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Dynamic band unblocking and leakage two-photon absorption in InSb

M. P. Hasselbeck* and E. W. Van Stryland
Center for Research and Education in Optics and Lasers (CREOL), University of Central Florida, Orlando, Florida 32826

M. Sheik-Bahae
Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131

~Received 10 February 1997!

An experimental demonstration of a dynamic decrease of the optical band gap of bulkn-InSb induced by
picosecond, midinfrared laser pulses is reported. This occurs as a result of laser heating of the quiescent
electron distribution by free-carrier absorption. The hot electrons vacate low-energy states near the conduction-
band minimum, unblocking terminal states for two-photon absorption across the band gap. This ‘‘leakage’’
two-photon absorption is detected as a consequence of changes to the refractive index and absorption coeffi-
cient of the semiconductor caused by photocarriers. The onset of dynamic band unblocking agrees with a
calculation of laser-induced electron heating.@S0163-1829~97!03836-8#

I. INTRODUCTION

Some of the strongest nonlinear optical effects ever re-
ported are the large changes of refractive index that occur in
narrow-gap semiconductors when excited by a laser beam
with photon energy very close to the band-gap energy.1 La-
ser light generates electron-hole pairs by direct excitation; if
the rate of excitation exceeds that of recombination, an ap-
preciable photocarrier density can be attained. At a suffi-
ciently high concentration of conduction electrons, all avail-
able terminal states for cross-band transitions become filled
giving rise to absorption bleaching—the dynamic Burstein-
Moss shift—and an associated large modulation of refractive
index at the excitation wavelength.2 This effect has been
used to construct a variety of optical switches.3 Although
laser-induced band blocking was first observed in the mate-
rials InAsP and InGaAs,4 it is most pronounced in the
narrow-gap semiconductors HgCdTe,5 InSb,2,6–8 and InAs,9

where higher conduction-band curvature leads to band filling
and bleaching at modest photocarrier densities often attain-
able with low power, cw lasers.

In this paper, we report observation of the converse effect:
dynamic band unblocking. A quiescent electron distribution
~such as provided by doping! completely fills states at and
above the conduction-band edge. The laser frequency is cho-
sen so that two-photon transitions are blocked (2\v>Eg).
At sufficiently high intensity, the laser beam removes the
band-blocking condition by heating the quiescent electrons
to higher-energy states in the conduction band. Electron
heating is accomplished by linear free-carrier absorption of
the infrared laser photons~photon-electron-phonon scatter-
ing!. The chemical potential~Fermi level! is forced from a
position above the conduction-band edge into the band gap.
With terminal states for two-photon absorption in the con-
duction band open, cross-band generation of electron-hole
pairs takes place. The presence of these photocarriers is
readily detected by the excitation beam as a result of changes
to both the refractive index and absorption coefficient of the
semiconductor. Therefore, laser heating of conduction elec-
trons effectively reduces the optical band-gap energy, giving

rise to ‘‘leakage’’ two-photon absorption.
In the next section, band-unblocking experiments with

InSb are described. A calculation of the laser-induced elec-
tron temperature is presented in Sec. III. The analysis shows
that the optical absorption edge shifts by an amount suffi-
cient to enable two-photon absorption at the laser irradiance
levels encountered in the experiments. In Sec. IV, consider-
ation is given to three-photon absorption, a possible compet-
ing process. We demonstrate that three-photon absorption is
not important for our experimental conditions.

II. EXPERIMENT

Pulses of duration;125 ps are obtained from an ampli-
fied TEA CO2 laser system configured in the optical free-
induction-decay arrangement.10 The grating-tuned TEA laser
generates pulses at a wavelength of 10.6mm (\v
50.117 eV) and repetition frequency of 1 Hz. Analysis of
zero-background autocorrelation data indicates that;25%
of the total pulse energy is contained in a second low power
pulse of duration;400 ps that follows the main pulse. The
secondary pulse is an expected component of the free-
induction-decay pulse-shaping process.10 An uncoated, pol-
ished, single crystal of lightly n-doped InSb ~ND
;1016 cm23; thickness>1 mm! is mounted on the coldfinger
of a closed-cycle helium refrigerator held at a temperature of
12–15 K. A layer of indium between the sample and the
coldfinger maintains good thermal contact. Energy deposi-
tion by the laser pulse is not sufficient to heat the semicon-
ductor lattice appreciably (DTL,1 K). Etalon effects are
eliminated by orienting the crystal at an angle of;30° from
the optical axis~s polarization!. Nonlinear absorption and
refraction are measured using open and closed apertureZ
scans, respectively.11 The experimental arrangement is de-
picted in Fig. 1~a!. The irradiance on the sample is varied by
translating the cryostat through the focus of a positive lens
telescope~measured beam waist:v0512463 mm!.

