eV is preferable for the
study of possible thermiomic contributions. Application of the Richardson-
Dushmann equation in the regime I gives an upper liuii of 2200 K for the
carrier temperature up to fluence levels of 100 mJ/cm”. At this VIS fluence
the lattice to-poioture is raised to ~ 800 K and the carrier density N is
limited to 6 x 10", as the optical measurements show [8]. This maximum
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splitting between the carrier temperature Tc and the lattice temperature T,
confirms that most of the energy deposited into the electron-hole plasma is
transferred to the phonons.

This research was supported by the U. S. Office of Naval Research under

contract N0O0014-83K-0030.
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Appendix 9

Second Harmonic Generation in Reflection from Crystalline

GaAs under Intense Picosecond Laser lrradiation

A.M. Malvezzi
Division of Applied Sciences, Harvard University,

Cambridge, Massachusetts 02138

J.M. Liu
GTE Laboratories Incorporated
40 Sylvan Road
Waltham, MA 02254

N. Bloembergen
Division of Applied Sciences, Harvard University,

Cambridge, Massachusetts 02138

’

Abstract: The emission of second harmonic radiation in refiection from
crystalline GaAs irradiated with 20 ps, 530 nm laser pulses has been measured
for incident laser fluences far exceeding the threshold fluence Fth for
permanent reflectivity changes. The results are consistent with the
occurrence of surface melting during the laser pulse. Detailed analysis of the
second harmonic signals reveals an upper limit of 2 ps for the structural

transition associated with the melting of the surface.
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The intensity of second harmonic generation (SHG) from non-
centrosymmetric crystals such as GaAs should show a drastic decrease when a
transition to a centrosymmetric phase occurs. This has been observed with
nanosecond resolution by S.A. Akhmanov et al.“) when the laser fluence
exceeds a threshold value for melting.

In this letter w;a present the results of SH&S study on GaAs with
picosecond excitation. In simple single shot experiments, the SHG
dependence of the incident laser fluence is monitored under appropriate
geometrical conditions. The deviation from the quadratic power law s
analyzed by model calculations based on the assumption of a transition to a
centrosymmetric phase as soon as a critical fluence during the 20 ps laser
pulse is accumulated on the surface of GaAs.

In our analysis we use mainly (110) surfaces excited with single
picosecond Apulses at 532 nm with the direction of the electric fieid parallel to
a <111> crystal direction. The second harmonic from a passively mode-locked
Nd:YAG laser system is focussed on the GaAs surface at an angle of 45° of
inéidence. The pulse duration is 1 = 12.5 ps at the 1/e points of the
Gaussian temporal profile. The second harmonic signal at 266 nm is detected
in the direction of specular reflection by a phétomultiplier tube. The
reflected exciting radiation is suppressed by a combination of filters. Second
harpioni:  signals down to =200 photons are detected. The inherent
fli.ctuations in the pulse duration of the laser pulse are monitored by

(2)

standaird 1A-techniques Accidental double pulses are rejected. Both

pirecautons yield a significant smoothing of the SHG data.
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Generally, two separate SHG regimes are cbserved. Below the criticai
fluence of 30 mJ/cm2 at 532 nm, where melting and subsequent amorphization
of the surface occur, the signal exhibits the expected quadratic power law
2

dependence 's =q |

olg where ls is the intensity of the second harmonic pulse

and Ig is the intensity' of the exciting green pulse. Figure 1 shows a log-log
plot of the absolute SHG energy emitted from a (110) surface as a function of
the excitation flllenqe F. The data in this figure are integrated signals over
space and time. The excitation pulse is focussed to a spot size of 200 um in
diameter. The SHG energy increases with slope 2 up to a fluence level of
Fth = 30 mJ/cmz. The SHG efficiency is not sensibly affected by the
generation of a dense electron-hole'plasma or by lattice heating up to the

18 cmz/W is derived from the

melting point. A value of L 2.5x10°
experiment. Above Fth the SHG signal grows more slowly. The non-
centrosymmetric GaAs structure is obviously changed during the excitation
pulse. The threshold fluence value of 30 mJ/cm2 is in excellent agreement
wi;h calculated fluence levels necessary to melt GaAs surfaces(3). The solid
curve in Figure 1 represents calculated SHG values where a cutoff in the SHG
efficiency is assumed as soon as the critical fluence Fth is assumulated during
the pulse. The integration over the Gaussian space and time profiles smooths
the sharp drop of SHG emission considerably. At fluences far above the
threshold value, Fth' for melting the UV signal increases again. This
puzzling behavior has been carefully examined by looking at the angular and
time dependence of the signal. For pump fluences exceeding '—'3Fth an

additional UV signal is detected, whose fully isotropic angular distribution is

in marked constrast to the specular SHG beam. This radiation, which is




B R TASE L B et Fah S cat etk Ak st S T i e TR T T MR T "R Wi P At S o e i M o S Sai S Saq A

accompanied at high fluences by a readily observed blue spark at the
surface, exhibits a decay time of = lus, while the duration of the SHG signal
is limited by the time constant (10 ns) of the photomultiplier tube. 7o
analyze the growth of this additional signal, the emission from a (100) GaAs
surface is studied, where the polarization of the excitation beam is kept
parallel to a <001> axi.s. Under these conditions, the SHG signal is zero and
the background UV emission can be measured as a function of the exciting

2 nm pulse fluence. As shown in Figure 1, this new emission does not

affect the SHG signal at fluences below SFth. However, due to the extrenie
nonlinear behavior, it is responsible for the unexpected increase of the UV
° emission at higher fluences. A further study of this new emission process,
which is closely related to the evaporation and plasma formation in front of
the surface is beyond the scope of this letter. Here, we restrict our interest
d to the time scale on which the surface structural changes on GaAs occur.
For this purpose, this isotropic contribution at high pump fluences is simply
subtracted from the total UV signal on (110) surfaces.
;" To enhance the deviation from the quadratic power law above Fth the
spatial resolution of the experimental setup is improved by inserting a
diaphragm in the path of the specular SHG beam. |In Figure 2, the energy
° dependence of the SHG emitted by the central portion (120 ym in diameter) of
the excited area on the surface is shown. Clearly, the saturation of the time
integrated SHG signal in the vicinity of Fth is more pronounced. These data
[ are now compared with model calculations, where the transition from an
; ordered non-centrosymmetric structure to a disordered liquid phase is
C simulated by a SHG efficiency decaying with a time constant T,- The SHG

‘.A intensity is given by:
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1 (r,0) = (e, 0) 1.2,

where
n for tftm(r)
a(r,t) =

n, exp (-t-tp(r) ) for t >t (r).

Ts

At each point r on the surface, n starts to decay as soon as the initial

fluence Fth is reached | ..

tlr)

/Ig(r,t) dt = Fth,

The solid curve in Figure 2 corresponds to a stepwise truncation of the SHG
emission by setting T T 0. Around the threshold value for melting, when the
phase transition still occurs on the trailing edge of the excitation pufse, the
data are well described by the curve. However, at higher fluences, when
Fth is reached during the leading part of the excitation pulse, the SHG data
points are slightly above the calculated curve. |

In order to further elucidate the temporal behavior of the trangition to
the disordered phase the data of Figure 2 are represented in a linear scale in
Figure 3 and compared with the model calculations with different time
constants T- Despite the scattering of the data points the solid curves of
Figure 3 show clearly that the SHG emission drops with a time constant T < 2

ps as soon as the energy necessary for melting is locally delivered. In

......




