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Two-photon absorption in semiconductors with picosecond laser pulses*
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Single pulses from a well-calibrated mode-locked YA16:Nd laser have been used to measure the two-photon

absorption coeAicient at 1.064 p,m in several semiconductors. The materials studied are four direct-gap
semiconductors, GaAs, CdTe, ZnTe, and CdSe, and one indirect-gap semiconductor, GaP. The results for the

direct-gap semiconductors are interpreted with respect to the imaginary part of the third-order nonlinear
susceptibility X~iiil(-w, cu,~,—w). An anisotropy of the two-photon absorption coefficient is observed in GaAs.

I. INTRODUCTION

With the development of quantum mechanics in
the late nineteen-twenties it became clear that
when electromagnetic radiation interacts with mat-
ter, processes involving more than one photon can
occur. One such interaction is two-photon absorp-
tion (TPA) and the basic theory for this process
was formulated by Maria Goppert-Mayer in 1931.'
The experimental observation of two-photon absorp-
tion had to await the development of the laser, how-
ever, and the first experimental observation was
reported by Kaiser and Garrett in 1961.~

Several techniques are used to study two-photon
absorption. One technique involves measuring the
transmission of the two-photon absorbing material
for different incident irradiances. Another in-
volves measuring the luminescence from a materi-
al pumped by two-photon excitation, and a third
involves measuring the change in the conductivity
of a material under two-photon excitation.

There are several reasons for studying two-pho-
ton absorption in various materials. Not only can
two-photon absorption measurements yield new in-
formation on the electronic states in a solid, but
also TPA can provide a novel method of exciting
large volumes in semiconducting and insulating
materials. Such excitation has been used previous-
ly to pump semiconductor lasers. ' Moreover,
two-photon absorption can provide a damaging
mechanism in materials that are nearly transpar-
ent to low-intensity radiation. This will constitute
a very serious materials problem to the develop-
ment of high-power ultraviolet lasers. Finally,
two-photon absorption techniques in both liquids
and solids have provided useful tools in ultra-
short-pulse laser diagnostics.

For comprehensive reviews involving many as-
pects of two-photon absorption and spectroscopy we
refer the reader to Refs. 5 and 6.

There have been several previous studies of
TPA in semiconductors, but there are very large
differences in the measured values of the TPA co-
efficients. For example, in GaAs the measured

values range from 0.02-5. 6 cm/MW at a, laser
wavelength of 1.06 gm. Values of the TPA coeffi-
cient will be presented here for GaAs, CdTe,
Zn Te, CdSe, and GaP.

Since two-photon absorption is a nonlinear opti-
cal phenomenon, the TPA coefficient can be ex-
pressed in terms of nonlinear optical susceptibili-
ties. In Sec. II we outline a theory of TPA and re-
late this theory to nonlinear optics. In Sec. III the
experimental apparatus and procedure are dis-
cussed. In Sec. IV the results of the TPA mea-
surements are presented. Finally in Sec. V we
discuss the results of our experiments and their
relation to other experiments and theory.

II. THEORY

In semiconductors it is possible to have TPA
from a single light pulse with angular frequency (d

if twice thephotonenergy, 2(i~, exceeds the semi-
conductor energy gap E,. The number of two-pho-
ton transitions per unit volume per unit time W' '

is given by second-order perturbation theory as

2)' f'

where

Here n is the index of refraction of the semicon-
ductor, c is the vacuum speed of light, n~ is the
electron mass, e is the electron charge, h is
Planck's constant divided by 2m, and I is the power
per unit area of the laser radiation. The sums
are to be extended over all final states (or bands)
denoted by the index f and all intermediate states
denoted by the index i. The ground state is denoted
by the subscript g, and the transition rate should
be averaged over this index if there is more than
one possible initial state.

