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Pump-probe midinfrared spectroscopic experiments with 10-ps resolution have been performed in ul-

trathin (0.09—3.3 pm) undoped molecular-beam epitaxy InAs epilayers on GaAs substrates near and
above the fundamental absorption edge (h v=0. 335—0.485 eV). Significant bleaching due to a dynamic
Moss-Burstein effect was seen near the excitation photon frequency. Bleaching recovery times in the
range 3000—35 ps were found, and were strongly dependent on the pump photon energy, InAs epilayer
thickness, and irradiation dose in the case of layers implanted with high-energy protons. The measured
evolution of the excess carrier distributions as a function of delay after excitation allowed the coefficient
for Auger recombination in InAs to be measured as 1.1+0.1 X 10 "cm s '. The carrier recombination
rates were found to be governed by the Auger effect for "thick" ( )0.5 pm) samples and by a recombina-
tion velocity of =2.7X10 cms ' at the dislocated InAs/GaAs heterointerface for "thin" ( (0.5 pm)
samples.

I. INTRODUCTION

InAs is a direct narrow-gap semiconductor and exhib-
its large optical nonlinearities near the fundamental ab-
sorption edge. A number of nonlinear absorption and re-
fraction properties associated with the fundamental
band-gap resonance have been studied previously and
have potential for use in such fields as all-optical switch-
ing, optical bistability, optical signal processing, four-
wave mixing, and laser intracavity control.

Optical bistability was observed in n-type InAs
(n, =2 X 10' cm, T=77 K), with a hydrogen fluoride

(HF) laser power of only 3 mW (focused peak intensity 75
W/cm ). ' The 3.096-pm HF laser line closely matches
the 77-K InAs band gap and the observed nonlinear re-
fraction was ascribed to the creation of conduction-band
electrons. Under similar experimental conditions
significant absorption saturation was also seen at power
levels of 2 mW (intensity 12 W/cm ), in reasonable
agreement with the dynamic Moss-Burstein shift (DMS)
model. Three-photon absorption of CO& laser radiation
has also been used to create absorption and refractive in-
dex gratings for four-wave mixing and phase conjugation
of 10.6-pm laser radiation.

The room-temperature nonlinear absorption properties
of nominally undoped InAs have recently been studied
using X=2.94-pm (h v=0. 412 eV), 100-ps Er +:YAG
laser pulses (where YAG denotes yttrium aluminum gar-
net). 3.3-pm-thick InAs single-crystal films grown on

transparent GaAs substrates by molecular-beam-epitaxial
(MBE) growth were studied. The room-temperature
InAs band gap E =0.35 eV, corresponds to X=3.54
pm (2825 cm '), so that the laser photon energy was 71
meV (=20%) above the band gap. Absorption satura-
tion was found at laser energy Auences of less than 10
mJ/cm, in good agreement with the DMS model. The
measured bleaching recovery times of about 200 ps were
mainly determined by nonradiative carrier recombina-
tion. This rapid bleaching effect has since been used to
achieve passive Q switching and passive mode locking of
an Er:YSGG laser (A, =2.79 pm). In the case of pure Q
switching, pulses with 150—200-ns duration and 5-mJ en-

ergy were generated. In the case of mode locking, the
output was in the form of a train of 20—30 pulses with
about a 30-ps pulse duration and a total energy of 5 —10
mJ.

The requirements of the lifetime in InAs depend on the
nature of its intended application. Low-threshold non-
linear optical devices controlled by cw lasers and high-
sensitivity midinfrared detectors and emitters need large
excess carrier lifetimes, whereas applications such as laser
mode locking, ultrafast radiation detectors, and optical
switches require recovery times as short as possible.

