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An experimental investigation was made of the bulk damage to silicon and gallium arsenide single crystals
caused by laser radiation pulses of wavelengths A = 10.6, 2.94, and 2.76 p. The threshold intensities for

such damage were determined. A correlation was found between the excitation of the nonequilibrium

carriers, infrared radiation emitted from the focal region, and appearance of damage. The most probable
damage mechanisms were avalanche impact ionization (at A =10.6 p) and three-photon ionization (at
A =2.76 and 2.94 p). The possible role of microdefects was also noted.

PACS numbers: 61.80.—x, 79.20.Ds

1. INTRODUCTION

Less work has been done on the laser damage to
semiconductors than on the damage to transparent
dielectrics. However, semiconductors are convenient
for investigating laser damage mechanisms because the
electrical and optical properties of many of them are
known much better than the corresponding properties
of transparent dielectrics. Moreover, experimental
methods for the detection of nonequilibrium carriers
are highly developed for semiconductors, so that more
reliable conclusions can be drawn on the laser damage
mechanism if it is associated with electron processes
(avalanche and many-photon ionization). Up to now,
attention has been mainly concentrated on surface
damage to semiconductors. This applies particularly
to such widely used infrared laser materials as silicon
and gallium arsenide.

The surface damage threshold is known to depend
strongly on the quality of the treatment of the surface
and its cleanness: for these reasons, it is usually
much lower than the bulk damage threshold, which
makes it practically impossible to determine the “true”
damage mechanism and the ultimate optical strength
of a given material from surface damage experiments.

Moreover, laser damage processes in semiconduc-
tors may be different from those in transparent di-
electrics: the differences may be associated specifi-
cally with the narrow forbidden band, long carrier
lifetimes, and high carrier mobility.

Our aim was to determine the mechanisms of bulk
damage to silicon and gallium arsenide by pulses emit-
ted from a CO,(1=10.6 u) laser and from lasers utilizing
fluorite (CaF,) and yttrium aluminum garnet (YAG)
crystals activated with trivalent erbium ions (emitting
at A=2.76 and 2.94 ., respectively).

2. EXPERIMENTAL RESULTS

We used the following lasers emitting the dominant
transverse mode:

1) a CO, laser with a transverse discharge in an
He:CO,=4:1 mixture at atmospheric pressure; the
resonator consisted of a concave spherical metal
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mirror and a flat silicon plate, forming nearly semi-
concentric configuration; the duration of smooth sym-
metric bell-shaped laser pulses was 6 X10°2 sec at
midamplitude; the emission wavelength was A=10.6 y;

2) a CaF,:Er®* laser which was Q-switched by a
rotating mirror; it emitted pulses of 7, ;=107 sec
duration and of a smooth symmetric bell shape; the
emission wavelength was x=2.76 pu;

3) a YAG:Er®* laser emitting 7, ;=10"* sec pulses
in the spike-free regime; the emission wavelength was
A=2.94 pu.

The shape of the laser pulses was monitored with a
time resolution of at least 10°° sec using a pyroelectric
detector and an S7-10A fast-response oscillograph.
The energy was measured with a calibrated graphite
calibrated graphite calorimeter.

The investigated crystals were as follows:

1) a single crystal of undoped high-purity dislocation-
free silicon grown in vacuum and characterized by a
resistivity p>10000 & + cm. The oxygen content was
1o <10*®* cm™® and the carbon content was no<(1-3)

X 10'° cm™3;

2) a single crystal of partly compensated gallium
arsenide with n,, ~10'® cm™? of electrically active
impurities; the dislocation density was n,~10% cm™2.

3) single crystals of compensated “optical-grade”
gallium arsenide with n,,, ~10'® cm™® and n,~10* cm™2,

The dimensions of the samples were 10 X 20 X 35 mm.

The laser radiation was focused inside a sample by a
planoconvex silicon lens, whose plane surface was
separated by 0.1 mm from the entry face of a sample.
The lens was placed in the far-field zone of the laser
radiation. The diameter of the laser beam entering the
lens was measured by the knife method’ and it was
4 mm for all the lasers (at 1/e of the maximum inten-
sity). The lens focus was located 10 mm from the
entry face.

