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Abstract. This work characterizes the optically excited ter-
ahertz (THz) radiation from arsenic-ion-implanted GaAs
(GaAs: As+). We observed phase reversal in the emitted
THz radiation field after the semi-insulating GaAs substrate
was implanted. The peak amplitude of the emitted THz field
increased from 25 mV/cm to 100 mV/cm after thermal an-
nealing. This trend confirms the recovery in crystallinity of
the as-implanted GaAs: As+ after annealing. By introducing
a magnetic field, we observe a blue shift of the center fre-
quency in the THz power spectrum from 0.57 THz for the
as-implanted GaAs: As+ to 1 THz for furnace-annealed sam-
ples. Analysis of the blue-shifted spectra and unsymmetrical
pulse shapes allows us to infer the increasing importance
of the contribution of another unknown mechanism to the
THz radiation from the GaAs: As+ samples after annealing.
This is also explained satisfactorily by the crystallinity of the
as-implanted and furnace-annealed GaAs: As+. Further, the
effective carrier mobilities of as-implanted, rapid-thermal-
annealed, and furnace-annealed GaAs: As+ are determined
for the first time as 0.6, 2, and 15 cm2/Vs respectively accord-
ing to the THz data.

PACS: 78.47.+p; 61.72.Vv; 72.20.Jv; 73.30.+y; 42.88.+h;
42.50.Md; 42.65.Ky

Terahertz (THz) radiation systems have received extensive
interest owing to their widespread scientific and military
applications. The ultra-wide-band and quasi-optical char-
acteristics also account for the substantial efforts made to
apply THz technology for spectrally determining the di-
electric parameters of crystals, polymers, and organic li-
quids, etc. Recently, optically excited THz radiation (OETR)
from an unbiased semiconductor surface [1, 2] has also
been investigated. The OETR was subsequently employed as
a novel optoelectronic technique for characterizing the elec-
trical and optical parameters of semiconductors. However,
few experiments [3, 4] have been demonstrated to realize
the effect of physical/chemical processes on the charac-
teristics of the semiconductor surfaces or depletion layers.

Shen et al. [4] reported the effect of nitrogen-ion implan-
tation on GaAs by characterizing the time-resolved reflec-
tivity and OETR. More recently, the ultrafast carrier dy-
namics of the arsenic-rich GaAs grown by low-temperature
molecular-beam epitaxy (referred to as LT-GaAs) have
also been studied via THz spectroscopy [5]. On the other
hand, the arsenic-implanted GaAs (GaAs: As+) material [6],
which possesses very similar properties as the LT-GaAs
layer, has emerged as an alternative for ultrafast opto-
electronic applications [7–9]. In this letter, we present
the first measurement of OETR from as-implanted and
post-annealed GaAs: As+ samples. The effects of thermal
annealing time on the carrier lifetimes, effective carrier
mobilities, as well as the dominating radiating mechan-
isms of the GaAs: As+ material have also been primarily
demonstrated.

The GaAs: As+ samples were prepared by implanting the
liquid-encapsulated-Czochralsky (LEC)-grown, (100)-ori-
ented, semi-insulating (S.I.) GaAs substrate with 200 keV ar-
senic ions at a dosage of 10×1016 ions/cm2 in a commercial
apparatus (Varian E220). The encapsulated, ex-situ annealing
process was performed at 600◦C in either a rapid-thermal-
annealing (RTA) processor for 30 s or a quartz-tube furnace
for 30 min with flowing nitrogen gas. For detection of OETR,
we employed the electro-optic field-sensing technique that
has been demonstrated by Wu and Zhang [10]. A 1.5-mm
thick, (110)-oriented ZnTe crystal was used as the THz field
sensor. The light source was a mode-locked Ti:sapphire laser
(Spectra-Physics, Tsunami,λ = 0.8µm) which generates
130-fs optical pulses at a repetition rate of 82 MHz. The aver-
age powers of the optical pump and probe beams were about
1 W and 150µW, respectively. The spot size of the unfocused
pump beam was about 3∼ 4 mm. A pellicle beamsplitter that
is 90% transparent for the THz beam was used to collimate
the focused probe beam along the propagation direction of
the THz beam. For some of the experiments, the arsenic-ion-
implanted GaAs samples were further subjected to an external
magnetic field (∼ 0.32 T) which is perpendicular to the direc-
tion of the optical axis.