The unit vector a is directed along the electric
field of the laser, and pf,. and p, , are matrix ele-
ments of the momentum operator between respec-
tively the final state and the intermediate state,
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and the intermediate state and the ground state.
The angular frequencies u~f and u,. correspond to
the angular frequency differences between the final
and ground states and the intermediate and ground
states, respectively. These differences, in gener-
al, depend on the wave vector k. If we express
the transition rate in terms of the peak electric
field amplitude E instead of the irradiance I the
transition rate per unit volume becomes

@) 2m eE

=(4v&u'/c') P""(r ( ~) .
Here e is the linear dielectric tensor and P"*(r, u. )
is the nonlinear source dipole moment per unit
volume,

For TPA the relevant nonlinear source polariza-
tion term is cubic in the electric field and is pure-
ly imaginary in character. In centrosymmetric
media the relation is

x P P 5(8(d —2f ~M)

f i @~ig
(2)

(3)

In addition to the perturbation-theory calcula-
tions of 8'@' that involve matrix elements between
the initial and final unperturbed states, it is also
possible to calculate the transition rate by a method
that includes the effect of the electromagnetic field
on the Bloch wave functions at the beginning of the
calculation. Such a theory has been described by
Keldysh. In this model the band distortion due to
the electromagnetic field is included and the re-
sults are applicable to both the optical and the dc
limits. Moreover, for higher-order multiple-
photon processes the Keldysh model offers both a
simple and convenient method of estimating transi-
tion rates.

One method of measuring TPA in semiconductors
is to measure the attenuationof abeamor pulseprop-
agating through a two-photon absorbing medium.
If the pulse irradiance is I, then the pulse is at-
tenuated according to the expression

Here X,.",~,"(- ~, ~, &u —~) is the imaginary part of
the complex third-order nonlinear susceptibility.
In non-centro-symmetric media for electric field
directions such that second-harmonic generation
is not symmetry forbidden there are contributions
to I'"" not only from the imaginary part of
y")(- cu, ~, &u, —co) but also from terms propor-
tional to l)'~)(- &, 2e, e)X+)(-2v, cu, u). For a de-
tailed discussion of these effects see Ref. 8.

%e will be interested in determining the TPA
coefficient P for laser electric field directions
that preclude the generation of second-harmonic
radiation. In this case the total nonlinear source
polarization is given by Eq. (7). By using
the slowly varying amplitude approximation to
solve Eq. (6) we can express p in terms of
y,.",.~)", (- &u, ~, u. , —

& ). The explicit relation between
)3 and y,",,) I'(- cu, ~, &u —~) depends both on the crys-
tal class and the laser electric field direction.
For exa.mple, in a crystal of 43))) symmetry (e. g. ,
GaAs, CdTe, or Zn Te) with the laser electric field
polarized along the [001J direction we find

Here e is the one-photon absorption coefficient and

P is the two-photon absorption coefficient. If we
neglect multiple reflections within the medium, the
transmitted irradiance is given by the expression

Here l is the thickness and R is the ref lectivity of
the medium.

The TPA coefficient p is related to the two-pho-
ton transition rate per unit volume by the expres-
sion

P 2@~gr(R)/fR

An alternative formulation of the TPA problem
is to start with Maxwell's wave equation and treat
TPA as a nonlinear source polarization. For a
monochromatic beam the electric field amplitude
E(r, cu) is determined by the solution to this wave
equation given by

v x v xE (r, cu) —(~'/~') g . E (r, (u)

Here (~ is the laser angular frequency, c is the
vacuum speed of light, and n is the index of refrac-
tion at the laser frequency. Note that we are using
the Maker and Terhunee convention for the third-
order nonlinear susceptibility. In this convention
the effective nonlinear susceptibility is
3y,",,),"(-w;~, ~, —u) because there are three dis-
tinct permutations of the positive and negative fre-
quency arguments. This is the same convention
that has recently been used by Levenson and
Bloembergen' in their study of the resonant be-
havior of third-order nonlinear susceptibilities
by three-wave mixing.

The results that we have heretofore discussed
are for pure two-photon transitions. These theo-
retical results are appropriate for the interpreta-
tion of data for which the direct energy gap of the
semiconductor is less than the combined energy of
two photons. It is also possible to have TPA in an
indirect gap semiconductor by the simultaneous
emission or absorption of a phonon. Although we
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(9)

where n(r, t) is the number of two-photon excited
free holes per unit volume, and 0„is the free hole
absorption cross section. The excess hole density
n(r, t) is determined by the relation

an(r, t),
( )

n(r, t) pI'(r, t) (10)

where D„is the hole diffusion coefficient and t„is
the hole recombination lifetime. In general, one
must solve the coupled Eqs. (9) and (10). For
picosecond pulses both diffusion and recombination
may be neglected; therefore, the hole density is
expressed by the relation

report here TPA from GaP, an indirect gap mate-
rial, we shall not attempt to present here the the-
ory associated with this third-order process. For
a discussion of the theoretical aspects of TPA
from indirect gap materials the reader is referred
to Refs. 11 and 12.

