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Calculations have been made to determine the influence of a dense plasma of hot electrons and holes on
the primary channels of energy relaxation and redistribution of photoexcited carriers in Si, particularly
collisions between carriers, plasmon emission, impact ionization, phonon emission, and carrier diffusion. At
high carrier densities, Auger recombination is sufficiently fast to ensure that the electrons and holes rapidly
reach quasiequilibrium with a common quasi-Fermi level at a temperature which is lowered by the
partitioning of energy into thermally excited plasmons. The appropriate dielectric function has been
calculated. At sufficiently high temperatures and carrier densities, energy can diffuse at a rate that is
comparable to (and, in some cases, faster than) the rate at which the energy is transferred to the lattice.
The steady-state carrier density and temperature, and consequently the ultimate extent to which the lattice
is heated, depend critically on the parameters of the exciting laser.

I. INTRODUCTION

It has recently been argued that simple-melting
or strictly thermal models for pulsed laser an-
nealing of ion-implanted and amorphous Si cannot
provide consistent explanations for a large body
of experimental evidence.!® It has been suggested
as an alternative possibility that annealing is
achieved in the presence of an electron-hole
plasma.'?® In this paper we shall examine a
related topic: the dynamics of a dense laser-in-
duced plasma and, in particular, the influence
of high concentrations of hot carriers on the rate
at which energy is transferred from the laser to
the silicon lattice. Previous calculations*™ have
been performed which assume that the laser
energy is transferred to the lattice in the same
region in which it is initially absorbed. We shall
demonstrate that under certain conditions carrier
densities and temperatures are so high that during
the laser pulse energy can diffuse from the ir-
radiated volume faster than it heats the lattice.
In addition, we shall find that for sufficiently high
carrier densities, the phonon emission rate is
itself screened. Most theoretical and experimen-
tal investigations of energy relaxation on psec to
nsec time scales of hot, photoexcited carriers
have dealt with carrier densities in Ge (Refs. 9
and 10) and GaAs (Refs. 11-15) which are lower
than those at which one would expect the above-
mentioned effect to occur,

In the following sections, we shall examine the
rate at which energy is given to the carriers by
the laser, the rates at which carrier collisions
redistribute this energy, and the rate at which
the energy is transferred to the lattice. In order
to compare the relative importance of competing
energy-transfer mechanisms, we shall refer our
calculations to a typical laser annealing experi-
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ment'® with laser wavelength A, =0.53 pm, inci-
dent power density P=10° W/cm?, and laser
pulse duration 7, =10 nsec. These parameters
correspond to an incident energy density of 1
J/cm?, Although annealing is often performed in
the presence of high implanted donor or acceptor
concentrations, we shall assume that any extrin-
sic carrier densities introduced are small com-
pared with the photoexcited densities.

In Secs, II and III we shall discuss carrier
creation and the subsequent thermalization and
recombination. The interdependence of the re-
sulting carrier density and energy is examined in
Sec. IV. In Sec. V we calculate the effect of a hot,
dense plasma on the rate at which energy is trans-
ferred to the lattice by phonon emission. In Sec.
VI we demonstrate the importance of carrier
diffusion in determining the ultimate extent to
which the lattice is heated. Finally, in Sec. VII
we discuss the implications of our analysis.

II. CARRIER THERMALIZATION

The incident laser energy is absorbed either
by electron-hole pair creation or by free-carrier
excitation. Initially, with few carriers present,
the former process dominates, so that near the
silicon surface the photon absorption rate g
=P(1-R)/6(kw,), where P is the incident laser
power per unit area, R is the reflectivity of the
sample (R=0.5), #w, is the photon energy, and
5 is the absorption length (6 ~10" cm at Zw,
=2.3 eV). Electron-hole pairs are created via
indirect absorption processes involving the emis-
sion and absorption of phonons. Because phonon
energies are much smaller than the photon
energy, the amount of energy transferred to the
lattice during absorption is negligible in compari-
son to the total amount absorbed. The rise in
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carrier density leads, in turn, to increased free
carrier absorption. By the same argument as
above, we can neglect the energy transferred to
the lattice by this process also. The net result
is consequently the production of hot electrons
and holes which then thermalize with the rest of
the carriers and eventually with the lattice. For
the example we are considering, g~10% cm™sec™
so that carrier densities exceeding 10'° cm™ are
achieved in times much less than the laser pulse
duration. We shall therefore look at carrier
thermalization at concentrations greater than
10' cm=3,

Primary channels for energy relaxation of the
hot carriers are collisions with the other car-
riers, plasmon production, and phonon emission.
Another important mechanism is electron-hole
pair production by impact ionization. (This pro-
cess is the inverse of Auger recombination, and
will be discussed in detail in Sec. III.) Of these
processes, all but phonon emission involve
primarily the redistribution of the carrier energy
among the electrons and holes with negligible
amounts of energy transferred to the lattice.

For an electron having an energy E above the
conduction-band minimum, the rate of energy loss
due to collisions with the N, other electrons is
given by!’

