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We present a model reproducing the instrumental response of a time-domain spectrometer that
integrates photoconductive transmitter and receiver antennas made on identical proton-bombarded
GaAs substrates. This model is used to determine the ultrafast capture time of the photoexcited
carriers by the ion-bombardment-induced traps. A 0.5 ps capture time can be extracted for a low
laser pump fluence of 0.66 wJ/cm? per pulse. This carrier trapping time gets longer as the pump
fluence increases. This behavior is explained by a gradual filling of the traps that are distributed over
a 1 um depth from the GaAs surface. This interpretation is supported by time-resolved
measurements obtained on the same photoconductive material using both an 820 nm pump/
terahertz-probe transmission experiment and a degenerate 760 nm pump/probe reflectivity
experiment. The differential transmission and reflectivity dynamics are reproduced using a
biexponential function which correctly describes the photoexcited carrier relaxation and transport
dynamics in this material. The strong agreement observed between these different measurements
reinforces the validity of the theoretical model used to reproduce the instrumental response of the

terahertz setup. © 2010 American Institute of Physics. [doi:10.1063/1.3524539]

I. INTRODUCTION

Photoconductive materials triggered by ultrafast laser
pulses are often used to generate and detect ultrashort elec-
trical transients." Photoconductive (PC) low-aperture anten-
nas combined with a silicon lens are now commonly used in
freely propagating wave terahertz spectroscopy systems
since they produce well-collimated beams and offer a good
signal to noise ratio over a range of frequencies from 0.1 to
5 THz. The emergence of several spectroscopic and imaging
applications in the terahertz (THz) frequency regime2 de-
mands the continued development of high-performance and
low-cost emitters and detectors. Ion-implanted silicon-on-
sapphire (SOS) (Ref. 3) has long been a material of choice
for making THz antennas since the fabrication process is
simple, reproducible and inexpensive. Low-temperature (LT)
grown GaAs film is particularly attractive since it presents
good electrical properties such as high dark resistivity, high
carrier mobility and short carrier lifetime.*~® The optical and
electrical breakdown thresholds are also much higher in LT-
GaAs than in standard semi-insulating GaAs or silicon. The
widespread use of this material is, however, limited by the
cost of the epilayer. More recently ion-implantation into
III-V semiconductors followed by thermal annealing has be-
come an alternative fabrication process, producing PC THz
antennas with high figures of merit.” " Their optical and
electrical breakdown thresholds approach those of
LT-GaAs." Among the different ion species that could be
used, protons (H*) are very attractive since it is relatively
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easy to control the depth of the induced defects using a low-
energy ion-implanter. PC antennas made this way have re-
producible characteristics and the overall process is rela-
tively inexpensive. This method also offers spatial selectivity
that could be used to fabricate more complex photonic de-
vices like those integrating a THz emitter, waveguide, and
detector on the same chip.

Further optimization of the ion-implantation and thermal
annealing process relies on our capability to understand how
the structural changes are affecting the PC antenna charac-
teristics, especially the THz response. The basic physics of
ultrafast semiconductor switches is relatively well
understood.! The time-dependent response functions of PC
THz emitters and detectors are related to the temporal behav-
ior of the photocurrent which itself is mainly governed by
the carrier scattering time (7,) and trapping time (7.).'*™™*
The overall response function of a time-domain THz spec-
troscopy system is often complicated by the influence of ex-
perimental conditions such as the laser excitation density,
dimension of the detecting area and imaging characteristics
of the optical system used to relay the pulses from the source
through the sample to the detector. In modeling the spectrum
of the instrumental THz pulses (designated as reference
pulses) researchers often rely on independent determination
of the characteristic relaxation times using time-resolved op-
tical measurements. Several recent studies'> " have investi-
gated the physics underlying the PC antenna characteristics
but there is still a need to establish a strong link between the
THz instrumental response function (spectrum of the refer-
ence THz pulses) and the relaxation times extracted from
time-resolved pump-probe measurements. Such a compari-
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son will fix the limits of validity of the models used for data
analysis and more broadly it will be useful to better under-
stand the influence of ion-bombardment conditions on the
resulting changes of the PC antenna characteristics without
resorting to complementary characterization measurements.

