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We present calculations of the intensity dependence of the free-hole absorption coefficient in p-
type indium antimonide for high-intensity light with a wavelength near 10 um. The dominant ab-
sorption mechanism is direct inter-valence-band transitions, where a hole occupying a state in the
heavy-hole band makes a direct transition to a state in the light-hole band. The absorption
coefficient due to this mechanism is predicted to decrease with increasing intensity in a manner
closely approximated by an inhomogeneously broadened two-level model. Values for the saturation
intensity I are reported as a function of the photon energy, lattice temperature, and hole density.
The dependence of I on the hole concentration allows considerable tunability of the saturation be-
havior, so that for a fixed laser intensity, the degree of absorption saturation can be adjusted by con-
trolling the doping density of the sample. For lightly doped samples at a temperature of 77 K, the
free-hole absorption begins to saturate at intensities of less than 10 kW/cm?, which is between one
and two orders of magnitude smaller than the intensities required to saturate the comparable transi-
tions in Ge and GaAs. The calculated results are also important to measurements of the two-
photon absorption coefficient K, in InSb, and they indicate that much of the transmission data used
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to obtain a value for K, must be reevaluated.

I. INTRODUCTION

In many p-type semiconductors, the absorption of light
with a wavelength near 10 um is dominated by direct
free-hole transitions between the heavy- and light-hole
bands.!~® At high light intensities (>1 MW/cm?), the
absorption due to these transitions has been shown to sat-
urate in p-type Ge (Refs. 7-11) and GaAs (Refs. 12 and
13). This nonlinear absorption property has found
several applications in the control of CO, lasers to obtain
large peak output powers. For example, the saturation of
the inter-valence-band absorption in p-type Ge has been
exploited to achieve passively mode locked CO, laser
pulses of subnanosecond duration,!*~1® to achieve isola-
tion of high-power CO, oscillator-amplifier systems,’*
and to temporally compress far-infrared laser pulses.’

In previous work the saturable absorption of p-type Ge
was described by modeling the valence bands as an en-
semble of two-level absorbers whose level populations ap-
proach one another at high light intensities.” This “two-
level” model predicted that the dependence of the ab-
sorption coefficient on the light intensity was given by

all,o0)=ay)[1+1/I,(0)]" "%, ()

where ay(w) is the heavy- to light-hole band absorption
coefficient at low intensity, and I (w) is the saturation in-
tensity. The nonlinear behavior described in Eq. (1) was
found to be reasonably well described experimentally,
and values of I for p-type Ge at room temperature were
determined to be about 4 MW/cm? for 10.6-um radia-
tion.”~!® However, attempts to calculate I,(w) for p-type
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Ge as a function of photon energy using the “two-level”
model gave results that disagreed with experiment.!” A
theoretical analysis of the saturable absorption was
presented later that realistically treated the initial- and
final-hole states in the valence-band structure. The
theory also predicted an intensity-dependent free-hole ab-
sorption cross section that was approximately given by
Eq. (1), and the values of I, (w) deduced from the theory
were in good agreement with experiment.'®!® For the
work reported in this paper, we modified the calculation-
al approach of Ref. 19, so that it is much more efficient
computationally, and we used the modified theory to pre-
dict the absorption saturation of far-infrared radiation in
p-type indium antimonide.

The usefulness of p-type indium antimonide as a satur-
able absorber or fast optical switch in the far-infrared de-
pends on the amount of power required to alter the ma-
terial from an opaque to a transparent state (i.e., the
value of I;) and the intensity range over which a(l)/a,
can be decreased. The results of the calculations present-
ed in this paper indicate that the predicted value for I; in
p-type InSb is much smaller than the measured values for
I, in p-type Ge and p-type GaAs, which is primarily due
to the lower scattering rates for the resonantly coupled
hole states in InSb. Because of the considerably smaller
value for I, InSb may be more promising for some appli-
cations requiring far-infrared saturable absorbers, since
much less power is required to switch the material from
an opaque to a transparent state.

Apart from direct applications of p-type InSb as a
saturable absorber, our calculated results indicate that
saturation of the heavy- to light-hole absorption cross
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section has occurred in many experiments used to mea-
sure the two-photon absorption coefficient?®~2® and the
plasma formation via impact ionization processes in
InSb. 3! The inclusion of our theoretical results for
a(I) in the model equations of Refs. 27 and 28 causes a
large change in the value of the two-photon absorption
coefficient at A=10.6 um and a significant modification in
the calculated hot-electron distribution functions shown
in Ref. 29.

This paper is organized in the following way: In Sec.
II the calculational approach is presented; in Secs. III
and IV we report the calculated results for the intensity-
dependent hole distribution functions and the heavy- to
light-hole band absorption cross section, respectively; and
in Sec. V we summarize our conclusions. Calculational
details are included in the Appendix.

II. THEORETICAL APPROACH

The valence-band structure for small k is determined
by degenerate k-p perturbation theory using a method
developed by Kane*? based on values of the cyclotron res-
onance parameters.®> In Fig. 1, the valence bands of indi-
um antimonide are shown for k in the [100] direction.
There are three bands, each of which is twofold degen-
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FIG. 1. Valence-band structure of indium antimonide for k
in the [100] direction. Here, an increase in the hole energy cor-
responds to going vertically downward. The vertical dashed ar-
row connecting the heavy- and light-hole bands shows the loca-
tion of the inter-valence-band resonance for light having a
wavelength of 10.6 um.
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erate. The heavy- (h) and light- (/) hole bands are degen-
erate at k =0, and the split-off hole band is separated at
k =0 by the spin-orbit interaction.

At A=10.6 um, the direct free-hole absorption cross
section in InSb at room temperature is 8.7 106
cm™23* The intra-valence-band absorption cross section
(i.e., phonon-assisted optical transitions) is estimated
from Drude-Zener theory to be smaller by 1-2 orders of
magnitude. In the calculations presented in this paper,
we consider only the direct inter-valence-band transitions
between the heavy- and light-hole bands and assume the
intra-valence-band absorption to be negligible.

