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We have studied terahertz(THz) emission from arsenic-ion implanted GaAs both experimentally and using
a three-dimensional carrier dynamics simulation. A uniform density of vacancies was formed over the optical
absorption depth of bulk GaAs samples by performing multienergy implantations of arsenic ions(1 and
2.4 MeV) and subsequent thermal annealing. In a series of THz emission experiments the frequency of peak
THz power was found to increase significantly from 1.4 to 2.2 THz when the ion implantation dose was
increased from 1013 to 1016 cm−3. We used a semiclassical Monte Carlo simulation of ultrafast carrier dynam-
ics to reproduce and explain these results. The effect of the ion-induced damage was included in the simulation
by considering carrier scattering at neutral and charged impurities, as well as carrier trapping at defect sites.
Higher vacancy concentrations and shorter carrier trapping times both contributed to shorter simulated THz
pulses, the latter being more important over experimentally realistic parameter ranges.
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I. INTRODUCTION

The technique of terahertz time-domain spectroscopy
(THz-TDS) has seen wide application in recent years. By
resolving carrier dynamics on ultrashort time scales THz-
TDS has proven invaluable in areas of physics as disparate as
investigating the energy gap in highTc superconductors,1

determining low-energy vibrational modes in oligomers,2

and observing the onset of quasiparticle screening in GaAs.3

Such studies have become possible through the develop-
ment of large bandwidth, high power THz emission sources
based on the ultrafast separation of photoexcited carriers in
semiconductors. The resulting change in current produces an
electromagnetic transient, typically a single or half-cycle
pulse, with a broad spectrum covering THz frequencies.
Charge separation can be the result of differing electron and
hole mobilities (the photo-Dember effect), or alternatively
may result from an electric field accelerating electrons and
holes in opposite directions. In the later case, the electric
field can be internal, such as the surface depletion field near
a semiconductor surface, or externally applied as in a photo-
conductive switch(PCS). The study of surface emitters can
help to elucidate aspects of ultrafast carrier dynamics, such
as the enhancement of THz emission under a magnetic
field,4–6 and the relative importance of the photo-Dember
and surface field charge separation mechanisms in GaAs and
InAs.6,7 Additionally, surface emitters can produce the well-
collimated THz beams8 desirable for many THz imaging ap-
plications.

In the effort to improve THz emitters, one method for
achieving a greater bandwidth is to shorten the electric field
rise time, normally limited by the duration of the exciting
infrared pulse. Another approach is to reduce the duration of
the electric field transient after excitation by choosing a
semiconductor with a short carrier lifetime, and/or a high
momentum scattering rate. One suitable material is low-

temperature-grown(or LT-) GaAs, in which As precipitates
and trapping centers result in a shorts,1 psd carrier lifetime,
enabling THz emission extending to over 30 THz.9 Alterna-
tively the technique of ion implantation can be used, in
which incident energetic ions damage the crystal structure of
a semiconductor. The principal defect in arsenic ion-
implanted GaAssGaAs:As+d is thought to be the antisite
donor defect AsGa, where As replaces Ga on some Ga lattice
sites. Deep-level transient spectroscopy has found that the
defect energy levels in GaAs:As+ lay ,0.3 eV below the
conduction band.10 Such deep-level defects can decrease
THz pulse duration(increase THz bandwidth) by acting as
carrier trapping and scattering centers, and result in carrier
lifetimes of the order of 0.1 ps.11,12

The controllable ion dosage permits ion-implanted GaAs
samples with reproducible properties, in contrast to LT-GaAs
where the difficulty of temperature control results in samples
with nominally the same growth parameters having varying
properties. Ion implantation has the further advantage of gen-
erating depth-dependent damage profiles(by choosing the
ion type, dose, and energy) in specific sample areas. By per-
forming a postimplant anneal the resistivity of GaAs:As+

can be increased to levels comparable to LT-GaAs,12,13 as
required for photoconductive switches.