II. KXPKRIMKNTAL SETUP

Undoped 0.09—3.3-pm-thick In As epilayers were
grown by low-temperature MBE on GaAs substrates. 7

The as-grown wafers all had measured 77-K Hall carrier
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concentrations of n =5X10' cmcm and were intrinsic

temperature (10-K) small-signal optical-absorption spec-
tra showed pronounced excitonic structure at the band
e ge and a complete absence of Urbach tail states, evi-

encing the excellent single-crystal quality of the InAs
epilayers.
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In order to avoid interference effects and surface

re ection losses, all pump-probe measurements were per-
ormed at the InAs Brewster angle of 74'. Th

pu se (with an energy of 20—40 mJ) was focused onto the
sample (Fig. 1), using a 50-cm focal length CaF2 lens, to
give an elliptical spot area of 16.3 mm. The probe pulse
had an energy three orders of magnitude smaller and a

pump and probe beams was 13.5 and their polarizations
were in the plane of incidence.

The pump photons with energy higher than the InAs
band gap create a nonequilibrium excess electr don an

o e population, which then causes a dynamic blueshift
in the ir absorption edge due to band filling as the pump

o e pump raaia-radiation is absorbed. Net absorption of th d'-
tion ceases when the sum of the electron and hole Fermi
occupation factors of the conduction- and valence-band
states linked by the photon field f, +fz closely ap-
proaches unity. Under the experimental conditions
above, only a small fraction of the pump pulse is required
o achieve this complete absorption saturation.

The pump pulse is long compared with the time taken
for an effective carrier temperature to be established, and
our numerical modeling' of the net energy-loss rate of
t e excess carrier energy to the lattice via deformation-
potential scattering indicates that over the range of elec-
tron concentrations used throughout this study, the car-
rier temperatures approach the lattice temperature to
within 2% in less than 3 ps. The total pump energy ab-
sorbed by the sample during each pump pulse would re-
sult in a peak temperature increase of the InAs of only
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The net effect of the above is that the initial carrier dis-
tribution in the InAs epilayers just after excitation has an
effective temperature equal to the 300-K lattice and is in-

ependent of fluctuations in the pump-pulse intensity.
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The total carrier concentration h
hv E) . W— owever, sca'es as
pl pp Eg hen the subsequent recovery of samp le

absorption is measured at a fixed wavelength ( enerall
e ual to theq o e pump wavelength), nonexponential absorp-
tion transients are expected but bl h'u eac ing recovery
occurs on a time scale of the order of the mean carrier
recombination time.

III. EXPERIMENTAL RESULTS
InAs 0.09..3.3 pm,
t

Figure 3 shows the result of a spectrally resolved ex-
periment w ere the pump-pulse wavelength d th

e ay etween the pump and probe beams are fixed, while
the wavelength of the probe pulse is changed. Curve 1

[ ig. 3(a)] is the small-signal absorption spectrum Ao(h v)
of 3.3-pm-thick InAs ( A(hv) = —ln[T(hv)], where T is
the sample transmission) curve 2

'
de is a ynamic spectrum
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50 cm TABLE I. InAs parameters at 300 K (Ref. 5).
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FIG. 1. Experimental setu for tp r the pump-probe-spectroscopy
experiments. PD-PbSe infrared photodetectors
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A (h v) taken 20 ps after excitation at h v=446 meV. One
can see a dramatic change in the absorption spectrum
due to the band-filling effect. The large difference in the
electron and hole effective masses (see Table I) gives a
77-fold density-of-states ratio between the valence and

conduction bands and the observed DMS is dominated by
shifts in the electron quasi-Fermi level.

The electron-occupation probability f, (E E—, ) [Fig.
3(b)] corresponding to curve 2 in Fig. 3(a) is calculated
from the measured dynamic spectrum using the relation"

A(hv)= Ao(hv)
fe(E8 ) fhh(Ehh )++[1 fe(Ee ) f]h(E]h )]
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FIG. 3. (a) InAs (d=3.3 pm) absorption: 1, without excita-
tion; 2, 20 ps after excitation at hvp p

3600 cm '. (b) Experi-
mental electron-occupation probability function corresponding
to curve 2 [(a)]; solid line represents the Fermi distribution with

EF equal to 110 meV above the conduction-band minimum and

an electron temperature of 300 K.

where f,(E, ), f„„(E„„),and f,„(E,„) are the electron,
heavy-hole, and light-hole occupation probabilities re-
spectively, and the hh and lh superscripts denote the en-
ergies of the carriers in those bands that participate in
the e-hh and e-lh transitions, respectively. Here, the joint
density-of-states factor

k = (]tt]h/]tthh) =0.43,
where

p]h=m, m]h/(m, +m]h)

and phh=m, mhh/(m, +mhh), using the InAs parameters
listed in Table I.