(). =it

ot T T eXemrE)Y

)

where e and m¥ are the electron charge and effec-
tive mass, and €, is the bulk dielectric constant.
The energy lost by the hot electron is then shared
by all of the carriers. We shall demonstrate in
Sec. V that at very high carrier densities, the
detailed dependence of € on wave vector q and fre-
quency w becomes important, modifying the sim-
ple form of Eq. (1). For the purposes of com-
paring the relaxation rates, however, simple ex-
pressions containing €, are adequate. c is a
factor between 1 and 2 which accounts for the in-
fluence of spin and exchange on a scattering
event.!” fis of order 1, and depends on the dis-
tribution of electrons with which the hot electron
interacts. Clearly, the importance of the parti-
cular distribution diminishes as the energy of the
hot electron increases.!” An expression similar
to Eq. (1) applies to electron-hole collisions. As
we shall find in Sec. VII, N, for our example is
~10% ¢m™, so that with E~1 eV, € =11.8, and
m¥ =0.33m, (8E/8¢),., for our example is roughly
-10" eV/sec.

Energy relaxation by plasmon emission is pos-
sible when E is greater than Zw,, where w, is
the plasmon energy,
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with m¥ =0.15m the reduced electron-hole effec-

tive mass.!® The corresponding rate per carrier
5 19,20
is!®
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where a, is the Bohr radius. Using the values
from above for the parameters, (aE/at)e_, is ap-
proximately —10'® eV/sec. Plasmons can subse-
quently decay via single-particle excitation (or,

if hw, is greater than the energy gap, E;, by elec-
tron-hole pair creation).

For the high carrier densities present (N
>10" cm™), the plasmon energy #iw ,is muchgreater
than phonon energies 7Zw. Consequently, plasmon-
phonon coupling is weak and phonon production by
the plasmons is negligible. Since no energy
is transferred to the lattice by the creation
of plasmons and their decay, the energy lost by
the hot electron remains in the carrier system.
Near the start of the laser pulse, the plasma fre-
quency passes through resonance with the phonons,
but the rise in N is so fast that the amount of
energy transferred to the phonons in this time is
a negligible fraction of the total pulse energy.
(With g~10%' cm™ sec™, 7w, is resonant with pho-
non energies for ~107! sec, so that the energy
transferred during that time is <5x 10!7 eV/cm?.)

In addition, the carriers may relax by emitting
phonons. Again we emphasize that in this process,
as opposed to those relaxation channels discussed
above, the energy of the hot carrier is not merely
redistributed among the remaining carriers but
is transferred from the plasma to the lattice.
Under the same conditions for which we have es-
timated the other rates, we shall find (8 E/8¢),.,,
~-10'! eV/sec. This process will be examined
in detail in Sec. V.

Comparing the above results, we find that the
rates of energy relaxation by both intercarrier
collisions and plasmon production dominate energy
relaxation by phonon emission. The reason for
this result is that —(8 E/81),_, and —(9E/8¢),_, in-
crease with N,, whereas, as we shall see in Sec.
V, —(8E/81),_,, does not. Clearly, for N, suffi-
ciently large, the former rates will dominate.
This criterion is met for N, > 10'® em™, so will be
satisfied at densities attained in our system.

Arguments analogous to those relevant to elec-
tron energy loss rates lead to similar conclusions
about hot holes. Consequently, we expect that
collisions between carriers result in their rapid
thermalization. In times of order 107! sec, the
electrons and holes attain thermal distributions
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characterized by temperatures 7,=1T,. Carrier
thermalization is achieved without transferring
energy to the lattice, so that the carrier tempera-
ture is initially much higher than the temperature
of the lattice, 7.

III. CARRIER RECOMBINATION

Because the carriers are thermalized, both
electrons and holes can be described by quasi-
Fermi levels and a single temperature T,=17,.

In order to determine the relationship between
these two levels we must consider recombination.
Auger processes, with rates proportional to N8,
will dominate recombination at high carrier den-
sities.?! Specifically, an electron recombines with
a hole; the energy released is taken up by a third
carrier. This hot carrier will rapidly thermalize
with the rest of the carriers through collisions
and plasmon production as discussed in Sec. II.
The Auger rate is given by (8N,/8t) 5 eer = —C NN,
- C,N!N,=-(C,+C,)N3=~CN3. For crystalline
Si, C~4x 107%! ¢cm®/sec, where C increases only
weakly with temperature.?

A sufficiently dense plasma will partially screen
the Coulomb interaction between carriers, leading
to a modified Auger rate®

(aN, > ___-CN}
ot Auger - [1 + ()‘/kc)zl

where Ais the screening wave vector, and kg
=(2m*Eg)!/*/n, with E; the energy gap, is the
approximate wave vector of the most likely re-
combination transition. As we shall see in Sec.
IV, the high carrier temperatures lead to nonde-
generacy even at high densities, so that x2~Ne,
and the recombination time 7, zer =N,/ (8N,/8¢) o yger
approaches a constant for very large N,. This
screening becomes important at N, ~ 10* em™,
and as N, further increases, 7, decreases
asymptotically to approximately 6x 107!% sec.
Carrier excitation occurs at the same time by the
inverse process, impact ionization, with (8N,/8t); .,
=-C'(N,)NiN,, where N, is the equilibrium value
of N, at T,.