Figure 3, the calculation for L S5 ps is also shown, demonstrating the

sensitivity of the SHG emission process towards a slightly delayed phase

transition.
In conclusion, the SHG results obtained with a single beam technique

‘ indicate that an ultrafast transition to a centrosymmetric phase occurs in
L- crystalline GaAs under picosecond laser irradiation. ,The SHG emission follows
the usual quadratic power law up to the threshold fluence for melling. Above
this level the data are consistent with an ultrafast transition to a disordered
: phase within 2 ps.
We would like to thank R. Yen and J.Y. Tsao for providing the (110)
1 GaAs samples, H. Kurz and D. von der Linde for illuminating discu.ssions.
[ This research was supported by the Office of Naval Research under contract
No. 0014-83K-0030 and the Joint Service Electronic Program under contract
&‘ No. NO00014-75-C-0648.
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Figure Captions

Figure 1

Figure 2

Figure 3

Energy of the specular emission at 266 nm vs incident Ias;:r fluence
(X = 532 nm) on GaAs. The laser spot diameter is 200 um. Closed
dots refer to (170) surface, laser electric field parallel to the [1-1.1]
crystal axis. Open dots refer to (100j crystal surface, laser
electric field parallel to the [CO1] crystal axis. The solid curve
representé. calculated SHG energy with L 0 as discussed in the

text. -

Same as Figure 1, but limiting the collection of the SHG signal from

a disk of 120 um in diameter centered on the incident laser spot.

Plot of the data of Figure 2 on linear scales. The solid curves

refer to calculations with the values of Ty shown.
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Appendix 10

Nonl inear Photoemission from Picosecond Irradiated Silicon

R.M.Malvezzi, H.Kurz and N.Bloembergen
Division of Applied Sciences, Harvard University,Cambridge

Massachusetts 02138, USA

Three distinctly different regimes of photoelectric emission are
observed over a wide fluence range of UU-laser pulses irradiating
single-crystal silicon samples. The role of the electron-hole
plasma in the nonlinear photoemission is demonstrated by temporal
correlation measurements. The diffusion properties of hot carriers
are analyzed by investigating the influence of energy transport by

hot carrier diffusion on the fluence threshold for melting with UV

: photons.
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Pulsed laser-induced modifications of semicondutor surfaces
find growing technical interest for the development of novel
material processing technologies. In recent times much experimental
effort has been devoted to studying Ilaser-induced morphology
changes by optical techniques [1]. The formation and relaxation of
electron-hole pairs, the kinetics of the ambipolar solid state
plasma and the energy transfer to the lattice phonons has been
investigated by pump ond probe experiments with ps and fs pulses
[1,2,3,4].

Charged particle emission measurements provide an alternative
approach to the study of the fundamental process at the surface of
laser irradiated material. Contrary to optical measurements, where
bulk processes are dominant and the interpretation is complicated
by spatial grodients of the parameters to be studied, here one
probes the outermost layer of the surface. The strict power law of
single- and multiple-quantum excitation, described by the
generalized Fowler-DuBridge theory [S], can be modified by thermal
broadening of the energy distributions of the carriers in the
ground or excited states., At very high carrier temperatures the
high energy tail of the energy distribution reaches the vacuum
leve!, and pure thermionic electron emission, as described by the
generalized Richardson-Dushman equation, occurs. Nonlinear
photnemission of silicon has been observed under nanosecond laser
excitation [6], The underiying mechanisms, however, could not be
clarified. in recent picosecond photoemission experiments the
Richardson-Dushman equation has been used to determine the upper
limit of the electron teaperature of picosecond-irradiated silicon

at laser fluences auch below [?] and above [8] the threshoid values




for melting.

In this paper we present for the first time a plausible
explanation of the nonlinearity of photoemission in picosecond
irradiated silicon. By using correlation photoelectric technigues,
we have been able to reveal the dominant role of the electron-hole
plasma in a two-step, single-photon sequence. I(n addition, by

taking advantage of the extremely small penetration depth of the

c

laser frequency used (&' = 5 x IU'? cm), the distance L, which hot
carriers are able to diffuse before they transfer their energy to
the lattice phorons, is estimated at the critical laser fluence for
melting.

In our experiment the fourth harmonic (hv = 4.66 eU) of a 30
ps Nd:YAG laser puise is focused on a crystalline silicon target
placed in 1079 torr vacuum. The emitted charges are collected by a
diode configuration as described in [7,8]. A bias voitage of 4 kU
is applied to ensure the collection of the total amount of charges
emitted. The dependance of the —collected charge density
(Coulombs/cm®) on the incident laser fluence is show in Fig. 1.

Three distinctly different photoelectric regimes are observed.
In regime | below 1 mJ/cm2 UU-laser fluence, a superposition of
linear and quadratic response is observed independent of the
applied collector voltage. The electron current density J{(r,t) can

be expressed in this regime by

Je,t) = ky 1(p,t) e/hw vk, (I(p,t) e/hv)? (1)




r e
2

Yy ey rry

) G S
®

I el “REhe AL Saae Jhiinh SR Batih i SR JRSan ) A . e B B N e e e A e

where e is the electron charge, hv the laser photon energy, [, t]
the space- and time-dependent laser intensity on the sample
surface. Integration of (1) over a space and time gaussian profile

results in

Ump? = Kk, (e/hw) F e 278297 V24 (e/hw)? 72 (2)

where ( is the total emitted charge, p is the 1/e radius of the

laser beam on the surface, t its 1/e time duration and F the laser
fiuence (J/cn®). The observed |inear quantum yield of 8 ¢ 2 x 10-°
electrons per absorbed photon is in fair agreement with published

data of silicon exposed to air [9]. The value of the coefficient

for the quadratic process, ko, = 3.6 x 107" caPs/Coul is consistent

with extrapolated data obtained in nanosecond experiments [6]. The
dashed line of Fig. 1 shows the calculated charge density using
these yield data. In regime Il the photoemission deviates from the
calculated behavior and is progressively reduced by space charge
effects. The collected charge density is dependent upon the
applied voltage. By the rapid accumulation of electrons in tront of
the surface, the applied field is screened and the collector
current drops. In regime 11l the electron emission exhibits a

strong increase again as soon the critical laser fluence for

melting, Fyp = 25 md/cn? is reached. The sharp rise in the

electron emission is accompanied by the emission of positive ions,
shich are collected when the bias voltage is reversed. The space
charge field which inhibits the electron emission in regime |1, is

neutralized by the injection of positively charged particles. Thus,
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the collection of electrons above the threshold for melting is
governed by the availability of positive ions to remove the snsce
charge field. Therefore, nearly the same amount of electrons and
ions is collected at higher fluences independently of the magnitude
of the applied field.