We use a parabolic three-band model of InAs to de-
scribe the absorption as transitions from the splitoff band
( =0.37 eV below the valence band) are outside the spec-
tral range of interest here. We also neglect band-gap-
renorrnalization (BGR) effects, because we believe them
to be negligible compared with the DMS absorption-edge
shift due to the small InAs electron mass. According to
Ref. 2, BGR lowers the band edge by =0.3 meV in InAs
at electron concentrations n, = 1.5 X 10' cm and, as-
suming a n,' carrier-density dependence of the BGR
shift, we estimate a maximum BGR of only 1.1 meV at
n, =8 X 10' cm, the highest nonequilibrium electron
concentration used in our experiment. This compares
with a band-filling shift of = 110-meV change in the elec-
tron quasi-Fermi level at this concentration.

Electron-occupation functions f, (E E, ) were n—umer-
ically extracted from the induced absorption spectra us-

ing relation (1) in conjunction with the knowledge that at
all times the electron and hole concentrations are equal.
A typical example is shown in Fig. 3(b) [derived from the
induced absorption spectrum 3(a)] and it closely follows a
Fermi function with a quasi-Fermi energy of 110 meV
above the bottom of the conduction band and an electron
temperature of 300 K. Also apparent [Fig. 3(a), curve 2]
is a negative absorption (amplification) region extending
from 3200 cm ' to the band edge at =2820 crn ', due to
population inversion from the high electron concentra-
tions rapidly thermalizing towards the conduction-band
minimum.

Total nonequilibrium carrier concentrations as a func-
tion of delay after excitation were calculated with a high
accuracy (+5%) by integrating the measured f„distribu-
tions. In the case of Fig. 3, n, =6 X 10' cm

Figure 4 shows the pump-density dependence (at

vp p
3600 cm '

) of the transmission of the 3 .3-pm-
thick InAs sample at the same wavelength. The induced
transmission is measured with a 20-ps delay between

pump and probe pulses, i.e., the delay where the bleach-
ing effect reaches its maximum, and the peak transmis-
sion is seen to reach unity at pump densities about an or-
der of magnitude lower than were used in the time-
resolved-spectroscopy experiments. Figure 4 is in excel-
lent agreement with the simple band-filling model and
calculations show that the charge carriers are created
with a quantum efficiency close to unity.
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FIG. 4. InAs (d=3.3 pm) transmission at hvp„, b, =3600
cm ' vs pump fluence at the same wavelength, measured at a
pump-probe delay ~d, ]

=20 ps.

In time-resolved experiments (Fig. 5), the light frequen-
cies hvp p

hv „b,=hv were held fixed while the time
delay between the pulses was varied. Figure 5(a) shows
the observed strong dependence of the absorption
recovery time as a function of the photon energy, charac-
terized here by ~»2, the time taken for the optical-density
change to decrease by a factor of 2. For example, we find
7 ) y2 3000 ps at h v =3000 cm '/37 1 meV compared

with ~»2=250 ps at hv=3800 cm '/471 meV. As
shown in Fig. 5(b), the bleaching dynamics are also very
sensitive to the thickness of the InAs layer. At pump-
probe photon frequencies of 3600 cm ', ~»2 changes
from 450 ps in the 3.3-pm-thick layer to 35 ps in the
0.09-pm sample.