Nonlinear absorption of 10.6mm laser light is found at
both room temperature (Eg50.18 eV) and 15 K (Eg
50.235 eV) in the same experimental setup. Normalized dif-
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ferential absorption obtained in a sequence of open aperture
Z scans at these two temperatures is shown in Figs. 1~b! and
1~c!. As the sample is translated through focus of the Gauss-
ian beam, the irradiance increases to a peak value of
;70 MW/cm2 at the center of the scan~z/z050, wherez0 is
the confocal beam parameter!. The strong differential ab-
sorption observed at 300 K@Fig. 1~b!# is due to the well-
known and thoroughly studied two-photon absorption~2PA!
process in InSb.12 The room-temperature data, which is noisy
because of low signal levels, is analyzed with the usual
model of laser beam propagation in a semiconductor in the

presence of 2PA generated photocarriers:13

d

dz
I ~r ,z,t !52K2I 22~seNe1shNh!I , ~1!

dNe

dt
5

dNh

dt
5

K2I 2

2\v
, ~2!

whereI is the temporally and spatially varying laser irradi-
ance,K2 is the 2PA coefficient,\v is the photon energy,Ne
andNh are the electron and hole concentrations, respectively,
with se,h the infrared optical absorption cross sections. Re-
combination and diffusion of carriers can be ignored on the
100 ps time scale of the experiment.14–17These equations are
integrated numerically through the depth of the sample using
the laser temporal profile and Gaussian beam cross section.
The various parameters used to generate the dashed curve in
Fig. 1~b! have all been obtained from the literature and are
collected in Table I. The differential absorption is dominated
by holes generated in the 2PA process (DNh;1015 cm23).
The photogenerated holes dramatically increase the linear
absorption of laser light@third term on the RHS of Eq.~1!#
because of dipole-allowed transitions between the heavy-
and light-hole valence bands.

When the sample temperature is lowered to 15 K, the
semiconductor band gap expands, putting the two-photon en-
ergy just below the optical band edge (2\v>Eg) while the
electron chemical potential shifts to a position approximately
10 meV above the band edge. The dashed curve in Fig. 1~c!
is a fit to the 15-K data near the center of theZ scan using
the 2PA model of Eqs.~1! and~2! with K2 as a free param-
eter. Note the deviation of the data from the calculated curve
in the wings of theZ scan, where the irradiance is much
lower than at the peak (I ,20 MW/cm2). In the low irradi-
ance regime~large values ofuzu!, the electron temperature
remains close to that of the lattice, keeping terminal states
for 2PA completely occupied. The simple 2PA model~which
neglects hot carriers! overestimates the differential absorp-
tion here. At higher irradiance~smaller values ofuzu!, laser
heating of electrons becomes significant, causing a redistri-
bution to higher-energy conduction-band states, thereby un-
blocking terminal states for 2PA near the band edge. The
dashed curve in Fig. 1~c! is generated with a 2PA coefficient
of K250.1 cm/MW and the appropriate parameters from
Table I, but without any consideration of hot carriers.

FIG. 1. ~a! Z-scan experiment for obtaining nonlinear refraction
and absorption. Nonlinear absorption is isolated by completely
opening the aperture (A). ~b! Open apertureZ scan of the InSb
sample at 300 K. Dashed curve obtained with 2PA model repre-
sented by Eqs.~1! and~2! using parameters from Table I.~c! Same
experiment except the lattice temperature is 15 K. Dashed curve
generated by the 2PA model neglecting hot electrons (K2

50.1 cm/MW). Deviation of data and curve atuz/z0u;3 reveals
the inadequacy of the simple 2PA model. The peak irradiance in
both Z scans is;70 MW/cm2.

TABLE I. Parameters used in the calculation.

LO phonon energy (\vLO) 23 meV
Electron effective mass (m* ) 0.015 m
e0 17.54
e` 15.68
K2(300 K)a 2 cm/MW

Free carrier absorption cross section atl510.6mm
b

300 K 15 K
se 3310217 cm2 1.9310217 cm2

sh 8310216 cm2 2310215 cm2

aReferences 12 and 48.
bReference 51.
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When a partially obscuring aperture is placed in the far
field of the laser beam before entering the detector, theZ
scan can sense changes to the semiconductor refractive index
caused by self-focusing or defocusing.11 In the case of two-
photon generated electron-hole pairs, far-field defocusing of
the infrared beam takes place when the irradiance on the
sample increases.