The inter-valence-band absorption coefficient is given
by!8:33

4rle?
(K )" mac
X Sfak, D) — f1(k,1)] | 7-Py(k) |2
k

> ﬁrhl(k)/ﬂ
[AQ(k) — %o P+ [#D,, (k)]

ap(w,I)z

(2)

where the subscripts & (/) designate the heavy- (light-)
hole band, K, is the high-frequency dielectric constant,
m is the free-electron mass, fiw is the photon energy,
fi(k,I) is the intensity-dependent probability that a hole
state with wave vector k is occupied in band i, P,.(k) is
the momentum matrix element between Bloch states in
bands b and ¢, 7 is the polarization of the light, #(} is the
energy difference [E,(k)—E;(k)], where E;(k) is the
valence-subband energy for a state with wave vector k in
band i/, and I"j;(k) is the average scattering rate for holes
in states (h,k) and (/,k).

For all calculated results presented in this paper, we
consider the region of temperatures and hole concentra-
tions for which the hole distribution is nondegenerate.
The thermal equilibrium energy distribution of the hole
carriers for a nondegenerate sample is given by

f=(N,/N, )exp(—E /kgT) , (3)

where N, is the density of holes, E is the hole energy, kp
is Boltzmann’s constant, and T is the lattice temperature.
N, is the effective density of states defined by
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m*k, T
—2 @)

N, =2 >
2k

c

where m * is the density-of-states mass.

Since both energy and wave vector are conserved in the
optical transitions, only holes in a narrow region of k
space can directly participate in the absorption process.
At low light intensities the relaxation mechanisms main-
tain the hole distribution near its equilibrium value.
However, for sufficiently large laser intensities, scattering
can no longer maintain the equilibrium distribution, and
the occupation probability for resonantly coupled hole
states decreases in the heavy-hole band and increases in
the light-hole band. Since the absorption is governed by
the population difference of these resonant states, this
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redistribution leads to a reduced absorption cross section.

In order to calculate the intensity dependence of the
absorption coefficient, we must first determine the
modification of the distribution functions for holes in the
resonant region of the heavy- and light-hole bands. The
scattering rate of holes occurs on a picosecond time scale,
so for laser pulses of nanosecond or larger duration (the
typical experimental situation), transient effects are
damped out. We calculate the steady-state hole distribu-

J

Bk, T, (k) f(k)—f(k)]
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tion functions by solving rate equations which include the
inter-valence-band optical transitions and the scattering
of holes by phonons, ionized impurities, and other free
holes.

The derviation of the appropriate rate equations is
based on a density matrix formalism and is presented in
detail in Ref. 19. The following equations are solved for
the distribution functions, f,(k) and f,;(k), for states in
the resonant region of the heavy- and light-hole bands:"’

F(k,I)T, (k) +B(k, )T, (K)T,(K)[F(k, 1)+ G(k,I)]

k’I = N k -
Stk )= ) = DT, (0 T,(K)]

and

Bk, T, (K[ f{(k)— f(k)]

1+B8k,I)[T,(k)+T,(k)]

G(k,)T)(k)+B(k, 1T, (K)T,(kK)[F(k,I)+G(k,I)]

k,I)=ffk
ik, I =f{(k)+ 1+B8(k, DT, (k) + T,(k)]

In Eqgs. (5) and (6) we have introduced several auxiliary
functions defined by

_ 27 el 2
B(k,[)— (Km )l/zmzwc Fio ;7’ Phl(k)!
Al (k) /m
X 3 T (7)
[7Q (k) —fiw]"+ [#AL (k)]

T, (k)= 2R,,Mk,]-‘ , (8)
c,k’

T,(k)= [2 Rix e l_l ) )
c,k’

Fk, =3[Ry m(f (K, I)—fAk')], (10)
¢k’

and

Gk, )= [R_n(fo(k',])—fEK'N], (11)

c,k’

where f? is the equilibrium value for the distribution
function in band ¢, and R, ,, is the rate at which a
hole in band a with wave vector k is scattered into a state
in band b with wave vector k'.

The difference in the occupation probabilities, which
appears in the expression for the absorption coefficient, is
given by

FEk)— k)
14+ Bk, DIT,(K)+ T,(k)]
T, (K)F(k,I)—T,(k)G(k,I)
148k, DT, () + T,(k)]
(12)

fh(k,l)—f](k,l)z

The first term in Eq. (12) gives the population difference
that would occur for the states at k if the populations of
the states that feed those at k were given by their equilib-
rium values. The second term in Eq. (12) accounts for
the change in the populations of the states that feed those
at k. For those values of k that are near the resonant re-

148k, D[ T,(k)+T;(k)]

gion for 10.6-um radiation, the function F(k) in the
second term of Eq. (12) is much larger than G(k). The
small value for G(k), compared to F(k), results from the
relatively small density of light-hole states, which causes
the scattering rate into states in the light-hole band to be
much smaller than the scattering rate into states in the
heavy-hole band.

The calculation of the intensity-dependent distribution
functions requires knowledge of the hole scattering rates
[i.e., T,(k), T;(k), and Tj;(k)]. We first consider the
effect of hole-phonon scattering, which is dominant at
sufficiently low doping concentrations ( 3% 10" cm™3).
The LO- and TO-phonon dispersion curves of InSb are
relatively flat for small k. We assume the hole energy to
change by a LO phonon (i.e., 23.7 meV) due to
hole-optical-phonon scattering. For the small-k region
near the inter-valence-band resonance, the acoustic pho-
non energy is quite small, and we neglect it.

