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Two-photon absorption spectra of GaAs with 2i)ifo1 near the direct band gap

J. P. van der Ziel
Bell Laboratories, Murray Hill, New Jersey 07974

(Received 8 April 1977)

The two-photon absorption spectrum of GaAs was measured at 300 and 4'K by monitoring the resulting

band gap luminescence. For 2%co, more than 0.01 eV above the direct band gap E the luminescence has an

approximately (2%co, —E )'" dependence characteristic of the allowed-forbidden mechanism corresponding to
the two-band model. A weaker spectral dependence is observed when 2%co —E &0.01 eV. This is

tentatively identified with a contribution from the allowed-allowed mechanism of the three-band model which

has an -(2Aeu —E )'" dependence, and exciton contributions in the continuum. The transition to the n = 1

exciton is weak, and is attributed to the allo~ed-allowed transition of the three-band model.

I. INTRODUCTION II. THEORY (REFS. 9 AND 10)

We have measured the two-photon absorption
(TPA) spectrum of GaAs by monitoring the band-
gap luminescence as the energy of the pump is
varied in the region of half the band-gap energy.
There have been several previous measurements
of the TPA absorption in GaAs using Nd laser
radiation, ' ' which is well above half the band-gap
energy, and coefficients from' 0.02 cm/MW to'
5.6 cm/MW have been obtained. The most care-
ful measurements have been made by Kleinman
et a/. ' who obtained a value of 0.033+ 0.015 cm/
MW. P revious theoretical measurements have
yielded TPA coefficients of' 0.02 cm/MW and
0.05 cm/MW. '

The purpose of this paper is to study the spec-
tral dependence of the two-photon absorption near
the band-gap, and hence elucidate the transition
mechanism. The luminescence technique is es-
pecially well suited for such studies, and we show
that the TPA process results from the allowed-
forbidden mechanism in the two-band approxima-
tion. '" The luminescence technique by itseU as
it is used here is not capable of yielding quantita-
tive data. Measurements of the TPA attenuation
were made using the available laser source with
powers up to 15 MW/cm' and samples 0.2-cm long
confirmed that at 1.6 eV the TPA coefficient was
less than 0.015 cm/MW. This is in contrast to a
anomalously large value of 1.15 +0.05 cm/MW
found recently using 1.65- p.m radiation. " In this
case, considerably smaller TPA coefficients were
found at shorter wavelengths. This large peak
in the TPA was attributed to the presence of an
unknown deep impurity level near the middle of
the band gap. The spectral dependence of this
process differs significantly from the two- or
three-band models. Similar effects have also
been observed by us, however, they were absent
in the work reported here which utilized specially
prepared samples having the appropriate purity.

—in[1+ g(z )]j, (2)

where I„is the intensity at the entrance face of the
crystal and

g(z) = (P, /o', )I„(1—e ~').

For small linear and nonlinear loss values, a,z
«1, p,z «1, Eq. (2) reduces

&I, „=[P,I,' z/(1+ P,I, z)](1 —n,z).

(3)

The detected luminescence intensity at (dI, resulting
from the two-photon absorption at 2~, is

Iz = +I& rr AQf(~c, /2~i) ~

where q is the quantum efficiency for excitation at
2(d„which is assumed to be constant over the
small range of energy above the gap, and f is the
fraction of the collected luminescence which is a
function of the geometry.

The TPA coefficient is related to the imaginary
part of the nonlinear third-order electric dipole
susceptibility tensor"

The attenuation of a fundamental beam of inten-
sity I, at frequency &, is

dI,
i i 1 1 (1)

where ~, is the loss coefficient due to absorption
and scattering, and P, = (W/VI2)2A&u, is the 'relation
between the TPA coefficient and the TPA transi-
tion rate W per unit volume V. It is assumed that
consecutive absorption processes do not occur,
hence only the two-photon process can populate
the excited state near 2(d, . The spatial dependence
of the beam is important when absolute values of
P, are to be obtained, but this effect enters as a
constant factor in the spectral dependence. The
solution of Eq. (1) yields the fraction of the beam
attenuation due to two-photon absorption