In Fig. 2, an aperturedZ scan (transmission>0.4) of the
InSb sample at 15 K reveals the expected defocusing behav-
ior as the cryostat is translated though the focus of the
Gaussian beam. Because of the dominant absorption caused
by the photocarriers, the peak irradiance of theZ scan is
reduced to;30 MW/cm2 to make the differential refraction
change clearer. Both defocusing~positive differential signal
for z/z0,21! and absorption~negative differential signal
for z/z0.21! are present in Fig. 2.

The data in Fig. 2 are analyzed with Eqs.~1! and~2! in a
propagation code that includes a temporally and spatially
varying refractive index in the semiconductor sample due to
the electron-hole plasma:18,19

Dn5
2pe2DN

m* v2n0

Eg
2

Eg
22\v2 , ~3!

wheree is the electronic charge,m* is the electron effective
mass,n0 is the linear refractive index, andDN is the photo-

carrier density. For InSb at 15 K and a laser wavelength of
l510.6mm, we haveDn/DN51.1310218 cm23. The high
irradiance data~small values ofuz/z0u! is fit with a 2PA
coefficient of K250.0960.01 cm/MW, as depicted by the
dashed curve in Fig. 2. Note that the 2PA model described
by Eqs.~1!–~3! again overestimates the nonlinear absorption
~large positive values ofz/z0!. The discrepancy is attributed
to the presence of hot carriers, which have been ignored in
the simple model. The value ofK2 used to fit the data in Fig.
2 agrees with the leakage 2PA coefficient extracted from the
unapertured data in Fig. 1~c!.

III. CARRIER HEATING AND BAND UNBLOCKING

A description of the electrons using temperature in a non-
parabolic conduction band with Fermi-Dirac statistics is ap-
propriate for the sample carrier concentration and time scale
of the experiment.20 For a donor density of ND
;1016 cm23, the Fermi level resides;10 meV above the
conduction band edge whenTe5TL515 K. Longitudinal-
optical phonon emission is the dominant energy loss mecha-
nism in InSb whenTe.20 K.21 The characteristic time of
LO phonon emission by hot electrons in InSb is a few pico-
seconds. Because the laser pulse duration is more than an
order of magnitude longer, a quasi-steady-state analysis is
used, i.e., the electron temperature is determined by the in-
stantaneous value of the laser irradiance. By extrapolating
the measurements of Grannet al.,22 we find that the anhar-
monic decay of LO phonons in InSb occurs in 3–4 ps at 15
K. Therefore, phonon reabsorption by the electrons~hot pho-
non effect! is neglected. The irradiance-dependent electron
temperature is calculated using the following equation, in
which energy deposited into conduction electrons is exactly
balanced by LO phonon emission:23

se~TE!I 5 K dE

dt L
LO phonons

. ~4!

The point of balance defines the electron temperature for a
given laser irradiance. A temperature-dependent electronic
infrared free-carrier absorption cross sectionse is used in the
calculation, discussed in more detail below. The computed
energy-loss ratêdE/dt& accounts for both phonon emission
and absorption, conduction-band nonparabolicity, and dy-
namic screening of the Fro¨hlich potential24–26averaged over
a Fermi-Dirac distribution at temperatureTe . Using the no-
tation of Ref. 27, the dominant phonon emission component
is

K dE

dt L phonon
emission

5
~m* e!2\vLO

p3\5Ne
E

0

` djG~j!

j E d\v ImS 1

«~j,v! D @Nq~v!11#E
Emin

`

dE~112aE! f ~E!@12 f ~E2\vLO!#,

~5!

whereNq is the Bose occupation factor,f (E) is the Fermi function,a is the Kane nonparabolicity coefficient (a51/Eg),28

\vLO is the optical phonon energy~0.023 eV!, and the lower limit of the inner integral is

Emin5
1

2a F211A112akTeS \vLO

2kTej
11D 2G .