The hole-phonon scattering rates are given by the ex-
pression

Rakﬂbk:—zf | Mg, |*8(E,(k)—E, (k') +%w,)
+%’1 | M, | 28(E,(K)—E,(K’')—#iwp)

+277T|Mac|25(Ea(k)—E,,(k')). (13)

Here, | M, 2 is the squared matrix element for optical-
phonon emission, | Mg, | 2 is the squared matrix element
for optical-phonon absorption, and |M, |? is the
squared acoustic-phonon matrix element (summed over
both emission and absorption processes).

The matrix elements in the hole-phonon scattering
rates are calculated on the basis of the deformation po-
tential model.*®3” The matrix elements are given by

E2kpT

M, |*= ,
| ac! Vpu%
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E #w,
IMG | 2= —"—(N,+1), (15)
2vpui *
and
E? %o
| M, |?=—2—N, , (16)
2Vpu|

where p is the material density, u, is the longitudinal
sound velocity, V is the sample volume, fiw, is taken to be
the LO-phonon energy at the zone center, E,. (E,}) is the
nonpolar acoustical (optical) deformation potential con-
stant, and N, is the LO-phonon Bose factor defined by

-1
fiw,
No= kyT

exp (17)

Following Ref. 38 we have neglected angular depen-
dence in the phonon scattering matrix elements and have
taken the scattering rates to be the same for the heavy-
and light-hole bands. The numerical values for the defor-
mation potential constants appearing in the squared ma-
trix elements are determined by fitting the temperature
dependence of the calculated hole mobility to the experi-
mental data.’’=3° The fit to the mobility data gives
acoustical and optical deformation potential constants of
2.32 and 4.64 eV, respectively.

For acceptor and hole concentrations greater than
about 310" cm ™3, the scattering of holes by ionized
impurities and other free holes becomes important. The
ionized-impurity scattering rate for a hole in band i with
energy E is given by*

1T€4 7/2
rf= In(1+y5)——— |E~¥%,  (18)
T Kgam A [T ey
where
2KomXkyT
yro 2R (19
ﬂNle ﬁ

m* is the free-hole effective mass in band i, K, is the

low-frequency dielectric constant, and N; is the concen-
tration of ionized impurities. In the calculation we con-
sider only uncompensated samples of p-type InSb, where
the acceptors are all shallow and ionized at 77 K (i.e.,
NI :Nh )

Following Ref. 41, the rate of hole-hole scattering for a
hole in band i/ with energy E is given by

2V27e*N, A
(1) _ R 302
= K mi )2 E R (20)
where
1/2

E Kom}*
Ai=14+In | — | ———— (21)

2% | 27N ye?

Using the scattering rates shown in Egs. (13), (18), and
(20), the hole scattering terms 7T,(k), T;(k), and T, (k)
are computed as a function of the hole energy. We find
that the hole-phonon scattering rates increase with in-
creasing energy by approximately (E)!”? and the hole-
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ionized impurity and hole-hole scattering rates decrease
with increasing energy by approximately (E)~3/2. The
values for T, (k), T,(k), and B(k,I) are then used to cal-
culate the first term in Eq. (12) for [ f,(k,I)— f;(k,I)].

The inclusion of the second term in Eq. (12) in the nu-
merical integration of Eq. (2) introduces a correction of
between 10% and 25% to the predicted values for the
saturation intensity. Since the calculation of the second
term in Eq. (12) is somewhat more complicated and its in-
clusion is relatively unimportant to the calculation of the
inter-valence-band absorption saturation, we choose to
describe our treatment of this term in the Appendix.

We use Egs. (A8) and (A9), shown in the Appendix, to
obtain approximate values for F(k,I) and G(k,I), which
are then used to calculate the second term in Eq. (12) for
[fn(k,I)—f,(k,I)]. The intensity-dependent values for
F(k,I) and G(k,I) are also used in Egs. (5) and (6) to cal-
culate f,(k,I) and f;(k,I).

III. INTENSITY DEPENDENCE
OF THE HOLE DISTRIBUTION

The functions B(k,I), T,(k), T,(k), F(k,I), and
G(k,I) are computed numerically for states in the reso-
nant region. Figure 2 shows the calculated results for the
distribution functions in the heavy- and light-hole bands
(multiplied by the effective density of states and divided
by the hole concentration) for k in the [100] and [111]
directions and a lattice temperature of 77 K. The solid
curves illustrate the thermal equilibrium values for the
hole distributions in the heavy- and light-hole bands, and
the dashed curves show the modified distribution for
states in the resonant region due to excitation by unpolar-
ized light at an intensity of 60 kW/cm? and a wavelength
of 10.6 um. The calculation was performed for a free-
hole concentration of 5X 102 cm~3, in which case the
hole-ionized impurity and hole-hole scattering rates are
negligible compared to the hole-phonon scattering rate.
When hole-ionized impurity and hole-hole scattering
mechanisms are small compared to hole-phonon scatter-
ing (i.e., N, S3X 10"} cm—?), the values for the normal-
ized distribution functions, f, /N, and f;/N,, are in-
dependent of the hole density; thus, the normalized distri-
bution functions shown in Fig. 2 are applicable to any
hole concentration less than about 3 10'3 cm 3.

For k in the [100] direction, the large dip in the occu-
pation probabilities for states in the heavy-hole band and
the large increase in the occupation probabilities for
states in the light-hole band at k?=5.4x10"* A~ are
caused by the direct optical transitions (see Fig. 2). The
depletion of the heavy-hole distribution for k? in the
range of about (2-5)x10~* A~? (or E,, in the range of
approximately 3—6 meV) is primarily due to the optical
bleaching of heavy-hole states in other directions in k
space. This depletion of the resonant heavy-hole states in
other k directions causes a decrease in the scattering of
holes into the [100] direction [i.e., a nonzero value for
F(k,I)]. The non-negligible contribution from F(k,I) in
Eq. (5) leads to a decrease in the occupation probabilities
for k in the [100] direction, although the excitation term
B(k,I) is vanishingly small in this direction for k2 less
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FIG. 2. Calculated hole distribution functions in p-type InSb
as a function of k? for k in the [100] and [111] directions. The
calculations are performed for a sample with N, =5x 10" cm~*
and T=77 K, and unpolarized light with an intensity of 60
kW/cm? and wavelength of 10.6 um. For comparison, the equi-
librium distribution functions are shown by the solid curves. N,
is the effective density of states, and N, is the hole concentra-
tion.
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than about 4.5%x10~4 A~2,

For k in the [111] direction, the resonant absorption is
peaked at k2=5.0x10"* A~2 (see Fig. 2). The small
difference in the values of k2 for which the excitation
term B(k,I) is peaked in the different k directions is due
to the anisotropy in the valence bands. The depletion of
heavy-hole states for k2 in the range of about
(6-10)x 10~* A~? is due to the contribution from F(k,I)
in Eq. (5), which accounts for the intensity-dependent
feeding rate of holes into any resonant state (&,k).

