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Abstract

Optical pump—terahertz (THz) probe spectroscopy was used for investigation of electron
dynamics in Ing 53Gag 47As films irradiated by heavy ions (Br*) at doses from 10° to

10'> cm~2. From the transient conductivity spectra, photoexcited electron lifetimes and
mobilities were determined; their decrease is observed upon increase in the irradiation dose.
At the highest dose, the material combines an electron lifetime of 0.46 ps with an exceptionally
high photoexcited electron mobility of 3600 cm? V~! s~!. This last value is even higher than
those reported for low-temperature-grown GaAs with similar electron lifetime. Due to its
rather low band gap, heavy-ion irradiated Ing s3Gag 47As shows promising properties for the
development of THz systems using telecommunication based technology.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The generation of pulsed coherent terahertz (THz) radiation
in photoconductive antennas [1] is most frequently achieved
by optical excitation at ~800nm with Ti: sapphire based
sources. Usually, photoswitch antennas are made of low-
temperature-grown (LTG) GaAs that combine sub-picosecond
carrier lifetime, high photocarrier mobility and high dark
electrical resistivity. Nevertheless, with the recent advent of
compact, low cost and stable fibre lasers operating at ~1.5 pum,
itis now highly desirable to develop THz emitters and detectors
with band gap energy below 0.8eV directly excited at this
particular wavelength [2].

To engineer such materials, many technological efforts
have been made, including the use of Ing 53Gag 47As (InGaAs)
with ion implantation [3] or of LTG InGaAs [4]. Although
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the ion-implanted InGaAs exhibits sub-picosecond carrier
lifetime, its dark resistivity and Hall mobility reported so far
are not very high [5] and, unlike in LTG GaAs, it is difficult to
achieve high resistivity and ultrafast response simultaneously
in LTG InGaAs [4]. Recently a picosecond photocarrier
response was demonstrated in InGaAs with embedded ErAs
nanoislands [6]. In contrast to low-temperature growth and ion
implantation, the high-energy heavy-ion-irradiation technique
mainly produces displacements of clusters of host atoms in the
region of interest, allows a large tunability of optoelectronic
properties of the damaged material and provides considerable
flexibility in the design [7]. In particular, with the ion-
irradiation technique, the carrier lifetime in InGaAs material
can be reduced down to 300 fs with no decrease in the dark
resistivity [8].

Ion-irradiated InGaAs samples were recently tested as
THz emitters and detectors excited at either 800 or 1.55 um;
however, these experiments provided only little insight into the
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ultrafast properties of InGaAs [9, 10]. Detailed information
on ultrafast photocarrier response can be learned from time-
resolved THz experiments [11, 12]. Namely, this technique
yields a material parameter determining the efficiency of
ultrafast optoelectronic devices, the transient mobility of
photocarriers.

In this paper, we report on optical pump-THz probe
measurements in a series of InGaAs films irradiated with
different Br* ion doses. From the experimental results
we deduce photoexcited electron behaviour on the ultrafast
timescale depending on the irradiation dose.

2. Experimental details

The samples consist of initially undoped 3 um thick
Ing53Gap47As layers epitaxially grown by gas-source
molecular-beam epitaxy on semi-insulating InP : Fe substrates.
The layers were subsequently irradiated by 11 MeV Br* ions at
irradiation doses of 1 x 10°, 1 x 101°, 1 x 10" and 1 x 10'2 cm~2
(samples denoted as A, B, C and D, respectively).

Damage profiles across the InGaAs layer were estimated
using the ‘Stopping Range of Ions in the Matter’ (SRIM)
software [13]. Due to the very high initial energy of the
incident ions, the InGaAs layer is practically free of bromine
used for the bombardment, and the lattice damage is here
solely due to host-atom displacements (cf figure 1 in [11]).
Considering the irradiation dose used in the experiments, the
density of the defects npoy iS expected to be proportional
to the irradiation dose (e.g. at the surface of the D sample,
Mhost = 2 x 10¥ cm™?). It was previously shown that the
heavy ion-irradiation process (Br*, Au™) creates in majority
defect clusters and some few point defects [14]. These
extended defects have neutral charge and show deep energy
levels [15], whereas the point defects are shallow ionized
defects [16] with an activation energy value close to the one
of the EL-2 like defect introduced by the low-temperature
growth technique. All these defects act as traps and scattering
and recombination centres for free carriers thus reducing their
lifetime and momentum scattering time.