FIG. 2. Z scan at 15 K using a partially transmitting aperture.
Increased differential transmission atz/z0;22 is caused by
plasma defocusing, followed by negative differential transmission
due to photocarrier absorption (z/z0.21). The dashed curve is fit
to data that include refraction and absorption by photocarriers, but
without consideration of carrier heating. Peak irradiance is
;30 MW/cm2 at z/z050.
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The phonon absorption expression is obtained by replacing
Nq11→Nq and E→E1\vLO in the Fermi functions. The
difference of these two components determines the aggregate
energy loss rate. The functionG accounts for overlap of
initial- and final-state electron wave functions in a nonpara-
bolic conduction band.29 For a parabolic band,G is unity.
Analysis of the overlap function in a nonparabolic band has
been performed by Fawcettet al.30 To first order ina, their
nonparabolic overlap factor is approximated as

G~j!5122akTej for j,
1

2akTe
,

G~j!50 for j.
1

2akTe
,

~6!

where the usual phonon momentum termq is replaced by the
dimensionless variablej5(\q)2/4m* kTe . The formulation
of the overlap function in Eq.~6! defines a cutoff wave vec-
tor beyond which no phonon scattering takes place. Both
parabolic (G51) and first-order nonparabolic overlap fac-
tors @Eq. ~6!# are considered in the electron temperature cal-
culation and bound a more exact treatment of the problem.

As will be seen, for the electron temperatures relevant for the
band-unblocking experiment, a more sophisticated analysis
of this overlap factor is not important.

The optical phonon frequency and electron-hole plasma
frequency are comparable in our InSb sample, making a dy-
namic screening treatment of the Fro¨hlich potential
appropriate.31 The poles of the reciprocal dielectric function
Im@1/«(j,v)# define the phonon mode of the coupled
plasmon-phonon system.24 We have included conduction-
band nonparabolicity in the analysis of this momentum- and
frequency-dependent dielectric function. At the electron den-
sity considered here (1016 cm23), plasmons are largely Lan-
dau damped in the relevant region of reciprocal space, which
is set by momentum conservation in the electron-phonon
scattering process. An upper hybrid mode~i.e., phonon
mode! exhibiting a weak frequency dependence is readily
identified. The function«(j,v) must be evaluated for each
electron temperature considered in the calculation.

In the limit of low electron density (1014 cm23) and para-
bolic conduction band, the calculated LO phonon energy re-
laxation rate is found to agree with the well-known analytic
formula32

K dE

dt L 5A2m*

p

e2~\vLO!3/2

\2 F 1

«`
2

1

«0
G exp~x02xe!21

exp~x0!21
Axe expS xe

2 DK0S xe

2 D , ~7!

where

x05
\vLO

kTL
and xe5

\vLO

kTe
.

The hot electron cooling rates are plotted in Fig. 3. Shown is
the full calculation with the two overlap factors for InSb at
an electron concentration of 1016 cm23 and a lattice tempera-
ture of 15 K. The analytic expression given by Eq.~7! is
plotted for comparison. We find that screening is not impor-
tant at this carrier density. Deviation of the simple model
given by Eq.~7! and the full treatment for the case ofG
51 is due to nonparabolicity in the density of states.

Temperature-dependent free-carrier absorption~FCA! by
electrons has been observed previously at midinfrared
wavelengths.33,34 The behavior of FCA with increasing elec-
tron temperature is evaluated following the calculation out-
lined by Elsaesseret al.;34 we modify this analysis to include
dynamic screening and conduction-band nonparabolicity, but
neglect hot phonons for reasons given previously. We as-
sume momentum conservation is obtained entirely by LO
phonon scattering. Results of this calculation, for two differ-
ent treatments of the wave-function overlap factor (G), are
shown in Fig. 4 for an electron concentration of 1016 cm23.
Only the relative temperature dependence of FCA is shown.
To evaluate laser-induced changes to the electron tempera-
ture, the previously measured linear cross section~Table I! is
scaled according to the curves in Fig. 4 in the high-
temperature regime.35

The remaining task is to solve the transcendental balance
equation@Eq. ~4!# for the electron temperature by combining
the results in Figs. 3 and 4 for two different treatments of the
overlap function (G). Results are presented in Fig. 5. Higher
electron temperature is attained in the calculation with the