There are, however, several theoretical aspects
of TPA from indirect gap materials that are note-
worthy. Firstly, the TPA coefficient g is expected
to be a strong function of the temperature because
of the phonon participation in the TPA process.
Secondly, for the laser intensities and frequency
used in this experiment the TPA in indirect gap
materials is less than that in direct gap materials.

Until now we have tacitly assumed that absorp-
tion by two-photon created excess carriers is
negligible. This assumption is not always valid.
Usually the dominant absorption by excess carriers
comes from free holes; therefore, we can write by
analogy with Eq. (3)

given by the expression

I„=25m/a„r(1 —R)

where r is the 1/e pulse intensity half duration.
The corresponding expression for pulses longer
than the hole lifetime is given by a similar expres-
sion in which the pulse duration is replaced by the
hole lifetime. We conclude, therefore, that in
order to obtain pulse attenuation due to pure two-
photon absorption one should use the shortest pos-
sible pulse duration.

III. EXPERIMENTAL APPARATUS AND TECHNIQUES

A. Laser system

A passively mode-locked YA1G: Nd (neodymium-
doped yttrium aluminum garnet) laser system pro-
duced the picosecond pulses used in these experi-
ments. A schematic diagram of the experimental
apparatus is exhibited in Fig. 1. The laser oscil-
lator is a xenon flashlamp pumped 6-mm-diameter
by 7.62-cm-long YAlG: Nd rod in the Brewster-
Brewster configuration. The oscillator is simul-
taneously Q-switched and mode-locked by a flow-
ing saturable absorber (Kodak 9860) in contact with
the high ref lectivity mirror of the oscillator cav-
ity. The output of the oscillator is restricted to
the TEMOO mode by a 2 mm diameter aperture.
The output of the oscillator consists of a train of
picosecond pulses separated by approximatelv 8
nsec. From this train of pulses a single pulse is
selected by a cylindrical-ring electrode potas-
sium-dideuterium-phosphate Pockels cell. This
Pockels cell is positioned between crossed Gian
prisms, and is activated by a laser-triggered
spark gap. The selected laser pulse is subse-
quently amplified by two YAlG: Nd laser ampli-
fiers.

Note also that we can solve Eq. (9) for the picosec-
ond laser pulse if we assume that all absorption
mechanisms are small. In this case the perturba-
tion solution for the irradiance is given by the ex-
pression AMP1

LTSG

YA(G: NcI M LO

(
agPzja(r, 0, I)(1 —R)

25@.&

(12)

AMP 2
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We have assumed that the incident irradiance is
Io(r, 0, t) and that the irradiated medium occupies
the half-space z —0.

Finally we note that for picosecond pulses the
attenuation due to the excited hole absorption is
comparable to the direct two-photon absorption if
the irradiance is equal to a critical irradiance I„

FIG. 1. Schematic diagram of the experimental appa-
ratus. YAlG: Nd MLO, neodymium doped YAlG mode-locked
laser; PC, Pockels cell; LTSG, laser triggered spark
gap; AMP, neodymium doped YAlG laser amplifier; PD,
photodiode; CRO, oscilloscope, F, filter; KDP, second-
harmonic generation crystal; S, sample.
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A high speed biplanar photodiode PD-1 (ITT
F4000) is used in conjunction with CRO-1, a Tek-
tronix 519 oscilloscope, to insure that only a sin-.
gle pulse is selected from the oscillator train of
pulses. The calibrated photodiode PD-2 (S-l re-
sponse) measures the energy incident on the two-
photon absorbing medium, and photodiode PD-4
(S-1 response) measures the energy transmission
of this medium. A phase matched KDP (potassium
dihydrogen phosphate) second-harmonic generation
crystal and photodiode PD-2 (S-20 response) are
used together with PD-3 to measure the individual
pulse maximum irradiance. This technique is dis-
cussed below.
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B.Pulse characteristics

For an accurate quantitative measurement of
many nonlinear optical properties of materials it
is necessary to know the spatial and the temporal
form of the pulse incident on the material being
studied. The spatial profile of the laser pulse at
the site of the two-photon absorbing medium was
determined by several independent techniques.
In one experiment we employed transverse scans
of a 50 p, m diameter pinhole coupled to a photo-
diode. The results of one of these scans are shown
in Fig. 2. In another experiment we directly mon-
itored with an oscilloscope the output of a linear
array of 256 silicon photodiodes that were irradiated
by an attenuated laser pulse. The results of each
of these experiments indicated that the spatial form
of the incident irradiance was Gaussian, and that
the 1/e intensity radius was 1.1 +0.1 mm.