For the first OETR experiment, the sample was po-
sitioned with its surface normal tilted from the propa-
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gating direction of the pump beam at an angle of about
65∼ 70◦ [11]. This arrangement facilitates the radiated field
strength along the optical axis. The OETR patterns from as-
implanted, RTA-annealed, and furnace-annealed GaAs: As+
samples are displayed in Fig. 1. The corresponding pos-
itive and negative peak photocurrents areIpositive = 0.47
(Inegative= −0.53) nA, 0.78(−0.71) nA, and 1.82(−2.21) nA
for the above three types of samples, respectively. The cor-
responding THz field strength,Erad, can be expressed as
Erad

∼= Iph/(1.2×10−6 · Pin)V/m by using the e lectro-optic
coefficients of the ZnTe crystal and Jones matrices, where
Iph and Pin are the photocurrent detected by the lock-in am-
plifier and the reflected power of the optical probe beam,
respectively. Note that the THz field discussed in our case
is only the internal field inside the ZnTe probe crystal. The
external THz field is not considered due to the lack of the
refractivity data of the GaAs: As+ sample at such wave-
length. Our results indicate thatErad ≈ 25(−30)mV/cm,
48(−38)mV/cm, and 100(−124)mV/cm for as-implanted,
RTA-annealed, and furnace-annealed GaAs: As+, respec-
tively. In comparison, the THz radiation from unbiased S.I.
GaAs exhibits larger negative and positive peak currents
of about −3.3 nA and 9.2 nA. These correspond to peak
radiated field strengths of−190 mV/cm and 520 mV/cm, re-
spectively. In addition, we further observed that the phases
of the radiated THz signals from all the GaAs: As+ sam-
ples are reversed from that of S.I. GaAs (see Fig. 1). Pre-
viously, this phenomenon has also been observed in either
Si semiconductors (withp− i −n andn − i − p type struc-
tures) [3] or nitrogen-ion-implanted GaAs substrates [4].
These investigations explained such a phenomenon as the
field reversal near a semiconductor surface. In view of the
aforementioned works, we therefore infer that the phase-
reversed THz radiation from the GaAs: As+ samples is
caused by the reversal of the direction of the surface de-
pletion field. The dense As antisite defects generated by
the ion-implantation process are thought to be responsi-
ble for this phenomenon, which leads to a strong Fermi-
level pinning effect on the surface of the heavily implanted
GaAs: As+ samples. It is worth noting that the density
of the AsGa antisite defects,N[AsGa], in the as-implanted

Fig. 1. The THz radiation pattern of as-implanted(short-dotted line), RTA-
annealed(dashed line), and furnace-annealed(solid line) GaAs:As+ sam-
ples. The inset figure illustrates the THz radiation from the S.I. GaAs
sample

(non-annealed) GaAs: As+ sample is up to 1.5×1020 cm−3.
N[AsGa] only decreases to be an order of magnitude smaller
even for a high-temperature RTA-annealing process. After
a long-term furnace-annealing process,N[AsGa] in the
GaAs: As+ sample is found to be 2∼ 5×1018 cm−3. Such
an amount of defects can only be found in heavily doped
semiconductors. We therefore conclude from these observa-
tions that the un-implanted S.I. GaAs substrate is slightly
p-type, and thus all of the implanted samples (annealed
and non-annealed ones) should have been transformed to
n-type.