In order to explore the temporal evolution of the
photoemission process, we used a time correlation technique in
which two consecutive ps pulses are focused on the same area of the

sample. The synergetic effects on the photoemission are measured as

a function of time delay v between the two pulses.
To begin with, this double pulse technique is applied for o

general survey of regime | and [l. In Fig. 2 the ratio of total

collected charge { to the sum of laser energy Ej= Ey + E5 is
plotted versus the sum of laser fluences Fy = Fy + F» (J/cn?). The

v = = condition is simulated by spatially separating the two
laser spots. The solid line in Fig. 2 illustrates the behavior
under this condition. Below F = 3 mJ/cm’ the quantum efficiency
increases linearly, as expected from a quadratic process. At 7
mJ/cn?  the maximum efficiency is reached ond at higher fluences
{regime 11) the amount of collected charges drops again.

fis soon as the temporal separation of the two laser pulses is
less then 100 ps, noticeable changes in the fluence response
occur. The slope of the linear increase below 3 nJ/cm2 increases
significantly. The collected charge maximum mouves towards smaller
fluences, and the drop in the space charge regime is more
pronounced. The largest reduction of collection efficiency occurs

in this regime if the two pulses strike the surface simultaneously




(¥ = 0). In this case the total charge emitted by the two pulses
is less than the sum of the charges of two separated pulses,
because of increased suppression by the space charge cloud in front
of the surface. |f the two pulses hit the saome area, but are
separated by a time interval sufficiently long to remove the space
charge generated by the first pulse, then the combined charge
emission should be equal to that of two spatially separated pulses.
It is estimated from our sample and anode field geometry, that the
electron cloud is removed from the illuminated spot in about 107'C
s. The data in Fig. 2 appear to confirm these space charge effects.
Longer lasting space charges resulting from thermionic emission are
negligible.

The main part of our interest, however, is focused on the
increase of quantum efficiency at fluences at which space charge
effects can be neglected. To explore the origin of the guodratic
photoemission process in regime |, we performed a complete time-
resolued study of the correlation of the collected charges. In Fig.

3 the linear slopes of Fig. 2 are plotted versus the time deloy

between the two UV pulses., The data are normalized to the <« = =
condition. Despite the large experimental error, the temporal
correlation behavior clearly indicates that the first pulse
activates the surface for the second. This optical activation
persists for times much longer than the pulse duration and is
closely correlated to the dynamics of the elctron-hole plasma
formed. At a fluence level of 1 mJ/cm? no significant lattice
heating occurs, and the maximum carrier density generated at the

surface is too low for fAuger recombination processes to become
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dominant in the density equation. The penetration depth of 4.66 el

photons (@' =5 x 10 -7 cm) is much smaller than the diffusion

length L, = (Da‘t:p)”2 on a picosecond time scole. Under these

conditions, on analytical solution of the density at the surface
N(O,t) can be derived using solutions of the surface heating
problem [10]. Under irradiation with a laser pulse with gaussian

temporal profile, the density time-dependance is given by:

Iy (1-R)
N(D,t) =

— v V2 mit/e ) (3)
D
a

where lm(l-R) is the reflection corrected incidence irradiance,

T, the /e half width of the laser pulse, ﬂL the ambipolar

diffusion coefficient and 11(t/tp) a strictly time-dependent form

factor, which is developed in [9]. With B, = 20 cm/s, a maximum

density of 5 x 10" cn™® is reached after 0.55 L under the
excitation levels used in this correlation experiment. The temporal

decay is solely determined by 11(t/tp) The striking resemblance

between the temporal behavicor of the photoelectric correlation

signal and temporal shape of m leads us to the conclusion that the
nonlinearity of the photoemission regime | is caused by the
presence of the electron-hole pairs. It is basically o two-step
single-photon excitation process, where in the first step electrons
are excited via direct

transitions into high-lying conduction

bands. Rapid intercarrier collisione ensure thermalization of the

‘1.f;A_;;_;‘;;;t;.;j
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carrier distribution, and phonon assisted inter- and intravalley
relaxation processes lead to the accumuiation of a large carrier
density in the vicinity of conduction band minima. Because of the
lack of sufficient electron-hole recombination channels, their
accumulation is mainly determined by the relaxation rate from the
higher-lying states and diffusion into low-density regions. From
the intermediate excited states, as well as from the final
reservoir in the conduction band minimum, the electrons are
reexcited by a second single-photon absorption process to final
states above the vacuum level.

A second point of interest in this paper concerns the
diffusion properties of hot carriers during UV excitation. The rise
in lattice temperature during UV excitation at higher fluence
levels depends sensitively upon the distance L over which carriers
have diffused into the bulk before substantial energy s
transferred to the phonons. In a simple approximation this distance

L can be treated as a diffusion length [11]

L = ¢ (U Y12 ' (4a)

with the diffusion coefficient in the classical mode!l given by

2 k Tc T, T
0 = (4b)

LI N x
m.th 'hte

In these equations all quantities refer to hot carriers. In




(4a) © iy the energy relaxation time for such carriers, and in eq.

o . . x X
(4b) T, and t_ are the momentum relaxation times; m _ and m p Ore

k (-]

the effective carrier masses, and Te i3 the temperature of the hot

carriers. fAs a consequence of hot carrier diffusion,the heating
rate at the surface by UV puises is reduced by a factor (L &« +

1)"! where a is the UU absorption coefficient.

In numerical mode! calculations the influence of the critical
hot carrier diffusion length L on the heating rate and the laser
fluence necessary to melt the surface have been analyzed. The laser
fluence required to raise the surface lattice temperature to the

melting point has been computed as a function of L. Comparison with

the experimental value Fth = 25 mJd/ch® to melt silicon with WU

photons indicates a hot carrier diffusion length of L = 1 x 107 ¢n

2

or a Uat product of 10712 cn?. Fronm optical investigations it is

known that the energy relaxation time t is in the order of 1 ps.
As an immediate consequence the threshold value analysis reveals a

rather low ambipolar diffusion coefficient Da # 1 cnl/s for the

hot carriers (comparable to that in metallic conductors). This

should be compared with the room temperature value at low densities
(D, =20 cn?/s). In agreement with transport measurements at high
carrier densities [12], but in disagreement with a series of

theoretical predictions [11], the ambipolar diffusion of hot

carriers is lower than the room temperature value. R drastic
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hr decrease of the momentum relaxation times T h down to 1 x 10719 ¢

?

occurs in UU laser-induced electron-hole plasmas at fluences close

to the melting threshold, outweighing the linear dependance of [

-

on the electron temperature Tc. This momentum reloxation time is

two orders of magnitude lower then the value determined by carrier

v T —
.

€ -lattice scattering ( # 2 x 1073 s). Similar low values have been
found in optical investigations of the free carrier absorption
cross sections at high excitation level [13]. These extremely short
° momentum relaxation times are consistent with the fast energy
losses of the electron-hole plasma to the phonons observed in
earlier investigations using 2.33 el excitation. Whether this
J‘i reduction of the hot carrier diffusion mobility is due to the
| extremely high excess energy of the initially-created electron-hole

pairs or to a density-dependent phenomenon like electron hole

® scattering cannot be answered conclusively at the present state of
the investigation. More theoretical work on the basis of the data

presented in this paper is necessary to clarify this point.

In conclusion, three distinct regimes in the photoemission are
- observed in ps experiments using 4.66 el photons. The quadratic
° photoelectric response is closely related to the formation of an
electron-hole plasma during the pulse providing the intermediate
states from where electrons are more easily excited into the vacuunm
° tevel. The distance which the initially hot carriers can travel

before they lose their energy to the lattice phonons indicates

2
R

extremely short momentum relaxation times under excitation levels
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close to the threshold fluence for melting.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

R I OISR IPIP RPN VRSP WP .

Emitted charge density versus fluence at 266 nm for Si{111)
samples. The dashed line refers to the calculated |inear
and quadratic photoelectron effect with the coefficients

given in the text.

Ratio Q/E, of the negative charge emitted by Si(111) over
total laser energy at 266 nm versus total laser fluence

for two pulses separated by the interval © shouwn.