Both surface field14 and photoconductive antenna15 ion-
implanted THz emitters have been previously studied, and
were found to produce THz radiation at slightly higher fre-
quencies than semi-insulating GaAs.15 Additionally, ion-
implanted photoconductive antennae have been used as
detectors,16 but no bandwidth improvement could be seen.
These studies utilized low energy ions, typically 200 keV,
resulting in implantation depths of only,0.1 mm. However,
as the infrared absorption depth is,0.8 mm in GaAs only
,10% of photocarriers are generated within this distance,
and the nonimplanted layer dominates THz emission.

In this paper we investigate GaAs implanted with dual,
high energy(1 and 2.4 MeV) As ion doses, creating an ap-
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proximately uniform damage profile extending,1 mm into
the semiconductor. In Sec. II we describe the terahertz emis-
sion from samples irradiated with various ion doses, and dis-
cuss the effect of a postimplant thermal annealing step.
Simulation results of THz emission from ion-implanted
GaAs obtained from a three-dimensional carrier dynamics
model6 are presented in Sec. III.

II. EXPERIMENT

The Australian National University 1.7 MV tandem accel-
erator was used to irradiate GaAs samples from the same
ingot with As+ ions. By employing a two-stage implant of
1 and 2.4 MeV(implanted at room temperature) an approxi-
mately uniform damage profile.1 mm in depth was created
(Fig. 1) in seven samples at incident ion doses ranging from
2.531012 cm−2 to 2.531015 cm−2 (1 MeV implant) and
131013 cm−2 to 131016 cm−2 (2.4 MeV implant). A dupli-
cate set of samples was produced that were annealed for
30 min at 500 °C under AsH3. Calculations using the Stop-
ping Range of Ions in Matter(SRIM) software17 predict that
the implanted ion concentration in the lowest dose sample is
,131017 cm−3. Assuming that 90% of AsGa antisites are
instantly annealed17 due to the implantation being performed
at room temperature, we estimate ann-type doping concen-
tration of ,131015 cm−3 for the lowest dose sample. Dam-
age distributions were also calculated using SRIM, and veri-
fied using x-ray diffraction. Approximately 10 000 vacancies
were found to be produced per As+ ion.

The surface field THz emission from each GaAs:As+

sample was studied using THz-TDS. Infrared pulses from a
mode-locked 10 fs Ti-sapphire laser(l=800 mm, Dl
=135 mm, 75 MHz repetition rate,,400 mW typical beam
power) were incident on the sample at 45°. A lens focused
the infrared pulses to a Gaussian beam waist ofs=90 mm.
The sample was positioned,1 cm from the pump beam

focus, with a Gaussian beam waist ofs=160mm chosen to
provide a collimated THz beam.8 The THz radiation was
collected by an off-axis parabolic mirror placed at its focal
length from the pump beam focus, and refocused by an iden-

tical mirror onto a 0.2-mm-thickk11̄0l ZnTe crystal. A de-
layed probe beam was split from the pump using a 10%
beam splitter, and also illuminated the ZnTe. The change in
the probe’s polarization was measured as a function of delay
using an electro-optic sampling(EOS) system consisting of a
Wollaston prism,l /4 wave plate and balanced photodiodes.
The pump beam was chopped at,1 kHz, enabling the volt-
age across the detector to be measured by a lock-in amplifier
(200 ms time constant), from which the THz electric field
was calculated.18 Following the procedure of Zhaoet al.18

we determine that our EOS system operates in the shot-noise
limit, with a noise-equivalent THz electric fieldENEF
.0.01 V m−1 consistent with the experimentally observed
root-mean-square noiseERMS.0.01→0.02 V m−1.

The THz electric field emitted by each of the seven an-
nealed samples was thus measured, with signal-to-noise ra-
tios of above 150:1. The maximum THz electric fieldETHz

max

was of the order of 3 V m−1, less than we observe for our
unimplanted GaAs reference samples4 V m−1d, and an InAs
samples216 V m−1d with the same experimental setup. For
comparison, the maximum THz electric field strength re-
ported in the literature from a photoconductive antenna is
9500 V m−1 (Ref. 18). ETHz

max was not found to vary system-
atically with ion dose, perhaps because of variations in the
surface potential of the samples, which can greatly alter the
surface field strength.