FIG. 3. Electron-energy-loss rate to due LO phonon emission in
InSb at a lattice temperature of 15 K and donor density of
1016 cm23. Shown are full calculations with unity overlap factor
~solid curve!, inclusion of a nonparabolic overlap factor described
by cutoff wave vector ~dotted curve!, and simple Maxwell-
Boltzmann model that neglects nonparabolicity and screening
~dash-dotted curve!.
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unity overlap factor as the irradiance exceeds 50 MW/cm2.
Although cooling is less efficient in the nonparabolic treat-
ment ofG, the cross section for electron excitation is com-
paratively smaller~Fig. 4!, which leads to lower temperature.
In the irradiance range of interest (20– 70 MW/cm2), both
calculations give essentially the same result. Also plotted in
Fig. 5 is the chemical potential of the electrons relative to the
conduction-band edge as a function of laser irradiance, using
the heating calculation depicted by the solid curve. The
chemical potential is found to shift below the band edge at an
irradiance of;30 MW/cm2. This roughly defines the point
where sufficient band unblocking permits the 2PA process to
take place, in agreement with the experimentally observed
‘‘threshold’’ for the onset of photocarrier generation in Fig.
1~c!.

Our calculations show that as the carrier concentration
builds up due to photoexcitation, laser heating of electrons

maintains free terminal states for continued 2PA at increas-
ing irradiance. This is in contrast to an earlier suggestion that
discarded the possibility of 2PA in a similar experiment be-
cause of band blocking bycold electrons, i.e., a dynamic
Burstein-Moss shift.36 It is also important to point out that
our analysis indicates the electrons are not hot enough to
initiate significant impact ionization scattering.37 The role of
impact ionization in this and other laser experiments with
InSb is discussed in Sec. IV.

We stress the availability of terminal states for two-
photon transitions at and just below the conduction-band
edge. There is no donor freezeout in InSb and the small
effective mass leads to an overlap of donor electron orbitals
that causes a continuum of states at and below the conduc-
tion band edge, even in relatively pure material.38 Using the
theory of Stern and Talley,39 we estimate that this continuum
extends approximately 4–9 meV below the bottom of the
conduction band in InSb at our sample donor density. When
the electrons are cold (Te'TL) these states are completely
occupied, leading to an optical band gap of 0.24 eV at 15 K.
The theory neglects the random distribution of impurities
however, which causes a tail in the density of states below
the band edge. Absorption involving band-tail states, which
is also important for analysis of band blocking involving
single-photon transitions, is not well understood.2 Here we
deem it sufficient to determine the threshold irradiance for
band unblocking by tracking the position of the chemical
potential. A complete description of theZ-scan data in Figs.
1~c! and 2~at, above, and below the band-unblocking irradi-
ance! is beyond the scope of this paper.

We comment on the leakage 2PA coefficient deduced
from our data atTL515 K (K250.1 cm/MW). The estab-
lished scaling law for 2PA~Refs. 40–42! can be used to
compare it with the room-temperature result at 10.6mm
(K252 cm/MW). Specifically, we can use the scaling of
2PA to deduce the ‘‘effective’’ optical band gap in the hot
electron regime. Denoting the effective band gap asEhot, we
have

K2 ~300 K!

K2 ~15 K!
5

2 cm/MW

0.1 cm/MW

5AEhot/Eg~300 K!F2\v2Eg~300 K!

2\v2Ehot
G3/2

,

~8!

which leads toEhot50.23 eV. Given that the optical band
gap of InSb is measured to beEg(15 K)50.24 eV in the
absence of hot electrons, we estimate a reduction of the
band-gap energy by an amountDE'10 meV in our experi-
ment. This is the approximate amount of band unblocking,
corresponding to an electron temperature ofTe5DE/k
>115 K, which is consistent with the electron heating cal-
culations presented in this section. This is a crude analysis,
however, because it neglects the reduction in density of
states as a result of band tailing. Scaling of 2PA represented
by Eq. ~8! only provides an order of magnitude estimate for
the increase of electron temperature.

We note the distinction between leakage 2PA and hot-
electron-assisted absorption described by Ryvkin.43 Applied
to the present InSb experiments, Ryvkin’s absorption mecha-

FIG. 4. Absorption cross section of hot electrons atl
510.6mm, lattice temperature of 15 K, and donor density of
1016 cm23. Two treatments of wave-function overlap are shown:
unity overlap~dotted line! and cutoff wave-vector approximation
~solid line!. The curves are normalized atTL5Te515 K.

FIG. 5. Laser heating of conduction electrons (Ne

51016 cm23) at l510.6mm for the two overlap functions: unity
overlap~solid curve! and cutoff approximation~dotted curve!. Also
shown is the electron chemical potential relative to the conduction
band edge. A shift below the band edge at;30 MW/cm2 indicates
the approximate onset of 2PA.
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nism is manifest as a four-body process involving two elec-
trons and two photons. The two-photon energy deficitDE
52\v2Eg is supplied by a hot electron that causes scatter-
ing from a virtual state within the semiconductor bandgap
into the conduction band. In contrast, leakage 2PA is a three-
body process~electron-photon-photon! that terminates in real
states made available only when the conduction electrons are
sufficiently hot.