In order to determine the temporal pulse width
two techniques were utilized —a second-harmonic
autocorrelation (SHAC) method and two-photon
fluorescence (TPF) photography. " In the TPF

0)
UJI-z

e

—2 -1 0 1 2
DISTANCE FROM PULSE CENTER (mm)

FIG. 2. Irradiance distribution. at the sample. Solid
line is a Gaussian fit to the data yielding a 1/e irradiance
radius of 1.1 mm.

FIG. 3. Results of measurement of the average temporal
duration of the laser pulse using a second-harmonic auto-
correlation technique. Solid curve is a least-squares fit
to the data yielding a FWHM duration of 30 psec and a
contrast ratio of 2. 7 to 1.

technique the initial pulse is split into two pulses
by a beamsplitter, and these pulses are redirected
by mirrors to overlap within a two-photon absorb-
ing material such as Rhodamine 6G. The dye fluo-
rescence is photographed, and the pulse duration
is determined by the spatial distribution of the ex-
posure produced by the fluorescence track. In the
second-harmonic autocorrelation method the pulse
is split into two pulses by a Michelson interferom-
eter. These two pulses are collinearly recom-
bined after one pulse has been delayed by a vari-
able amount. The recombined pulses are subse-
quently directed through a phase matched second-
harmonic generation crystal. One plots the sec-
ond-harmonic output as a function of the delay,
and the result of such a plot is exhibited in Fig. 3.
The curve is a four parameter least-squares fit
to the function, K, +K2exp[-2(z —zo/2)'/can ].
This curve gives a contrast ratio, (K, +Kz)/K„
of 2.7 to 1. The results of both the TPF photog-
raphy and the SHAC method give the average tern-
poral duration full width at half maximum of 30
+6 psec, implying an average 1/e halfwidth (~) of
18 + 3.6 psec.

Although single-pulse TPF photographs are pos-
sible, the SHAC method is based on using many
laser shots. We have found, however, that there
are pulse-to-pulse fluctuations in the pulse dura-
tion. " A convenient way to measure the pulse dura-
tion, and thus the pulse irradiance for individual
pulses, is to employ a nonlinear technique. " This
method was first suggested by Glenn and Brienza'8
and involves measuring both the incident pulse en-
ergy 8, at the fundamental frequency and the total
energy S,„created at the second-harmonic fre-
quency from a portion of the incident pulse. For
small second-harmonic conversion efficiencies in
the phase matched second-harmonic generation
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crystal the relation ha/b',
„

is proportional to the
product of the incident pulse duration and the inci-
dent pulse area. If in an experiment a sufficiently
large number of data points are taken so that the
ratio b~/b,

„

is meaningful, then this average value
can be equated to the product of the known values
of the average pulse duration and the average pulse
area. Thus we can measure the individual pulse
maximum irradiance on a shot-to-shot basis.

C. Procedure

The technique of obtaining the two-photon ab-
sorption coefficient P is to measure for each laser
pulse the incident pulse energy, the transmitted
pulse energy, and the pulse energy created at the
second-harmonic frequency. The measurement of
the pulse energy at the laser frequency in conjunc-
tion with the pulse energy at the second-harmonic
frequency allows us to know the maximum pulse
irradiance for each laser pulse as described in the
previous section. The reciprocal of the energy
transmission is then plotted versus the maximum
incident irradiance. The incident irradiance was
changed by either changing the gainof the amplifiers
or by changing the position of the pulse selected
from the oscillator train.

IV. EXPERIMENTAL RESULTS

In order to determine P, the two-photon absorp-
tion coefficient, we measured the energy transmis-
sion for different irradiances. The irradiance exit-
ing a sample of thickness / for a spatially and tem-
porally Gaussian laser pulse is given by the ex-
pression

I(r, I, t)
e-(r/d)~ (te/~} (1 II')2&-a&

1 +g (1 It) (red)2/(t ev&R/(1 8-a&)/& (13)

The energy transmission coefficient T is thus

2v J~" rdv J„I(r, I, t)dt
I ~d'm'"7-

x ( ln 1 —E„(1—B)(1— ')e )d . (14)
Q

Expression (14) represents the basic equation used
to derive P from the experimental measurement of
T (or T ') vs I . Of course Eq. (14) is only ap-
propriate when the absorption by two-photon ex-
cited free holes in negligible. The limitations thus
required will be considered separately for each of
the materials studied.