Typical THz electric fields are shown in Fig. 2 for low
(2.531012 cm−2 at 1 MeV, 131013 cm−2 at 2.4 MeV) and
high (1.2531015 cm−2 at 1 MeV, 531015 cm−2 at 2.4 MeV)
implant doses. At higher implant doses we observe that the
THz pulse duration is shorter, and that the negative peak
after the principal peak has both larger magnitude and

FIG. 1. (Color online) Depth dependence of vacancies(includ-
ing recoil vacancies) calculated using SRIM software(Ref. 17) for
the sample with highest ion dose. The 1 MeV, 2.531015 cm−2 dose
(dash-dotted line) and 2.4 MeV, 1.031016 cm−2 dose(dashed line)
create an approximately uniform damage profile(solid line) extend-
ing over 1mm from the surface. By scaling the concentration ac-
cording to the dose, the distributions for lower dose samples can be
obtained.

FIG. 2. (Color online) Measured THz electric fieldETHz emitted
via the surface field mechanism from GaAs:As+ samples implanted
with low doses (solid lines, 131013 cm−2 at 2.4 MeV and
2.531012 cm−2 at 1 MeV) and high doses (dotted lines,
531015 cm−2 at 2.4 MeV and 1.2531015 cm−2 at 1 MeV). The
time and frequency domain THz electric fields are shown in(a) and
(b). The peak electric fields and trailing negative peaks are +3.0,
−1.5 V m−1 and +3.7, −2.0 V m−1 for the low and high dose
samples, respectively.
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smaller period[Fig. 2(a)]. In Fig. 2(b) the Fourier transforms
of the time-domain electric field show that at greater ion
doses THz emission shifts to higher frequencies.

The postimplant thermal annealing step(500 °C, 30 min)
was observed to result in larger peak THz fields, and greater
power at low frequencies, as shown in Fig. 3 for the lowest
dose sample (nd=2.531012 cm−2 at 1 MeV, nd=2.5
31012 cm−2 at 2.4 MeV). Annealing removes defects, at
least partly repairing the damaged crystal structure. Because
defects scatter carriers, and can also trap conduction band
electrons, we can qualitatively predict that annealing will
increase the pulse width, decreasing the relative THz emis-
sion at high frequencies.

III. SIMULATION

In order to model the ultrafast carrier dynamics leading to
terahertz emission from semiconductor surfaces in such a
way that reproduces the experimentally observed features it
is appropriate to employ a three-dimensional Monte Carlo
simulation, such as presented in Ref. 6. This model included
the interactions between extrinsic and photogenerated carri-
ers inG andL valleys, plasmon and magnetoplasmon effects,
and the dielectric-air interface, and has been used to distin-
guish between the diffusion(photo-Dember) and surface
field mechanisms of charge separation in InAs and GaAs,6,8

and to provide a quantitative explanation of the enhancement
of THz emission under a magnetic field.6

In this section we present simulations of the THz emission
from GaAs:As+ using a version of the model of Ref. 6, ex-
tended to include the effects of the significant concentrations
of vacancies and trapping defects. All simulations used the
physical properties of GaAs as given in Table I of Ref. 6, and
the laser parameters of Sec. II. Defect concentrations were
assumed to be uniform over the range of infrared absorption,
as is approximately the case in Fig. 1. Altering the charged
impurity (donor) concentration was not found to significantly
alter the spectral shape of THz emission.

A. Neutral impurity scattering

When As+ ions collide with atoms in GaAs both the inci-
dent ion and the recoiling target atoms introduce vacancies,
which act as carrier scattering centers. Calculations using
SRIM (Ref. 17) suggest that approximately 10 000 vacancies
are produced per incident ion, with the damage profile of
Fig. 1. For our unannealed samples this corresponds to va-
cancy concentrations ranging from Nvac,1019 to
,1022 cm−3. Electron paramagnetic resonance experiments
have shown19 that the concentration of arsenic antisite de-
fects is about 1018 cm−3 after a 500 °C, 30 min anneal, for
ion doses of 1016 cm−2. SinceNvac for our annealed samples
therefore varies from 1015 to 1018 cm−3, carrier-vacancy
scattering cannot be disregarded as it normally is at lower
defect concentrations.