At higher hole densities ( 2 3 10'* cm~3), the scatter-
ing of holes by ionized impurities and other holes causes
an increase in the total scattering rate and introduces a
concentration dependence in the calculated values of
(fN.)/N, for light at a fixed intensity. The result of in-
creasing the hole scattering rate is that higher intensities
are required to deplete the population of holes for states
in the resonant region, since the photoexcited holes can
reroute at a faster rate. Figure 3 shows the values for
(fN,)/N, for N, =5%10" cm~* and k in the [100] and
[111] directions. The solid curves show the thermal equi-
librium values at 77 K, and the dashed curves show the
distribution for states in the resonant region resulting
from excitation at an intensity of 600 kW/cm?. Compar-
ing Figs. 2 and 3, we note that for higher hole densities
(1) larger intensities are required to saturate the resonant
transitions, (2) more states are directly involved in the ab-
sorption due to the lifetime broadening in the excitation
term, and (3) the population of states in the light-hole
band contributes a larger amount to the calculated results
for f,,(k,I)— f,(k,I).

The increased role of f;(k,I) in the saturation behavior
of samples with higher hole concentrations results from
the energy dependence of the hole scattering rates. Both
the hole-impurity and hole-hole scattering rates decrease
with increasing hole energy (~E ~3/? dependence), and
the hole-phonon scattering rate increases with increasing
energy (~E!/? dependence). By increasing N, from
5% 10" to 5% 10" cm™3, the total scattering rate for
holes in the resonant region of the heavy-hole band is in-
creased greatly by the contribution of hole-ionized im-
purity and carrier-carrier scattering; the total scattering
rate for holes in the resonant region of the light-hole
band is increased by a much smaller amount, because the
energy of the final-hole state is much larger due to the
photon absorption. Thus, for N, increased to 5x 10"
cm 2, the heavy-hole lifetime 7T}, (k) in Eq. (5) for £} (k,I)
is decreased greatly by the hole-ionized impurity and
hole-hole scattering terms, and T,;(k) in Eq. (6) for
fi1(k,I')is decreased by a much smaller amount due to the
smaller contributions from the I'; and I';, terms. The
net result is that at higher hole densities it is relatively
more difficult to deplete the resonant states in the heavy-
hole band because they are filled at a much higher rate;
and for the range of doping concentrations considered,
the rate at which the photoexcited holes are emptied out
of the resonant light-hole band states is only weakly
dependent on N,.

The dependence of T),(k) on the hole energy also ac-
counts for much of the anisotropy in the depletion of the
hole population for the resonant states in the heavy-hole



38 ABSORPTION SATURATION OF HEAVY- TO LIGHT-HOLE . . .

L DL LA B BRLAN AL L
[ HOLE DISTRIBUTION IN p - InSb ]
| K IN [100] DIRECTION .
N, =5X10"%cm3 X=106pum T=77K

Ll

1

107! 3
= [ In
o 1\
2 3 1\ -
- 1\ THERMAL
1072 ! \‘ EQUILIBRIUM -
]V —-—=i-e0wem? 3
- / \ ]
| ¥ \ ]
\
I \ ]
\
3L \ .
10 E \ E
s \ ]
s \ 3
[ N b
[ \ ]
\ -
\
N\
1074 ! 1 L | 1N ! | "
v 1 T T T T T T T T T T T
I K IN [111) DIRECTION 7
1 C 3
N
]
fy
10 h —
0 i [N 3
- | \ THERMAL ]
= A 1y EQUILIBRIUM ]
=z i 0 Iy —— =~ | =600 kW/cm? |
o ,' \
=
AR [ / ‘\ -
o \ E
[ \ .
C \ i
_ \ ]
I \ ]
\\
-3 | \ ]
10°F \ E
o \ 3
L N .
L N 4
N\
- ~ .
N
| N .
\\
ey Co 1 TS
0 6 8 10 12 14
k2 (107442

FIG. 3. Calculated hole distribution functions as a function
of k? for k in the [100] and [111] directions. The calculations
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K, and unpolarized light with an intensity of 600 kW/cm? and
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are shown by the solid curves for comparison.
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band. For states in the [100] direction, the hole energy is
about 7.8 meV at the value of k where the excitation term
B(k) is peaked; for k in the [111] direction, the hole ener-
gy is about 2.4 meV at the value of k where B(k) has its
maximum value. Thus, for N, =5% 10" cm~3 and states
in the resonant region, the anisotropy in the heavy-hole
band causes T,(k) for k in the [100] direction to be
significantly larger than the value of T, (k) for k in the
[111] direction. For resonant k states and unpolarized
light, the energy-dependent values for T, directly affect
the calculated results for the heavy-hole distribution [see
Eq. (5)], and they are primarily responsible for the degree
of anisotropy in the optical bleaching of the resonant
states in the heavy-hole band.