An optical pump—THz probe experimental setup (see [17]
for a detailed description) was used to determine the transient
THz transmission spectra. The amplified laser optical pulses
with a 50fs duration, 810 nm central wavelength and 1 mJ
energy were provided by Ti : sapphire amplifier (Quantronix,
Odin). The pulse train was split into three branches equipped
with delay lines in order to adjust the arrival time of the pulses
to the sample and to the sensor. The first branch was used for
photoexcitation of the samples at 810 nm. The second branch
was used for generation of THz pulses via optical rectification
in a 1 mm thick [011] ZnTe crystal. The THz pulses were
subsequently used for probing the ultrafast photoconductivity
of the samples. The third branch served for the phase-sensitive
detection of the transmitted THz field using a gated electro-
optic detection scheme in another 1 mm thick [0 1 1] ZnTe
crystal.

The pump and probe beam were sent collinearly to the
sample in order to achieve a sub-picosecond time resolution
(essentially limited by the detector responsivity [18]). Due to
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Figure 1. Pump—probe scans. Inset: initial 15 ps. (Colour online.)
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Figure 2. Energy level scheme considered to account for the
intervalley scattering and the carrier trapping.

the short absorption length of InGaAs at 810 nm (~200 nm),
free carriers are generated only in a surface layer free of
implanted Br atoms. The pump fluence was kept relatively low
(~1 uJecm™2) in order to limit the trap filling which leads to
longer carrier lifetimes [11]. Initial photocarrier densities were
3.1 x 107 cm—3 for samples A, B and C and 2.4 x 1017 cm—3
for sample D.

3. Results

Spectrally unresolved information about the charge dynamics
can be obtained from pump—probe scans. To this end, the
transient signal (corresponding to the maximum of the transient
THz time-domain waveform) is recorded as a function of the
pump-probe delay 7, (figure 1). Since the hole mobility
is considerably smaller than the electron mobility [19], we
ascribe the observed signal to the response of electrons.
Two regimes can be identified. (i) Immediately after the
photoexcitation, a picosecond rise of the signal is observed
for all samples (74 = 1.9, 1.8 and 1.3 ps for samples A, B
and C, respectively). (ii) The signal then decays due to the
capture of electrons (the lifetimes are 7. = 300 ps, 45 ps and
3.1 ps for samples A, B and C, respectively).

3.1. Intervalley scattering and carrier cooling

The excess energy of conduction band electrons immediately
after photoexcitation at 810 nm is about 0.72eV [19]. The
initial picosecond rise of the transient THz signal then reflects
an increase in the mobility due to the transfer of hot electrons
between I' and L valleys and due to their cooling [20, 21]
(figure 2). Note that the progressive increase in the pump—
probe signal cannot be achieved without considering a state
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where the electron mobility is much smaller than that at the
bottom of the I" valley [21,22]. This condition is fulfilled
for carriers in the L-valley but not for hot electrons in the
I' valley (where the mobility is still not negligible). We
developed a kinetic model which describes the variation of
electron populations in distinct valleys of the conduction band
and is able to account for the intervalley scattering phenomena
observed in all samples. Similarly to Ralph et al [21], we
assume that photoexcitation generates hot electrons in the I'
valley (denoted as I'*). These either scatter to the L valley
(1) or relax to the bottom of the I" valley (73) where they can
be captured with a characteristic time t. as shown in figure 2.
From the L valley, electrons can scatter back to the I'* state
(72). Resulting concentrations of I', I'* and L electrons can be
described by kinetic equations:

-1, -1 —1
d nry - (1:1 + 15 ) T, 0 Nrs
— | n | = rfl —T{l 0 ny |,
de ~1 1

nr 73 0 -7 nr

ey

and, finally, expressed as a combination of exponential
functions with characteristic decay times T, T, and T,. The
expression for these time constant eigenvalues can be derived
analytically for the general case. Onefindse.g. T, = 7. (carrier
trapping); the other two eigenvalues are described by more
complicated expressions. In the special case when 71 < 17, 73
one obtains 7, ~ t; (initial transfer of the I'* carriers into the
L-valley which is not directly accessible in our experiments due
to the limited time resolution), 7y ~ 737,/7 (carrier cooling).
As pointed out in [20], the ratio t,/t; corresponds for long
enough times after excitation to the ratio of populations in the
L and I'* states ny/nr+. Typically, ny, > nr- and the low
fraction of carriers in the I'* state constitutes a bottleneck for
the carrier cooling [21] as it is also expressed by the above
expression for 7.