Vacancies are included in the simulation by assuming that
carriers scatter elastically from an electrically neutral spheri-
cal square well of widthR, as defined by the potential
V=−V0 for carrier-vacancy distancesr øR and V=0 for r
.R. Following the partial-wave approach taken in Ref. 20,
the momentum scattering rateWvac can be calculated from
the l =0 wave cross sections usingWvac=sNvacv, wherev is
the electron velocity before(and after) scattering. The result-
ing expression is

Wvac=
4p"Nvac

m* k

sk cotkR− a cotaRd2

sk2 + a2 cot2 aRds1 + cot2 kRd
, s1d

wherea is given by

a =Î2m* sE + V0d
"2 . s2d

The final state carrier is scattered uniformly into 4p stera-
dians, because of the spherical symmetry of the well. Taking
the values ofR=3 nm andV0=300 meV(Ref. 10 produces a
scattering rate ranging from,1011 s−1 at Nvac=1
31015 cm−3 to ,1014 s−1 at Nvac=131018 cm−3.

To enable a comparison between these momentum scat-
tering rates and those from mechanisms previously included
in the simulation, we plot in Fig. 4 the average momentum
scattering rates of electrons in theG valley as a function of
time t after the infrared pulse forNd,Nvac=131015 cm−3.
The scattering rates aftert=0 ps are averaged over all pho-
toinjected and extrinsic electrons, whereas before the infra-
red pulse arrives only extrinsic electrons contribute. The time
dependence of the scattering rates is a consequence of the
evolution of the carrier energy and concentration distribu-
tions. The greatest contributions to the total rate are attrib-
uted to electron-hole scattering and charged impurities,
which both decrease att=0 since they are inversely propor-
tional to the local carrier density.6 Longitudinal optical(LO)-
phonon emission and absorption and transverse optical(TO)-
phonon emission and absorption followed by a jump into the
L valley initially contribute,10% of the total rate, but be-
come less significant at later times when the average carrier
energy has decreased. Acoustic phonon and neutral vacancy
scattering provide only,1% of the total rate.

FIG. 3. (Color online) THz emission from unannealed(dotted
lines) and annealed GaAs:As+ (solid lines) for the lowest implant
dose (131013 cm−2 at 2.4 MeV and 2.531012 cm−2 at 1 MeV).
Annealing causes an increase in maximum THz field from
1.6 V m−1 (unannealed) to 3.0 V m−1 (annealed), but a decrease in
the frequency of peak power from 2.1 THz(unannealed) to 1.6 THz
(annealed).
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While Fig. 4 provides some insight into the significance
of the various momentum scattering mechanisms, the angu-
lar distribution of each mechanism must also be considered.
At Nvac=131017 cm−3 the vacancy scattering rate is,6
31013 s−1, i.e., only 10% of the total rate, yet as can be seen
in Fig. 5(a) the THz pulse duration is reduced. This is a
consequence of the uniform angular distribution for vacancy
scattering: the carrier direction is altered more significantly
than in the other mechanisms.

B. Carrier-trapping defects

The effect of trapping defects on THz emission was in-
cluded in our model by introducing an exponential decay of
the number of photoexcited carriersn as a function of timet
after the infrared pulse according to the equation

nstd = ns0de−t/tc, s3d

wheretc is the carrier trapping lifetime. Time-resolved pho-
toluminescence experiments of GaAs:As+ implanted with a
single 1016 cm−2 dose of 2 MeV ions have measured the car-
rier trapping time to be as short astc=0.1 ps.11,12 It is im-
portant to distinguishtc from the carrier recombination time,
which is,4 ps.22 We assume that once trapped, carriers can-
not escape the defect via thermal excitation, and that trapped
carriers do not alter free carrier states. When the number of
carriersn is reduced on time scales of,1 ps the electric
field decay time after the pulse can be shortened, as shown in
Fig. 6, resulting in a greater bandwidth. Attc=0.1 ps the
FWHM from the simulation is 7.8 THz, nearly 80% larger
than at a carrier trapping time of 100 pssFWHM
=4.4 THzd.

