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Surface-modified semiconductors show enormous potential for opto-terahertz (THz) spatial modulation due to
their enhanced modulation depth (MD) along with their inherent broad bandwidth. Taking full advantage of the
surface modification, a performance-enhanced, all-optical, fast switchable THz modulator was achieved here
based on the surface-passivated GaAs wafer. With a decreased surface recombination rate and prolonged carrier
lifetime induced by passivation, S-passivated GaAs was demonstrated as a viable candidate to enhance THz modu-
lation performance in MD, especially at low photodoping levels. Despite a degraded modulation rate owing to the
longer carrier lifetime, this passivated GaAs modulator simultaneously realizes a fast modulation at a 69-MHz
speed and as high an MD as ∼94% in a spectral wideband of 0.2–1.2 THz. The results demonstrated a new
strategy to alleviate the tradeoff between high MD and speed in contrast to bare surfaces or heterogeneous
films/unusual geometry on semiconductors including Si, Ge, and GaAs. © 2021 Chinese Laser Press
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1. INTRODUCTION

Recently, a growing research emphasis has been placed on tera-
hertz (THz) radiation in view of its unique properties and po-
tential applications in spectroscopy, noninvasive testing, and
high-speed communications [1–3]. Being an imperative compo-
nent in actual THz systems, considerable progress has been
achieved in active modulators. These modulators are capable
of complete adaptive manipulation of THz waves, primarily
via electric, optical, or thermal stimuli. Among these, quasi-
optical manipulation that allows fast transfer of information
from the optical to THz regime is of particular interest [4]. A
simple, but remarkable, opto-THz modulator is based on semi-
conductors, such as silicon (Si), germanium (Ge), or gallium ar-
senide (GaAs). When the semiconductor is irradiated by a laser
with the photo energy larger than its bandgap, free carriers will be
generated. These generated carriers form a temporary thin con-
ductive layer at the surface. THz waves collimated onto this re-
gion are thus attenuated due to the increased reflection and
absorption [5]. This kind of device realized by varying photo-
carrier populations predicts a broadband and cost-effective
modulation method. Although such Si-based THz modulators
are well established and significant advancement has been real-
ized by cooperating with various heterogeneous films [6–9] and
nanostructuring/microstructuring [10,11], they are mainly con-
centrated on photomodulation efficiency. Merely investigations

on the response speed were reported. Because the carrier lifetime
of Si is relatively long, typically τeff ∼ 100 μs, the resultant
modulation rate from these devices is limited to the order of
∼100 kHz [5]. With regard to Ge, even though it has higher
mobility, which is beneficial for fast response, the representative
value of τeff is tenfold longer compared to Si [5]. As a result,
only a moderate speed of ∼200 kHz was realized [12,13].
Therefore, novel materials and approaches are sought for fast
THz modulation.

An alternative highly investigated semiconductor for THz
modulation is GaAs. GaAs has a direct bandgap of 1.44 eV,
higher electron mobility than both Si and Ge, and a rather
shorter carrier lifetime, on the order of picoseconds [14]. This
makes GaAs an excellent candidate to realize fast THz modu-
lation. However, there exists a trade-off between the modula-
tion depth (MD) and speed because the MD depends on the
accumulation of carriers, where a longer τeff indicates more
carriers can be accumulated and thus a larger MD. On the con-
trary, fast speed requires a carrier lifetime τeff as short as pos-
sible. Therefore, such a smaller τeff in GaAs results in a limited
MD of 13% [15]. To boost the modulation efficiency, unusual
geometry, including photonic crystals [16] and gratings [17],
has been coupled with GaAs to enhance the light–matter
interaction. However, the enhancement is middling. They
achieved a moderate MD level, far lower than the achievable
value in its Si/Ge-based counterparts. Furthermore, this
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additional resonant geometry not only introduces difficulty and
complexity in the fabrication and the expenditure, but also lim-
its the accessibility of these devices with a narrow frequency
band. More importantly, all of these designs did not focus
on the limiting factor itself, the short τeff . Recently, we found
that surface passivation could effectively decrease surface re-
combination of photo-induced carriers in Si, lengthen the car-
rier lifetime, and thereby significantly enhance the MD of THz
modulation [18]. This kind of improvement was further dem-
onstrated by Hooper et al. [19] and our latest work [20]. As a
result, it is taken for granted that such pretreatment will also be
beneficial for MD improvement in GaAs-based devices, thus
getting rid of its weakness in modulation efficiency.