Furthermore, according to our results, the THz field
strength increases as the annealing time lengthens. The
current-surge mechanism suggests that either the increasing
carrier mobility, or the enhanced surface depletion field, or
the lengthening carrier lifetime can essentially enlarge the
strength of the radiated THz field. According to the Hertzian
dipole radiation model that predominates the current-surge
mechanism, the field strength of THz radiation can be written
as

Erad(t)∝ ∂Jph(t)

∂t
= qnph

∂Vd

∂t
+qVd

∂nph

∂t
∝ qµeffEsurfacenph(t)/τph, whent ≥ 0

where Vd denotes the drift velocity of photoexcited carri-
ers, nph(t) ≈ n0 e−t/τph is the transient photoexcited carrier
density,µeff is the effective carrier mobility of the sample,
Esurface is the surface depletion field near the semiconduc-
tor surface, andτph is the photoexcited carrier lifetime. This
approximation is sustained if we consider that the width of
the laser pulse is far shorter than the lifetime of the photo-
excited carriers and the duration of the excited THz pulse.
The effective carrier mobility of the GaAs: As+ materials
thus can be estimated owing to the aforementioned relation-
ship at t = 0. Previously, our electrical measurements re-
vealed that the magnitudes of the barrier heightψS (as well
as the surface field) at the surface of as-implanted and RTA-
annealed GaAs: As+ samples were about 0.49 and 0.55 eV,
respectively. After a long-term annealing,ψS of the furnace-
annealed GaAs: As+ further increases to 0.57∼ 0.6 eV [12].
Since the measured surface potentials are very close to the ac-
tivation energy of the arsenic antisite defect in the GaAs: As+
sample [13], it is reasonable to postulate that the Fermi-level
pinning effect caused by the dense antisite defects should
exist in the as-implanted and annealed GaAs: As+ samples.
In comparison, these values are relatively comparable with
that of S.I. GaAs (∼ 0.75 eV). The width and field of the de-
pletion region at the GaAs: As+ / S.I. GaAs interface can be
expressed as

dtotal =
√

2εVbi

q

[
NSI + NAs

NSINAs

]
≈

√
2εVbi

qNSI

Emax = qNSIdSI

ε
= qNAsdAs

ε
≈ qNSIdtotal

ε
≈

√
2qNSIVbi

ε
,

where dtotal is the depletion width,Emax is the depletion
field, Vbi is the built-in potential,ε is the relative permit-
tivity (i.e., dielectric constant), andNSI and NAs are the
dopant concentrations in the bulk and implanted regions.
The depletion width at the bulk S.I. GaAs side is calcu-
lated with NSI < 5×107 cm−3 [14], which approximately
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Table 1. The related key-parameters of the S.I. GaAs and GaAs:As+ samples

Sample THz fields Lifetime Barrier height Surface field Mobility
/ mV/cm / ps /eV / V/cm / cm2/Vs

GaAs: As+, As-imp. 25 0,26∼ 0.28 0.49 2.61 0.63 (1)
GaAs: As+, RTA 48 0.45 0.55 2.75 1.9 (3)
GaAs: As+, Furnace 100 1.6 ∼ 1.9 0.57∼ 0.6 2.88 15.1 (24)
S.I. GaAs −190 350 −0.75 3.22 5000(8000)

equals the total depletion width since the depletion depth to-
ward the heavily implanted GaAs region is negligibly small.
Therefore, the depletion width is relatively large in the bulk
S.I. GaAs region due to the ultra-low dopant concentration
of the S.I. GaAs substrate. The total depletion width and sur-
face field of each sample were also calculated by using the
aforementioned equations, as shown in Table 1.

The time-resolved reflectivity measurements indicate that
the lifetime for photoexcited carriers in the GaAs: As+ sam-
ples ranges from 0.26∼ 0.28 ps for the as-implanted sam-
ple, slightly increases to 0.45 ps in a RTA system for 30 s,
and further lengthens up to 1.8 ps after long-term anneal-
ing for 30 min [9]. These are shown in Fig. 2. Based on
these experimental data, the ratios of carrier mobilities for
as-implanted, RTA-annealed, furnace-annealed GaAs: As+
and S.I. GaAs are thus determined to be 1: 3 : 24 : 8000.
If we consider that the carrier mobility of a commercial
S.I. GaAs wafer is about 5000 cm2/Vs, the effective car-
rier mobilities of as-implanted, RTA-annealed, and furnace-
annealed GaAs: As+ samples are therefore calculated to
be about 0.6,2, and 15 cm2/Vs, respectively. The corres-
ponding parameters of different samples required for the
calculation of the effective carrier mobility are listed in
Table 1. The estimatedµeff’s of GaAs: As+ samples are not
only in good agreement with that of other ion-implanted
GaAs samples, but also comparable to that of LT-GaAs
under the same annealing conditions. Instead of using a con-
ventional Hall measurement under an ultrahigh magnetic
field, this is the first measurement of the carrier mobil-
ity in ion-implanted, highly resistive semiconductors with
such low mobility by using OETR. Moreover, we also
note that determining carrier mobility via OETR is com-
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Fig. 2. The time-resolved reflectivities of as-implanted (short-dotted
line), RTA-annealed (dashed line), furnace-annealed (dash-dotted line)
GaAs : As+, and S.I. GaAs (solid line) samples