IV. THREE-PHOTON ABSORPTION

The fact that a simple 2PA model~i.e., a model neglecting
hot carriers! overestimates the differential absorption seen in
our unaperturedZ-scan data in the low irradiance regime
@Fig. 1~c!# indicates that higher-order nonlinear absorption is
taking place. An obvious alternative to the hot carrier-
induced leakage 2PA explanation proposed here is three-
photon absorption~3PA!. To investigate this possibility, we
assume 2PA remains blocked for the entire laser pulse and
apply instead a 3PA model.44 The open and closed aperture
data are fit with a 3PA coefficient ofK350.04
60.02 cm3/MW2. This number, however, is considerably
higher than predicted by available theories. Applying the
dressed-wave-function formulation of Keldysh, we obtain
K352.731023 cm3/MW2 for our InSb experiment.45 A
similar treatment by Brandi and de Araujo yieldsK352.4
31023 cm3/MW2.41 Wherrett’s analysis of 3PA uses third-
order perturbation with a simple two-band model and gives
K353.831023 cm3/MW2.40

Although 3PA appears to play a negligible role in the
interpretation of the present data, it may be important in the
absence of hot carriers. Measurements have been made with
cryogenic InSb~2–20 K! using much lower power CO2 laser
pulses (l510.6mm) with durations ranging from 1 ns to 1
ms.15,46–49Nonlinear absorption of laser light was found to
occur when the irradiance was in the range 1 – 3 MW/cm2.
Because 2\v,Eg , 2PA was ruled out and the differential
absorption behavior attributed to laser-induced impact
ionization.23,47,49Our model of carrier heating~Fig. 5!, which
is time independent for laser pulses longer than 10 ps, indi-
cates the electrons are negligibly heated at this level of ex-
citation. Previous analyses have incorporated a free-electron
absorption cross section that is much larger than the mea-
sured value~Table I! producing a substantial overestimate of
the electron temperature. In their experiments using 1-ns la-
ser pulses, Jamison and Nurmikko observed a photocarrier
density estimated to beDN;1015 cm23 at an irradiance of
2 – 3 MW/cm2.49 Neglecting recombination, this result leads
to a 3PA coefficient ofK352 – 731023 cm3/MW2, which is
consistent with the theoretical predictions given above. The
conclusion is that 3PA atl510.6mm can be detected in
InSb provided the conduction electrons remain close to the
lattice temperature and block 2PA. Carrier heating may be
unavoidable in experiments with high intensity picosecond
pulses. Although 3PA is present in the band-unblocking ex-
periments reported here, it does not generate a sufficient pho-
tocarrier density in the;100 ps time scale of the experi-
ment. A much stronger effect~i.e., leakage 2PA! is needed to
explain our data.

To confirm that 3PA is indeed negligible in the picosec-
ond Z-scan measurements, a pump-probe experiment is per-
formed using 125-ps CO2 laser pulses. The peak pump irra-

diance is;30 MW/cm2, polarized orthogonal to the probe to
eliminate complications from coherent wave mixing.50 Be-
cause of signal-to-noise limitations, the irradiance of the
probe pulse is only about 8 times weaker than the pump.
Time-resolved absorption data is presented in Fig. 6. The
pump pulse creates photocarriers that recombine on a time
scale longer than the measurement (.1 ns). Photoexcited
holes are monitored by the probe pulse via dipole-allowed
transitions between the heavy- and light-hole valence bands.
Intervalence-band absorption is two orders of magnitude
larger than intraconduction band free-carrier absorption at
10.6mm.51 Therefore, we time resolve changes to the heavy-
hole population and temperature. The important observation
is the lack of additional absorption around zero delay. En-
hanced absorption is expected at zero time delay if the car-
riers are created by 3PA. In 3PA, excess kinetic energy is
given to the photocarriers in an amountDE53\v2Eg
>110 meV.52 Hot holes would rapidly accumulate in the
heavy-hole band~thermalization occurs in,1 ps! ~Ref. 53!
and increase the population in the lower states of the
intervalence-band transitions, leading to an enhanced absorp-
tion ‘‘spike’’ at zero delay. Enhanced absorption caused by
this effect has been seen in previous pump-probe experi-
ments with InAs (\v,Eg) as the result of two-photon
absorption33 and three-photon excitation.44 When the laser
wavelength is tuned to makem\v'Eg wherem is an inte-
ger, the absorption spike around zero delay disappears.33 Ab-
sence of such an absorption feature in Fig. 6 indicates that
the photocarriers have minimal excess kinetic energy, con-
sistent with two-photon excitation close to the band-gap en-
ergy. For all the above reasons, we discard 3PA in the inter-
pretation of our data.