In this article, we describe our investigation of ultrafast
photoexcited carrier relaxation dynamics in proton-
bombarded GaAs using three experimental techniques. We
used the material as the antenna substrate in a time-domain
terahertz spectrometer, and from the spectrum of the mea-
sured THz pulses, estimated carrier scattering and trapping
times according to a model that will be described in detail.
We also determined the trap-induced capture time for photo-
excited carriers using an 820 nm pump/terahertz-probe dif-
ferential transmission experiment and a degenerate 760 nm
pump/probe differential reflectivity experiment. A strong cor-
relation was found between the recombination times ex-
tracted by the different techniques although the ones ex-
tracted from 820 nm pump/terahertz-probe measurements are
systematically higher. We also investigated the effect of the
laser pump fluence, both on instrumental response function
of our time-domain THz spectrometer and on pump-probe
measurements, and observed behavior which is well ex-
plained by a gradual filling of the traps that are distributed
over a 1 um depth from the GaAs surface.

Il. EXPERIMENTS

Commercial high-resistivity ~ (>10" Q cm)  (100)-
oriented semi-insulating SI-GaAs substrates were used as
starting materials. These substrates were first bombarded
with protons of 50 keV, 100 keV, and 150 keV at doses of
0.5 ions/cm?, 1 ions/cm?, and 3.5 X 10" ions/cm?, respec-
tively. This process generated a distribution of nonradiative
decay centers corresponding to 5X 10%° traps/cm? in a re-
gion extending 1 um from the surface. The ion-implantation
process was followed by thermal annealing at 500 °C for 20
min under N, gas using a GaAs cap to prevent As desorption.
These proton-damaged GaAs substrates were used to fabri-
cate ultrafast photoconductive antennas, also known as Aus-
ton switches.” The emitter and detector were made from the
same implanted substrate. Ohmic contacts were created us-
ing a standard mixture of Ni/Au—Ge/Au for the metallization
followed by rapid annealing at around 410 °C for 30 s. The
coplanar electrodes of the emitter and detector are separated
by gaps of 120 um and 30 um, respectively. Each electrode
is 10 wm wide, 12 mm long for the emitter, and 6 mm long
for the detector. A 50 V bias voltage is applied to the PC
antenna emitter.

A mode-locked Ti:sapphire laser at a repetition rate of 82
MHz was used as the excitation source for the generation of
broadband pulsed THz radiation in the time-domain terahertz
spectrometer (THz-TDS). The laser wavelength was centered
at 760 nm and the duration of the optical pulses was about
120 fs. At 760 nm, we estimate the optical penetration depth
of optical pulses in GaAs to be about 500 nm. The excitation
beam was focused near the anode of the antenna, into a spot
of about 70 wm; a 1/e intensity fall criteria is used to define
the spot diameter. The laser power was varied in order to
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vary the fluence, with the maximum fluence being about
16 wJ/cm?; this would give an average photocarrier density
of about 6 X 10*17 electron-hole pairs/cm® over the first 500
nm from the surface. The intensity of this pump beam was
modulated at a frequency of 3 kHz using a mechanical chop-
per. A 4 mm diameter hemispherical silicon lens was fixed
with silicone grease on the backside of the emitter and de-
tector substrates. The terahertz radiation was collected over a
large solid angle and refocused on our detector using these Si
lenses combined with a pair of off-axis parabolic mirrors.
The electric field of the THz pulses was probed using the
detector antenna, gated by pulses from the same laser, sub-
ject to a variable delay in order to obtain the time profile of
the THz field. The laser power of the probing beam was
about 15 mW focused on a 40 um spot size, covering the
entire region between the detector electrodes. A low-noise
current preamplifier and a lock-in amplifier were used to re-
trieve the THz signal. The spectra of the THz traces were
then obtained using numerical Fourier transforms.