The degree of anisotropy in the state filling of the reso-
nant states can be significantly enhanced by using polar-
ized light instead of unpolarized light. For unpolarized
light the excitation term B(k,I) in Eq. (7) depends strong-
ly on [E,(k)—E;k)]; and for a fixed value of
[E,(k)—E;(k)], it is rather weakly dependent on the
specific direction in k space. However, for polarized light
B(k,I) becomes much more dependent on the wave vec-
tor, because of the increased k dependence in the momen-
tum matrix elements. Figure 4 shows the distribution
functions in the heavy- and light-hole bands for
N, =5%10'2 cm~? and light polarized in the [001] direc-
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FIG. 4. Calculated hole distribution functions as a function
of k? for k in the [001] and [100] directions. The calculations
are performed for a sample with N, =5x%10"> cm~* and T=77
K, and light polarized in the [001] direction with an intensity of
100 kW/cm? and a wavelength of 10.6 um. The solid curves
show the thermal equilibrium values, which are equal for the
two different directions in k space.
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tion. The solid curves show the thermal equilibrium
values for f, and f; at T=77 K for k in the [100] direc-
tion. (The equilibrium values are identical for k in the
[100] and [001] directions.) The dashed and dotted
curves show the distributions for k in the [100] and [001]
directions due to excitation at an intensity of 100
kW/cm? For k in the [100] direction, the momentum
matrix elements in the expression for 3(k, I) are relatively
large compared to the other directions in k space; and for
k in the [001] direction, the momentum matrix elements
in B(k,I) are zero, so there is no direct inter-valence-
band absorption for k in this direction. The depletion of
the resonant states for k in the [001] direction results
from the reduced elastic scattering of holes from other
resonant k states for which B(k,I) is nonzero. The effect
of an anisotropic 3(k, ) is even more evident for resonant
states in the light-hole band. For k in the [100] direction,
the resonant light-hole states are pumped directly by the
inter-valence-band excitation, and for k in the [001]
direction there is no pumping from the heavy-hole band
due to the zero momentum matrix elements. There is
some effect on f;(k,/) from the modified feeding rate
[i.e., the nonzero value of G(k,I) in Eq. (6)], but this
is quite small because

(m, 32 /[y ¥ 4 (m /2] =5.67X 103 .
i h !

Physically, this means that for the holes populated in the
light-hole band by the inter-valence-band transitions,
only 0.6% of these holes are scattered into other light-
hole band states and 99.4% are scattered into heavy-hole
band states. Thus, the modification of the resonant states
in the light-hole band is almost completely determined by
the excitation term. Although we find a considerable
dependence of f,(k,I) and f;(k,I) on the polarization of
the incident radiation, the numerical integration of Eq.
(2) for a,(I), which averages the hole distribution over all
k directions, shows only a weak dependence (< 10%) of
I, on the direction of the polarization.

Our results for polarized light show that there is con-
siderable anisotropy in the state filling of the resonantly
coupled states. If two pulses having orthogonal polariza-
tions are spatially and temporally overlapped on a p-type
InSb sample, the polarization of the resultant field will
modulate periodically in real space, although the intensi-
ty across the sample is uniform. Since the excitation
term B(k,I) depends strongly on the polarization of the
field, the population difference f,(k,I)— f;(k,I) will have
a preferred orientation that modulates periodically as the
pulses propagate through the material. This periodic
modulation in space produces an orientational grating
similar to that studied by Smirl et al.® in germanium,
and their excite-and-probe techniques can likely be ap-
plied to study the state filling of the resonant k states in
the heavy- and light-hole bands of InSb.

IV. INTENSITY DEPENDENCE
OF THE INTER-VALENCE-BAND
ABSORPTION COEFFICIENT

The intensity-dependent distribution functions are used
in the numerical integration of Eq. (2) to calculate the ab-
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FIG. 5. Calculated absorption coefficient a(/) normalized to
its low-intensity value a, as a function of intensity. The calcula-
tions were performed for N, =5x 102 cm~3, T=77 K, and un-
polarized light at a wavelength of 10.6 um.

sorption coefficient. The absorption coefficient is com-
puted for intensities between O and 10/, and the results
are found to be well approximated by the equation

a(N,,0,1)=ayN,,o0)[1 +1/I(N,,0)]" . (22)

This equation differs from Eq. (1) in that there is an expli-
cit dependence of the saturation intensity on the hole
density of the sample. This decrease of the absorption
coefficient with increasing intensity is the same as one
predicts for a system of two-level absorbers that are inho-
mogeneously broadened.

Figure 5 shows the predicted results (solid curve) for
a,(I) for Ny=5x10"> cm™3, A=10.6 um, and T=77 K.
The dashed curve in the figure illustrates the results using
Eq. (22). The specific value of I, used in Fig. 5 was deter-
mined by fitting Eq. (22) to the numerical results obtained
from the integration of Eq. (2) for intensities in the range
of 0 to 10/;. If only the first term in Eq. (12) is retained
[i.e., F(k,I) and G(k,I) are assumed to be 0], the calcu-
lated values for a,(I) have almost exactly the intensity
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FIG. 6. Calculated saturation intensity I, as a function of the
hole density for p-type InSb at 77 K.
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dependence shown by Eq. (22). The second term in Eq.
(12), which includes the modified rate of holes being scat-
tered into the resonant region, is smaller than the direct
excitation term, and is primarily responsible for the small
deviation between Egs. (2) and (22) as shown in the figure.
The numerical results predicted by Eq. (2) could be fit by
Eq. (22) to an accuracy of less than 7% for intensities up
to 10 times I,. Although the fit is fairly good, there is a
general trend in which the calculated results for a, (1) de-
crease a little more rapidly than predicted by Eq. (22), be-
cause of the nonzero auxiliary functions F(k,I) and
G(k,I) in Egs. (2) and (12). That is, if we extend the
range of intensities used in the fit to higher values, we
predict slightly smaller values for I,. Nevertheless, we
choose to fit the calculated results of a(I) for p-type InSb
to Eq. (22), because the heavy- to light-hole band satura-
tion behavior of both p-type Ge (Refs. 7-10) and p-type
GaAs (Ref. 13) has been shown experimentally to be well
described by this equation, and values of I () are avail-
able for these materials for purposes of comparison.