~I„pA = (&, /P, ) ([1+(P, /&, )I,.][1+8(z) '] '
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P, = (32m ~q/c }X(gag(-K~, ~|,~y, —~&) ~ (6)

The III-V compounds have 43m symmetry and

when all the frequencies in g" are the same, there
are three independent tensor elements:

The tensor character of X introduces
an anisotropy in the two-photon signal. For radia-
tion incident in the [001]direction, and polarized
at angle 6 with respect to the [100] axis, the angu-
lar dependence is given by

C 1 C)

c', = 3(a,c„,+ c,a„,)'+ (a,b„, —b,a„,}'
(10)

describes the wave-function admixture. At the
higher energies the split-off valence band with
i = 3 also contributes to W."

The total transition rates and P, were calculated
as a function of (d, . Using the parameters for InSb
the transition rates at 2'K obtained by Fossum and
Chang" were reproduced. For GaAs, the follow-
ing parameters were used: &= 0.34 eV,"m,
=0 067m, ' m =0 45m ' m =0 082m ' m
=0.15m,"and E, =1.424 eV at 300'K "E =1.519
eV at 4.2'K." At 1.0642 IL(m, the calculated TPA
coefficient of GaAs at 300'K, obtained by including
the contributions of the light- and heavy-hole
bands as well as the split-off valence band is
0.0083 cm/MW. This P, is a factor of 4 smaller than
the measured value. '

There is also a luminescence signal due to the
absorbed second-harmonic intensity when the in-
cident radiation is polarized along the [110]axis.
The effective two-photon coefficient is given by

2 p3/2g I /2d2(d2 g
n, (n )' (-,'n, )'+(bk}''

Expressions for the two-photon excitation rates
have been derived in the two-band approximation
by Fossum and Chang" for InSb and these results
are applied here to GaAs. At the temperatures of
interest, the heavy- and light-hole valence bands,
corresponding to i= 1 and 2, respectively, are
fully populated and the conduction band is empty.
The transition rate above the gap per unit volume
1s

W„(, 16' w e ' (C(Q)'
( ),(

C @4&6m2 eve i g

(8)
where the parameters are defined in Refs. 13 and

14 and

Q = [,mE~(m/m—, —1)(E + d.)/(3E + 26)]' i' (9}

is the matrix element of the angular momentum
operator between the valence and conduction band,
and

where we have assumed a, = 0. For a 1.55 p.m

(0.8 eV) fundamental we take d = 9 x 10 "m/V,
n2„=3.68, n„=3.38, +2=10' cm ' and find p2„
= 4 & 10 ' cm!MW. This is small compared with

p = 2.1 x 10 ' cm/MW calculated from the allowed-
forbidden mechanism in Eq. (8), and hence the
second-harmonic mechanism can safelybe neglect-
ed in this case.
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FIG. l. Experimental arrangement used to observe
luminescence due to two-photon absorption.

III. EXPERIMENTAI.

The measurements were made using thin films
grown on (001) oriented GaAs substrates by liquid-
phase epitaxy. " Both single-crystal films - 100
p, m thick as well as heterostructure wave guides
having a central 12-]L(m-thick GaAs region and
3- p,m-thick Al, „Ga, 57As cladding layers were
tested. In addition to providing greater confine-
ment of the radiation, the cladding considerably
decreases the nonradiative recombination at the
GaAs surface. The recombination radiation is
close to the surface and is readily transmitted
through the Al, 43Gao 57As cladding so that self-
absorption effects are minimized. Hence the
luminescence from the guides was considerably
more intense than from the single layers.

Small bars 1-2 mm long with [110]entrance and
exit faces were cleaved from the wafer (Fig. 1).
The samples were mounted at the tip of a variable
temperature cryotip refrigerator. Infrared radia-
tion from a temperature-tuned parametric oscil-
lator is focused by the 3-cm focal-length spherical
lens on the front face of the crystal in the direc-
tion normal to the film. In the plane of the film
the combined cylindrical and spherical lenses
focus the radiation in the sample. The parametric
oscillator output is linearly polarized and the
polarizing prisms serve to attenuate the beam and
to define the plane of polarization.