In a study with a similar laser system operating atl
510.6mm, Sheik-Bahaeet al. reported 3PA of 65 ps pulses
by heavily dopedn-InSb at room temperature.54 Their InSb
sample was doped to a density of 1.531018 cm23, where
significant band blocking by the degenerate carrier distribu-

FIG. 6. Pump-probe data obtained with the InSb sample at 15 K
andl510.6mm ~solid points!. Increased differential absorption is
caused by photogenerated holes. Lack of additional absorption near
zero delay indicates the holes have minimal excess kinetic energy
and are unlikely to have originated from 3PA. Open circles are
obtained with the pump beam blocked, illustrating measurement
noise. Pump irradiance is;30 MW/cm2.
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tion occurs.55,56 This static Burstein-Moss shift causes the
room-temperature optical band gap to increase from 0.18 eV
at low density (Ne,531017 cm23) to about 0.29 eV when
Ne51.531018 cm23. The optical band gap is therefore
greater than 2\v50.234 eV, making two-photon transitions
energetically impossible in the absence of band unblocking.
Increased differential absorption was observed to commence
at an irradiance of 10– 15 MW/cm2 inside the sample. The
nonlinear behavior was attributed to free-carrier absorption
by electron-hole pairs created in three-photon transitions
across the bandgap. Their deduced 3PA coefficient ofK3
50.2 cm3/MW2 is also significantly higher than theoretical
estimates. The dressed wave-function calculation of Keldysh
yields K354.831023 cm3/MW2 ~Ref. 45! and that of
Brandi and de Araujo givesK357.231023 cm3MW2.41

Wherrett’s third-order perturbation formula leads toK3
53.131023 cm3/MW2.40 Wherrett also provides a material
scaling relation for multiphoton absorption that allows us to
estimateK3 for InSb based on our measurements of 3PA
with room-temperature InAs in the same experimental
system.44 This gives K3'1.831023 cm3/MW2 for room-
temperature InSb atl510.6mm. Here again, estimates for
the 3PA rate suggest it is far too weak to explain the ob-
served nonlinear absorption.

Using the analysis presented in Sec. III, we find that hot
carrier conditions (Te.TL) may be expected for the condi-
tions of the n-InSb experiment in Ref. 54. The electron-
energy-loss rate due to LO phonon emission and the
temperature-dependent FCA cross section are determined for
heavily dopedn-InSb. There is significant screening of small
wave-vector phonons leading to a reduction of the cooling
rate compared to lightly doped material. The results of this
calculation are shown in Fig. 7, where the abscissa corre-
sponds to irradiance inside the sample, i.e., corrected for
Fresnel reflection. For both treatments of the overlap inte-
gral, the analysis shows that appreciable carrier heating takes
place in the experiment reported in Ref. 54. We can assess
the possibility of leakage 3PA using the data of Hrostowski

et al.,56 which reveal the optical absorption edge as a func-
tion of carrier density in room-temperature InSb. These mea-
surements were made for quiescent conditions, with the elec-
tron temperature equal to the lattice temperature. Assuming
that the lattice remains unperturbed by the high irradiance
laser pulse however, the interpretation of Burstein is still
valid for hot carrier conditions.55 The Fermi level (EF) is
calculated as a function of density assuming a nonparabolic
density of states. The energyEF is compared to the maxi-
mum energy for band blocking deduced from the linear ab-
sorption spectroscopy data. From the data of Ref. 56, the
optical band gapE0 is found to track the Fermi level follow-
ing the approximate relationship

E0'EF~Te!2
3

2
kTe , ~9!

where E0 and EF are defined with respect to the valence-
band edge.57 Our estimate shows that 2PA becomes energeti-
cally possible in heavily doped InSb (N51.531018 cm23)
as the electron temperature approaches 600 K. As revealed
by Fig. 7, this amount of heating can be expected for the
experiment in question. The conclusion is that nonlinear ab-
sorption ascribed to 3PA reported in Ref. 54 may be reinter-
preted as leakage 2PA. The primary issue is that heavy dop-
ing screens the Fro¨hlich potential allowing the electrons to
acquire a temperature well above the lattice when exposed to
picosecond infrared laser pulses, leading to conditions favor-
able for band unblocking.