As a proof of concept, here we designed and fabricated such
a performance-enhanced modulator by passivating a GaAs sur-
face with �NH4�2S. With passivation, a 5.6 times enhancement
in the photoluminescence (PL) intensity and a 1.5 times longer
carrier lifetime were achieved, which render S-passivated GaAs
superior to bare GaAs in MD. This is especially true at low
photodoping like 3 mW, where MD from the passivated
one increased by 1.6 times compared to its bare GaAs counter-
part. Moreover, the larger the pumping power, the higher the
resultant MD. When it was increased to 60 mW, a comparable
MD of 94% to that in a Si/Ge-based one at equivalent photo-
doping was received, along with a fast response rate of 69 MHz.
Even though the rate was slightly degraded due to the longer
carrier lifetime after passivation, it is still much faster than the
100 kHz magnitude by Si/Ge-based THz modulators. Hence, a
fast, all-optical spatial THz modulation in a spectral broadband
ranging from 0.2 THz to 1.2 THz is demonstrated by surface-
passivating GaAs wafers. This kind of performance-
enhanced, fast modulator is highly desirable in actual situations
and offers a viable avenue to equilibrating the compromise be-
tween MD and speed.

2. MATERIAL PREPARATION AND
CHARACTERIZATION

The investigations were performed on the semi-insulating
n-GaAs(100) wafers, with a thickness of 625 μm and dark re-
sistivity>108 Ω · cm. Even though the low-temperature-grown
GaAs has been a commercial substrate and shows an excellent
performance in THz antenna, however, its typical τeff is only a
few picoseconds or even subpicoseconds [21,22]. Thus, with
regard to THz modulation, such a low τeff will only lead to
a worsening modulation performance rather than enhancing
the performance; in other words, low-temperature-grown
GaAs is not a suitable candidate in such opto-THz modulators.
Therefore, in this paper the semi-insulating GaAs with τeff of
several hundred picoseconds was selected for our investigation.
These semi-insulating GaAs wafers were pre-treated with
acetone, absolute ethanol, and deionized water for 5 min to
degrease and remove the impurities. Some of the samples after
pretreatment were adopted as the reference set, bare GaAs. The
rest were prepared for sulfidizing with the following procedure.
They were first etched in a 1:5H2SO4:H2O acid solution for
1 min for the removal of native oxides, and immediately
surface-passivated by being immersed in a saturated solution of
ammonium sulfide [�NH4�2S] and tert-butanol (C4H9OH)

for 20 min at a temperature of 50°C. Thus, a desirable
S-passivated GaAs was fabricated.

The optical absorption was measured by an ultraviolet/
visible/infrared (UV/VIS/IR) spectroscopy (PerkinElmer
Lambda 750), and the PL intensity of GaAs samples under in-
vestigation was measured by a steady-state and transient fluo-
rescence spectrometer (Edinburgh Instruments, FLS980). By
means of a homemade optically pumped terahertz-probe
(OPTP) spectroscopy system, the carrier lifetime of GaAs sam-
ples was determined. The THz time-domain signals transmit-
ted through both GaAs samples were also detected by this
OPTP system. For the dynamic modulation of a continuous
THz wave (∼340 GHz), a Schottky diode was assembled to
record the THz intensity in dependence on time.

3. RESULTS AND DISCUSSION

As a measure of passivation efficiency, the PL properties in both
GaAs wafers without and with surface treatment were investi-
gated and considerably improved in the surface-passivated one.
As shown in Fig. 1(a), the greatest increase of the PL intensity
of S-passivated GaAs relative to bare GaAs achieves a 5.8-fold
increase, which stems from the effective removal of oxides from
the GaAs surface during the acid treatment and the following
formation of sulfides by sulfur passivation. These courses lower
the surface states and result in an attendant reduction of the
surface recombination velocity [23], which indicates that a
longer lifetime of surface carriers will be induced.