An 820 nm pump/terahertz-probe system was also used
to investigate the carrier relaxation dynamics of the same
GaAs substrate. A Ti:sapphire regenerative amplifier (Spitfire
model from Spectra-Physics) was used as the laser excitation
source. It operates at a repetition rate of 1 kHz generating 60
fs pulses at a center wavelength of 820 nm. The maximum
power used for the pumping beam was 8 mW. This beam
was weakly focused on the sample surface into a spot diam-
eter of about 7.5 mm which gives a maximum laser fluence
of 18 uJ/cm? per pulse. The terahertz probe beam was gen-
erated by optical rectification in a 2 mm ZnTe crystal and
focused onto the sample surface with a spot size of about 3
mm. The transmitted THz pulses were detected using electro-
optic sampling in a second crystal of ZnTe, 0.5 mm thick.

Complementary time-resolved optical measurements
were also obtained using a degenerate 760 nm pump/probe
differential reflectivity experiment. This pump-probe setup
uses the same 82 MHz Ti:sapphire oscillator as the one used
for the antenna-based spectrometer. The pump and probe
beams are focused on the sample surface to a spot size of
about 100 um and 50 wm, respectively. The pump and
probe beams are noncollinear and orthogonally polarized.
The pump beam is modulated at 1 kHz and this induces a
modulation of the reflected probe beam that is detected using
a fast Si photodiode and a lock-in amplifier. The laser fluence
of the probe beam is at least 100 times smaller than that of
the pump beam and we have verified that the dynamics of the
temporal reflectivity signals are unaffected by the probe flu-
ence.

lll. MODEL

A. Instrumental response of GaAs PC antenna-based
THz spectrometer

The far-field amplitude of the electric field E,(r) gener-
ated by the PC antenna emitter is proportional to the first
time-derivative of the photocurrent J(t),1 which is itself
given by the convolution of the laser pulse L(¢) with the
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response function of the emitter R,(¢). In frequency space,
this can be simply written as a product of frequency-
dependent functions, as follows:>!

Ey(w) * w X L(w) X R,(w). (1)

On the other hand, the measured current signal delivered by
our PC antenna detector is proportional to the convolution of
the free-space propagating electric field that reaches the de-
tector E,(t) with both the laser pulse L(z) and the response
function of the detector R,(z). In frequency space, this can be
written as follows:

S(w) ¢ E(w) X L(w) X R (w). (2)

The THz electric field measured by the PC antenna detector
depends on the field generated at the source, but also on the
overall wave-propagating transfer function between the emit-
ter and the detector, as well as the geometry of the detector
itself. The apparent spectral content of the THz pulse is
modified by the limited aperture of THz optics and the lim-
ited area of our detector, which both tend to filter out the
low-frequency part of the THz wave-packet.lz’22 We account
for this effect by modeling the wave-propagating transfer
function as a high-pass filter in the form of a complementary
error function (Erfc). The spectrum of pulses detected using
the time-domain THz spectrometer can then be written, in
frequency space, as follows:

S(w) = o X LHw) X R,(w) X R (w)

X Erfc[_(w—;wlﬁ)] R (3)
if

where w, is the cut-off angular frequency and Aw,, the an-
gular frequency spread of the cut-off function. This S(w)
expression can be designated as the overall instrumental re-
sponse of the THz spectrometer. We assume that the laser
pulse L(z) has a Gaussian envelope with full width at half
maximum A¢, and is Fourier-transform-limited. The corre-
sponding function in frequency space is written as follows:

(X Azl)z]

16 X In(2) “

L(w) « exp[—
In deriving the form of the response function R(f), we ne-
glect the effect of time-dependent screening, an approxima-
tion which should be valid for low fluence. Piao et al.'® have
showed that this effect has a negligible impact on the THz
waveform generated for a carrier excitation density smaller
than 1 X 10'® cm™ although other authors have found that
the onset of saturation of the emitted THz radiation, due to
radiation field screening,” occurs at around 1X 10"
electron-hole pairs per cubic centimeter. Considering a
Drude-type expression for the carrier mobility that enters
into the photocurrent expression, the causal response func-
tion R(f) can be written as follows:**