Given the relation between the effective masses [19]:
mr ~ mr«/2 =~ my/7 we can assess that in the total
conductivity the contribution of I' electrons is dominant and
that of L-valley electrons is virtually negligible. We find
experimentally that the initial increase in the pump—probe
signal becomes faster upon increasing the irradiation dose.
Indeed, the phonon scattering rates and the deformation
potential for intervalley coupling could be altered owing to the
host atom displacement defects. It appears that by increasing
the irradiation dose one shortens 7y, i.e. 7, and 73 are shortened
compared with t;. By fitting the pump—probe scans for
samples A, B and C we cannot distinguish whether ,, 73 or
both are shortened; however, the sub-picosecond data obtained
for sample D (shown in section 3.3) suggest that the shortening
of 1, is substantial. Taking the estimations for 7; = 35 fs and
73 = 200 fs from [21], our fits of the exact solution of equation
(1) to the experimental results yield 7, = 440fs, 380 fs and
220 fs for samples A, B and C, respectively.

3.2. Electron transport and capture

The electron transport mechanism was deduced from the
spectrally resolved transient conductivity measured at various

pump—probe delays. Since, for samples A—C, the dynamics
are substantially slower than the probing THz pulse duration,
the transient conductivity is proportional to the ratio of the
transient THz spectrum AE(f, 1) transmitted through the
sample and a reference THz spectrum Ey(f) acquired with
pump beam off: Ao (f, 1) o« AE(f, 7,)/Eo(f) [17]. The
measured transient conductivity spectra are shown in figure 3.
We found that the spectra of samples A, B and C for 7, > e
can be well described by a single component representing the
Drude response of free electrons:

2
npe Ty
megg 1 —2mift

Here ng is the initial electron density decaying with the
lifetime 7., T, is their momentum relaxation time and eg
is the elementary charge. The term wo = egts/mer then
expresses the photocarrier mobility (with mer = 0.041m,
being the effective mass of carriers [19]). Fitting the transient
conductivity spectra with the Drude term allows determination
of 7, and, consequently, of 1.

Ao (f,1p) = xp (—Tp/7c) - 2)

3.3. Sub-picosecond dynamics

The dynamics in the most irradiated sample (D) are very
fast compared with the THz pulse duration; therefore the
simple analysis used for samples A—C cannot be applied; it
is also impossible to separate in time the intervalley scattering
from the carrier capture process. Our experimental data were
analysed by using the kinetic model (1) and by assuming the
Drude response of electrons [17]. We followed an approach
based on the Fourier transformation into a two-dimensional
frequency domain, which makes it possible to determine the
transient photoconductivity Ao (f, f,) analytically [23]. The
frequency fj, is the Fourier-conjugated variable to the pump—
probe delay 7, and it describes the time evolution of the excited
system towards equilibrium. The experimental procedure and
data analysis are described in detail in [23].

The model involves several parameters, the most
important of which for this study is the momentum relaxation
time 7y and the capture time 7. of the I' electrons. The
(global) fitting of the complex conductivity in the (f, f,) plane
then provides their values and also the intervalley scattering
time 7,/t; ~ 1. This fit (figure 4) was done with the
assumption that 73 is constant and the plot in figure 4 shows
that there is an excellent match with the measured data within
the experimentally accessible region of the (f, f;,) plane. In
contrast, if we keep 1, constant a roughly ten-fold reduction in
73 is found by fitting the experimental data while the residual
sum of least squares for this fit is increased by about 20%.
Finally, very poor agreement is obtained if both 7, and 13
are kept close to their value appropriate for as-grown samples
(tp, ~ 350fs and 73 ~ 2001fs). We conclude that the defects
due to heavy-ion irradiation strongly modify the scattering
rates, namely that for the intervalley scattering.