For the verification of the relation between PL intensity and
carrier lifetime, an all-optical alternative technique (OPTP),
was adopted, which is also referred to as time-resolved THz
spectroscopy. This OPTP system has been demonstrated to
be able to characterize optical and electrical properties of
semiconductors that circumvents the need for PL and electrical

Fig. 1. Characterization of GaAs wafers before and after surface
passivation. (a) PL spectra (inset: time-resolved THz transmission
for the S-passivated GaAs and the reference bare GaAs measured at
a low fluence of 3 mW); (b) schematic of the home-made OPTP setup;
(c) response waveform of the bare and S-passivated GaAs based mod-
ulators to one pulse of the laser under different power levels; and
(d) measured UV/VIS/IR absorption spectra.
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contacts [24,25]. By means of this pump-and-probe scheme, an
ultrashort optical pump arrives at the surface of the sample,
creating a photo-carrier population that is probed by a THz
pulse. By monitoring the transmission at a fixed probe position,
and time-resolving the pump, the carrier lifetime can be esti-
mated [26]. We homemade such an OPTP spectroscopy sys-
tem and the setup is shown in Fig. 1(b). A femtosecond pulse
laser centered at 800 nm with duration of <50 fs and a rep-
etition rate of 1 kHz is undertaken. The pulses are split into the
optical pump beam, THz generation beam, and detection
beam. Both the optical pump and THz probe beams are
equipped with a delay stage with attempts to control the optical
pump timing on the surface of GaAs sample and the detection
time, respectively. They are also redirected so that they can be
collinearly and normally incident to the GaAs sample. When
measuring the carrier lifetime, the THz probe delay stage was
fixed at the peak of the THz pulse during the measurement
procedure. The arrival of the pump beam at the GaAs surface
generates photo-carriers that are available to absorb the THz
probe and disappear over time due to trapping or recombina-
tion. The photo-carrier population was monitored by recording
the transmitted THz amplitude from a time before the pump-
ing arrives until a sufficient duration later. The inset of Fig. 1(a)
shows the measured time-resolved THz transmission for the S-
passivated GaAs and the reference bare GaAs at a low fluence of
3 mW. By fitting with double exponential decay functions, the
resultant lifetime of carriers is roughly estimated to ∼900 ps for
S-passivated GaAs and ∼600 ps for the bare one. After passi-
vation, the carrier lifetime was lengthened by 1.5 folds, which is
well matched with the one reported in Ref. [27]. Both the en-
hanced PL intensity and lengthened carrier lifetime indicate
that the GaAs surface was well passivated when dipping in
the saturated solution of �NH4�2S and C4H9OH.

This type of subnanosecond carrier lifetime indicates a fast
response of THz modulation. With a 340 GHz carrier, the dy-
namic response waveforms, through the bare and S-passivated
GaAs-based modulators, to one of the pulses of the pumping
laser were detected. As exhibited in Fig. 1(c), the intensities via
both bare and S-passivated GaAs samples decline quickly at an
almost identical speed. Then a slower recovery process is ob-
served in the S-passivated one because the photo-generated
electron-hole pairs usually can be generated in a very short time
upon photodoping. Its recovery, however, is dependent on the
recombination time, owing to the longer one that is positively
correlated with the carrier lifetime, hence resulting in a longer
recovery time after passivation. Remember the definition of re-
sponse time in Ref. [5]: the time taken to modulate THz beam
from 90% to 10% intensity as transfer time and that taken to
return from 10% to 90% as recovery time. The response time
for bare and S-passivated GaAs under 10 mW excitation was
estimated to be 6.575 ns and 12.5125 ns, respectively. Hence,
response rates of 154 MHz and 80 MHz can be calculated,
respectively. Despite this, the speed was approximately halved
in the S-passivated GaAs-based modulator due to the length-
ened carrier lifetime by surface-passivating; as high as 80 MHz
speed is still rather tantalizing with regard to the ∼100 kHz
magnitude in Si/Ge-based modulators [12,13]. This result also
supports the conclusion above that the GaAs surface was effec-

tively passivated by sulfur, which prolongs the lifetime of the
surface carriers. More importantly, the descent of the THz am-
plitude thru S-passivated GaAs is much larger than that going
through bare GaAs, which hints at a higher photomodulation
efficiency for the THz modulator composed of the S-passivated
GaAs wafer.