pletely non-invasive; no electrode has to be fabricated on the
sample.

For the second OETR experiment, the unbiased GaAs : As+
sample was oriented with its surface normal parallel to
the propagating direction of the pump beam. In this case,
the electron–hole pairs were forced to separate and gener-
ate Hertzian dipoles with orientation parallel to the optical
axis of the pump beam. The maximum field strength of
the radiated THz pulses is located in the direction perpen-
dicular to the optical axis. Notably, the contribution of the
current-surge effect to the THz radiation along the propa-
gating direction is nearly negligible in this case. However,
by introducing a magnetic field which creates an induced

Fig. 3. a Enhancement of THz radiation from as-implanted (short-dotted
line), RTA-annealed (short-dashed line), furnace-annealed (dashed line)
GaAs : As+, and S.I. GaAs (solid line) samples by introducing a magnetic
field. b The power spectra of THz radiation from different GaAs : As+
samples obtained by fast Fourier transformation of the time-resolved THz
radiation patterns
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electric field perpendicular to the surface normal, the pho-
toexcited electron–hole pairs can be separated under this
field and generate the transient Hertzian dipoles that are
oriented orthogonal to the optical axis. This enhances the
strength of THz radiation along the optical axis. The THz
radiation from GaAs : As+ samples under a magnetic field
is shown in Fig. 3a. It is found that the peak amplitude of
the negative part of the THz radiation increases with an
increase of the annealing time. In general, the trend of in-
creasing signal after thermal annealing can be attributed to
either the recovery of crystallinity accompanied with the
rise of carrier mobility, or the shortening of the carrier life-
time after the annealing process. Since the latter explana-
tion has been ruled out by using the carrier-lifetime data
from the femtosecond pump/probe measurements, the ex-
perimental results therefore reconfirm our evaluation on the
trend of carrier mobilities for the post-annealed GaAs : As+
samples. Furthermore, we found that these THz radiation
patterns can be adequately fitted by the 1st derivative of
an auto-correlated hyperbolic secant function convoluted
with an exponential decay function, which represents the
reduction of carriers in semiconductors during recombi-
nation or trapping processes. Especially, the rising part
of the measured THz radiation waveforms from different
GaAs : As+ samples matches accurately that of our fitted
function without any deviations. These observations indi-
cate that the radiation mechanism for the GaAs : As+ sam-
ples under a magnetic field is likely predominated by the
enhanced current-surge effect. However, we also found in
the furnace-annealed GaAs : As+ sample that the negative
peak of the normalized THz radiation pattern was found
to be slightly larger than the positive peak. A 2nd deriva-
tive of the autocorrelated laser-pulse function (of an auto-
correlated hyperbolic secant function) has to be introduced
for best fitting of the THz radiation of this sample. Al-
though this result cannot be quantitatively explained at
present, it may be taken as indirect evidence for the exis-
tence of the other mechanism in addition to the current-surge
effect.