The emitted radiation passing in the [001]direc-
tion was collected by a lens filtered to pass only
the recombination radiation and detected by a
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cooled S-1 response photomultiplier tube. Part
of the incident beamwasmonitored by a rapid-
response pyroelectric detector, and electronically
squared. We used a ratio of the photomultiplier
signal with the square of the monitor signal to re-
duce the effects of fluctuations of the input beam
intensity. The initial focusing of the beam on the
guide was obtained using the idler beam near 1

p, m and examining the transmitted beam with an
infrared image converter tube. The final alignment
in the infrared was obtained by optimizing the
luminescence signal.

The luminescence signal and its spectral depen-
dence are functions of the temperature at which the
layers were grown. While all of the samples were
nominally undoped, the intensity from a waveguide
sample grown at 850'C was about a factor of 2

higher than from a similar guide grown at 750'C.
The intensity from these samples increased more
rapidly above E~ than the calculated spectrum.
Very large luminescence signals were also ob-
served from the substrate material which was
compensated with Cd and is nominally p type.
The intensity from the single layer samples
grown by cooling from 1000 to 950 "C was con-
siderably weaker, and as discussed below had the
spectral dependence which agreed with theory.
The as-grown surfaces of these samples were
relatively rough and were polished smooth using a
bromine methanol etch.

The dependence of the intensity on growth tem-
perature is qualitatively explained by the presence
of deep levels near the middle of the band result-
ing from the presence of unknown defects. Deep
level transient spectroscopy studies made by
Lang"'' indicate that there are trap levels 0.4
and 0.71 eV above the valence band. We presume
the latter defect leads to the enhancement of the
TPA effect. The concentration of the trap levels
is a function of the crystal-growth temperature.
Thus the concentration of traps in crystals grown
at 750'C is reduced by approximately a factor of 5
relative to crystals grown at 850'C (Refs. 23 and
24) and for growth at 1000 C the reduction is ap-
proximately a factor of 20." The reduction in the
defect concentration at high-growth temperatures
has been tentatively attributed to compensation
by the unintentional presence of amphoteric Si."
The luminescence signals observed in the samples
grown at low temperatures are then attributed to
the combined effects of intrinsic as well as im-
purity-induced TPA, while the intrinsic TPA pre-
dominates in the samples grown at 1000'C.
These results indicate the necessity of using high-
purity samples for studying intrinsic TPA. The
use of impure samples may in part explain the
wide range of previously measured TPA values.
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FIG. 2. curves are the two-photon transition rates
calculated from Eq. (8) for I&=1 MW/cm as a function
of twice the pump energy. The points are obtained from
the experimental luminescence traces.

IV. RESULTS

The calculated transition rates at 300 and 4'K
for I=1 MW/cm', as a function of the two-photon
energy, are given by the curves in Fig. 2. The
points are obtained from the experimental lumin-
escence traces for [001]incident polarization, and
for each curve the points were multiplied by con-
stant numerical factors to obtain the coincidence
with the theoretical curves. The agreement is
reasonable over most of the spectral range indi-
cating the allowed-forbidden (two-band) model
gives a good description of two-photon absorption
well above the band gap. Above 1.65 eV the mea-
sured luminescence data is up to -10% below the
calculated transition rate. Since the effect appears
at the same energy for both sample temperatures,
it seems reasonable to tentatively attribute this
deviation to a change in the output characteristics
of the parametric oscillator spectrum as its de-
generacy point is approached rather than to a
change in the transition rate. The deviation of
the 300'K data near the band edge is attributed
to the broadening of the band gap, and the bump
near the gap in the low-temperature data is due to
exciton effects.