The TPA coefficient p was measured for three
samples of single-crystal n-type GaAs with the
laser electric field along the [001]direction of this
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FIG. 4. Plot of reciprocal energy transmission coef-
ficient vs maximum incident irradiance for QaAs. Sam-
ple thickness is 0. 22 cm, and the laser electric field
was polarized along the j001) direction. Theoretical
curve is given by Eq. (14) vrith 0. =0.7 cm ' and P=0. 03
cm jMW.

zinc-blende material. In all experiments unless
otherwise indicated the samples were irradiated
a,t normal incidence along the [110]direction.
Sample 1 was Te doped with a carrier concentra-
tion of 2x10' cm ', the thickness was 0.09 cm,
The experimental results indicate that P =0.030
+0.005 cm/MW with a one-photon absorption coef-
ficient o. =8, 0 cm '. Samples 2 and 3 were both
cut from the same boule and both had a carrier
concentration of 5@10'6 cm '. Sample 2 had a
length of 0.22 cm, and P was measured to be
0.030+0.005 cm/MW with a =0.7 cm '. The re-
sults for this sample are plotted in Fig. 4. From
this figure we note that for incident irradiances
above 300 MW/cm~ there is a small but significant
departure of the experimental data points from the
theoretical curve. Similar effects were observed
in other samples. This departure can be attributed
to the free hole absorption, and thus there is an
enhanced attenuation of the pulse at high intensi-
ties. Another possible explanation is beam distor-
tion due to the real part of the third-order nonlin-
ear susceptibility. This will be considered in
Sec. V.

Sample 3 had a length of 1.29 cm; the one-photon
absorption coefficient was the same as Sample 2,
but the TPA coefficient was found to be 0.023
+0.005 cm/MW. The reason that the measured
value of P is smaller for the longer sample prob-
ably results from the reflection at the exit surface.
The reflected wave suffers a m phase change that
enhances the total irradiance at and near the exit
surface. Since the model that we are using doesn' t
include the effects of multiple reflections, we can
expect the effective TPA coefficients to be slightly
smaller for longer crystals. "
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TABLE I. Various experimental values of the bvo-
photon absorption coefficient P, the linear absorption
coefficient G., and the optical electric field direction in
GaAs at 1.06 pm and at room temperature.

Present work

Bepko'

Lee and Fanb

Kleinman et al. c

Jayaraman and Leed

Oksman et al .
g,alston and Chang

Arsen'ev et al .g

Basov et al. "

P (cm jeer)
0.023-0. 030

0.085

0.23-0.36

0.019-0.045

5.6

0.02

0.8

G (cm ')

0.7-8.0

0.05-4.0

4.0

Electric
field

[001]

[001]

Reference 18.
~Reference 20.
'Reference 21.
Reference 22.

'Reference 23.
Reference 24.

~Reference 25.
"Reference 26.

Finally we observed a small anisotropy of the
TPA coefficient in Sample 3. For the laser field
along the [110]direction we find that P is approxi-
mately 20/0 larger than when the laser field is
along the [001] direction. A similar anisotropy
was recently observed in Ref. 18.

A single crystal of high-resistivity (o& 10 0 cm)
n-type CdTe was examined for TPA. The crystal
was 0.49 cm in length and was irradiated along
the [110]direction with the electric field polarized
along the [001]axis. The best fit to the experi-
mental data gives n =0.45 cm ' and P =0.025
+0.005 cm/MW.

A sample of 0.10-cm-thick p-type Zn Te was ir-
radiated along the [110]direction with the laser
electric field along the [001]direction. The best
fit to the data gives n =8 cm ' and P =0.008
+0.004 cm/MW.