During the laser pulse, the rate of change of
electron density in the irradiated volume is there-
fore

2= —C’(Ne)Ng ’

dN BNe) BNe } ’ 2 2
e — + +C'(N,)N, (N2 - N%,
dt [< ot gen ( ot )dl!l ( e) e( ¢ e)

4

where (8N,/81),, is the electron laser generation
rate and (8N,/8t)4,,, is the rate at which electrons
diffuse from this volume. When N,=N,=N,, im-
pact ionization balances Auger recombination, so
that the electrons and holes are in equilibrium

with each other and are described by a common
quasi-Fermi level. We want to find the condi-
tions for which departure from this equilibrium
is small. N, is a function of the carrier energy
density, and therefore varies with time as the
laser inputs energy, as energy diffuses away, and
as phonons are emitted. N, follows the changes
in N, provided the net ionization-recombination
rate is faster than the remaining terms in Eq. (4).
If N,=N,, Eq. (4) becomes

dN*’ ~ ’ 3 ’ 2

TR G +2C'(Ng)Nj = 2C'(Ng)NiN, , (5)
where G =(dN,/8%) ., + (ON,/0t)4,4,. For N, suffi-
ciently large, 2C'(Ny)N,® >G. Because (3N, /) gn
<g(dueto free carrier absorption) and (9N, /92) 44,
<0, G<g. Therefore, when 2C’(N,)N3>g, we can
certainly ignore the first term in Eq. (5). This
condition is satisfied for Ny 210® cm™, In this
case, dN,/dt~—=2(N, — No)/Tpyger- As a result, if
N, does not vary appreciably in times of order
T augers Ne Will be approximately equal to N,. Since
N, is determined by the total energy contained in
the carriers, dV,/dt <g, and variations in N, are
sufficiently slow to ensure that departures from
quasiequilibrium are small.

Because Auger recombination need involve no
energy loss from the carrier system, the exact
details of the absorption of the laser light—i.e.,
the relative amounts of electron-hole pair excita-
tion and free carrier absorption—are unimportant.
The carrier density follows N; and is therefore
completely determined by the total energy E,, of
the carriers.

IV. ENERGY EQUIPARTITION

We can now calculate the dependence of the
carrier density and temperature on E, ;. N,

equals N, so that it obeys the usual expression
b (E)dE
N, = fo S e S E TG (6)

At the same time, the single-particle energy of the
electrons is
_ (" _Eg.(E)dE
Ee—fo 1+efs-£,.~>/ue . (Ta)
In Egs. (6) and (7a), g,(E) is the single-particle
density of states and E is the Fermi energy.
Equations analogous to these apply to the holes.

In addition, energy is stored in thermally excited
collective oscillations of the carriers:

(ke \__hw,
Ee-h_ 67!'2 ehwp/kTe_ 1 (7b)

fiw, is given by Eq. (2). We assume that these
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plasmons have negligible # dispersion; k2/67° is
the number of allowed modes at Zw,. The cutoff
wave vector,'® % g _ is taken to be approximately
the Debye wave vector,

47Ne? \!/?
b, ((kTe ) :

Assuming ellipsoidal constant energy surfaces
characterized by effective masses m* and m¥,
Egs. (6) and (7a) become

NeZAe(m:kTe}SﬂFI/Z(n); (8)
Eeerm:S/Z(kTe)s/zFS/z(n) s 9
where

M, 2 3/2

with M, the number of equivalent conduction-band
minima,

is the usual Fermi-Dirac integral. The total
energy of the carriers is given by E,, =N, E;
+E,+E,+E,,. The term N,E; represents the
energy of excitation across the gap. We have ne-
glected the dependence of E; on N, T, and T;.
However, because the carrier temperature 7, is
very high, Eqgs. (8) and (9) depend only weakly on
E. and the error introduced is not large. In Fig.
1, we have plotted E, , and N=N, + N, as functions
of carrier temperature &7, for Si with parameters
M,=6, M,=1, m¥=0.33m, m¥ =0.55m, and m*
=0.15m.'% As expected, both number and energy
are monotonically increasing functions of tempera-
ture.

The importance of the plasmons is not readily
apparent from Fig. 1. To demonstrate their role
more clearly, we look at the dependence of £#T, on
(Eyoy = N,Eg)/N, the excess energy per carrier.
Using Egs. (7)-(9), we find

By =NeEg .