The calculated values for I, are shown in Fig. 6 as a
function of the hole density for a lattice temperature of
77 K and unpolarized light at a wavelength of 10.6 um.
We note that I, is substantially independent of the hole
concentration for densities less than about 3 10" cm 3,
that is, in the region where the hole-phonon scattering
mechanism is dominant. For hole concentrations greater
than about 3 10'* cm 3, the saturation intensity begins
to increase monotonically with increasing hole density
due to the increased total scattering rate of the free holes
participating in the infrared absorption. For samples in
which the scattering of holes in the resonant region of the
heavy-hole band is dominated by hole-ionized impurity
and hole-hole scattering, we find the saturation intensity
to vary approximately linearly with the hole density.
This dependence of I, on the hole density allows consid-

B T I T I T
SATURATION INTENSITY VS TEMPERATURE

A=106um N, =5x10'2cm
150 [

I, (kW/cm?)

0 | ] ! | I

50 75 100 125 150 175 200
T (K)

FIG 7. Saturation intensity as a function of the lattice tem-
perature for N, =5% 10'2 cm 3 and unpolarized light at a wave-
length of 10.6 um.
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erable tunability of the value of I/I; be controlling the
doping density of the sample; thus, the saturation charac-
teristics can be adjusted in order to be optimal for a
specific application.

Since the scattering rates are dependent on the lattice
temperature, the saturation behavior also depends on the
temperature of the sample. In Fig. 7 we present the re-
sults of a calculation of the temperature dependence of I,
in p-type InSb for N, =5%10'> cm~* and light with a
wavelength of 10.6 um. For this hole density the hole-
ionized impurity and carrier-carrier scattering rates are
negligible compared to the hole-phonon scattering rate.
The computed values for I, are found to increase mono-
tonically with temperature, because of the increased rate
of hole-phonon scattering at the higher temperatures.
Since there is a rather strong dependence of I, on temper-
ature, it is also possible to tune the absorption saturation
by controlling the temperature of the p-type InSb sample.

At higher hole concentrations, the temperature depen-
dence of I, is different due to the effect of hole-ionized
impurity and hole-hole scattering terms. Figure 8 shows
the values of I, as a function of T for N, =5x10'° cm 3
and A=10.6 um. The computed results for I, also in-
crease monotonically with temperature, although the
temperature dependence is weaker than the results shown
in Fig. 7 for N, =5x10'2 cm~>. In general the values of
I, depend strongly on the temperature because of the
hole-phonon scattering terms and strongly on the hole
density because of the hole-ionized impurity and carrier-
carrier scattering terms.

The dependence of I, on the wavelength of the laser ra-
diation is shown in Fig. 9 for T=77 K and photon ener-
gies in the range of 110-140 meV, which is the range of
photon energies that can be easily generated with a trans-
versely excited atmospheric (TEA) pressure CO, laser.
The values of I, are displayed for two different doping

700 T T T T T

SATURATION INTENSITY VS TEMPERATURE
A=106pum N, =5Xx10'"%cm3
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I. (kW/em?)
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300
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50 75 100 125 150 175 200
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FIG. 8. Saturation intensity as a function of the lattice tem-
perature of N, =5% 10" cm ™ and unpolarized light at a wave-
length of 10.6 pm.
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FIG. 9. Saturation intensity as a function of the photon ener-
gy for p-type InSb at 77 K. The solid (dashed) curve is for a
sample with a hole concentration of 5 10'? (5 10'%) cm ™.
densities; the solid curve shows I, for N, =5x10'2 cm 3
and the dashed curve shows I, for N, =5x10" cm~>.
At both doping densities the saturation intensity in-
creases monotonically with the photon energy, although
the wavelength dependence is much stronger at
N,=5x10"2cm™3.

An effect of increasing the photon energy is to move
the resonant region of the heavy- and light-hole bands
farther away from the zone center (see Fig. 1), which
modifies both the scattering and excitation rates of the
resonantly coupled states. Thus, for higher photon ener-
gies, the inter-valence-band resonance occurs at larger
wave vectors, which means larger hole energies in the
valence bands. An increase in the hole energies for states
in the resonant region causes an increase in the phonon
scattering rates and a decrease in the ionized impurity
and carrier-carrier scattering rates. The excitation term
B(k,I) is also modified by the scattering rates, the w2
factor, and the momentum matrix elements [see Eq. (7)].
The w2 factor in B(k,I) causes the excitation rate to de-
crease with increasing photon energy, which clearly con-
tributes to an increase in I, with #iw for all hole concen-
trations. The momentum matrix elements tend to in-
crease with increasing #iw, although the contribution
from the momentum matrix elements to the values for
I (o) is somewhat less than the contribution from the ©*
factor in the excitation term.

For both applications and comparison of theory with
experiment, it is important that the dynamic range in the
saturable absorption be as large as possible. The max-
imum reduction of the total absorption coefficient is, in
general, determined by the value of I /I, and the onset of
the two-photon absorption (TPA) process. The TPA pro-
cess increases the free-carrier absorption via the genera-
tion of nonequilibrium electron-hole pairs. At 77 K and
a wavelength of 10.6 pum, the two-photon absorption
across the band gap must be considered for intensities
greater than several tens of kW/cm?.?® Thus, an experi-
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mental test of the free-hole absorption saturation should
be performed on lightly doped p-type samples that are
cooled to about 77 K or less (i.e., the samples should have
a relatively small value for I)), so that a significant reduc-
tion in the intervalence-band absorption cross section
occurs prior to the onset of two-photon absorption. This
condition is satisfied for p-type InSb samples when
[a,(I=0)—a,(D]>>K,I.