In addition to the zinc-blende crystals described
above we have also measured the TPA properties
of CdSe, a wurtzite structure. The sample was
0.385 cm thick, and the incident laser irxadiance
was dixected along the c axis of this hexagonal
crystal. The data indicate that o. =0.2 cm ' and

P =0.030+0.005 cm/MW.
Of the materials considered in this experiment

GaP is unique for two reasons. Firstly, at the
laser energy of 1.165 eV per photon, GaP does
not exhibit a direct-gap two-photon absorption.
Instead the transition needs a phonon to participate
in the absorption process. Secondly, the only
crystal that we had available to us had an orienta-
tion such that the laser electric field could not be
polarized along the [001] direction. We found that
the two-photon absorption coefficient is much
smaller in this material than in any of the other
materials that we studied. The sample that we

used was 4 mm thick with the [111]direction nor-
mal to the optically polished surfaces. For our
experiment data were taken with the laser electric
field along the [110]direction.

In order to measure any change in the transmis-
sion coefficient it was necessary to use incident
irradiances in excess of 1 GW/cm~. Since this
irradiance is comparable to the critical irradianceI„for GaP then the effect of free hole absorption
must be considered. This was considered in our
interpretation of the data, and the TPA coefficient
P was determined by comparing the experimental
energy transmission coefficient to the theoretical
coefficient obtained by integrating Eq. (12) over
the spatial and temporal profile of the laser pulse.
The free hole absorption cross section was as-
sumed to be 2x10 '7 cm3. ' From our data we find
that o =0. 5 cm ' and P =0.0002+0.0001 cm/MW.

V. DISCUSSION AND SUMMARY

There are very large discrepancies among the
various measurements of the two-photon absorption
coefficient p in GaAs as can be seen from Table
I. ' ' Our measurements seem to be in closest
agreement with those of Ref. 21. It is noteworthy
that any spatial or temporal fluctuations in the
laser pulses used for the TPA measurements can
lead to larger TPA. Thus if the lasers used in
some of these other experiments did not produce
smooth reproducible pulses, the inferred value of
the two-photon absorption coefficient would be
larger than the true value.

In Sec. II we discussed the importance of free
hole absorption and noted that picosecond pulses
are favored over nanosecond pulses for an accurate
measurement of the TPA coefficient. The cross
sections for free hole absorption were estimated
from the one-photon absorption measurements in
p-type materials. The results are as follows;
1&10 '~ cm~ (GaAs) ' 4xl0 '~ cmm (CdTe) ~'

3x10 ' cm (ZnTe), and 2x10 cm (GaP). '
There is no known measurement for CdSe. From
these values the critical irradiance, I„,was cal-
culated and except for GaP, a,s noted above, only
data points less than I„wereused to infer the TPA
coefficient. If we compare our experiments with
others as in Tables I and II we find that our experi-
mental results for the TPA coefficients are among
the smallest reported values. Our results for the
direct-gap semiconductors are typically within a
factor of 2 of the theoretical results obtained using
the Keldysh model to calculate the TPA coefficient.

Our experimental results as well as the results
based on several theoretical calculations are pre-
sented in Table III. For the direct-gap semicon-
ductors the TPA coefficient was measured with the
laser electric field polarized along the [001]direc-
tion; thus, second-harmonic generation was pro-
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TABLE II. Experimental values of the two-photon
absorption coefficient P in CdTe, CdSe, ZnTe, and GaP
at room temperature. The units are cm /MW.

Present work

Hept~

CdTe CdSe ZnTe

0.025 0.03 0.008

GaP

Ralston and Chang~ 0. 2

Basov et al. '
Lee and Fand

Yee and Chau4

Bryukner eg glf

0.95

0.04

1.7x10

Reference 18.
Reference 24.

'Reference 26.
dReference 20.
'Reference 30.
F. Bryukner, V. S. Dneprovskii, and V. U. Khat-

tatov, Kvant. Electron. 1, 1360 (1974); [Sov. J. Quan-
tum Electron. 4, 749 (1974)].

hibited for these materials, and the imaginary part
of the third-order optical nonlinear susceptibility
y,",,', (- &u, &u, &u, —&u) at the laser frequency may be
inferred from the TPA coefficient.