The distribution of the intensity in the focal region
inside the sample was determined by numerical calcu-
lations, employing the diffraction theory of aberra-
tions.'?? The results of the calculations are presented
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in Fig. 1. We can see that allowance for the aberrations
altered considerably the intensity distribution pattern:
additional maxima appeared on the beam axis and the
maximum intensity decreased by a factor of 2 at
=10.6 u and by a factor of 4 at A=2.76 p.

The damage was investigated by infrared micro-
scopy, by detecting infrared radiation emitted from the
focal region, and by detecting emission of nonequili-
brium carriers (by a microwave diagnostic method).t®!
Our infrared microscope had a magnetically focused
image converter with a resolution of at least 30 lines/
mm; an optical microscope was placed in front of its
photocathode. The magnification of the system was
40%. Infrared radiation was detected with an FEU-62
photomultiplier and an optical microscope was again
placed in front of the photocathode. This made it
possible to detect infrared radiation solely from the
damage zone. The emission of nonequilibrium carriers
was detected during the infrared-microscope examina-
tion of the damage.

All three lasers produced bulk damage in the investi-
gated Si and GaAs samples. The threshold intensities
of the laser radiation and corresponding intensities of
the optical wave field are listed in Table I.

An investigation of the damage morphology indicated
that, in all cases, the “threshold” damage caused by
laser pulses of duration 7~10"7 sec was concentrated
in very small regions (5-10 u) and these regions ap-
peared at random at various points in the caustic re-
gion within the range of 5-10 p along the beam axis.
Fluctuations of the damage threshold from point to
point did not exceed 30%. Typical damage patterns
observed above the threshold were of the type shown in
Fig. 2. The usual shadow method in transmitted light
was unsuitable for the detection of these very small
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FIG. 1. Distribution of the intensity J of laser radiation on the
beam axis 2 near the focus for A=10.6¢ (a) and A =2.76u (b).
The value of J is normalized relative to the maximum intensity
in the absence of other aberrations.
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TABLE I. Threshold intensities of laser radiation J,(GW/
cm?) and effective field intensities E 4, (MV/cm) in bulk laser
damage to Si and GaAs.

Laser radiation wavelength A, u
10.6 2.76 2.94

Material J‘h Eeff J(h Eeff "th Eesf
Si 5.0 0.75 23 0.51 0.45 | 0.13
GaAs, partly 16.5 1.4 0.82 0.32 0.083 | 0.1

compensated
GaAs, optical grade
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damage zones and this was clearly why the damage was
not observed in Si crystals earlier.™}

The “multifocus” structure of the laser radiation
associated with aberrations was manifested most clear-
ly by the morphology of the damage zones observed in
silicon at a wavelength of 2.76 .

In all the investigated cases, the infrared radiation
emitted from the focal region could only be recorded
when damage appeared. The time resolution of the
apparatus was insufficient for measuring the duration of
the pulses of this radiation: all one could say was that
they were shorter than 10~ sec.

Nonequilibrium carriers were emitted from silicon
only when the damage appeared. These carriers were
not observed for gallium arsenide even when the laser
power exceeded the threshold value by three or four
orders of magnitude and the damage zones become
large (1 mm). This could be due to insufficient time
resolution and sensitivity of our microwave apparatus
and the short (compared with Si) nonequilibrium carrier
lifetime.

3. DISCUSSION OF RESULTS

We shall now consider possible damage mechanisms
in the case of silicon and gallium arsenide. Since these
materials are very pure, only the electron avalanche
ionization is relevant.

100 p
m——y

FIG. 2. Damage to silicon (a) and gallium arsenide (b) photo-
graphed by means of an infrared microscope. The wavelength
of the laser radiation causing the damage was 2.76p¢ and its
power was P~100P,. The arrows indicate the direction of
propagation of the laser radiation.
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According to the theory of avalanche ionization (dif-
fusion approximation), the breakdown field is!®!