Presently, we have been unable to find experimental
data on the transmission of high-intensity CO, laser light
through lightly doped p-type InSb, although the
transmission measurements should be fairly straightfor-
ward to perform. There exist several papers reporting
measurements of the two-photon absorption pro-
cess?0—2843-% in InSb, but all of these studied were con-
ducted on n-type crystals, instead of p-type crystals.
There are two primary reasons than n-type InSb was used
to study the TPA of CO, laser radiation: (1) The absorp-
tion cross section of free electrons is much less than the
free-hole cross section, so the change in the total absorp-
tion due to two-photon transitions is much larger in n-
type samples, and (2) it is much easier to make good ohm-
ic contacts on n-type InSb for samples covering a wide
range of electrical conductivity. Even though all of the
transmission measurements were performed on n-type
samples, it is likely that significant free-hole absorption
saturation occurred in many of the measurements, and
that the inclusion of our intensity-dependent inter-
valence-band absorption coefficient greatly modifies the
conclusions obtained from these TPA studies. That is,
for laser intensities at which nonequilibrium carriers (AN)
are created in their n-type samples, the absorption associ-
ated with the presence of the nonequilibrium free holes is
larger than the absorption associated with the two-
photon absorption mechanism (i.e., AN 0,1 > K,I 2). For
example, a value for K, of 16 cm MW ~! was obtained by
Doviak et al.?’ using model equations that neglect the
inter-valence-band absorption by nonequilibrium free
holes altogether, and a value of almost two orders smaller
(K,=0.2 cm MW ~!) was later obtained from the same
data by Gibson et al.?8 using equations that assume o p to
be given by its thermal equilibrium value (i.e., indepen-
dent of the laser intensity). The inclusion of our theoreti-
cal results for o,(I) in the model equations of Refs. 27
and 28 results in a value for K, that is somewhat larger
than 0.2 cm MW ~! and much closer to the theoretical
values of 1.03 cmMW™! by Lee and Fan?® and 1.1
c¢cm MW ~! by Danishevskii et al.?> The degree of impor-
tance of the intensity dependence of o, in the transmis-
sion data of Refs. 20-28 and 43-49 depends on the
specific value of I; and the amount of free-hole absorp-
tion, relative to the total absorption coefficient, in the
different materials.

V. SUMMARY AND CONCLUSIONS

We have presented calculated results for the absorption
saturation of heavy- to light-hole band transitions in p-
type InSb. We find that the intensity dependence of the
inter-valence-band absorption cross section is closely ap-
proximated by an inhomogeneously broadened two-level
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model, and values of the saturation intensity are reported
as a function of the photon energy, lattice temperature,
and hole concentration. For the temperatures and con-
centration range where hole-phonon scattering dominates
hole-impurity and hole-hole scattering, I is found to be
independent of the hole density. For larger hole concen-
trations where hole-impurity and carrier-carrier scatter-
ing are not negligible, the saturation intensity increases
monotonically with increasing hole density. For lightly
doped p-type InSb at a temperature of 77 K, we find that
the free-hole absorption begins to saturate at intensities
of less than 10 kW/cm?. The theoretical values for the
saturation intensity of lightly doped InSb are found to be
between 1 and 2 orders of magnitude smaller than the
measured values of I, for p-type Ge and GaAs. Given
the interests in saturable absorbers of 10.6-um radiation,
these relatively small values of I for p-type InSb may be
of significant practical importance.
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APPENDIX: CALCULATION OF THE FUNCTIONS
F(k,I) AND G(k,I)

We now describe the calculation of the auxiliary func-
tions F(k,I) and G(k,I). From the definition of these
functions and Egs. (5) and (6), one can write equations
which determine F(k,I) and G(k,I) in terms of f,(k’,I)
and f;(k',I). Since there is assumed to be no angular
dependence in the hole scattering matrix elements, the
function F(k,I) depends on the energy E,(k) and not on
the specific direction in k space; similarly, G(k,I) de-
pends on E,;(k) and not on the wave vector.

For acoustic-phonon and ionized-impurity scattering,
the energy of the initial-hole state in the scattering event
is essentially the same as that of the final-hole state (i.e.,
the scattering is approximately elastic). As a result, hole
states that can scatter into a resonant optical transition
region by acoustic-phonon and ionized-impurity scatter-
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ing are, for the most part, already in the resonant region.
Thus, the population of these states is directly depleted
by the inter-valence-band transitions. Assuming that
F(k,I)=0, therefore, overestimates the feeding rate into
the resonant states by elastic scattering processes.

For optical-phonon scattering, the energy of the
initial-hole state in the scattering event differs from that
of the final-hole state by the optical-phonon energy (i.e.,
~23-24 meV). Thus, hole states that scatter into reso-
nant states in the heavy- or light-hole bands by optical-
phonon scattering are themselves outside of the resonant
region. As a result, the population of these states is not
directly depleted by the optical transitions.

The hole-hole scattering term couples a hole state with
wave vector k to all other k states. Furthermore, the
equations for F(k,I) and G(k,I) are no longer linear
when carrier-carrier scattering is included. In order only
to couple states with other states on the same constant
energy surface (elastic scattering) or other constant ener-
gy surfaces that differ by the optical-phonon energy, we
assume that the rate of scattering into the resonant re-
gion by hole-hole collisions is given by its thermal equi-
librium value [i.e., there is no direct contribution to
F(k,I) and G(k,I) from hole-hole scattering]. This ap-
proximation is clearly valid at the lower hole densities, in
which case the hole-phonon scattering is dominant, but it
begins to break down at higher hole concentrations
where the carrier-carrier scattering makes the largest
contribution to the equilibrium feeding rate of holes into
the resonant region. For the results presented in this pa-
per, the maximum hole density considered is 2x 10
cm ™3,

By including only the hole-phonon and hole-ionized
impurity scattering terms, we can describe the functions
F(k,I) and G(k,I) by one-dimensional (rather than
three-dimensional) equations. In the calculation, we as-
sume initially that F(k,I)=G(k,I)=0, so that Eq. (5) for
f1(k,I) becomes

Bk, )T, (k) f£(k)— ff(k)]

(0) k,I = fe(k)—
w e D =) = T, (0 + T)(0)]

(A1)

for states in the resonant region of the heavy-hole band.
Substituting the zeroth-order approximation of f,(k,I),
shown by Eq. (A1), into the definition of F(k,I) yields

=B, DT, (k") fr(k')—fi(k")]

F(O) E — ,
(£, 1) %R’“‘*"“ 14+ Bk, [T, (k") +T,(k")]

The term in Eq. (10) that describes the modified feeding rate of holes into the resonant region of the heavy-hole band
from states in the light-hole band is not included in Eq. (A2), since B(k’,I) is negligibly small (nonresonant) for these
states in k space.