N ’<m>+_e_z_(m:k7;)1/2

E / 2(17) 3nhie

2
X—r— z_ . (10)

where z Eﬁw,/kT,. RT,is plotted in Fig. 2 as a func-
tion of the per carrier excess energy. ForsmallN,
kT, ~%[(Eyo = N,EG)/N], as expected. The dashed
curve was derived by neglecting the plasmon con-
tribution. Note that the temperature falls below
this limit when an appreciable amount of energy

1025
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FIG. 1. E,, and N as functions of carrier tempera-
ture T, calculated for Si with M, =6, M, =1, m}
=0.33m, m,’,"= 0.55m, and m:= 0.15m.

is contained in the thermally excited plasma os-
cillations. This occurs when the carrier temp-
erature and plasmon energies are comparable.
In Fig. 3, we plot the fraction of the excess energy
contained in the plasmons as a function of carrier
temperature. At the peak of the curve, roughly
ten per cent of the energy is partitioned into the
plasmons. This particular value should not be
taken too seriously, however, because it depends
critically on our estimate of k.

For typical doped semiconductors (N,~10'3-10"

NO PLASMONS

kTe (eV)

0.l -

0.01 1 1
0.01 0.l 1.0 10

Etot ~NeEg
N

(eV)

FIG. 2. kT, as a function of (Ey, —N,Eg)/N. The
dashed curve was derived by neglecting the plasmon
contribution.



21 DYNAMICS OF DENSE LASER-INDUCED PLASMAS 2419

cm™)at room temperature, fiw,~ 10-10"2 eV «<kT.

As a result, many collective modes may be oc-
cupied, but their energies are so small they con-
tain a very small fraction of the total energy. For
metals, on the other hand, #w,~10 eV>kT. The
plasmon energies are very large, but so large
that a negligible number of them are thermally
excited. It is at just those temperatures (kT,
~0.1-1 eV) and densities (N~10-10%! cm™)
relevant to our discussion that a significant frac-
tion of the total energy is contained in thermally
excited plasma oscillations. The heat capacity
of the carrier system is increased as a result of
the additional degrees of freedom, into which a
significant fraction of the energy is partitioned.
In other words, if we try to heat up the carriers
by pumping energy into them, their temperature
will be lower than in the absence of plasmons,
because these modes are absorbing some of the
energy.

V. PHONON EMISSION

In this section, we shall first calculate the ex-
citation spectrum for the carrier system and then
relate the result to the phonon emission rate.

We shall examine this rate in detail, focusing on
emission at those §’s most relevant to silicon,

and paying particular attention to the effects of the
hot, dense carriers.

We begin by calculating the contribution to the
imaginary part of the dielectric function, €,(q,w),
from electronic transitions within and between
conduction-band minima. We do not sum over
valence to conduction-band transitions. The w’s
at which we ultimately evaluate the dielectric
function are far from resonance with interband
excitation energies so that these transitions do
not contribute significantly to €,. In the random-

~ 03

O.l -

(PLASMON ENERGY/TOTAL EXCESS ENERGY
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0.01 [oX} 1.0 10
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FIG. 3. Fraction of excess carrier energy contained
in the plasmons as a function of carrier-temperature
kT,.

phase approximation (RPA),%

€2('c°1,w) - “ 1 th o)

X G(ﬁw - [AE(k,(‘l) ]”) ’ (11)

where  is the volume. The sum E,, ranges over
all pairs of valleys ¢ and j (including i =j) where
the transitions are from valley i to valley j. The
occupatlon probab111ty of a state ko in the ith val-
ley is f { and [AE(k ,q)], ; is the difference in energy
between electromc states (k+q,o) ; and (ko) In
RPA, the electrons have free-electron-like wave
functions and polarizabilities, but respond to an ef-
fective Coulomb potential which includes screening
self-consistently, in contrast to the Hartree-Fock
approximation, in which the electrons respond to
just the external field.?

We approximate each conduction-band minimum
by a spherical constant-energy surface having
effective mass m¥*. The wave vector from a par-
ticular valley to its jth neighbor is denoted by
Qu. In this case, we find the following equiva-
lence (see Fig. 4): For any intervalley transition
k-k+§ q, there isa correspondmg mtravalley
transition k -k +Q,, where Q, =q- Qo,, such that
(a) fi i3, =fi {.p and (b) EhQ —Elﬂ1 Within our
approxxmatlon for the energy surfaces, the results
(a) and (b) follow directly from the definition of
Q,. [Actually, this equivalence holds exactly in Si
for those pairs of ellipsoidal valleys aligned on a
common (1,0,0) axis.] Equation (11) therefore
becomes

8rle?

€(q,w) = qu Eka ‘fx«q,)G[ﬁw (Ekij I)];
(12)

where we have included the mtrava.lley transition
by defining Q,o 1atra =0 S0 that Q, ttra=4. In

Eq. (12), E;,-;.’—Eo—ﬁz(Q,+2kQ, cos8)/2m¥, where
O is the angle between k and Q;. The important
simplification we have made is that we can now
include intervalley transitions by evaluating the
sums within any one valley.