We also measured the UV/VIS/IR absorption spectra of
GaAs specimens without and with surface passivation. The re-
sults are plotted in Fig. 1(d) and obviously show that S-passi-
vated GaAs has better laser absorption than the reference one
from 400 nm to 854 nm. An increase of ∼1.8% is observed at
the 800 nm pumping laser. This predicts that ∼1.8% more
photo-carrier density should be generated in the S-passivated
Si even without consideration of its prolonged carrier lifetime.
The reason is that the carrier concentration ΔN generated by
optical excitation is quantitated by the product of carrier life-
time τeff and the generation rate of electron-hole pairs g . For a
given optical excitation, the only parameter of significance in
determining g is the laser absorption. The g value is propor-
tionate to the absorption and their detailed correlation is for-
mulated in Eq. (1) from now on. These three observations
(higher PL intensity, longer carrier lifetime, and larger laser ab-
sorption) above all render the S-passivated GaAs an optimal
candidate to perform a better THz modulation.

To elucidate the surface-passivation influence on this kind
of GaAs-based opto-THz modulator, the THz modulation
properties of GaAs wafers before and after passivating were in-
vestigated by the OPTP spectroscopy. The prototype and spa-
tial configuration of the S-passivated GaAs-based THz
modulator are shown in Fig. 2(a), where the 800 nm optical
pump pulse has a spot diameter of 5 mm to completely
encapsulate the incident THz beam (3 mm). The transmitted

Fig. 2. Characterization of THz modulation performance through
the S-passivated and bare GaAs samples. (a) Schematic of the
S-passivated GaAs based all-optical spatial THz modulator, where an
800 nm pulse laser is adopted as optical excitation, which has a spot
diameter of 5 mm to completely encapsulate the incident THz beam
(3 mm). Bottom graph illustrates the penetration depth (d ) depend-
ence of the effective carrier lifetime (τeff ) when the photodoping power
is varied. (b) Detected transmitted time domain spectra; and (c) cor-
responding frequency domain spectra calculated from (b).
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THz signals through the bare and S-passivated GaAs samples
with and without a pumping laser are presented in Fig. 2(b).
Under no photodoping, an infinitesimal reduction of 2.2% in
the peak-to-peak amplitude of the main pulse was observed for
the surface-passivated one. This results from the slightly in-
creased charge density at the surface, which is induced by
the decreased surface recombination velocity [19,20]. Upon
pumping at a laser fluence of 3 mW, both bare and S-passivated
GaAs wafers show considerable degradations in the amplitudes
of transmitted THz waves, resulting from the increased reflec-
tion/absorption of the conductive layer formed by photo-
generated electron-hole pairs at the samples’ surfaces [12]. By
Fourier transforming the time-domain spectra in Fig. 2(b) and
normalizing to a reference spectrum measured in air, the cor-
responding transmission spectra in the frequency domain are
plotted in Fig. 2(c). The increased conductivity contributes
to the transmission attenuation over a wide frequency range
from 0.2 THz to 1.2 THz, indicating a broadband modulation
performance in THz regime. Obviously, this attenuation is
more remarkable for the passivated sample. When no photo-
doping is applied, the averaged transmittance (T ave) over the
frequency window of 0.2–1.2 THz is 69.8% and 68.0%
through bare and S-passivated GaAs, respectively. It declines
to 50.9% for bare GaAs, but is much lower for the S-passivated
one (38.9%) under 3 mW pumping. By defining the modu-
lation depthMD � jT ave,x − T ave,0j∕T ave,0 to be the difference
between the averaged transmittance T ave,0 without photodop-
ing and that under x illumination normalized to T ave,0, the cal-
culated MD corresponds to 27.4% and 42.7%. As expected, an
∼1.6-fold MD enhancement is experimentally realized by pas-
sivating the GaAs surface with sulfur.