R.(1),Ry(1) = 6(r) X ( s ) X (e~ e, (5)

c s

where 6(r) is a step function, 7, is the carrier scattering time,
and 7. is the carrier capture time by the ion-implanted in-
duced traps. We assume in this model an average lifetime for
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all carriers contained in the photoexcited region, and no dif-
fusion toward the undamaged bulk region of the substrate.
This approximation is valid at low laser fluence where each
electron/hole in the spatial distribution of excited carriers is
surrounded by an equivalent density of active traps. At high
laser fluence on the emitter, one must consider the effect of
trap filling, which will cause the carrier diffusion and recom-
bination rates to vary with depth in the substrate. We have
used a single carrier recombination time in our model but we
will show that these effects tend to increase the averaged
carrier capture time and reduce slightly the high-frequency
cut-off value of the THz instrumental response function.
Considering the limitations of this model, the corresponding
response function can be written, in frequency space, as fol-
lows:

Te

Rlw) = (1-iwr) X (1 -iwT,)’

(6)

In most THz-TDS systems, the THz pulses have to pass
through the absorbing and dispersive substrates of both the
emitter and detector. For two 0.5 mm thick semi-insulating
GaAs substrates, the absorption of THz radiation is signifi-
cant in the 0.1 to 5 THz frequency range. Grischkowsky et
al.” have observed two weak absorption features at 0.4 and
0.7 THz but the main absorption peak,26 associated with the
infrared-active TO phonon in GaAs, occurs at 8 THz. If we
consider the dipole approximation model with a single ab-
sorption band centered at w=w,, we can write the real (&)
and imaginary (g,) parts of the dielectric function as:

_ [1- (w/wo)z]

£1= €+ (89— &) X { (0 (won s (yw/w(z))z},
'yw/w(z) }

[1 = (/)T + (yolwp)* |

&= (80 —£,) X { (7)

where g, is the static dielectric constant, &, is its high-
frequency limit, w, is the angular resonance frequency, and y
is the damping rate of the oscillation motion. The real (n)
and imaginary parts («) of the refractive index can easily be
obtained using the relation between the complex dielectric
and refractive index functions (7?=8). The frequency-
dependent absorption function a(w) is given by a=2kw/c,
where c is the speed of light. The absorption coefficient and
the index of refraction for semi-insulating GaAs are plotted
in Fig. 1 as a function of the frequency using the above
expressions and empirical values taken from the literature.
The refractive index n(w) induces a slight modification of the
THz waveform while the THz pulse passes through the GaAs
antenna substrate but its spectral content is only affected by
the frequency-dependent absorption function. Because high-
resistivity silicon materials have excellent THz properties in
the 0-5 THz frequency range, the absorption and dispersion
in the silicon lens of our setup can be ignored. Therefore, the
Fourier amplitude of the instrumental (reference) THz pulses
can be written as follows:
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Absorption (cm‘1)
Index of refraction

Frequency (THz)

FIG. 1. (Color online) Absorption coefficient (left axis) and index of refrac-
tion (right axis) of the semi-insulating GaAs material obtained using the
dipole oscillator approximation with a single absorption band. The empirical
values used for this plot are w,=27X (8 THz), y=27X (0.2 THz), &,
=12.9, and £,.=10.89.

— X Ar)?
IS(w)] o« @ X Erfc(%) X exp[— (w—ll)}

wlf 8 X 111(2)
1 (— AGaAs X d)
ex ,
(1+ a)zrg) X (1+ a)zrf) P 2

(8)

where d is the overall thickness of the SI-GaAs material.

B. Pump-probe experiments

Beard et al.””*® have developed a comprehensive model
for the analysis of transient terahertz photoconductivity mea-
surements in GaAs. A full two-dimensional series of differ-
ential transmission THz traces taken at different pump-probe
delay times must be acquired in order to extract time-
dependent conductivity data, particularly at short pump-
probe delay times. Carrier recombination time can be ob-
tained through a simple differential transmission Kkinetic
measured as a function of the pump-probe delay time (called
one-dimensional scan) in the limit where the laser pump does
not affect the dispersion properties of the substrate. More-
over, for a thin active absorbing film and for a small pump
perturbation [AT(z)/T,<<0.1], the differential transmission
signal AT(r) is simply proportional to the time-dependent
conductivity value o(r).”> When pumping at 820 nm, the
mobility is nearly time—independent28 so the differential
transmission signal should follow the temporal behavior of
the carrier density N(z). Since the electron mobility is much
higher than the hole mobility in GaAs, we can consider that
AT(r) is essentially governed by the temporal evolution of
the electron density. Beard et al.®® have showed that a non-
negligible fraction of photoexcited carriers diffuse and re-
combine in the bulk of the GaAs substrate (>1 wm from the
surface) for an excitation pump at 800 nm. Carrier recombi-
nation time will be much longer for carriers that recombine
in the deep defect-free region of the substrate (at depths
greater than 1 um). Therefore, we have modeled the differ-
ential terahertz transmission signal AT(¢) using a biexponen-
tial function of the following form:

J. Appl. Phys. 108, 124507 (2010)

-1
—
s

AT(r) = Erfc( ) X (A; X e+ Ay X e7'ay), 9)
where A; and A, are the amplitudes of the two exponential
functions, 7, is the averaged trapping time of the carriers
generated in the ion-bombarded region, and 7, is the aver-
aged recombination time of those carriers that are generated
directly in the undamaged region of the GaAs substrate
added to those that can reach this region by diffusion. A
complementary error function (Erfc) has been used to repro-
duce the rising part of the AT(¢) signal. The rise time 7/ is
slightly longer than the carrier momentum relaxation time
(7,) since it depends also on the temporal response of the
ZnTe detector. At high pump fluences, the carrier relaxation
dynamics is complicated by variation with depth of the fill-
ing occupancy of the carrier traps.

For the degenerate 760 nm—pump/probe differential re-
flectivity experiment, the amplitude of the AR(r) signal
mainly comes from the change in the index of refraction
induced by the pump beam which depends on band-filling
and bandgap renormalization effects as well as free carrier
absorption mechanisms. These time-resolved reflectivity
measurements are often difficult to interpret since the sign
and the shape of the temporal AR(¢) signal depend on the
excitation and probing wavelength, the excitation density,
and the density of active traps.3 033 By exciting and probing
well above the GaAs bandgap energy, the AR(7) signal is less
sensitive to carrier cooling processes and we expect to better
see the influence of the fast carrier trapping mechanisms.
Under conditions where the time-resolved index change is
proportional to the density of free carriers, the AR(r) signal
can be reproduced using Eq. (9). In comparison with the
AT(r) measurements, the AR(z) signal is much more depen-
dent on the density of photocarriers present within the first
few tens of nm from the top GaAs surface.

IV. RESULTS AND DISCUSSION

Figure 2(a) shows the THz traces detected by our time-
domain THz spectrometer for different laser pump powers
incident on the emitter antenna. The traces have been nor-
malized and displaced vertically for clarity. The electric field
transients are characterized by a main positive peak and two
negative lobes. The narrow envelope of these THz pulses
results from the convolution of the ultrafast responses of the
source and detector antennas. The specific waveform of the
pulses depends on the aberrations of our instrumental setup
and is particularly sensitive to ray-tracing through the Si
lenses as well as the dispersion of the generated pulses while
they travel through two 0.5 mm thick GaAs substrates. The
small oscillations following the main THz pulses are mainly
due to water vapor absorption lines.

The Fourier amplitudes of the THz traces are plotted in
Fig. 2(b). Significant intensity is detected from 100 GHz to 5
THz. The laser power incident on the source antenna has
only a small influence on the spectral content of the THz
pulses, with the spectrum decreasing more abruptly at high
frequencies for the highest laser fluence; a noticeable differ-
ence is observable from 0.7 THz. The blue and green solid
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FIG. 2. (Color online) Normalized THz traces (a) and their corresponding spectra (b) obtained for different laser fluences on the THz emitter. The THz traces
are displaced vertically for clarity. In (b) the THz spectra are plotted on a log-log scale in order to show the different break points of the instrumental response
function. The solid lines plotted in (b) for laser fluences of 0.66 and 16 wJ/cm? per pulse correspond to best fits of the data using the Eq. (8) with
w;/2w=0.17 THz, Aw;/27=0.09 THz, 7,=200 fs, and a ag,s,(®) function taken from the absorption curve plotted in Fig. 1.