The high temperatures ensure that the occupa-
tion probabilities are essentially Boltzmann, so
that f;~ e EEEP % and f(1 - f) ~f. Making these
substitutions, we obtain

VALLEY i VALLEY j

I/

oj

FIG. 4. Schematic of intervalley-intravalley equival-
ence.
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€(q,w) =
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2
e"EC'EF””é ZZ a2 amy ”’%(hw - zﬁ (2kQ, cos® +Q )) (13)

where E, is the energy of the conduction-band minimum. When we let E;-» (/873 f d’k, sum over i, and

integrate over the 6 function, Eq. (13) becomes

ip?

)dk

€2('(.19w = kQ

2m¥

where

2 2

_ | m¥ 7i'q
~|7q, <h“’ Zm;“)‘

Integrating Eq. (14), we find

(oo
-mc-EF)/,.TZ f P\ omreT,

s (14)

87) 1/ 2(1 % 3/2 -(hw-EQ )%/ 4rT3EQ
iz(a,w)=( m) A (mER )’ *M, e-(EC-EF)/n;,Z (ZJL’ i ] )’ (15)

h—3q2 ;

(41rk7;EQI)1/2

where EQJ Eﬁsz/Zm;‘, Z, is the number of valleys separated from valley i by Qg;, and the sum is over

normalized Gaussians weighted by Z,.

3/2
N,= 2M9<2"_’Z§_k.TL> e EER R

the imaginary part of the dielectric function becomes

- - 2
4‘”2Nee2 Z Zle (Rw EQ’) /4kT8EQ!
(4nkT,Eq )"/

62@’(‘0) =

.

In Fig. 5, we sketch €,(§,w) as a function of iw
for an arbitrary fixed . Note that there are
Gaussian peaks centered at Ziw;=E, . These
peaks correspond to transitions originating from
the densely populated states near the band minima.
The widths of the peaks are (2kT,Eq)'/". At
higher temperatures the peaks are broader be-
cause electrons occupy a larger volume in &
space, thereby increasing the likelihood of transi-
tions originating from higher in the bands. Of
1

Finally, using the relation

(16)

f
course, the peak heights are complementary to
their widths—those resonances that are more
spread out are less strong at any given w.

To put €,(q,w) in a more workable form, we
approximate the normalized Gaussians by norma-
lized Lorentzians having the same peak locations
and widths. Then, using the Kramers-Kronig
relations we can obtain €(q,w), the real part of
the dielectric function, and, consequently, «(q,w)
= €,(q,w) +i€,(@,w). This function is

47N, é* w} -w
= = +
€(@,w) = €,(qw) ZZ( ) (wa_wz)z+wzr3

where T, = (BkILEQj)UZ. €,(q,w) represents the
contribution from interband transitions to €(g,w).
As discussed earlier, Im €,(q,w) is negligible at
those frequencies with which we shall be con-
cerned. Because electron-electron collisions are
dominant, collisional broadening widths %I, can
be evaluated from Sec. II to be =0.05 eV. On the
other hand, 7I; ranges from ~0.2 eV for intraval-
ley transitions to =3 eV for transitions between
valleys, so that the collisional widths are very

iTyw
(@l- )i+ o' ), (17)

f
small in comparison and we can ignore them.

Next, we calculate the excitation spectrum

P
€@ €t

When we square €, and €,, we find that we can
ignore cross terms for differing @,, which are
negligible (peak times tail) compared to the terms
corresponding to the square of one peak. The
excitation spectrum is given by
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(1Ty) (Aw)

Im

€((—11,w) [(h‘w,.,)“EZ< ) [EQ

(ﬁw)ﬂ2+(ﬁw)ﬁﬁr)2]

, Qs\? E%, — (hw)®
X[HZ(M”) ;Z'(q > [Eg, - ()T + (w) *(AT,)°

Q 1 -
hwpe)4 ZZ2< ) [E2 h—w) ] (hw)2(ﬁ1—v’)2] ’ (18)

where €,=¢€,(Q,w=0) and
4nN.e® \!'/*
w,e = (W) .
07"e
[w,, is used for notational convenience and does
not correspond to the plasma frequency which is
given by Eq. (2).] Earlier, we saw that €,(q, w),
for fixed 4, was peaked at several values of w.
We now look at Eq. (18) for fixed w. We find that
it is peaked at several g—those g such that EQ!
=fiw. (If we had chosen to include hole transitions,
the result would simply be the addition here of
another peak at 7°Q%/2m} =fhw. However, be-
cause all the hole transitions are intravalley,
Q,=3. Since we shall be looking at small #w,
phonon emission by holes therefore occurs
primarily at small g. As we shall see, these
transitions are well screened even at moderate
carrier densities. This will also be the case for
intravalley electron transitions, which we can
take to be representative of both types of small-q
phonon emission.)