For k in the resonant region, the hole—optical-phonon scattering rates are much smaller than the elastic scattering
rates, because (1) optical-phonon emission is not energetically allowed for resonant states in the heavy-hole band, and
(2) optical-phonon absorption is weak since the LO-phonon occupation probability (N, ) is much less than unity at a lat-
tice temperature of 77 K. Thus, the primary contribution to F(k,I) is from elastic processes. In addition, B(k’,I) in
Eq. (A2) is large for elastic scattering processes that scatter from k’ into k, and B(k’,I) is small for optical-phonon
scattering processes that scatter from k’ to k, since the states with wave vector k’ are nonresonant. Thus, for resonant
k states, we can approximate F'(E, (k),I) by the expression
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—BK, DT, (K[ f£ (k') — ff(k")]
1+B(K, DT, (k) +T,(k')]

) (A3)

F(O)(E (k z ea L [
k'

where R $#U¢) s the rate of scattering by elastic processes from states in the heavy-hole band with wave vector k' into

states in the same band with wave vector k. Since the scattering rates depend only on the energy of the state and not on
the specific direction in k space, Eq. (A3) can be written as

—BK', D[ f; (k) — f{(Kk")]
14+B(K, [T, (k) +T;(k')]

(A4)

FOAE,(k),])=T,(k) S Rjgastics
<

Using the same procedure, we obtain the following expression for the auxiliary function G'”(E,(k),I) for states in
the resonant region:

B, D[ fr(k")—fi(k)]

(0) =T (elastic)
G'O(E;(k),I)=T,(k) S Rgsic T B DIT, () 0]

K’

(AS)

The term in Eq. (11) that describes the feeding rate of holes into the state (/,k) from the heavy-hole band is vanishingly
small, since B(k’,I) is nonresonant for these states. For a fixed hole energy, the density of states in the heavy-hole band
is about 175 times the density of states in the light-hole band; thus,

(elastic) (elastic)
D RN < 2 Rk

and for all states in the resonant region, F(E, (k),I)>>G(E;(k),I).

Substituting the above expression for the auxiliary functions of F'°(E,(k),I) and G'”(E,(k),I) into Egs. (5) and (6)
gives expressions for f5'(k,7) and f{"(k,I) to first order in F and G. Using the first-order expressions for f}'(k,I)
and f|"(k,I), we obtain the following equations for F''(E,(k),I) and G'"(E,(k),I) for states in the resonant region:

=Bk, DT, (K[ frk)—f7 k)] T,(k)+BKk,I)T,(k)T,(k")
1+B(k', D[T,(k)+T,(k')] 1+B8(k",I)[T,(k)+ T,(k")]

FY(E,(k),I)= R gstie) FOAE,(k'),I)
<

FIDT LD oy g k), 1) 4 T, ()G OE, (K, 1) (A6)
1B, DT, 0+ T,(k)] (LD w0
and
B, DT R f2(K)—fk)] T(k)+Bk, )T, (k") T,(k)
0 E (k ,I — R(e}astlc) G(O) E (k' ,I
(£, 1) § “‘*“‘[ 148k, [T, (k") +T,(k)] + 148k, 1)[T, (k') +T,(k)] (E/K)LD
B, 1T, (k' )T,(k)
FOE, (X'), 1)+ T,(K)FOUE,(k'),I A7
sk o)t ErkO DA TIOFTE, (KD, (A7

The terms in F'! and G'" associated with the first-order corrections, f" — £ and f{!— f}?, are found to be much
smaller than the terms in F'") and G'" associated with the zeroth-order approximation to f(m and f}%. We use the
first-order expressions for F''(E,(k),I) and G'"(E,(k),I) to calculate the second-order approximations to f, and f;.
These higher-order expressions for f,(k,I) and f,(k,I) are then substituted into the definitions for F and G to obtain

B, DT, (LfEK) —fEKD] T(k)+BK, T, (KT, (K)
1+Bk', [Th +T,(k’)] T B DT, (K + T,(k)]

F2AE,(k),I)=T R,gtie) FY(E,(k'),I)
<

Bk, 1T, (k)T,(k’) (KT )4 T ()G E. (k).1) (A8)

B, DT, () + Ty (k)] (LD Ly n (K,

and
.| Bk, I KI[fik')—fi(k)] T (k)+Bk',1)T,(k")T,(k)
G(Z)(E (k),I)z R(e}astlc) (1) ’
! 2RI 1+B(k',1>[T,, K+ T,0] 1480, DT, k) + 0] ¢ (EELD

Bk, 1T, (k")T,(k) FOE, (k). 1)+ T (K)F V(B (K

+ 1+B k/ [Th kl +T1(k)] h( ’ '+’ ! ( [( );I) (A9)

The terms associated with the second-order corrections, f{?(k,I)— f}(k,I), are also much smaller than the terms as-

sociated with the first-order corrections. We truncate the expansion for F(k,I) and G(k,I) to second order in f,(k,I)
and f,(k,I) and use Egs. (A8) and (A9) to obtain approximate values for the modified feeding rate of holes into resonant
states of the heavy- and light-hole bands.
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