More detailed experiments reveal that the S-passivated
GaAs-based modulator is better when compared to the bare
GaAs one with respect to the obtainable MD, especially at
low photodoping levels. Figures 3(a) and 3(c) plot the trans-
mitted THz domain signals under different photodoping levels
for bare and S-passivated GaAs samples, respectively, with the
corresponding frequency-domain spectra shown in Figs. 3(b)
and 3(d). Obviously, both modulators present considerable
and broadband attenuation in THz transmission under illumi-
nation, resulting from photo-induced electron-hole pairs. It is
worth noting that, compared to bare GaAs, the transmission
decay in S-passivated GaAs is more remarkable under equiva-
lent power, especially at low power levels. For visualized obser-
vation, we summarized the averaged transmittance dependence
on the photodoping power P and the resultant curves are
shown in Fig. 3(e). At the low-power region, the transmittance
through S-passivated GaAs is significantly lower than that
through the bare one at an identical power level. The difference
in T ave reaches the maximum of ΔT ave � 11.7% at
P � 3 mW. Then, as the power level increases, photodoping
tends to saturate, and the transmission deviation is increasingly
lessened. The transmittance starts converging to a comparable
value when P exceeds 10 mW. This behavior is also mirrored
by MD, which is displayed in Fig. 3(f ) as a function of P.
Similar to the observation of the THz transmission variation
in Fig. 3(e), a maximum enhancement of MD was observed
at the low-power region up to 3 mW. Its ability to further in-

crease the power deteriorates due to the saturation effect.
Although the achieved MD in the two samples are comparable
when P > 10 mW, the modulation by S-passivated GaAs is
always superior under equivalent power photodoping. At
60 mW photodoping, an MD as high as 93.9% was obtained,
which is comparable to that reported in its Si-based counterpart
at an equivalent power level of photodoping [28].

The varying manners of transmission and MD relative to
laser power can be qualitatively elucidated by the generation
and recombination processes of electron-hole pairs in GaAs
under photodoping. When an optical excitation is applied
whose photo energy exceeds the bandgap of GaAs, electron-
hole pairs (carriers) are generated in the substrate and
the residual carrier population in the GaAs wafer can be
evaluated by

�ΔN �0 � gτeff �
aP
dhν

τeff : (1)

Here, g is the generation rate of electron-hole pairs and is
determined by the power of incident laser P, the portion of the
incident photons that enter the wafer a [i.e., the laser absorp-
tion shown in Fig. 1(c), which is given by the laser transmission
t and determined by the standard Fresnel equation], the depth
that the photons penetrate into the wafer d, and the energy (hν)

Fig. 3. THz modulation performance under 800 nm femtosecond
laser with different power: (a) and (c) time-domain spectra; (b) and
(d) corresponding frequency-domain spectra for bare and S-passivated
GaAs, respectively. (e) THz averaged transmittance over a frequency
window from 0.2 THz to 1.2 THz; and (f ) calculated MD in depend-
ence on the pumping laser power as measured for bare GaAs and
S-passivated GaAs wafers.
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of the incident photons at frequency ν [19]. Therefore, the
stronger illumination results in more photo-generated elec-
tron-hole pairs. These carriers contribute to an increase in
the dielectric constant of GaAs specimens and a larger decrease
in the transmittance of THz radiation according to the Drude
model [29]. Hence, THz transmissions going through both
bare and S-passivated GaAs wafers decrease as the power in-
creases, as shown in Fig. 3(e), accompanied by an increased
MD, as shown in Fig. 3(f ).