Some of the samples studied were irradiated with
high-energy protons to produce controlled point-defect
concentrations in the InAs and corresponding artificially
decreased recovery times [Fig. 5(c)]. The proton energies
were chosen (using the "TRIM" Monte Carlo ion-
implantation modeling program' ) so that the peak in the
implanted defect-density profile lay in the center of the
InAs layer in each case. For the 3.3-, 0.6-, and 0.27-pm-
thick samples, the proton energies were 200, 45, and 15
keV, respectively. For the 3.3-pm-thick InAs sample ir-
radiated at a proton dose of 10' cm T~y2 decreased to
=130 ps at hv=3600 cm '/446 meV, compared with

7»2 450 ps for the as-grown sample at the same wave-
length. A similar, although less controllable, reduction in

r( y2 (from 200 to 80 ps) was also achieved by mechanical
lapping of the 0.6-pm sample from the InAs side with
0.25-pm diamond paste [Fig. 5(d)].
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FIG. 5. Transmission change as a function of pump-probe delay for hvp„„=hv „b,=hv: (a) 1, hv=3000 cm ' 2 h =3600
cm = . pm); ( ) v=3600 cm, 1, d =3.3 pm; 2, d =0.6 pm; 3, d =0.18 pm; 4, d =0.09 m; (c) d =3.3

pm; hv=3600 cm ', 1, as-grown sam le 2 10' cmp, , cm proton dose; 3, 10 cm proton dose; 4, 10' cm proton dose; (d) d=0.6
pm; 1, as-grown sample; 2, after diamond lapping.
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IV. DISCUSSIQN

The calculated radiative lifetime for an electron recom-
bining with a hole in InAs is 2.8 ns (Ref. 4) based on the
known interband dipole matrix element. This value,
however, only applies to all the carriers if they are in
completely degenerate distributions. In nondegenerate
conditions, each electron makes transitions to states
where the mean hole-occupation factor fh„(»~ is less than
unity. In our experimental regime, the hole-occupation
probability near the top of the valence band never
exceeds 0.1 at the maximum carrier densities achieved,
giving calculated radiative recombination times in these
samples that are always ~25 ns. This is =40 times
larger than the longest ~1&2 values measured and we thus
consider the role of radiative recombination processes to
be negligible here.

The bleaching-recovery-time ~, zz dependencies on the
pump light frequency, InAs thickness, and proton bom-
bardment dose are shown in Fig. 6. The behavior of the
curves in Figs. 6(b) and 6(c) can be qualitatively explained
in terms of the influence of lattice defects in decreasing
the carrier lifetime.

The 7% lattice-constant mismatch between InAs and
GaAs produces a large misfit dislocation density (of the
order of 10' cm ) at the growth interface between the
two semiconductors. These dislocations significantly
enhance the carrier recombination rates. It is clear that
the comparative importance of the interface defects be-
tween InAs and GaAs is larger when the InAs thickness
is smaller, accounting for the results of Fig. 6(b), and a
surface recombination velocity model' gives good quan-
titative agreement for the dependency of lifetime on layer
thickness if a sample independent-interface-recorn-
bination velocity of 2.7+0.3X10 cm s ' is assumed.

Proton bombardment creates additional Shockley-
Read volume defects, thereby decreasing the carrier life-
time [Fig. 6(c)]. The apparent increase of the decay time
for the 3.3- and 0.6-JMm-thick samples for proton doses
& 10' cm is probably an artifact due to the breakdown
of the simple parabolic band and of the intrinsic equilibri-
um carrier concentration assumptions and will be dis-
cussed in detail elsewhere. '

Figure 7(a) shows the dependence of the electron decay
rate r '=(1/n, )dn, ldt as a function of n„w ehre ~ is

the effective carrier recombination time. For n, (2
X10' crn, the decay rate varies widely depending on
sample thickness and is generally dominated by the non-
radiative recombination at the InAs-GaAs interface de-
fects and Shockley-Read recombination at volume de-
fects.

For n, & 2X 10' cm, however, there is a strong and
systematic variation in the effective recombination time
with carrier concentration that follows a ~ = An, law

—
1 2

with increasing accuracy as n, increases. This n, depen-
dence is characteristic of an Auger recombination pro-
cess and the coefficient A, derived from a straight-line fit

to the data [Fig. 7(a)], is ( l. 1+0.1)X 10 cm6 s

The experimental data for a wide range of pump-light
wavelengths with the 3.3-pm-thick sample all fit the same
straight line in Fig. 7(a) and the experimental data for the
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FIG. 6. Bleaching recovery-time ~]/& dependence on (a)

pump-probe photon energy; (b) InAs layer thickness; (c) proton
dose.

thinner samples (not shown), although of poorer quality
due to the increased importance of the additional extrin-
sic recombination channels, are also fully consistent with
this value of the Auger coeScient.