The structure near the band gap for both polar-
izations is shown in more detail in the semilog
traces in Fig. 3. The points give the calculated
spectrum from Eq. (8) and were fitted to the ex-
perimental data using E =1.519 eV." The agree-
ment with the two-band model is quite reasonable,
except for the initial region up to -10 meV above



2778 J. P. UAN DER ZIEI. 16

1.0
I

w 10
Z'

LJI
(3
Z
L/J
O -3
m 10
LLI

Z

LIJ

—10

10

10 ' '

152 1.54 1.56

2$(Ji„(eV)

FIG. 3. Luminescence traces due to two-photon ab-
sorption near the band gap for pump polarization along
the [110] and t001] axes. The curves have been arbi-
trarily displaced to show detail. The points are the cal-
culated two-photon transition rates for the two-band

model and are placed to optimize the fits to the experi-
mental curve.

the band gap where the measured signals are
larger than the calculated values. The difference
is attributed to the allowed-allowed mechanism
corresponding to the three-band model which has
an approximately (2h&d —E )I/' spectral depen-

dence, ' and to exciton contributions in the contin-
uum. ' To illustrate this more clearly the 4'K
data of Fig. 2 are plotted in Fig. 4 on a log-log
scale. The two- and three-band contributions are
equal -2 meV above the band gap. For the two-
band contribution accurate proportionality is found

for the limited range only up to 30 meV above the
band gap. Between 30 and 100 meV both the (ff&//I)

'
dependence and the change in the matrix elements
due to the variation in the wave-function admix-
ture contribute about equally to the deviation from
the —, power dependence. Above 100 meV the effect
due to the (fied/) dependence dominates.

The excitons appear in both polarizations in Fig.
3. The exciton structure is found to be 4.2 meV
from the band gap which agrees with the 4.2-meV
binding energy of the n= 1 exciton observed in

absorption. "" %e note that in the two-band mod-
el the "allowed" two-photon transition occurs to
the final P exciton states and bands and are for-
bidden to the n = 1 excitons because these have

only s-like envelopes. "" In the three-band model
the allowed two-photon transitions will occur to

(2)(,".„„,+ y,"„,„)/y„"„„„=1.45 + 0.06. (12)

For isotropic media this ratio is unity by sym-
metry. A similar anisotropy has been observed at

1.064 p.m." The real parts of the third-order
purely electronic susceptibility have previously
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FEG. 4. Plot of the calculated two-photon transitions
rate (curve) and the low-temperature experimental
data from Fig. 2 (points) showing the (28(d
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and (2K+ —E~) power dependences. The deviation
well above the band gap results from the (@co&) depen-
dence and the effect of the change in wave-function ad-
mixture on the matrix element.

the s state exciton envelopes and bands including
the n = 1 exciton. "" The relatively large observed
transition strength of the n= 1 exciton is thus iden-
tified with the three-band model.

The angular dependence of the two-photon effect
was obtained with the laser beam directed apprex-
imately along the [001] normal of the epilayer. A

small offset in the horizontal plane was necessary
to efficiently collect the luminescence. The inci-
dent beam was polarized in the vertical plane.
When the polarization was along the [110]axis a
second-harmonic polarization is produced along
the [001]axis, which does not radiate and hence
should not contribute to the signal.

The luminescence at 2h~, =1.6 eV was recorded
as the plate was rotated about the [001]axis by a
motor drive. The points in Fig. 5 show the inten-
sity, on an arbitrary scale, obtained at 10' inter-
vals from the recorded trace. The curve is a plot
of Eq. (7) with parameters obtained from a least-
squares fit to the data points. This fit yields a
value for the anisotropy
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A first-principle calculation of the third-order
nonlinear susceptibility has yielded a value of 1.5
for this ratio. " Thus the ratios of the tensor com-
ponents for the real and imaginary parts are es-
sentially equal, and hence y„„yy is a constant frac-
tion of X„„„„.
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FIG. 5. Dependence of the luminescence intensity on
the polarization of the incident beam as the sample is
rotated about [001]. The curve is the calculated fit to
the experimental points.

V. SUMMARY

We have used the fluorescence technique to show
that in pure GaAs the two-band process dominates
the two-photon process for energies well above the
band gap and the three-band process dominates
just above the band gaps. The weak transition to
the n = 1 exciton is attributed to the three-band
process. The angular dependence of the TPA
yields a value for the ratio of the components of
the imaginary part of the X'" which are the same
as the measured and calculated ratios of the real
part of )("'.

3X„,/y„„= 1 59 + 10%%uo. (13}

been measured in a three-wave mixing experiment
where ~,= 2~, —&, using two tunable CO, lasers. "
The ratio was found to be
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