In general, each intervalley separation (:)0 4y will
have a corresponding § such that Eq ~kw. Im(l/¢)
is peaked at these values of §, which we denote by
q,. Near these peaks,

tn b L (1000)°Z,(Q,/q) i (8- Taltw) /2
€@,w) €, 8kT,(Iw)®+ (1w,) " Z%Q,/q)"
(19)

The value of '(L at each of the peaks corresponds
to a particular intervalley transition and, for
small w, §,= (50, The widths of these peaks do
not vary with g, since 7L, = (8kT,Eo )'/*

= (8kT,iw)'/* #f(q,) for fixed w.

[o] 1 1 1
Eq, Eq, Eqy
ﬁw
FIG. 5. ez/(41r2Nee2/q2) as a function of Zw, for ar-
bitrary fixed .

U
We now relate the excitation spectrum to the
phonon emission rate?

qu © 217 ZZ Vbq

ij ko

i i,0(1=fE)

x 8(iw - (Ez,3 — Ep)), (20)

where Vi,; ; is the unscreened matrix element for
the transition of an electron from state k +q to
state k with the emission of a phonon of wave vec-
tor §. As is usual, we assume V is not a function
of the electronic state k.*® Evaluating Eq. (20) in
the same manner as we did Eq. (12), we find

ﬂi&:z_ﬂ
dt n

o hw/RT E Zse ~(ha-BQ )/ 1kTEQ,
172
7 (4rkT,E, )

(21)

Comparing this result with Eq. (16) and using Eq.
(17), we see that

dN;,. m¥V'E,, 1 he
d: = ﬂ€2h3 <m €@ (.U) )e he / kT, . (22)
”

The factor e™“/*Te gppears for phonon emission be-
cause carriers must be an energy 7w higher in the
band than required for the absorption transition
that contributes to €,. With the use of Eq. (19),
the emission rate can be written as

dNi, 0 _ mE v?

at emeld

(Bwpe)*Z,(iw)* (Bk Thiw) '/
(Bw)*8RT, + (iw,) ' Zy(iw/E, ) *
(23)

X e'hh) / kT

Because 7w < Eg for intervalley transitions,

q,= Qo; (For transitions within a valley, Qo; =0,
so we treat d; explicitly, with E ,'“ﬁw .) As are-
sult, phonon emission is peaked at those phonons
with wave vectors corresponding to the intervalley
separations.

dNit,w ~ dNQQl,w

dt dt

o (Bwpe)’Zy(mEV/€ metn®) e /1%
(8RT,w) ' ?[1 + (Hw,,) ' Z}/8RT, hwEg, ] *

(24)

In Fig. 6, we sketch (1/N,)(dNaoI,w/dt), the rate
of phonon emission per electron, as a function of
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(ﬁwm)2 where we focus on phonons having wave
vector QO ; and frequency w. Notice the abrupt
change in behavior at

fiw) (Eqy,) *8kT, \!/*
~
(the)z = (hwpe) tzzrlt ~<( (ZZ . (25)
i
Since (Iiu),,e)2 is proportional to N,, this means
that below a critical density of electrons, the per
electron emission rate is independent of N,. In
this regime
1 dNaj'w 2Zjv2e-nm/kTe

N, dt e [2RT,w) 7 (26)

However, for sufficiently large N,, screening by
these carriers becomes important and the rate
falls rapidly with N,:

1_ dNQi, w
N, dt
_miViBG [BRT, ()] e M (1 )
€Zme'n’ (71w o)
(27
If N,(T,) is much less than the critical value
given by Eq. (25), then
(}_ M) (.T'?_1>1/Zenw(1/tzr.,1~1/krez)
Ne dt Tea — T2 (28)
(1_ Ny w > y 4 o Tal'Z]
N, dt T, 8k7;2(hw)(EQOJ)

We see that for T,,> T, screening by the large
number of excited carriers increases the phonon
emission time considerably from its unscreened
value.

Although the dominant energy loss mechanism
is phonon emission by electrons (hole transitions
are effectively screened), rapid electron-hole
equilibration ensures that both species lose energy
at the same per carrier rate,

9E _hw_ dNQo; w nw
<Bt )‘ph ; T ’ (29)

In general, phonon absorption occurs in addition
to phonon emission. The net rate of energy re-
laxation therefore depends on both carrier and
lattice temperatures, through terms such as?®
ehw/kl _ g hw/*TL I our case, T,> T}, so that
there is no explicit dependence on lattice tempera-
ture and only phonon emission is important.

We can now evaluate Eq. (25) to find the density
at which screening effects become important.
Assuming intervalley separations appropriate to
crystalline Si,?""?® there are three classes of
transitions for the electrons: (a) Intravalley
transitions are represented by 60 =0and Z=1.
We shall consider phonon emission at zZw =0.05
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eV, leading to a corresponding g =6.6x 10° cm™!
(b) All transitions from one valley to another on
gxe same axis can be reduced to one 60, e.g.,
Q,=(2n/a) (0.4,0,0), where a is the lattice para-
meter, with Z=1, and ¢=4.6% 10" cm™. (c) Fin-
ally, there are four inequivalent transitions (Z =4)
within the first zone from one valley to another on
a different axis, e.g., @ = (27/a) (-.2,1, +.2) and
(21/a) (-.2,+£.2,1), so that g=1.2X10% cm™. For
€o(§,w) (implicit in w,,) we use the values cal-
culated by Walter and Cohen.? [Although their
calculations were performed for § along the (1,0,0)
direction, and therefore apply strictly only to
scattering between valleys on the same axis, we
use their results as an estimate of €, for off-axis
scattering also.]

