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Three-photon absorption in InAs
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Using 125 ps laser pulses, we observe three-photon absorption in room temperature
InAs at a wavelength of 9.54 um. This effect is readily identified by temperature-tuning
the semiconductor bandgap through the three-photon absorption edge. A three-photon
absorption coefficient of Kz—1 £ 0.6 x 102 cm®MW ? is extracted from non-linear
absorption data obtained with an open-aperture Z-scan. Time-resolved measurement at
high irradiance reveals an increase of absorption due to hot carriers. We also present an
autocorrelation measurement of our CO, laser pulse that shows two complete optical
free-induction-decay cycles.

1. Introduction

It is well known that two-photen absorption has implications for the operation of high-
speed photonic devices. Only recently were limitations due to three-photon absoerption
(3PA) discovered [1, 2]. While two-photon absorption has been extensively studied in
semiconductors, much less is known about 3PA. The lormer process has heen identified in
InAs in experiments by Elsaesser et al. [3] and Murdin ef al. [4]. Kovalev and Surov [5]
studied phase-conjugation of 10.6 pm laser pulses using room temperature InAs plates
and attributed the non-linear polarization to 3PA. Unless the semiconductor is heated well
above room temperature, however, the three-photon energy at 10.6 pm is insufficient to
bridge the energy bandgap. Additionally, analysis of the experiment in [5] is difficult
because the 100 ns timescale introduces uncertainty from recombination of photecarriers,
while lack of axial mode control in their laser causes substantial shot-to-shot fluctuations.
We avoid these problems in our experimenl by using a shorter wavelength, much shorter
pulses, and a reproducible, well-characterized laser beam.

2. Laser pulse characterization
Our measurements are made with an amplified TEA CO; laser and an optical free-
induction-decay (OFID) pulse-glicing scheme [6-9]. This system has been described
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extensively in the literature and only a brief outline is given here. Pulses from a single
(transverse and axial) mode TEA laser arc focused Lo obtain a pas-breakdown
(~10"" W em ™) in a plasma-shutter [7]. The plasma, which occurs near the peak of the
€Oy laser pulse, is optically dense at the mid-infrared laser frequency and forms on a sub-
nanosecond timescale, The truncated pulse enters a resonant absorber of heated, low
pressure CO2 gas [8]. If the plasma truncation time is comparable 1o or less than the
dephasing time of the absorber gas, a short transient of laser light can propagate through
the ahsorber experiencing very little allenuation. The duration of the transient is deter-
mined by the plasma-shutter speed and the free-induction-decay time of the absorbing
n.olecules (Tz), which can be changed by adjusting the gas pressure [6]. CO, laser pulses as
short as 20 ps have been produced by this technique [9].

In Fig. la, we present zero-background autocorrelation data of our OFID laser pulse at
A=10.6 pm. A 3.3 cm length of thallium arsenic sclenide is used to obtain signals at the
second harmonic [requency [10]. Note the main lobe centred at zero delay and the pro-
nounced wings. The central pulse and wings arc caused by the first and sccond OFID
decay puises respectively, emitted by the 100 torr CO, absorber gas. We believe this is the
first time the second pulse (i.c. ringing) in such 4 laser system has ever been observed. The
dashed line is a fit to the data using the model ol Sheik-Bahac und Kwok [9]. with the
plasma shutler speed the only free parameter. We deduce a shutter speed of 10025 ps,
assuming a half-Gaussian truncation function to model the aclion of the plasma shutter.
Much faster shuticr speeds can be obtained with higher irradiance. Qur fitting analysis
shows that the central lobe of the autocorrelation data is determined almost entirely by the
plasma [ormation time, while the wing' are scnsitive only to the absorber gas pressure.
This is consistent with the physical picture of the pulsc-shaping process [6]). The temporal
power prolile extracted from the autocorrelation data is shown in Fig. 1b. The sccond
pulse contains 26% of the total energy.

Using the same non-linear crystal, a pulse autocorrelation is obtained at a laser
wavelenglh of 9.54 um (Iig. l¢). Because the crystal is cut for phase- -matching at
10.6 pm. the second-harmonic signals are much weaker and only the primary pulse can
be resolved. The nature of OFID pulse generation, however, lcads to essentially 1dentical
beam behaviour at both wavelengths. The same fitting function used in Fig. la reas-
onably describes the shorter wavelength data in Fig, l¢ (dashed line). The temporal
profile depicted in Fig. Ib, along with carefully characterized Gaussian beam spatial-
profiles are incorporated in our analysis of non-linear absorption in inAs discussed
below.