Thus, the behavior of the plot in Fig. 6(a) can be under-
stood qualitatively in terms of the Auger effect. As the
pump photon energy is increased, the carrier concentra-
tion at the onset of the absorption transient also increases
as n, -(h v E—) ~, and the n, dependence of the Auger
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and using the values tabulated above gives a value of
A =1.23X10 cm s '. The derivation of the expression
for $Veq involves a number of approximations and at the

n, values at which we were able to measure A, the elec-
tron quasi-Fermi level is =2kT, and the assumption of
nondegenerate carrier statistics is questionable. Never-
theless, the close coincidence between the measured and
calculated values is impressive, although at least in part
fortuitous, and gives us additional confidence in our
identification of the physical mechanism dominating the
recombination in these samples for n, ~ 2 X 10' cm

In Fig. 7(b) the decay rate versus electron-density
dependencies are compared for the cases of (1) 3.3-y,m-
thick as-grown, (2} 3.3-pm-thick proton-irradiated at 10'
cm, and (3) 0.09-pm unimplanted samples. In case (2),
a weak Auger effect is still apparent, even though the
heavy proton dose has substantially increased the decay
rate at low n, . In the case of the very thin sample (3), the
effect of recombination at the InAs/GaAs interface dom-
inates and the effective lifetime is independent of n, .
Generally, under the present experimenta1 conditions
(n, =10' —8X10' cm }, defect recombination at the
InAs/GaAs interface starts to dominate over the Auger
effect for InAs epilayer thicknesses less than 0.5 pm.

V. CONCLUSION

recombination rate means that recombination is strongly
accelerated at high n, and the mean carrier lifetime and,
hence, the apparent bleaching recovery time decreases
with increasing pump photon energy.

For the case m,*&&mz' and for unscreened Auger
scattering processes between nondegenerate carriers in
parabolic bands in thermal equilibrium, Ridley' derives
the following approximate expression for the total Auger
scattering rate per electron:

2m' e m, (kT) ~ [(m, /mo)+M]
( )2P 3(1+M)&/2g3l2

Xexp [ —( 1+M )Ee /( k T)], (2)

where M=m,*/m&' and c„the InAs dielectric constant,
is taken as 15.15. In the presence of nonequilibrium
electron and hole carrier concentrations n and p, this ex-
pression is modified to

~„,q= ~,q(np/n, 2) .

n~ [10I~Cm-3]

FIG. 7. Effective carrier lifetime as a function of nonequili-
brium electron density: (a) d=3. 3 pm; 1, hv=3800 cm ', 2,
hv=3600 cm ', 3, hv=3000 cm ', (d) 1, d=3.3 pm as-grown,
hv=3600 cm '; 2, d=3. 3 pm X10' cm proton bombarded,
h v=3600 cm ', 3, d =0.09 pm as-grown, h v=3600 cm

Picosecond pump-probe experiments have been per-
formed close to and above the band edge in undoped
InAs MBE samples. At excitation intensities of
1-2X10 Wcm, large dynamic Moss-Burstein shifts
up to 80—90 meV (700 cm ') were found corresponding
to excess carrier concentrations of 8X10' cm and
leading to pronounced absorption bleaching near the ex-
citation wavelength with a recovery time that varied in
the range of 3000-35 ps and was strongly dependent on
the excitation wavelength, sample thickness, and proton
implantation dose. The measured Auger coefficient is in
excellent agreement with the calculations of Ridley, and
is found to dominate the recombination dynamics for
InAs epilayer thicknesses greater than =0.5 pm.

Analysis of the thickness dependence of the bleaching
recovery time shows that the latter can be further de-
creased (probably down to = 1 ps) by decreasing the InAs
layer thickness. This result is important for laser intra-
cavity saturable absorber applications, where the re-
quired optical density can be achieved in MBE epilayers
by growing an appropriate number of InAs layers
sandwiched between transparent GaAs cladding layers.
Such heterostructures should be effective in obtaining the
shortest possible ir ps pulses when used as passive mode-
locking elements.
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