IV. COMPARISON OF EXPERIMENT AND SIMULATION

The spectrum of the simulated THz emission has a larger
magnitude at both low and high frequencies than the experi-
mental data[Fig. 7(b)]. This can be accounted for by the
effect of the EOS system and the parabolic mirrors used to
collect the THz radiation. A frequency-domain picture of
EOS with ZnTe has been presented by Gallotet al.23,24 that
models the effect of the detection apparatus using three com-
plex filters, namely, the spectrum of the autocorrelation of
infrared pulse(which has negligible effect), the frequency-
dependent electro-optic susceptibilityxs2d of ZnTe, and the
mismatch between the infrared group velocity and THz
phase velocity in ZnTe. The resulting low-pass filter causes
the high frequency components to reduce in magnitude, as
shown in Fig. 7(b). While the slow drop-off in simulated
electric field at increasing frequencies suggests that large

FIG. 4. (Color online) Momentum scattering rates for electrons
in the G valley, with donor and vacancy concentrations of
131015 cm−3 each. The rate for each scattering mechanism is av-
eraged over all particles in the simulation, and is plotted as a func-
tion of time after laser excitation. The largest contributions to the
total rate(solid line) come from electron-hole scattering(circles)
and charged impurity scattering(dots). LO-phonon emission(tri-
angles) and absorption(dashed line) are also significant. Acoustic
phonon scattering(squares) and vacancy scattering(diagonal
crosses) produce lower rates. Least important are TO-phonon ab-
sorption(diamonds) and emission(vertical crosses), where in both
cases the electronic final state is in theL valley. The infrared pulse
arrives att=0 ps, and produces a step in most scattering rates.

FIG. 5. (Color online) Simulated THz emission in(a) the time
domain and(b) the frequency domain with no vacancies, and for
vacancy concentrations of 131017 cm−3, 531017 cm−3. The full
width at half maximum(FWHM) of the spectra increase with va-
cancy concentration. Coherent phonon oscillations(Ref. 21) are not
observed because the response of the crystal lattice is not included
in the simulation.

FIG. 6. (Color online) Simulated THz electric field from bulk
GaAs at carrier trapping times oftc=10 ps andtc=0.1 ps. In(a) the
unfiltered simulatedtc=0.1 ps pulse(dashed line) has shorter dura-
tion than the 10 ps(solid line). Their Fourier transforms are shown
in (b).
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bandwidths are possible from surface field THz emitters, ex-
perimentally a thins,10 mmd ZnTe crystal is necessary to
observe such frequency components, which would result in a
prohibitively small signal.

While the experiment was designed to collect THz radia-
tion with high efficiency, low frequency THz radiation emit-
ted from the sample surface will be diffracted beyond the
collection capability of the parabolic mirrors. By treating the
two parabolic mirrors as a single thin lens, Côtéet al. have
calculated the high-pass filter corresponding to this effect.25

They found that the approximate filter functionFhighsvd
=erf2s2vRs /cfd, where the THz radiation has a Gaussian
beam-waists, and is collected by two parabolic mirrors each
of focal lengthf and radiusR. For our experimental geom-
etry (f =15 cm, R=2.5 cm, s=0.16 mm) this filter has a
steep rise from 0 to 1 between 0 and,1.5 THz, which when
applied to the simulated data causes a reduction in low fre-
quency components of the electric field.

Multiplying the simulated spectrum by these filters in the
frequency domain produces a high accuracy match to the
experimental spectra[Fig. 7(b)]. Taking the inverse Fourier
transform of the filtered simulated spectrum results in a time-
domain trace that compares adequately with the experimental
time-domain data[Fig. 7(a)]. The low-pass(ZnTe) filter
causes an increase both in the oscillation period and in the
negative peak amplitude after the pulse. The dip in experi-
mental electric field before the pulse is not reproduced by the
application of the filters to the simulated data.