We compare our work with similar experiments of
Schwartzet al.36 They measured the transmission of an InSb
sample (TL520 K) using variable duration laser pulses
~8–60 ps! at a wavelength of 10.6mm. Increased infrared
absorption was observed at irradiance levels comparable to
those in the present experiment due to the generation of pho-
tocarriers. We cannot, however, fit their data using analyses
based on 2PA, 3PA, or their proposed impact ionization
mechanism. Our calculation indicates carriers are not suffi-
ciently heated to initiate impact ionization when the laser
irradiance is less than 100 MW/cm2.37 Moreover, previous
studies of the dynamics of impact ionization in InSb using
pulsed electric fields show that it evolves on a time scale in
excess of 1 ns and is therefore unlikely to be important in
experiments with picosecond laser pulses.58–60 Schwartz
et al. also report measurements at 300 and 77 K where 2PA
is known to be operative (2\v.Eg). We are likewise un-
able to fit this data with a model based on 2PA and suspect
that only the central portion of the laser beam was collected
by their detector.

V. CONCLUSIONS

By exploiting the sharp conduction-band curvature and
relatively large absorption cross section of free electrons in
the midinfrared, dynamic band unblocking has been demon-
strated with InSb. A picosecond laser pulse heats the free
electrons to a temperature much greater than the 15 K lattice
temperature, causing a reduction of the effective optical band
gap. This occurs because hot electrons vacate low-energy
states in the conduction band. The reduction of band gap
enables two-photon absorption~i.e., leakage two-photon ab-
sorption! and the concomitant generation of photocarriers.

FIG. 7. Calculated laser heating of electrons in heavilyn-doped
InSb (ND51.531018 cm23) at a lattice temperature of 300 K, rel-
evant for the experiment of Ref. 54. Both unity overlap~solid line!
and the cutoff wave-vector approximation~dotted line! are consid-
ered. A much higher electron temperature is predicted for this ex-
periment because LO phonon emission is significantly screened.
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Photocarriers change both the semiconductor refractive in-
dex and linear absorption at the excitation laser frequency.
Loss of infrared photons to the two-photon absorption pro-
cess is a negligible component of the detected signals; direct
absorption by generated holes and defocusing by the
electron-hole plasma dominate the differential transmission
measurements. The irradiance at which leakage two-photon
absorption commences agrees with the calculated shift of the
Fermi level associated with the laser-heated electrons.

There are four important factors that allow demonstration
of this dynamic band-unblocking effect:~1! sharp curvature
of the InSb conduction band (m* 50.015 m),~2! a compara-
tively large infrared absorption cross section for electrons,
~3! a relatively high two-photon excitation rate in narrow-
gap semiconductors, and~4! dipole-allowed transitions be-
tween the heavy- and light-hole valence bands at the laser
frequency. The first condition leads to a relatively small den-
sity of states near the conduction-band edge so that changes
to the electron temperature and/or density significantly alter
the position of the Fermi level. Second, a large electronic
free-carrier absorption cross section allows the electrons to
be heated at modest laser power (,100 MW/cm22). The
remaining two factors provide for efficient generation and
detection of photocarriers, respectively, when the band-
unblocking condition is attained. In essence, two-photon ab-
sorption serves to indicate a reduction of the Fermi level that
accompanies an increase in electron temperature.

We comment briefly on the possibility of using band un-

blocking to make a fast optical switch. A problem that has
limited the usefulness of a switch based on band blocking in
a passive semiconductor is the slow recombination rate of
photocarriers.3 The switch recovery speed is intrinsically tied
to this carrier recombination rate. In principle, a switch based
strictly on carrier temperature does not have to involve pho-
tocarriers~in contrast to the present experiment!. Low loss
nonlinear refraction can be envisioned, since hot-carrier-
induced changes to the absorption will manifest in changes
to the refractive index.61 Therefore, the optical properties of
the semiconductor could be modulated on a time scale lim-
ited by the dynamics of heating and cooling of carriers,
which is of the order of a few picoseconds. In practice, how-
ever, multiphoton absorption is likely to be an issue because
it will become important at irradiance levels comparable to
that needed for carrier heating.62 Carrier generation can be
avoided by using shorter pulses and extending the laser
wavelength deeper into the infrared.
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