Correlated photoelectron signal versus daly time = for 266

nm illumination of Si(111) in region |. The data are

normalized to the ¥ = = results.
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PICOSECOND PULSED LASER-INDUCED MELTING AND GLASS FORMATION IN METALS

Chien-Jung LIN, Frans SPAEPEN and David TURNBULL

Division of Applied Sciences, Harvard University, Cambridge, Mass. 02138*

Irradiation of a solid surface by a picosecond laser pulge leads to melting of
a thin overlay. and subsequent gquenching at rates of 1012k/s or higher. This
technique is also one of the few available for superheating a crystal above its
melting temperature. The ultra-fast quenching rates permit the formation of
new metallic glasses. Work on the Fe-B and Ni-Nb system is reviewed, and new
results on the Mo-Ni, Mo-Co and Nb-Co systems are reported. 1In all cases,
glasses are formed below the To-line, indicating that partitionless crystalli-
zation is usually at least partially diffusion controlled due to the change in
short range order upon crystallization; only in the simplest structures, such
as disordered f.c.c. solutions, are the partitionless crystallization kinetics
fast enough to preclude glass formation.

1. INTRODUCTION

When a solid metallic surface is irradiated by a laser pulse of duration tp,
the energy is deposited in a layer of thickness a'1, where 2 is the absorption
coefficient; for metals, a'] is on the order of 100f. During the pulse, a

)1/2

layer of thickness {20 is heated up by thermal conduct1on where D

thtp
the thermal diffusivity. For metals Dth

for a 30ps pulse, corresponds to an initial heated layer of about 500A thick.

is on the order of 0.5cm /sec. wh1ch

For a typical laser fluence of about 0.5 J/cm2 and a metallic reflectivity, the
temperature rise in this (molten) layer is estimated to be several thousand
degrees. The fraction of the energy lost due to evaporation is small {<10%)
since it is limited by the evaporation kinetics and the short duration of the
process. The rest of the energy is conducted into the bulk, leading to further
melting to a total depth on the order of 10002. Further cooling then leads to
resolidification of this layer, either by crystallization or glass formation.
Heat flow calculations and direct observations of melting (e.g. in Si, using
time-resolved reflectivity) show that the total lifetime of the melt for a 30ps

! given that the temperature drop is on the order of 1O3K.

pulse is about 1ns;
this corresponds to an average cooling rate during solidification on the order
of 1012K/s. Since most "conventional" quenching techniques, such as melt spin-
ning, produce cooling rates of about 106K/s, it is expected that pulsed laser
quenching can lead to the formation of new metastable phases. A review of the

fundamentals of pulsed laser interactions with solid surfaces has been given by

*This work has been supported by the Office of Naval Research under Contract No.
N00014-83-K-030.

0022-3093/84/$03.00 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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2. MELTING AND SOLIDIFICATION KINETICS
The general formalism of these transformations has been reviewed by Spaeren

and Turnbu]].3'4 The velocity of the crystal-melt interface, u, may be approx-
imated by:

~ - A

U uO(TM T/ (1)

where TM is the melting temperature and Ti the temperature at the interface; ug
is a velocity determined by the kinetics of the melting or crystallization pro-
cess:  for pure metals, when these processes are collision-limited, Uy is
approximately eaqual to the speed of sound, ugs for alloys, where diffusive
rearrangements mav be important U, D/x (D: diffusivity; 2>: interatomic dis-
tance).

The heat flow associated with melting or solidification leads to a second
expression for u:

us x V ViT/AFC (2)

with «: thermal conductivity; V: molar volume; ViT: temperature gradient at
tne interface; ;HC: molar heat of crystallization. The combination of eqs. (1)
and (?) then leads to a determination of the interface temperature, Ti‘ If the
interface kinetics are fast compared to the rate of heat removal (or heat sup-
ply, for melting), as is the case in most conventional metal processing, the
process is called heat flow limite?, and Ti is only siightly different from Ty
If, however, the interface kinetics are slow {e.g. if limited by diffusional
rearrangements), and the rate of heat removal (or supply) is fast {e.g. due to
the very steen thermal gradients in ps pulsed laser annealing), the process
becomes <wterface ?imited, and Ti is very different from TM'

Lf the kinetic processes at the interface are collision-limited, as in cry-
stallization of pure metals, Ti differs from TM by only a few tens of degrees
even in ps pulsed laser gquenching. It should be noted that the thermal gra-
dients during the melt-in phase following the pulse are much steeper than dur-
ing solidification: VT w 103K/(20thtp)”2 ~ 10" K/m.  According to eq. (2)
this corresponds to a heat-flow limited velocity on the order of 2000m/s, i.e.,
an the same order of u . Eq. (1) therefore predicts a substantia) overheat at
the interface  Consegquently, picosecond pulsed laser heating is one of the few
methods available for superheating metailic crystals.

Ior metallic glass formation, it is clear that Ti must fall far below TM
during cooling, and that hcnce diffusion-limited interface kinetics seem
required. The solidification velocity, u, in ps laser gquenching can be
estimated, from the melt depth (~ 10003) and the lifetime of the melt (~1 ns),
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FIGURE 1
Schematic illustration of the Tp-lines lequal free energy
for liguid and crystal) in a simple eutectic phase diagram.

This "solute trapping” process has been discussed in detail by Aziz.6 1f the

configurational freezing temperature ("Tg“) of an alloy lies above the T°
lines, glass formation is expected if no intermetallic phases can be formed;
the complex structure of most of these phases, however, usually requires
diffusion-like rearrangements that slow down the crystallization kinetics.
Since partitionless crystallization into the primary solutions is often a very
fast process, it has been proposed that the To-]ines represent the limits of
glass formation.7‘8 However, as will be demcnstrated below, this is only the
case for the simplest crystal structures, such as disordered f.c.c. alloys,
where the kinetics may approach the collision limit., If, as is often the case,
reconstruction of the short-range order is required, the crystallization kinet-
ics are at Teast partially diffusion-limited and glass formation can occur even

below the To-lines.

3. EXPERIMENTAL PROCEDURE

The main experimenta) probler in studying the solidification of binary
alloys in the ps pulse regime is obtaining a homogeneous melt in itsins life-
time, since the mixing length corresponding to this time, (Dt)]/z. is only 302.
The phases in the alloy must therefore be dispersed on this scale. We have
solved this prob]emg‘]O by preparing the starting alloy as a ~IOOOZ thick com-
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positionally modulated filr with a wavelength shorter than the mixing length,
After irradiation, the film is floated off the substrate and is ready for
transmission electron microscopy without further thinning. This procedure is
also very flexible in that it allows preparation of a continuous range of
compositions using only two Sources or sputtering targets.