As a result, Eq. (25) becomes

() (Hwpe)lesy =0.03(RT,)/2,
(0) (Bwpe)iess =0.85(RT,)" /2,
(© (Fwpe)?y=0.53(RT,)"2,

where the energies are in eV. Using the rela-
tionship between N, and 7, found in Sec. IV, we
arrive at the critical densities at which screening
begins to become important for (a) intravalley,
(b) intervalley, on-axis, (c) intervalley, off-axis
scattering, respectively,

(@) N, orqe=2.5%X10"% cm™,
() N ~1.9x10% cm™,

e,crit
(€) N, e ®1.0x10%" cm™

The rates in the strong-screening regime are
proportional to 1/N%, so that, e.g., a factor of 5
increase in N, reduces the rates by 25. Un-
screened energy loss rates are reported to be??
~10!! eV/sec; from Eq. (24) we see that for N,
=5xX10 cm™, the rate may be reduced to ~10'
eV/sec. We shall demonstrate in the following
section, however, that carrier densities attained

ojr @

dNg

(flwp,)z

m"‘N)cm

FIG. 6. (1/N, JANG,;0 /dt as a function of (w,,) 2/
(Fwp )iy The inset shows log(1/N,)(dN,/dt) vs
Iog [(Ewpe) /(ﬂwpe)crlt]
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are unlikely to exceed the critical densities for
screening of intervalley transitions (although
screening of intravalley transitions will occur).

A reliable estimate of the phonon emission rate
depends critically on the electron band structure,
which is difficult to determine under extreme
conditions of high implantation dosages, amorphi-
zation, and rapid atomic rearrangement. Of
course, in all of the above calculations we have
assumed that the concept of k space is valid and
we have evaluated the resulting expressions at
those particular values of q appropriate to crystal-
line Si. The strict applicability of this approach
depends on the degree of amorphization which it-
self varies rapidly as a result of the annealing
process. As pointed out by Dumke,3! it may be
that transition rates in the noncrystalline state
are at least as fast as in the crystal, owing to par-
tial relaxation of selection rules.

VI. CARRIER DIFFUSION

Most of the laser energy is absorbed by the
carriers within an absorption depth 6. Eventually,
these carriers lose their energy to the lattice;
the rise in lattice temperature depends on the dis-
tance they have diffused before substantial phonon
emission occurs. Now that we know how N,
varies with E, , and the dependence of the phonon
emission rate on N, and 7,, we can examine the
manner in which carrier diffusion redistributes
the energy. In particular, we shall calculate the
effect of diffusion on the rate of phonon emission
in a volume near the surface. It is important to
emphasize that this is not a simple diffusion pro-
cess. Although energy is a conserved quantity,
the number of carriers is not. When a particular
carrier diffuses, it takes its energy with it, there-
by reducing the total energy left behind and con-
sequently lowering the carrier temperature. As
we have shown in Sec. III, the rapid rate of re-
combination ensures that N, is completely deter-
mined as a function of time by this temperature.
Therefore, N, decreases not only as a direct re-
sult of carrier diffusion but also as an indirect
result of the accompanying energy diffusion.

Because of the strong coupling between the elec-
trons and the holes, they must diffuse at the same
rate, which is given by

8N a'N
e =D~ 30
(Bt )d“! *oxt ’ (30)
where D,=2D_,D,/(D,+ D,) is the ambipolar diffu-
sion coefficient. We can estimate D, using the
Einstein relation

D z(kn)[z;z,gh

¢ e (e + I—‘-).) ’

where u, (u4,) is the electron (hole) mobility de-
termined by the carrier-phonon scattering time.’%33
This approximation should yield a reasonable esti-
mate even when carrier-carrier collisions are
the dominant interaction, as these collisions do
not affect the net plasma momentum. u=e7/m*,
so that D, =2kT,7,7,/(m*7, + m}1,). D, is there-
fore ~10? cm?/sec. Because of the exponential
dependence of N on 7, diffusion terms involving
T,0N/8x are larger than those involving N® T,/0x
by factors ~E;/2kT,, so that we are justified in
approximating the diffusion by the simple expres-
sion Eq. (30).

As a result of carrier diffusion, the carrier
energy changes at a rate given by
Eio [N EtotDs 8°N

N—<8t )diﬂ N et s

The equation governing the total carrier energy is
then given by

3Etot
at

(32)

D,Eioy 9°N, Nofiw
= -x/6 4 Za—tot e Ve
ghwye N .