lines in Fig. 2(b) correspond to the best fits of the 0.66 and
16 uJ/cm? experimental spectra, respectively, using Eq. (8).
Several model parameters are fixed by experimental consid-
erations, rather than being used as free parameters in the
fitting procedure. Given the characteristics of our focusing Si
lenses, the diameter of the diffraction-limited Airy disk on
the detector® is about 300 pm at f,=0.17 THz, which is 10
times the size of the gap between the electrodes of our de-
tector. We, therefore, assumed a cut-off frequency of
w;;/2w=0.17 THz and width of Aw;;/27=0.09 THz for the
low-frequency fall-off function, for all curves, which repro-
duces the data reasonably well; the fitting parameters w;; and
Awjs have almost no influence on the extracted carrier trap-
ping time value, which is our main concern here. The absorp-
tion of THz radiation by the 1 mm thick GaAs material has
been taken into account in the model using data of Fig. 1.
The small discrepancies between the fit curves and the data
points observed at high frequencies (>2.5 THz) might be
due to a stronger absorption or to longer optical pathways for
rays that pass through the GaAs substrate at oblique angles.
Finally, the ultrafast scattering time (7,) parameter is difficult
to obtain using this fitting procedure. Several groups have
estimated the scattering time in semi-insulating GaAs and
found values between 50 up to 270 fs, depending on the
temperature and the photoexcitation conditions (see Markelz
et al.**): for instance the presence of a nonequilibrium pho-
non population tends to decrease this scattering time. Figure
2(b) shows the best fits obtained for a fixed scattering time
parameter of 200 fs. The carrier capture time by the traps (7..)
and the proportionality constants are thus the only free pa-
rameters of this fitting procedure. The error bar on the carrier
trapping time (7,) results from our inability to determine pre-
cisely the scattering time (7,) value. By considering a 7,
value of 20050 fs, the fitting procedure yields a carrier
trapping time values of 0.54 +0.08 ps for a laser pump flu-
ence of 0.66 wJ/cm?. For the fits of the spectra obtained at
higher pump fluence on the emitter we have used a response
function with a fixed 0.54 ps capture time for the detector
(the value obtained at low fluence) and an adjustable param-

eter for the average capture time in the THz emitter. The
slight increase of the carrier trapping time at the highest laser
fluence might be explained by a partial filling of the traps
situated near the GaAs surface of the emitter.”®

Figure 3 shows the photocarrier dynamics measured in
the visible-pump, THz probe experiment, as detected at the
maximum field of the THz probe pulses. We plot the normal-
ized differential transmission signal as a function of the
pump-probe delay for three laser fluences. The solid lines
correspond to the best fits of the data using the biexponential
model in Eq. (9). The two extracted decay times (7, and 7,;,)
and the amplitude ratio of the two exponential decay com-
ponents (A,/A;) are also shown. The first decay time, which
is about 1.2 ps at low laser fluence, describes mainly the fast
capture dynamics of the carriers generated in the ion-
bombarded region of the substrate. The value of this short
decay time seen in the pump-probe measurement is slightly
larger than the one extracted from the instrumental Fourier
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FIG. 3. (Color online) Normalized differential transmission signal detected
at the maximum of the THz probe pulses and plotted as a function of the
pump-probe delay. The time-resolved data curves are plotted for three laser
fluences. The solid lines correspond to the best fits of the data using a
biexponential model.
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FIG. 4. (Color online) Normalized differential reflectivity signal obtained
from a degenerate pump-probe experiment at 760 nm and plotted as a func-
tion of the pump-probe delay. The time-resolved data curves are plotted for
three laser fluences. The solid lines correspond to the best fits of the data
using a biexponential model.

response of our THz TDS setup. This likely indicates an
enhanced sensitivity of the antenna response to the carrier
density very near the surface, a consequence of the spatial
distribution of the DC bias field between the electrodes. The
surface carriers may recombine more rapidly than the ones
that are generated over a 1 wum depth using the 820 nm
pump beam. The second exponential decay component de-
scribes the dynamics of those carriers that are generated in or
that reach the undamaged region of the GaAs substrate. The
enhancement of A,/A; with increased fluence indicates that
more carriers are diffusing and recombining in the bulk of
the GaAs substrate. This behavior may result from the filling
of traps in the ion-bombarded layer. The bulk GaAs carrier
recombination time is probably longer than 200 ps, which is
the extracted value obtained at the highest laser fluence. At
the lowest fluence, we observe a significant reduction of this
long decay time. This behavior is explained by a reverse
diffusion toward the surface of carriers generated in the bulk,
once the initial distribution of carriers generated in the ion-
damaged region disappears.