3. Three-photon absorption experiments

Open aperture Z-scan measurements (z, = 1.35 mm) of non-linear absorption are per-
formed with an uncoated, | mm thick sample of bulk n-InAs mounted on the coldfinger of
a closed-cycle helium cryostat [11]. Peak lascr irradiance at the centre of the scan is
~70 MW ¢m™. The wafer is oriented at an angle of ~30° from the optical axis (s-
polarization) 1o climinate clalon effcets. A thin picce of indium wire serves as an interface
between the sample and coldfinger. At a laser wavelength of 9.54 pm, three-photon
Lransitions across the semiconducior bandgap are possible (Eg=10.36 ¢V). Upon cooling
to 15 K, however, the bandgap cxpands (E5=0.42 eV) to disable 3PA. This behaviour is
clearly illustrated in the non-linear absorption data in Fig. 2, where only the sample
temperature is changed in the two dala sets.
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Figure 1 (a) Zero-background autocorrelation data of laser pulse at 10.6 pm (solid points). Dashed curve is a

LOI0-DAlKL aau < al D lin LR LS ]

fit to the data using the model of [9]. (b) Deduced power profile of the laser pulse. {c) Autocorretation data at
9.54 um plot together with the curve used to fit the 10.6 pm data in (a).

The room temperature data are analysed with the usual modcl of non-iinear propaga-
tion in a semiconductor in the presence of 3PA [1. 2]

¢
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where [ is the temporally and spatially-varying laser irradiance, g 4 are the electron and
hole absorption cross-sections, & is the carrier density, and K3 is the 3PA coefficient.
Diffuston and recombination of carriers are ignored, the latter assumption justified by
examination of the pump--probe data shown in Fig. 3.

The important absorption paths are depicted schematically in the F—k diagram in the
inset of Fig. 2. Of the three different absorption components on the right-hand side of
Equation 1, dipole-allowed transitions between the heavy and light-hole valence bands
(corresponding to the path marked C and the term o) are dominant [12, 13]. Intraband
free carrier transitions require collisions with a third particle such as a phonon to conserve
momentum and are appreximately two orders of magnitude weaker than the intervalence
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Figure 2 Open-aperture Z-scan data of InAs at room temperature (filled circles) and 15 K (open circles).
Peak irradiance at the centre of both scans is ~70 MW cm™. The dashed line is obtained with a 3PA
coefficient of Kz=1 % 10 em® MW 2 Inset: schematic of the relevant absorption paths: A, 3-photon ab-
sorption from the heavy-hole band; B, 3-photon absorption from the light-hole band; and C, single-photon
linear absorption between the heavy- and light-hole bands.

band transition. Therefore we observe the linear absorption of heavy holes produced by
3PA. In order for direct 3PA (indicated by the heavy and lighi-hole bandgap transitions at
A and B, respectively) to dominate the non-linear absorption, the irradiance must be
significantly in¢reased without a corresponding increase in energy, i.e. much shorter pulscs
arc required.

Note that the free-carrier absorption cross-sections in Equation 1 are written as a
function of irradiance. Figure 3a depicts the time-dependent differential absorption of
heavy holes generated by 9.54 um light at room temperature using the standard pump-—
probe arrangement. In this cxperiment, both beams are parallel polarized, but identical
behaviour is obtained with perpendicular polarizations. The pump irradiance is
~200 MW cm™ or about a factor of 3 higher than the peak irradiance in the Z-scan
measurement. The pump beam generates clectron—hole pairs by 3PA. We find an enhanced
absorption at short time delays, the decay of which is not resolved by our pulscs. This is
followed by a long-lived absorption signal due to photocarriers that recombine on a
timescale longer than the measurement (> | ns). Similar behaviour is observed at a pump
irradiance as low as ~120 MW c¢m™2, which is near the detection limit of the weaker probe
pulses. Because of tight focusing conditions, the overlap of pump and probe beams is
uncertain preventing a detailed quantitative interpretation. We can, however, identify the
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Figure 3 Time-resolved measurement of the heavy- to light-hole inter-valence band absorption (path C in
Fig. 2) of room temperature semiconductor samples: (a) InAs at 2 = 9.54 um with pump irradiance ap-
proximately 200 MW cm . The enhanced absorption at zero delay is caused by hot holes. (b} InSb at
7—10.6 ym with pump irradiance approximately 50 MW cm™. Photocarriers are generated by two-photon

absorption.
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enhanced ahsorption signal at short time delays with the presence of hot carriers — spe-
cifically hot holes.