9x° T

The last term represents the rate at which phonons
with energy %w are emitted. Because E,,/N
=(E,,,) and 7 are both only weak functions of N,,
the steady-state value of N,, N, g is

w; T  6/a /e O -
Ne,ss(x)z%rggmG =/ -3¢ "/5), (33)

where a =(D,7(E,,,)/fiw)'’?. To obtain this solu-
tion, we have used energy conservation via the
relation

o - N
f gﬁwLe"/°dx=f -—e‘-s%@dx . (34)
0 0

At the surface,

ghw,T

Nersle =00 =Ney s =550 /6 +1)

which we can rewrite in the form

Ng sshiw  Shwr

. =a/6+1" (35)

Equation (35) directly relates the rate of energy
loss by phonon emission to the rate of energy in-
put by the laser. In the absence of diffusion

(@ =0), the two rates are equal. However, we
shall find for our example that @ and § are com-
parable, so that diffusion reduces the rate of
energy transfer to the lattice in the region near
the surface.**

VII. DISCUSSION

We have evaluated (8 E/3¢),.,, numerically by
using Eq. (28) along with a moderate-density
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phonon scattering time 7~ 107!* sec which is con-
sistent with luminescence data for Si analyzed by
Folland?® and with those values inferred from
transport measurements.*® k7T, and E,, were cal-
culated self-consistently at each N, as discussed
in Sec. IV. Screening does not affect the rate of
intervalley phonon emission until N,~ 10% cm™3,

at which point this rate begins to deviate from its
linear N, dependence. Phonon emission for intra-
valley transitions falls off at smaller values of
N,. Because screening increases the electron-
phonon scattering time, it not only decreases the
rate of phonon emission but in addition enhances
diffusion. Although for the specific example we
are discussing N ss<10?' cm™ and therefore
screening effects do not play a major role in the
rate of energy transfer from the carriers to the
lattice, at higher excitation rates these effects
can be very important. In Fig. 7 we plot NJ g

as a function of ghiw, (cf. Eq. (36)) for the exam-
ple described in Sec. I. In this case, ghiw,
=P(1-R)/6~3%10°! eV/cm®sec, so that N
-——-Zl\lg’ss~ 10%° ecm™, which is the value we have
used for numerical estimates throughout this pa-
per. The fact that N) g5 has turned out to be
larger than 10'° cm™ justifies our original assump-
tion that the carrier densities are so high that
collisions between carriers are the dominant in-
teractions, that the plasma frequency is much
larger than phonon frequencies, and that Auger
recombination is most important. The dashed
line in the figure indicates values of NJ g ob-
tained by neglecting carrier diffusion (@ =0). By
comparing the two curves, we see that at a given
laser power, diffusion decreases the carrier den-
sity near the surface. The rate of energy trans-
fer to the lattice in that region is consequently
reduced. Excited carriers may therefore diffuse
an appreciable distance from the surface before
they give their energy to the lattice, thereby in-

T T
IOZZ;r -
|
~ 102+ 4
- f
£ |
= \
;0
1020 4
i 7/
|O|9l, e i
7/
[ o — S S
1030 103! 1032 1033 1034 1035

ghwy_ (ev/em3 sec)

FIG. 7. Neo"Is as a function of g/iw;. The dashed
curve was derived by neglecting carrier diffusion.
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creasing the volume of the region in which this
energy transfer occurs.

At high excitation rates, the laser energy is
given to the lattice within a characteristic depth
determined primarily by carrier diffusion. Owing
to the extreme nonlinearity of the hot-carrier ef-
fects, the uncertainty in the parameters chosen for
our example along with the simplifying assump-
tions made in our calculations prevents us from
making an accurate estimate of the precise temp-
erature to which the lattice is heated or from de-
termining the laser power threshold above which
melting will occur. However, because the ulti-
mate temperature rise depends so strongly on the
extent of the region in which the energy transfer
takes place, carrier diffusion plays a significant
role in determining this final temperature.

In summary, we have found that for a photon
absorption rate g~10%! cm™ sec™! at laser wave-
length A, =0.53 um and pulse length 7, ~ 10 nsec,
plasmon emission by very hot carriers dominates
phonon emission, and collisions between these
carriers are so rapid that electrons and holes
thermalize in times ~107! sec. Auger recombina-
tion, in which the energy remains in the carrier
system, is the dominant recombination mechanism
at these densities. In times ~107!? sec, the elec-
trons and holes recombine, reaching a concentra-
tion which then follows changes in the plasma
energy. A fraction of the carrier energy is par-
titioned into thermally excited plasmons, thereby
raising the heat capacity of the plasma and de-
creasing its temperature. By equating the rate
at which the energy is given to the plasma to the
rate at which energy leaves the carriers via diffu-
sion and phonon emission, we can find the steady-
state electron density. For our example, Ng'ss
~10% ¢cm™. At this density, only intravalley tran-
sitions are effectively screened. Carrier diffu-
sion plays an important role in determining the
ultimate extent to which the lattice is heated.
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