Figure 4 shows the normalized differential reflectivity
signal obtained using a degenerate pump-probe experiment
at 760 nm. Time-resolved data curves have been obtained for
several laser fluences from 2.5 to 80 wJ/cm? per pulse. We
have plotted three of these time-resolved data curves in Fig.
4. The solid lines of this figure correspond to the best fits of
the data using again the biexponential model of Eq. (9). The
A,/A; ratio is less significant at low laser fluences
(<10 wJ/cm? per pulse) because the signal to noise ratio is
very small for delay times longer than 2 ps. As before, the
short decay times is related to the fast capture mechanism of
the photoexcited carriers by the traps that are present near the
GaAs surface. These values are in good agreement with the
times extracted from the analysis of the THz spectra of Fig.
1. We believe that both techniques probe the photocarrier
density at the GaAs surface. The exact nature of the mecha-
nisms that account for the second exponential observed in
the time-resolved data curves of Fig. 4 is not known pre-
cisely: it might be due to in-depth diffusion and recombina-
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FIG. 5. (Color online) Comparison of the carrier trapping times extracted
from the three experimental techniques for different laser pump fluences.
The TDS data corresponds to those extracted from the instrumental response
of our THz time-domain spectroscopy setup. All measurements are obtained
at 300 K on the same ion-bombarded GaAs substrate.

tion processes but also to long-time thermal effect. Ratios of
the two exponential decay components (A,/A;) are much
smaller than those obtained for the time-resolved THz trans-
mission curves, which indicate again that carrier capture by
the traps present close to the GaAs surface governs the dy-
namics of these time-resolved reflectivity measurements.

The comparison of the carrier trapping times extracted
from the three experimental techniques is summarized in Fig.
5. Both the pump-probe differential reflectivity technique
and the THz-TDS Fourier analysis technique allow probing
the ultrafast dynamics of those carriers that are photoexcited
near the GaAs surface. A carrier trapping time of about 0.5
ps has been obtained at low laser pump fluences and the
averaged carrier trapping time gets longer as the pump flu-
ence increases. The carrier trapping times extracted from the
820 nm pump per THz probe technique are slightly slower
than the values determined using the other two techniques
but similar fluence-dependent trapping time behavior is ob-
served. The THz differential transmission technique overes-
timates the carrier trapping time that governs the PC antenna
characteristics since it probes the conductivity properties of
the overall distribution of photoexcited carriers. This tech-
nique is, therefore, more sensitive to carrier diffusion and
recombination mechanisms in the undamaged region of the
ion-bombarded substrate. At a laser fluence of 10 wJ/cm?
per pulse, the amplitude ratio A,/A; of the two exponential
decay components, extracted from AT(¢) data curves, is
about 35 times higher than the one extracted from the AR(z)
data curves.

V. CONCLUSION

In this work, we have developed a comprehensive model
to obtain an analytical expression for the instrumental re-
sponse of a time-domain spectrometer that integrates photo-
conductive transmitter and receiver antennas made on iden-
tical proton-bombarded GaAs substrates. It reproduces the
instrumental response of our time-domain THz spectroscopy
setup and the ultrafast capture time of the photoexcited car-
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riers appears to be a key parameter of this model. A 0.5 ps
capture time has been found at low pump fluences
(<5 uJ/cm? per pulse) and this time gets longer as the flu-
ence increases. This behavior can be explained by a gradual
filling of the traps that are distributed over a 1 um depth
from the GaAs surface. This interpretation is supported by
time-resolved measurements obtained on the same photocon-
ductive material using both an 820 nm pump/terahertz-probe
transmission experiment and a degenerate 760 nm pump/
probe reflectivity experiment. The strong correlation that has
been established between these different measurements rein-
forces the theoretical model used to reproduce the instrumen-
tal response of this terahertz setup.
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