The filters were applied to simulated spectra at carrier
trapping times varying fromtc=0.1 ps totc=100 ps. As
shown in Fig. 8, this enables a direct comparison between
the experimentalfpeak as a function of ion dose, andfpeak
extracted from the model as a function of 1/tc. When tc
=0.1 ps the filtered spectral peak is at 2.1 THz, in excellent
agreement with the values2.2 THzd of the highest dose

sample (2.531015 cm−2 at 1 MeV, 131016 cm−2 at
2.4 MeV). As the carrier trapping time is increased(1/tc
decreased) the simulation tends tofpeak=1.6 THz, in agree-
ment with the experimental value. Values of the FWHM of
filtered simulated spectra are approximately independent of
tc, owing to the bandwidth limitations imposed by the
0.2-mm-thick ZnTe crystal.

A smaller increase infpeak was observed over the experi-
mental range of vacancy concentrations: at 1015 cm−3 fpeak
=1.6 THz, and at 1018 cm−3 fpeak=1.9 THz. This suggests
that carrier trapping may be more significant than carrier-
vacancy momentum scattering in determining THz pulse du-
ration.

The experimental reduction in the spectral peak of THz
emission after annealing(Fig. 3) may be attributed to a com-
bination of a reduction in carrier-vacancy scattering and an
increase in carrier trapping time fromtc,0.1 ps totc
,1 ps.

V. CONCLUSION

We have studied the surface field THz emission from
GaAs implanted with multiple doses of high energy arsenic
ions both experimentally and via a three-dimensional carrier
dynamics simulation. The effect of trapping defects and neu-
tral impurities on carrier dynamics was included in the

FIG. 7. (Color online) Comparison of simulated THz emission
from GaAs withn-type dopingNd=131015 cm−3 using the low-
dose sample data from Fig. 2. In(a) the simulated electric field
(dots) is seen to have a sharp rise,10 fs in duration, and to drop
sharply after,0.1 ps, producing the broad spectrum in(b). When
low-pass and high-pass filters are applied(taking account of the
dispersion in ZnTe, and diffraction-limited collection, respectively,
as described in the text), the filtered spectrum(dashed line) can be
seen to match the experimental spectrum(solid) extremely well.
When transformed back into the time domain, the filtered simulated
electric field[dashed line of(a)] matches for times*0.2 ps.

FIG. 8. (Color online) Frequency of peak emitted THz powerfp

(circles, solid line) and FWHM of spectra(triangles, solid line) as a
function of ion dose at 2.4 MeV(the 1 MeV ion dose was a quarter
of the 2.4 MeV dose). fp is defined as the midpoint of the two
frequencies at which the amplitude of the Fourier transform of the
electric field is 95% of its maximum. The experimental data can be
compared with values extracted from spectra produced by our car-
rier dynamics simulation(dashed lines), plotted as a function of
inverse carrier trapping time 1/tc. The trend infp (crosses) from the
simulation reproduces the experiment. The FWHM from the simu-
lation (diamonds) does not vary with 1/tc, and are consistent with
those measured.
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model. At a short carrier trapping time of 0.1 ps our model
predicts an increase in the FWHM of THz emission of nearly
80% above the FWHM at longs.10 psd trapping times. This
bandwidth increase was experimentally observed as a shift in
peak spectral power towards higher frequencies at greater ion
implant doses. We anticipate similar bandwidth improve-
ments for photoconductive switches made from our
GaAs:As+ samples, but with greater available THz power.
The momentum scattering rate of carriers from vacancy de-
fects was found to be,1014 s−1, comparable to that of the
two dominant scattering mechanisms in unimplanted GaAs
(electron-hole and carrier-charged impurity scattering), for
the vacancy concentrations expected in the highest dose
sample. While the THz pulse duration decreased at high va-
cancy concentration, carrier-vacancy scattering was not

found to account for the full shift in peak experimental spec-
tral power. While the simulation parameters were chosen to
correspond to our GaAs:As+ samples, the model is appli-
cable to LT-GaAs, in which arsenic antisitessAsGad are also
the dominant defect, and which has a comparable trapping
time.
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