In GaP several different attenuation mechanisms
are possible. In addition to indirect TPA and free
hole absorption it is also possible to have second-
harmonic generation followed by one-photon ab-
sorption for the laser electric field polarized along
the [110jdirection. Finally since the observed at-
tenuation was very small three-photon absorption
was also considered. To predict the amount of
three-photon absorption a simple calculation using
the KeMysh model shows that three-photon absorp-
tion is negligible compaxed to the other attenuation
mechanisms at the irradiances used in this experi-

(16)

The length of the crystal is l, I' is the maximum
laser power, and ko is the laser wave vector in
vacuum. The parameter P„is the critical power
for self-focusing and is given by

I„=c'/6uFn, (16)

Here e is the vacuum speed of light, (' is the laser

ment. Moreover, we can calculate the effective
TPA coefficient due entirely to second harmonic
generation followed by one-photon absorption. We
find for GaP at 1.064 p, m that P»o =10~ cm/MW.
This is approximately two orders of magnitude less
than the experimental value that we obtain. We
conclude, therefore, that the attenuation mechanism
is a combination of bvo-photon absorption across
the indirect gap plus linear absorption by the re-
sulting free holes. If the value of the fxee hole ab-
sorption cross section is known, then we may infer
the TPA coefficient P from the measured transmis-
sion change. This value is reported also in Table
III. Oux experimental value compares very favox-
ably with the theoretical value given in Ref. 30,
but is approximately an order of magnitude less
than the experimental value reported in this same
reference.

In Sec. IV we noted that at high irradiances there
is a departure of the experimental data from the
theoretical curve obtained from the lower irradi-
ance data. We noted that one possible explanation
for this departure would be beam deformation due
to the self-focusing aspect of the real part of the
third-order nonlinear susceptibility, In order to
estimate this effect we have calculated the beam
intensity radius a(f) at the exit surface of the crys-
tal for an input radius ao, The relation between
these radii is given by the following approxima-
tion ~

TABLE III. Summary of the experimental results obtained in this work, and the results of several theoretical models.

Material

CdSe

ZnTe

GaP

Index of
refraction

3.475

2. 818

2. 539

2. 777

3.106

L9 (cm/'MW)'

(2.8+ 0. 5) x 10-'

(2. 5+ 0. 5) x 10-2

(3.0+0.5) x10 2

(8.0+4.0) x10 3

(2+1)x 10-4

x»» (-(3)''

(cm3/erg)

1.8xl0»
l. 1x10-»

l.'Ox10 "
3.3x10 ~2

1.7x10 2

2. 1x 10"2

1.9x10 2

3, 8xl0 ~

P (cm/MW),
2c

3.1x10 2

2, 5x10 3

Theory

6.2x10 2

3.2xl0 2

1,9x10 4

If more than one sample was measured, the average value is given.
Calculated from Eq. (41) of Ref. 7.

'Reference 20, degenerate valance band, no exciton.
Reference 20, degenerate valance band, with exciton.

4Reference 30.
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angular frequency, and n~ is the intensity depen-
dent nonlinear index of refraction. For self-focus-
ing produced by an electronic nonlinearity, the in-
tensity-dependent nonlinear index of refraction may
be estimated by Wang's rule. '2 This is the contri-
bution due to the bound electrons, and as an ex-
ample, for GaAs we estimate that n3 =1.G x 10 '0

esu and P„=670W. Additional contributions to

n3 may come from the nonparabolieity of the con-
duction band and the number of conduction-band
electrons. "'" However, for the intensities at
which these effects become important, , there is a
decrease in the linear index of refraction that is
linear in the number of excited free electrons. The
net result vrould be a defocusing of the beam. Us-
ing the maximum possible values of the effective
n3 and Egs. (15) and (16) we find that the area of
the laser pulse at the exit surface is less than 10%
smaller than at the incident surface. This is true
even for the longest sample at the highest, power.
Moreover, we have estimated the effects of ther-
mal selt-focusing due to the temperature depen-
dence of the linear index of refraction. %e find
that these effects are also small. Finally, the
beam size was observed using an infrared-absorb-
ing-visible-emitting phosphor. At no time was

there a discernible change in the beam size at
either high or low powers. %e conclude, therefore,
that pulse deformation due to self-focusing effects
was not a serious problem in the interpretation of
any of the experiments reported here.

In conclusion, we have measured the TPA coef-
ficient for four direct gap and one indirect gap
semiconductors. Our experimentally measured
values of the TPA coefficient are significantly less
than most previous measurements, but in reason-
able agreement with several theoretical models.
For the direct gap semiconductors we have related
our measurement of the TPA coefficient to the
imaginary part of the third-order nonlinear suscep-
tibility of the material.
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