Mg v
4kTe?

Ey=A (o + ! =) 1

Megr
where A is the quantity which depends weakly on the
laser pulse duration and is of the order of unity; Q is
the field frequency; v, is the velocity of sound; I is the
ionization potential; T is the absolute temperature;
My, and L are, respectively, the effective mass and
mean free path of an electron of energy near the ioniza-
tion potential.

Since important parameters in Eq. (1), such as M geq)
I, and L are not known sufficiently reliably, it is diffi-
cult to estimate directly E_,. Therefore, we shall
compare the experimental values of E, obtained under
laser breakdown conditions with the known critical
fields E.. needed for breakdown in static fields in which
electrons participating in avalanche ionization acquire
energy by the diffusion mechanism: E(Si)=5x10° v/
cm and E_(GaAs)=3.7x 10° V/cm.'%™ Such a compari-
son for 2=1.78 % 10** sec~! (A=10.6 u) gives the effec-
tive collision frequency v, =1/m 4,L* of 1.6 x 10 sec™!
for Si and 5 x 10'® sec™! for GaAs. These values seem
to be reasonable if we bear in mind the possible role of
the impact ionization mechanism of the damage caused
to these materials by CO, laser radiation.

It is interesting to note that, in such strong laser
breakdown fields as those in the case of Si and GaAs,
the energy acquired by an electron even during half the
field period is comparable with the ionization energy.
This is evidence of a considerable contribution of the
drift process of energy acquisition to the impact ioni-
zation mechanism.

The damage threshold decreases at the wavelength of
2.76 u and this cannot be explained by the avalanche
ionization theory. One of the possible reasons for the
reduction in the threshold is an increase in the impor-
tance of the three-photon ionization mechanism. We
shall estimate the three-photon ionization coefficient
B needed for damage to silicon at the threshold inten-
sities observed in our experiments.

The following equation describes the change in the
electron density as a result of the three-photon ioniza-
tion mechanism when electrons are lost by diffusion
from the caustic and recombination:

=D (r2h) +yr o) - -, (2)

T

at r or

where y=a?B/D; a is the caustic radius; D is the elec-
tron diffusion coefficient; B is the three-photon ioniza-
tion coefficient; 7, is the recombination time;

1, r<a
0, r>a

s0)={
The solution for »=0 has the form

1
N0, )=y [Ft—r)e-m1—e=")dr.
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In the case of rectangular pulses of duration ¢,~10""

sec interacting with silicon, we find, bearing in mind
that the characteristic time for the diffusion of elec-

trons from the caustic is t,=a*/D< ¢, and the recom-
bination time is 7,>¢,, we obtain

i _ aaz‘,o: D
NO=25 m(z}—).
The temperature in the region of the caustic can be
estimated from

27 4
O _ o= 220y, (z—?—),
at D a*

cp

where o is the cross section for the absorption of radia-
tion by an electron. Hence,

Ra2J &
I~ oaalotln(tg).
Dcp a*

If we assume that the threshold damage intensity J,
corresponds to a temperature close to the melting point
of the investigated crystal T',,, the three-photon ioniza-
tion coefficient needed for the damage to occur is

_ TwpDcp

b= aa’J‘thth—x(—!m'

An estimate based on this expression gives g =10~ cm?®-
W-3. sec-!., An estimate of the coefficient 8 from the
Keldysh theory'® gives 0.3 10-! cm®. W-3. sec"?,
which is quite close to our value.

Our samples of partly compensated GaAs and Si are
characterized by fairly strong absorption at the wave-
length of 10.6 u (¢=0.935 cm-! for GaAs and a=1.44
cm-! for Si). However, estimates indicate that such
linear absorption is insufficient for thermal damage.
This is also supported by the observation that samples
of optical-grade gallium arsenide (@ ~10-% cm"!) have
approximately the same damage threshold as that of
the sample exhibiting the stronger absorption given
above.

It should be noted that the nonlinear absorption asso-
ciated with the thermal generation of carriers is negli-
gible for such short laser radiation pulses.