4. RESULTS

In earlier papersg‘]o

we showed that Fe-B alloys with a B content as low as
5 at." can be made glassy by psec laser quenching, whereas "conventional”
quenching requires a minimum of 12 at.%B. Below 5 at.%B, the alloys solidify
as supersaturated b.c.c. crystals. Estimates of the To-1ine in the Fe-B sys-
tem, based on regular solution modeling and on the devitrification mechanism,
show that all the new alloys obtained by laser quenching were formed below the
T0-1ine. n

Similar observations were made for the Ni-Nb system, = where glasses were
formed by laser quenching in the 23-82 at.%Ni range, with (supersaturated)
f.c.c. and b.c.c. crystalline solid solutions outside this range; the glass

formation range in “conventional" quenchin912 is only 40-70 at.%Ni, and
—— corresponds roughly to the range
25003 4 between the T°-1ine5. Again, laser
\ quenching demonstrated that glasses
\ i could still be formed far below the
\ : To-lines.

o008\ 4 We also report here new results on
1 \ . glasses formed in the Ni-Mo,Co-Mo and
§ \ j Co-Nb systems. Figure 2 shows the
3 \ A Mo-Ni phase diagrams with estimated
5'503- \ - To-1ines for the primary solid solu-
: = = ] tions. For three compositions, with
I \ A ﬁ 306, 50 and 60 at.%Ni, ps laser

L ¥ 1 quenching produced the amorphous
‘°°°f To o ] phase. Note that in two cases glasses
| &i | 1 are formed below the To-line, and that
T et e e the §(MoNi) intermetallic is not
Mo N

ATOMIC PERCENT NICKEL formed upon quenching the alloy be-
tween the T_-lines. Similar alloys
FIGURE 2 : ° ‘ ¥
dolybdenum-nickel phase diagram, indi- With 35, 50 and 65 at.iNi, had been
cating estimated To-lines for the made amorphous by Liu et al'> by ion
nrimary solid solutions. Glasses have L. . .
been formed by laser irradiation at the Mixing of multi-layer films of the
three compositions indicated by arrows.
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(a) (v)
FIGURE 3
Electron diffraction patterns of an as-deposited (a) and
laser-irradiated (b) compositionally modulated film of
average composition M°55C°45'

[
: {a) (b)
FIGURE 4
g Electron diffraction patterns of an as-deposited (a) and
»—‘ laser-irradiated (b) compositionally modulated film of
average composition Nb40C060.
crystalline elements. In the 60 at.oNi alloy, we observed some microcrystals,
) but only near the center of the laser-irradiated spot; in the 30 at.%Ni alloy
- some crystals (b.c.c.) were observed at the edge of the spot, but not in the
| center; in the 50 at.%Ni alloy the entire spot was amorphous. A possible
J explanation of the difference in the occurrence of the crystals may be that
I
) crystals at the edge in the 30 at.“Ni alloys grow epitaxially on the only
)
;
I
4
’I
. .
[N —rolm i a N ot - a— . . e
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{

L partly melted modulated film (the beam has a Gaussian intensity profile),

; whereas in the 60 at.%Ni alloy the higher quench rate at the edge suppresses

%" growth while at the slower cooling center new crystals can nucleate on the

k substrate. Figures 3 and 4 show the diffraction patterns of as-deposited and
' irradiated MogsCo,e and Nb,wCo60 alloys. In both cases, fully glassy phases

are formed upon irradiation. To our knowledge, Co-Mo amorphous alloys had so

! far not been produced by liquid quenching; Liu et al}3have produced amorphous
alloys with 65 and 35 at.%Co by ion mixing. It is interesting that the as-

: deposited modulated Nb-Co film is entirely amorphous, whereas the as-deposited

’e Mo-Co film is entirely crystalline, although both were prepared by sequential

1 sputter deposition of the crystalline elements. Since both systems are clearly

glass formers, and since the sputter-induced mixing is probably similar for
both films, the occurrence of the as-deposited amorphous film may be the result
of enhanced solid state interdiffusion between the layers, as observed in
14
L La-Au.
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Appendix 12

PARTITIONLESS CRYSTALLIZATION AND GLASS FORMATION IN Fe-B ALLOYS
DURING PICOSECOND PULSED LASER QUENCHING

Frans Spaepen and Chien-Jung Lin®
Division of Applied Sciences, Harvard University, Cambridge, MA 02138

Résumé - La vitrification, par trempe au laser a durée de picosecondes,
des alliages Fe-B contenant au moins de 5 at.% B est expliguée quanti-
tativement par une transition d'une croissance cristalline limitée par
collision atomique, a une croissance limitée par diffusion atomique. La
ligne T, pour la solidification de la phase c.c. dans le liquide, sans
rédistribution des constituants, est calculée utilisant la théorie des
solutions régulieres et le diagramme de phases.

Abstract - Glass formation in picosecond laser quenching of Fe-B alloys
containing a minimum of 5 at.% B is explained quantitatively by a transi-
tion from collision-limited to diffusion-limited crystal growth. The Tb
line for partitionless growth of the fcc phase from the liquid is
calculated from regular solution theory and the equilibrium phase diagram.

1 - INTRODUCTION

The process of energy deposition, heating and colling in pulsed laser processing has
been discussed in detail by Bloembergen [1]) and others [2-4). Figure 1 illustrates

1 Energy deposition 2 Melt-in 3. Crystol regrowth or gloss formation
1+ 0-30 1+30-100
220790 peec 1200 100psac ts ]wps."\s
mett melt ol
‘ ‘ rown crysto
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; |
!
|
1
|
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L i
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Fig. | - Schematic diagrams illustrating the mechanism of pulsed laser quenchirg.
the main stages of this process in a typical picosecond pulsed laser experiment:

(i) energy deposition in a layer on the order of the absorption_depth (200 %), which
spreads by heat conduction over a layer of thickness (2Dthtp) of about 500
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{Dyy,: thermal diffusivity; tp: laser pulse length); since energy losses due to
evaporation are negligible X4§, this layer melts and its temperature rises toc several
thousand degrees; (ii) during the melt-in period, this overheat is spent as heat of

fusion of more substrate crystal to a total thickness of about 1000 &; due to the
very high thermal gradients, the estimated melt-in velocity is extremely large
(~1000 m/s); (iii) when the maximum melt depth is reached, the crystal melt inter-
face reverses direction; depending on the relative rates of crystal growth and heat
removal, the molten laver solidifies as a regrown crystal or a glass. The competi-
tion between the latter processes are analyzed in detail in this paper for the Fe-B
system.

2 - THERMAL PARAMETERS

Although a number of sophisticated analyses of the heat flow during laser quenching
are available, the order of magnitude of most of the relevant quantities can easily
be estimated from essentially dimensional arquments. They are listed in Table I,
together with the corresponding values for melt spinning. The starting point is

Table |

THERMAL PARAMETERS IN MELT QUENCHING

Laser Quenching Melt Spinning
Melt temperature Tm(K) 103 lO3
Melt thickness d (m) 10_7 5 ><10“5
Temperature gradient UT(K/m) 1010 2 x107
Cooling rate &(K/s) 1012 4 xlO6
Melt lifetime T(s) .‘LO.9 not applicable
Isotherm velocity uT(m/s) 100 0.2
Heat-flow limited crystal
growth velocity uh(m/s) 230 0.5

that for both processes the melt temperature, Tm, is on the order of 103K, but the
melt thickness, d, in laser quenching is much less (1000 A) than in melt spinning
(50 um). The temperature gradient for heat removal can then be estimated as

VT =T,/d, and the cooling rate as T =D,,VT/d (D4 : thermal diffusivity, about

lo—smz/s for iron its alloys). The lifetime of the melt is then T =Tm/f; this
quantity is only relevant for laser quenching, and has in fact been checked experi-
mentally by time resolved reflectivity measurements on Si, which has thermal
characteristics similar to those of the metals [£,6]. The velocity of the isotherms
in the specimen (the quantity to be compared to the crystal growth velocity later)
is U, =T/9VT.

3 - THERMODYNAMICS AND KINETICS OF CRYSTAL GROWTH

The crystal growth velocity is determined by the balance of the reroval of the heat
of crystallization, AH, and the kinetics of the atomic processes at the interface.
The heat flow limited crystal growth velocity is:

KVVT
= A (1)

2 F g e 2 e A - W P T L
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{(x: thermal conductivity; V mclar volume). Takle I lists typical velues for

Fe, usinc ZE =15 kJ/mole, *» =50 W m-K, and V=7.1 %10"€ m3/mole.