By performing fast Fourier transformation (FFT) analy-
sis, the center frequencies of the THz power spectra for
the GaAs : As+ samples were determined to range from
0.57 THz to 0.7 THz. In addition, it is found that the full
width at half maximum (FWHM) of the THz power spec-
tra for all the GaAs : As+ samples was about 0.8 THz,
which is independent of annealing time (see Fig. 3b). In
comparison, the corresponding values for S.I. GaAs are
1 THz and 0.83 THz, respectively. Note that a trend of blue
shift in center frequency of THz radiation from GaAs : As+
annealed at a longer duration was observed in the plot
of THz power spectra. Nevertheless, the FWHMs of the
THz spectra from all samples still remain constant. Ac-
cording to the theoretical models of THz radiation, it is
understood that the THz waveforms can exhibit similar
shapes to the 1st-order and 2nd-order derivatives of the
correlated laser pulses, respectively. If we assume that the
THz radiation is purely excited by either the 1st-order or
the 2nd-order derivative of an auto-correlated hyperbolic-
secant-shaped optical pulse, the THz power spectrum of
the 2nd-order-derivative dominated THz radiation is ob-
served to exhibit a higher center frequency than that of
the 1st-order-derivative dominated one. In view of the the-

oretical simulations and our experimental results, we note
that there are two significant features corresponding to
the THz radiation waveforms; such features are mainly
caused by the combined effect of the 1st-order and 2nd-
order derivative components. That is, not only the nega-
tive peak can be larger than the positive peak of the THz
waveform in the time domain, but also the blue shift of
the power spectrum is found in the frequency domain.
The semiconductor response (usually an exponential de-
cay function) involved in the photocurrent via a convo-
lution procedure will essentially degrade the ultrafast dy-
namical response of the original 1st-derivative function by
attenuating the amplitude of the negative peak and length-
ening the tail of the radiating waveform. This interprets
that the center frequency of the THz spectrum induced
by the current-surge effect (1st-derivative-function-like pat-
tern) should be slighter lower than that induced by the
2nd-derivative-function-dependent effects. We can also con-
clude that a small fraction of the THz signal contributed
by the 2nd-derivative-function-dependent effects will effi-
ciently lead to a THz power spectrum with higher cen-
ter frequency. Furthermore, the experimental results for
the GaAs : As+ samples imply that the contributing fac-
tor of such effects is enhanced as the annealing time in-
creases. Although we are unable to confirm this, these
results still suggest that the orientation of the GaAs sub-
strates after the implantation and annealing processes could
have been slightly modified and deviated from the 〈100〉
direction.

In conclusion, this work characterizes the OETR from
unbiased, arsenic-ion-implanted GaAs samples. A phe-
nomenon of phase-reversal in the THz radiation field is
observed in the GaAs : As+ samples, in contrast to that in
a S.I. GaAs substrate. The field strengths of the as-implanted,
RTA-annealed, and furnace-annealed GaAs : As+ are esti-
mated to be about 25 (−30)mV/cm, 48 (−38)mV/cm, and
100 (−124)mV/cm, respectively. The ratios of effective
carrier mobilities of as-implanted, RTA-annealed, furnace-
annealed, and S.I. GaAs are primarily evaluated to be
1 : 3 : 24 : 8000 (0.6 : 2 : 15 : 5000 cm2/Vs) in our work. To
date, these are hitherto the preliminary data estimated by
OETR rather than by Hall-measurement or photoconductive
methods. The experimental data also confirm that the increas-
ing THz field strength is attributed to the recovery of mobility
or surface nonlinearity after the thermal annealing process.
Under a magnetic field, the current-surge effect is signifi-
cantly enhanced. The investigations also indicate that either
the enhancement of surface electric field or the recovery of
carrier mobility would be more pronounced than the short-
ening of carrier lifetime for the improvement of THz field
strength. It is also found that the current-surge effect in the
GaAs : As+ samples could significantly be enhanced during
an ex-situ annealing process. The experimental observation
on blue shift of center frequency in the THz power spectrum
after long-term annealing is elucidated as a contribution of
an unknown surface effect that results in a 2nd-derivative-
function-like THz waveform. Our simulations also suggest
the existence of another radiating mechanism different from
the current-surge effect that corroborates with the THz radi-
ation from the implanted GaAs : As+ samples, which may
serve as a less-predominated mechanism in the GaAs : As+
samples.
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