Although the above arguments support the possible
role of the “pure” damage mechanisms associated with
the impact and many-photon ionization, we cannot ex-
clude the possible influence of various types of defect
on the damage to our crystals. This is supported by the
morphology of the damage zones: isolated random
microdamage zones are exhibited both by Si and GaAs in
the region of the caustic when the intensity is close to
the threshold; when the excess over the threshold is
large, these microzones occupy a considerable part of
the region near the caustic. In silicon, the concentra-
tion of such microdamage zones is ~10° cm~3,

The observed influence of defects on the damage pro-
cess may be associated with the thermal explosion of
these defects as a result of strong absorption'® or
with easier conditions for the development of avalanche
and many-photon ionization at defects. Unfortunately,
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the available information on the optical and other pro-
perties of defects in Si and GaAs are insufficient for
drawing reliable conclusions on the avalanche mechan-
ism; the many-photon ionization has not yet been con-
sidered in the literature at all but the sensitivity of
the avalanche and many-photon ionization processes to
the structure of a crystal is highly likely.

Thus, our experimental results and theoretical esti-
mates suggest that the most probable laser damage
mechanism in the case of pure Si and GaAs crystals
subjected to CO, laser radiation is the avalanche im-
pact ionization. In the case of the damage caused by the
radiation of the Er®* lasers, it is more likely to be due
to the three-photon ionization process. However, final
conclusions on the dominant damage mechanism cannot
be drawn without further experiments, especially on
the kinetics of excitation of nonequilibrium carriers,
and without detailed development of the theory for
specific materials.

The authors are grateful to G. I. Voronkova and O. G.
Stolyarov for supplying the investigated single crystals
and for valuable discussions.
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The change of the phonon spectrum in the presence of a polaron is investigated and the frequencies of the
lowest bound states are calculated. The oscillator strengths are estimated for absorption and Raman

scattering of light with excitation of bound states of phonons.

PACS numbers: 71.38.+i, 78.30.—j

The author and Rashba!!! were the first to consider
the restructuring of the phonon spectrum in the presence
of a continual tight-binding polaron. It was proved that
the change of the polarizability of the crystal near the
polaron gives rise to an infinite number of phonon states
whose frequencies lie lower than the frequency of the
free phonon and differ from it by universal numerical
factors. To our knowledge, this was the first example
of formation of a bound state of an electron and phonon.
It turned out subsequently that such states arise in a
large class of cases (see the review!?)).

In all the investigated situations it is possible to ex-
plain only the qualitative features of the energy spec-
trum. The only exception is the autolocalized electron
state produced in a contact interaction with phonons in a
one-dimensional system, (3] when the problem of the
spectrum and wave functions of the bound state has an
exact analytic solution.®! In all other cases it is neces-
sary to resort to numerical methods to obtain quantita-
tive results.

The present paper is a continuation of the earlier!!!

investigation of the phonon spectrum in the presence of

404 Sov. Phys. JETP 47(2), Feb. 1978

0038-5646/78/4702-0404$02.40

a polaron, describes the method and results of a nu-
merical calculation of the lowest bound states, and pre-
sents an estimate of the oscillator strengths for optical
transitions with excitation of these states.

The Hamiltonian of an electron interacting with dis-
persionless polarization phonons and with an electric
field E is of the form

Pz . eikr e
+ 0. /3, 1y -
H =St Hyt+ (2ncr) 2. -t Er, (1)

mhe

where a is'the electron-phonon interaction constant, p
is the electron momentum, ¢, is the coordinate of a
phonon with momentum k, H ;’h‘ is the Hamiltonian of

the free phonons, the energy is measured in units of w,,
and the length is measured in units of (mw,)™/? (w, is
the phonon energy and 7 is the electron mass).

In the strong-interaction limit we can obtain from (1)
the Hamiltonian of a polaron interacting with phonons.m
We repeat here briefly this derivation, with an aim of
finding the connection between the electric field and the
coordinates of the bound states. A shift of the origin of
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