The crystal growth velocity depends on the interface kinetics and the thermodyraric

driving force as follows [2]:
LG
u = uO[l -ex;(ig)] (2;

where AG is the free energy difference between crystal and melt, and the prefactor,
u,, depends on the nature of the atomic rearrangement needed for incorporation of a
liquid atom into the crystal. If only simple collision of liquid atoms with the
crystal surface is required (as in pure metals), the atomic jump frequency is the
vibrational frequency in the liguid, so that uy in this case is close to the speed of
sound, ug, in the liguid. In the analysis below, a rough, estimated value of

3500 m/s, independent of temperature, is used for ug. If incorporation of the atoms
in the crystal requires diffusional jumps (i.e., changes of nearest neighbors), ug
is approximately equal to D/A (D: diffusivity in the liquid; A: jump distance, taken
as 2.6 x10710 m in Fe-based alloys). Note that diffusion-limited crystal growth
does not necessarily imply long-range atomic transport; changes in short-range order
that require changes in coordination can also only occur by diffusional jumps. The
diffusivity used in the analysis below has the Fulcher-vogel form, typical of liquid
metal alloys:

_ _ _B
D= Do exp( T-Té) (3)

8 mz/s, Té =581K, and B =1300K.

with D_=1.4 x10~
The value of P is a rough estimate, similar to that observed in measurements on other
metallic glasses and consistent with the free volume model [7]. Do and T§ were then
calculated by assuming D=5 x10-9 m2/s at the melting point of iron (1807K), and
D=10"16 n2/5 at the crystallization temperature of B-rich Fe-B glasses (650K) [8].

Since the isotherm speed is several 100 m/s in the ps laser gquench, the crystal
growth velocity, u, must be at least this high to prevent glass formation. The time
required to crystallize a monolayer at this speed, A/u, is less than 1 ps. The
distance an atom can diffuse in that amount of time, (Dk/u)l/z, is then less than an
interatomic distance. Crystallization must therefore be partitionless, i.e., without
change in composition. 1In alloys, partitionless crystallization at a particular com-
position is thermodynamically possible only below a temperature, T,, at which the
free energies of melt and crystal are equal.

Assuming a simple regular solution model for both melt and crystal, the driving free
energy for partitionless crystallization of an Fe-B alloy melt to a supersaturated
b.c.c. phase is
AG =G - = x Auo +x 01 +x x (e _-g,) (4)
= G "G T Xpllpe *XptHp *XpeXplt. T &y

(Ger Gyp: free energies of crystal and liquid, respectively; Xpe xB: atom fractions
of Fe and B; ec,eg: regular solution interaction parameters).

The standard free energy difference can be approximated by:

o] o] (o]
Api = pi,c'“i,i =As, (T-T, .} (5)

(ASf it entropy of fusion, and TM i3 melting temperature of element i). The To
! ’

temperature is found by setting AG equal to zero, which gives:
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The i1nteraction parameters can be determined by eguating the chemical potentials of
Fe and B at the equilibrium liquid and crystal compositions, which can be found orn

the phase diagram. For the Fe-E systems, €. — €y was calculated to be -92 kJ/mole,

independent of temperature. The other parameters can be found in all standard

<] : =7. H S = . H = ;
refecences [9] Asf,Fe 7.6 J/K mole; A £,B 21.8 J/K mole TM,Fe 1807K

Ty B = 2300K. The result is shown in Fig. 2. Note that only the b.c.c. phase is

v L v ¥ ‘I’ L L} Ll L I LJ T 1 L] l i v -J

T({K
() liquidus -
P .
- -
15CO+— -

Fig. 2 - The Fe-B phase diagrar.
The T, line corresponds to the
liquid +L.c.e. transition. The
contours represent the crystal
growth speed (in m/s) as a furc-
tion of composition and inter-
face temperature.

ot. %B

being -onsidered here; the f.c.c. Fe phase does not nucleate or grow. Inserting
Eq. (2) into Eq. (4) gives an expression for the driving force.

AG = (xFeAsf, +XBASf,B) (T-To) (7)

Fe

some aathors [10,11] have assumed that partitionless crystallization is always a
very fast process, and that therefore glass formation below the Ty line is prohi-
bited. The Fe-B system is one of many in which this has experimentally been dis-
provd

4 - EAVERIMENTAL RESULTS

Fe-> lasses have been prepared by melt spinning in the 12-28 at.%B range [8,12,13].
Bel: 7 .2 at.%B a b.c.c¢. supersaturated solution is formed. It is interesting tc
note that upor heating glasses with less than 18 at.%B first crystallize to the
metzstable b ~.c. solution, which then converts to the stable phase mixture ot a-Fe
ang "a,B [B]. Our calculation shows that the composition corresponding to Ty =660K
(the »rystallization temperature for an 18 at.%B glass) is 16 at.%B. Considering
the 4;proximate naturc¢ of the regular solution models, this agreement is quite
satsfactory

Clu. . format.on in the Fe-B system has been studied under ps laser quenching condi-
tior-, using the following experimental technique [14,15). On a copper substrate,
firsn coated with a 1 um thick Al film, a 1000 % thick compositionally modulated
filrs roisisting of alternate layers of Fe and Fe76524 was deposited by dual target
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DC sputtering. The repeat length of the modulation was about 20 A. By varying the
relative thicknesses of the Fe and Fey¢B,, layer, films with average compositiorns
between 0 and 24 at.%B were prepared. These samples were irradiated with a 30 ps
Nd:YAG (*» =1.06 um) laser pulse, with a beam diameter of about 100 um and an average
fluence of about C.8 J/cmz. The composition modulation wavelength was chosen on the
order of the mixing length (D7)1/2 in the liquid during the lifetime of the melt
(T=1 ns, Table 1), to ensure homogeneity. After dissolution of the Al film in
dilute NaOH, the irradiated film could be investigated directly by transmission
electron microscopy without further thinning.

These experiments showed that ps laser quenching results in glass formation in alloys
containing at least 5 at.%B. Alloys containing less than 5 at.%B crystallized as a
b.c.c. solid solution. The solidification morphology of the 4 at.%B contained a
small amount oi glass/crystalline mixture near the top surface of the film [16];

this could have been the result of an interfacial instability that became possible
at the last stages cf solidification due to the decrease in the crystal growth
velocity [17]; the associated redistribution of B then could result in glass forma-
tion in the B-rich regions.

5 - ANALYSIS

The sharp transition from partitionless crystal growth to glass formation at 5 at.%B
can most easily be explained by a transition from a collision-controlled to a
diffusion-controlled crystal growth mechanism. The short-range order in a metal-
metalloid glass such as Fe-B, and hence also in the very undercooled melt, is known
to be gquite strong: each metalloid is surrounded by metal atoms only, in a coordi-
nation shell similar to that found in the intermetallic compounds [18,19]. The
short-range order around the B at-m in the b.c.c. solution, either substitutional or
interstitial, is clearly very different. Reconstruction of the cluster containing
the B atom therefore requires diffusive jumps. The formation of a glass with a
minirum of 5 at.%B suggests that the size of this cluster is 20 atoms (i.e., each B
atom and 19 of its nearest neighbors, which corresponds to the first and about half
the second coordination shell of the B-atom [20])). The Fe atoms outside these
clusters are assumed to make collisional jumps. The kinetic factor in Eq. (2) for the
crystal growth speed can therefore be written for Xg £0.05:

- D -
u = (20 xB) 5+ (1-20 xB)us . (8)

For xg 20.05, the crystal growth speed is equal to the diffusive speed D/A.