4. Discussion

The retrieved values of the electron lifetime are shown in
figure 5. As expected, the decay time t. is inversely
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Figure 3. Spectra of real and imaginary part of transient conductivity Ao of the B- and C-sample for a few pump—probe delays ,. Points:
experimental results, lines: fit using Drude formula (2). Inset: momentum relaxation times as a function of pump—probe delay in samples A,

Band C.

proportional to the irradiation dose and it reaches 0.46 ps
for an irradiation dose of 1 x 102 cm™2. We observe
somewhat longer lifetimes in comparison with those obtained
by all-optical pump—probe experiments ( [9]). The difference
may be explained by the fact that the excitation wavelength
used in those experiments was 1.55 um. Thus, deeper parts
of the InGaAs layers, containing higher density of defects,
contribute to the signal and exhibit correspondingly shorter
carrier lifetimes.

The ultrafast optoelectronic applications require high
photocarrier mobility. Assuming that 7y does not depend on
the pump—probe delay we determined the average photocarrier
mobilities on the ultrafast time scale for each of the samples
(figure 5). It is noteworthy that in reality the momentum
relaxation time t; slightly changes with 7,. A small increase
is observed in the A and B samples (see the inset of figure 3).
We think that in these samples the electrons progressively lose
their excess energy, and their momentum relaxation time thus
slightly increases. In contrast, the observed decrease in 7y in
sample C may reflect the electron intervalley scattering, which
is still occurring on the investigated time scale (7, < 7 ps), and
possibly also a non-vanishing population of the light holes at
the early stages after photoexcitation.

The mobility in intrinsic InGaAs is very high due to the
small electron effective mass [19]. Our experiments show that
the photocarrier mobility remains relatively high even after
heavy-ion irradiation. Its value for the C-sample is 50% higher
than the electron Hall mobility reported in [9]. Further, in
the most irradiated sample, we find ;1o = 3600cm? V~!s™!,
which is an order of magnitude higher than the Hall mobility

reported in [6,9]. On the other hand, our values are in good
agreement with the THz emission results discussed in [9]:
the mobility values roughly estimated from the THz emission
amplitude were 5400cm? V~!s~! for the sample nominally
equivalent to our sample C and 2700cm? V~'s~! for the
sample nominally equivalent to D.

It is rather frequent to find the drift or Hall mobility
values smaller than the mobility of photoexcited carriers in
damaged or disordered samples [17,24]. This is related
to the different nature of these quantities: the mobility of
photoexcited carriers appears as a local response function of
mobile carriers while the Hall and drift mobilities characterize
macroscopic long-range and time-averaged transport which
can be limited by carrier captures and releases and scattering on
defect centres. The key quantity determining the performance
of ultrafast optoelectronic elements is the high local mobility
of photoexcited electrons. Its very high values observed in
our experiments exceed those in other semiconductor materials
exhibiting comparable capture times such as ion-irradiated InP
or LTG GaAs [11, 25, 26].

As pointed out above, the observed high value of the
photoexcited electron mobility is attributed to the electrons at
the bottom of the I" valley which yield a dominant contribution
to the total photoconductivity. Such electrons can be directly
excited by optical pulses at 1550nm. Note that at this
wavelength the penetration depth of the pump radiation is about
1.3 wm, which is smaller than the thickness of our GalnAs
films [27]. However, the stopping range of Brions is still higher
than the penetration depth at 1550 nm (this claim stems directly
from figure 1 in [11]). It then follows that (i) the contribution
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of the substrate to the photoconductivity would be negligible
and (ii) the motion of photocarriers would still occur in a layer
virtually free of implanted Br ions. Taking into account these
facts, we expect to obtain high electron mobility even with

the photoexcitation in the telecommunication spectral range.
Experiments in these conditions are in preparation.

5. Conclusion

We have investigated by optical pump-THz probe spec-
troscopy the transient conductivity in Ings3Gaga7As films
irradiated by heavy high-energy ions. The electron capture
rate is proportional to the density of host-atom displacement
defects. The electron mobility is reduced upon high irradiation
doses; nevertheless, an exceptionally high photoexcited elec-
tron mobility of 3600 cm? V~!s~! is found even in the most
irradiated sample which exhibits a lifetime of 460fs. This
study demonstrates the large tunability of optical and elec-
tronic material parameters in ion-irradiated InGaAs and gives
information for the improvement of ultrafast optoelectronic
devices based on this material.
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