As a result of 3PA, a small amount of excess kinetic energy is given to the photocarriers
(AE=3fim —Eg = 30 meV). These carriers enler their respective distributions close to the
bottom of the -valley and thermalize to a temperature near the lattice temperature on a
sub-picosecond timescale [14, 15). The photogenerated holes reside almost entirely in the
heavy-hole band [4]. Additional pump photons excite the thermalized holes from the
heavy 1o light-hole band in regions of k-space well removed [rom the valley minimum. The
light holes scatter rapidly (<1 ps) to the heavy-hole band primarily by phonon emission
mediated by the optical deformation potential, but with additional kinetic energy of the
order of 100 mcV. At sufficiently high pump irradiance, excitation to and scatlering from
the light-hole band heats the heavy-hole distribution. The high-cnergy tail of the hot
heavy-hole distribution provides an additional population in the initial stalcs of the inter-
valence band transition and leads to the absorption spike in Fig. 3a. This 1s essentially the
same dynamics observed by Woerner ez ol. [14, 16] in their experiments with p-type Ge. In
polar semiconductors such as InAs, more irradiance is needed to generate comparable hole
heating because of additional cooling provided by phonon emission via the polar optical
mode [15]. When the pump pulse disappears, the photogenerated holes relax to the lattice
temperature in ~30 ps [3]. This time is shorter than the resolution of our measurement, so
the nearly constant absorption component at long delays in Fig. 3a is duc to non-equi-
librium holes at the lattice temperature that have nol vel recombined.

Because of low signal levels, time-resolved absorption measurements were not possible
at lower irradiance levels encountered in the InAs Z-scan experiment. To understand the
behaviour of photocarriers in the irradiance regime of Fig. 2, a similar pump-probe
measurcment is made with room temperature InSb (£, =0.18 eV) at a longer wavciength
of 10.6 pm (Fig. 3b). In this case, non-linear absorption is caused by two-photon transi-
tions across the semiconductor bandgap (AE=2#w — E, = 50 meV) at cxcitation levels
much lower than needed for InAs [17]. Gentler focusing can be used and probe photons
arc then readily detected. Analysis of the band structure of InAs and InSb shows that
absorption takes place at similar regions of k-space in the two experiments. The multi-
photon transitions occur at & 2 | x 10° em™" for light-holes and k 2 1.4-1.6 x 10° em ™
for heavy-holes, while direct inter-valence band absorption of laser photons occurs at
k= 3% 10° cm ' InSb can therefore provide an excellent representation of the photon-
excited hole dynamics of InAs. At 4 pump irradiance of ~50 MW em™?, the time-resolved
measurement in Iig. 3b shows no evidence of enhanced absorption due to hot carriers in
[nSb and we conclude that the same situation exists for InAs at a comparable irradiance.
Therefore the irradiance-independent, linear hole absorption cross-section (oy=
8 x 107'% cm?) ol InAs measured by Matossi and Stern [12] is appropriate for analysis of
our Z-scan data.

The dashed curve in Fig. 2 is a fit to the data with a 3PA coefficient of
Ky=1+0.6x10" em® MW 2, with the error range primarily associated with the un-
certainty of the hole absorption cross-section. The deduced Kj cocflicient is in good
agreement with Wherrett’s model of 3PA employing third-order perturbation theory for
allowed—allowed—aliowed transitions between two parabolic bands [18] that yiclds
K3=18% 10" em® MW7, It should be pointed oul that il the hole absorption did indeed
increase appreciably in the high irradiance regime of Fig. 2 (centre of the Z-scan), the
normalized transmitiance of the sample would have been much lower. A faclor of 2
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increase of the free carrier absorption cross-section near the centre of the Z-scan, for
example, would cause the data to trace out a signiticantly steeper valley suggesting even
higher order non-linear behaviour. Our model of non-linear absorption with an irradi-
ance-independent hole absorption cross-section reproduces the Z-scan data very well.

We comment on the absence of non-linear absorption in the Z-scan at 15 K. We have
previously measured four-photon absorption in InAs at 10.6 um and do not expect this Lo
be important at a lattice temperature of 15 K with an irradiance less than 100 MW c¢m ™
[19]. Laser-induced impact ionization of electron hole pairs should not occur until the
irradiance exceeds 300 MW cm ™.

In summary, temperature-tuning the bandgap of InAs reveals a strong three-photon
absorption resonance with 9.54 um laser light. The deduced 3PA coeflicicnt
(Kz=1 =% 0.6 x 107 cm® MW ) is consistent with Wherrett’s theorctical formulation of
multi-photon absorption for a two-band semiconductor. Analysis of the data can be
complicated by the presence of hot holes, but we argue that in the relevaat irradiance
regime of our Z-scan measurement (< 75 MW cm ™), this is of minor importance. We also
presented autocorrelation data of 125 ps CO; laser pulscs that shows two complete cycles
of optical free-induction-decay. This data is well described by the model of [9] indicating a
plasma shutter speed close to 100 ps.
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