Figure 2 shows contours of the crystal growth speed, u, as a function of interface
temperature and composition. The abrupt transition at 5 at.8B is obvious. Figure 3
shows as a function of composition, the total distance grown by the crystal if cooled
at a constant rate form the liquidus temperature to 600K. The scale on the left
hand side is for the "master curve"” representing the product of this distance and
the cooling rate. On the right hand side, the actual growth distances in melt
spinning and laser quenching are shown. At 5 at.%B, the growth distance in ps laser
quenching is on the order of 10 £, most of a 1000 & thick layer is therefore trans-
formed to a glass, as observed in our experiments. At 12 at.%B, the growth distance
in melt spinning is on the order of 1 um, consistent with the experimentally
observed glass formation in 50 um thick ribbons. Figure 4 illustrates the same
points in a slightly different way. For pure Fe and the 4 at.%B alloy, the crystal
growth velocity rises above the isotherm velocity in ps laser quenching, thus pre-
venting glass formation. For 5 at.%B, the crystal growth velocity rises above the
isotherm velocity in melt spinning, but remains below the one in laser quenching.
This is consistent with glass formation at this composition under the latter condi-
tions, and failure to form a glass under the former. The crystal growth velocity
for the 12 at.%B alloy lies below the isotherm velocity for melt spinning, in agree-
ment with the observations.
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There exists experimental support for the very large growth velocities for pure Fe
shown on Fig. 4. 1In ps laser annealingaexperiments on pure Fe, the origzinal
sputtered film had a grain size of 500 A. After irradiation the grain size was 1 ,.r
or more [13,21]. Since these grains had to grow within the 1 ns lifetime of the
melt, the lateral growth velocity must have been at least 500 m/s; the velocity mavy
in fact be considerably larger yet, since the lateral growth is limited to the very
early stages of the crystallization. Coriell and Turnbull [22] also found a very
large kinetic factor, on the order of the speed of sound, in their analysis of
dendritic growth velocity measurements in very undercooled Ni melts.

6 ~ CONCLUSIONS

The ps laser gquenching experiments on Fe-B alloys have demonstrated that metallic
glasses can be formed far below the T,-line. This has also been observed in the
Ni-Nb, Mo-Ni and Mo-Co systems [3]. Partitionless crystallization is therefore not
necessarily a fast mechanism that forestalls glass formation as some authors have
claimed [10,11]). For the Fe-B system, the glass formation range can be qualitatively
accounted for by a transition from collision-controlled to diffusion-controlled
crystallization at 5 at.%B. The analysis gives sensible values for the glass forma-
tion range in melt spinning as well. Detailed quantitative agreement on the latter
process cannot be claimed, however, since the results at low temperature depend
rather sensitively on the choice of the parameters in the Fulcher-Vogel equation for
the diffusion coefficient. Crystal nucleation, which is probably more important in
melt spinning than in laser quenching, has not been considered here. Unless the
conditions are right for copious homogeneous nucleation (including the transient
effects [23]), taking into account nucleation effects will result in a decrease of
the fraction crystallized.
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OF COMPOSITIONALLY MODULATED MATERIALS

F. Spaepen, A.L. Greer,® K.F. Kelton and J.L. Bell
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1. NTRODUCTION

Compositionally modulated materials are fabricated by repeated alternate
deposition of very thin layers of different composition. Materials with
composition modulation repeat lengths between a few X and about 1002 are of
interest for a anumber of scientific and technical applications as
semiconductor devices, as x-ray mirrors, as samples for the study of diffusion
at low temperature [1], and as starting materials for alloying in the liguid
state following very fast pulsed laser heating [2]. Some of their physical
properties, such as their elastic moduli [3] and magnetic properties 4], are
unusual.

These materials have been produced by a variety of methods: molecular
beam epitaxy [5] (mainly for semiconductors), vapor deposition [6,7], D.C. and
R.F. sputtering [8,9], and chemical vapor deposition [10]. In this paper, we
report on a new method that employs ion beam sputtering. Its main advantages,
ss will be explained below, are its simplicity, its flexibility (e.3. metals,
semiconductors and insulators can be deposited under identical conditions),

and convenient control.

®Present address: Department of Metallurgy and Materials Science, Nniversity
of Cambridge, Pembroke Street, Cambridge (B2 3QZ, U.K.
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2. DESCRIPTION OF THE APPARATUS

2.1 Overall design

The apparatus consists of a vacuum chamber containing two ion guns, one
simed at the target, the other aimed at the substrate. The target assembly
contains four different targets that can be selected externally by a stepping
motor. The deposition rate is monitored by a crystal oscillator. A feedback
system from the deposition monitor to the target selection stepping motor
controls the sequential deposition for the fabrication of compositiomally

modul ated materials.

2.2 Chamber

The chamber is a vertical cylinder, 45¢m tall and 4lcm in dismeter,
made ontirely of stainmless steel. Figure 1 shows a view from the top of the

cylinder. The bottom plate is conmected to the vacuum system. The top plate
contains the mechanical feedthroughs for the shutters and the target assembly,
and the electrical feedthroughs for the ion probes in the gun shutters.

The substrate is placed on a water cooled support block on a removable
flange. This flange also supports the crystal sensor and a second substrate
holder; the latter is a cylinder that allows external insertion of a heating
olement. The centers of the targets of the substrate and of the substrate
flange, and the ion beams are all in the same plane. The centers of the

crystal semsor or the hot substrate can be placed in the same plane by

rotating the substrate flange by 72° or 144° (2 or 4 boltholes), respectively.

The substrate flange slso contains a shutter by which the substrate or the

crystal can be exposed, either separately or together.

The target assembly consists of a bollow 4-inch stainless steel cube
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attached to a 2-inch vertical stainless steel tube that goes through a
Ferrofluidics SC2000C hollow rotary feedthrough in the top plate of the
chamber. The targets are 4-inch square plates that are scroewed to the
vertical faces of the cube. (Cooling water is brought in through a l1-inch
stainless steel tube inside the 2-ipnch tube and is removed through the space
between the tubes. Outside the chamber, flexible hoses are used to conduct
the cooling water, thus allowing 360°C rotation of the target assembly. The
target assembly is surrounded by a shield that minimizes the spread of
sputtered material around the chamber.

All the shutters in the chamber are moved through Ferrofluidics
SB2SOANO86 1/4-inch rotary feedthroughs. Viton O-rings are used for all
flanges, except for the flanges holding the ion guns, which are of the Conflat

type with copper gaskets.
2.3 n guns

The two 10on guns were obtained from Iomn Tech, Imc. (Ft. Collins,
Colorado), Model 2.5-1500-125. Both have 2.5cm diameter grids and are run by
2.5-1500-125EL power supplies. Both can be closed off by shutters containing
ion probes. So far, only argon has been used as a sputter gas in either gun.

The gun aimed at the target is typically run at a beam voltage of 1500V
and a current of 70-100mA. A foedback system (MKS 250B) that regulates the
gas supply to the guns keeps the beam curremt constant. The chamber pressure
during the run is between $x10”5 and 2x1074 torr.

The gun aimed at the substrate is used mainly for sputter cleaning prior
to deposition, usually at a beam voltage of 300V and a current of 30mA. The
gas flow to this gun is regulated by a three channel controller (MKS 254) that

makes it possible to inject a mixture of three gases, which could be used for
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controlled reaction with the sputtered species at substrate.
2.4 Yacuum system

The system is pumped by a 6-inch diffusion pump, sepsrated from the
chamber by a liquid nitrogen filled cold trap. The pressure is road by an
ionization gasuge located just below the vacuum post of the chamber. Without

baking out the system, a base pressure of 3x10_7 torr is obtainmed.

2.5 DPeposition control system

Figure 2 shows a schematic of the feedback system used to produce
compositionally modulated films, The sputtering rate is monitored by an
Inficon crystal sensor (vertical model IPN7504061) comnected to anm XTC
monitor. The latter is connected via anm RS-232 port, set at 1200 baud (bits
per second), to sn IBM-PC with 128K of memory and one double-sided/double-
donsity disk drive. The PC program has as input parameters the total
thicknesses and densities of the alternating layers. When the thickness of »
layer reaches the preset vnlug. the PC sends a set of pulses to a stepping
motor translator (Superior Electric Slo—Sysn type ST103), which makes the
stepping motor (Slo-Syn MO93-FCll, geared down by 8.5 using a toothed belt)
tora the target assembly by 90° to the other targoet. This rotation takes 0.7
seconds, and requires no ramping of the speed. The instantaneous deposition
fates, total sample thi_cmess, deposition time, and the deposition rates
averaged over a preset time interval, are continuously monitored and
sslculated, and are periodically printed out on a CRT monitor and a printer.

The PC has also been programmed to slternate targets based on preset time
intervals; this is useful for very short modulation repeat lengths (I—ZX), for

which the resolution of the crystal monitor is inmsufficient.
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3. EXPERIMENTS
3.1 Deposition rates

A typical deposition rate, as measured at the sensor position, for pure
copper, sputtered at a beam voltage and current of 1500V and 70mA,

o
-6 torr, is 2.5A/sec. The

respectively, and a chamber pressure of 5x10
deposition rate at the substrate position, which could be measured quite
accurately from the x-ray modulation peak of the modulated films, was found to
be botween 10% and 30% greater than at the sensor position. The thicknmess

variation across the substrate was also investigated by the x-ray technique

and found to be less than 1%/cm at the center of the substrate.

3.2 Deposition of homogencouns films

Binary metal alloys were deposited from composit targets. An arrangement
consisting of horizontal strips (1/4 to 1/2-inch wide) of one metallic
component stretched across a 4-inch square backing plate of the other
component was found to give the most reproducible results. Electron
microprobe analysis showed the composition across the 2-inch substrate to be
uniform.

Amorphous metal films of composition Nisoero. Cuszzt18 and Cu652r35 have
been produced. Cn902r10 and Nb93S17 films were microcrystalline,

Amorphous Si and Ge films were produced from 4-inch square cast
polycrystalline targets that were, respectively, 0.5mm and 2mm thick. Best
zosults were obtained by glueing these targets to anm aluminum backing plate
with s silver-epoxy conducting glue (Ablestik). The conductivity of the
targots was high enough to make neutralization of the beam was unnecessary.

The argon incorporation, measured by electron microprobe analysis, was 1%
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or less in most films. Contamination by stainless steel sputtered from the
shield around the target assembly could be avoided by keeping the accelerator

voltage around 100V, which limits the beam divergence.

(4
E
| The structure of the films was determined by a combination of x-ray
ii diffraction, electron diffraction, and differential scanning calorimetry.

[ 3.3 Compositionally modulated films

»e 3.3.1 Metallic films. Films of Cu/Al, Cu/Ni, and Cu/Zr with repeat
loengths between 10 and IOOX were produced from pure targets on glass or Si
substrates. Tn most of the films the thicknesses of the two types of

e alternating layers were equal. The Cu/Al and Cu/Ni films, and the Cu/Zr films

with zepeat lengths above 65: wore polycrystalline. The Cu/Zr films with

o
repeat lengths less than 65A were amorphous; which is a manifestation of the

t]; formation of the amorphous phase by interdiffugsion in the so0lid state between

the pure elements observed, for example, in the La-Au, Ni-Zr and Ni-Nb systems

{11-13] It is also an indication of a substantial amount of interdiffusion

h. during the deposition process. Lin et al. [14] noticed a similar effect in
the D.C, sputter deposition of Nb/Co films. Nevertheless, the smorphous Cu/Zr
fiims woere still compositionally modulated, as indicated by the presence of

e the characteristic x-ray peak. As made, the Cu/Al films showed a very strong
first-order x-ray (000) modulation peak; the weaknezs of the second-order pesk
and adbeeace of higher order peaks is further evidence of substantial rounding

. »f the zomposition profile due to interdiffusion during deposition After
five months of storsge at room temperature, the intensity of the modulation

{ pesk inm the Cu/Al films had decreased to s tenth of its original valuwe; this

_p

e {3 tis be expected for polycrystalline nontextured layers, in which mizing can

te enhesced substantially at low temperatures by graim boundary diffusion
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* along moving boundaries [7].

E-( 3.3.2 JMetal-somiconductor films. Two sets of Nb/Si films were produced.
Their average compositions and repeat lengths were, respectively: Nb758i25'
32X; and NbuSil,, 48:. The composition was adjusted by changing the relative

r‘ thicknesses of the two layers. This method allows much better control of the

E‘ average composition than sputtering from a composite target. Our techmique is

E_ therefore quite useful for producing starting materials for laser mixing.

:e The Nb in the as-deposited films is polycrystalline with very small
grains; the Si is amorphous.

3.3.2 Somjconductor films. Amorphous Si/amorphous Re films, with equal

;. layer thicknesses for both components were produced by sputtering from pure

. polycrystalline targets, with repeat lengths of 26, 47 and 642. They all

3 showed strong first order modulation peaks. The full width at half maximmm of

:‘ this peak for the 64x film, for example, was 0.25° {using Cr Ka radiation).

: This corresponds to a 10% variation in the layer thickness over the course of

[ the deposition. The second and third order peaks in this sample were,

K. gespectively, 20 and 50 times less intense than the first peak; this again

{ indicates substantial rounding of the profile due to interdiffusion during

: doeposition. Nevertheless, these samples are very well suited for the study of

fi interdiffusion in the a-Si/a-Ge system by further annealing. The sharpness of

7 the composition profile can be improved by lowering the deposition rate; the
width of the modulation peak can be decreased by improvimg the stadbility of

L‘ the crystal sesnsor.

. 4. CONCLUSION

| The system described in this paper provides & new method for producing

.

1

e
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compositionally modulated films. Its advantages are:
:‘ (1) simple and relatively inexpensive design;
» (i1) flexibility, in that it allows deposition of metals, semiconductors
and insulators, without changes in the system; it also serves to deposit alloy
ii films of good uniformity from inexpensive composite targets;
(1ii) coanvenience of comtrol, since the crystal oscillator feedback
systom makes it possible to '‘dial in’'’ the required layer thicknesses.
:( Section 3 was intended as a survey of the capabilities of the system.

Further details on the characterization and the physical properties of the

materials discussed will be presented in separate papers.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Schematic diagram of the ion beam sputtering chambdber, viewed from
the top.

Feedback system for the deposition of compositionally modulated
materials.

Photograph of the ion beam sputtering system (left: power supplies;
center: chamber and vacuum system; right: crystal monitor,

computer, printer, monitor translator).
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