The effective carrier lifetime τeff is determined by the carrier
recombination process, including surface recombination and
bulk recombination:

1

τeff
� 1

τsurface
� 1

τbulk
, (2)

where τsurface is related to surface recombination that occurs due
to the existence of defect states at the GaAs surfaces; τbulk is
dependent on the quality of the GaAs wafer used. For a low
photodoping level, the carriers were photo-generated in the
vicinity of the GaAs surface and τsurface can be approximately
considered as τeff at this moment. Owing to the existence of
native Ga/As oxides and dangling bonds, τsurface is quite short
for bare GaAs. For S-passivated GaAs, however, the treatment
in the solution of �NH4�2S and C4H9OH leads to an effective
removal of oxides from its surface and to the formation of sul-
fides there, which efficiently prolongs τsurface. At a low influence
of 3 mW, for example, we previously measured τeff of ∼600 ps
and ∼900 ps for bare and S-passivated GaAs, respectively, ren-
dering a significant enhancement of MD in the S-passivated
one. However, as the photodoping power increased, more car-
riers were produced and gradually diffused into the substrate,
and τeff is then synergistically dominated by τsurface and τbulk .
With a concomitant effect, τbulk plays a progressively major role
in the determination of τeff with growing power. Because these
two GaAs wafers were selected from the same batch produc-
tion, they generally have an identical τbulk , typically on the or-
der of ∼10 ns [5]. Thus, the higher the power, the smaller the
deviation between the two resultant τeff . This implies a deterio-
rated enhancement of MD as shown in Fig. 3(f ), so that the
value of S-passivated GaAs approaches that of the bare one and
reaches a comparative value at 60 mW due to the saturation
effect.

This conclusion also can be supported by the dynamic
modulation shown in Fig. 1(c), where the amplitudes of re-
sponse waveforms remain steady when the power exceeds
60 mW and indicates that a fast modulation response of
69 MHz can be calculated. On the basis of an opto-THz
modulation mechanism based on semiconductors, incident
THz waves are attenuated due to the increased reflection/
absorption formed by the photo-induced carriers. At a low pho-
todoping, the generated carrier density is relatively low and
the THz attenuation primarily originates from the absorption.
The higher the photodoping, the more the carriers; the larger
the absorption, the lower the transmission. Such an attenuation
is saturated at 60 mW. When further increasing the power, the
THz radiation is synergistically decreased by the absorption
and reflection. Despite no further decline in the THz transmis-
sion, these superfluous photo-generated carriers make GaAs
gradually metallic, which results in a flat signal. The higher

the power, the more superfluous carriers that are generated,
and the longer the flat duration. Such a flat signal reaches a
maximum at an extreme photodoping level of 200 mW. As
shown in Fig. 1(c), this flat signal begins at ∼4.3 ns and ends
at ∼15.1 ns, defining a duration of ∼10.8 ns, which is exactly a
typical τbulk value of GaAs [5,27]. This result demonstrates that
this signal indeed comes from the sample. It should be pointed
out that such a high power was investigated with an attempt to
further certify our preceding elucidation. To eliminate the sat-
uration effects caused by the response limits of the equipment,
in this paper we only pay attention to its modulation perfor-
mance before saturating; that is, the photodoping range of
0–60 mW.

We also analyzed the changes in the photo-excited carrier
density and photoconductivity with changes in the photodop-
ing power by OPTP spectroscopy to thoroughly explain the
photo-induced modulation mechanism for the transmitted
THz waves. By taking the Fourier transform of the measured
THz time-domain waveforms from the excited (Ẽ excited) and
unexcited (Ẽunexcited) sample at a specific pump time delay,
the frequency-dependent transmission can be calculated by
[26,30,31]

T̃ �ω� � Ẽ excited�ω�
Ẽunexcited�ω�

� n� 1

n� 1� Z 0d σ̃�ω�
, (3)

where n � 3.48 is the refractive index of unexcited GaAs in the
THz region, Z 0 � 377Ω is the impedance of free space, and d
is the thickness of the photo-excited layer, which is estimated to
be 1 μm based on the penetration depth of the 800 nm pump
in GaAs [31]. Thus, the complex conductivity σ̃�ω� �
σre�ω� � iσim�ω� can be obtained from Eq. (3). Figure 4 shows
the real part [σre�ω�] and the imaginary part [σim�ω�] of the
calculated photoconductivity, respectively, from S-passivated
and bare GaAs under various photodoping powers. Since
the THz signal is greatly attenuated by the modulators, the cal-
culation results in the higher or lower frequency range are not
reliable, so we only show data between 0.7 THz and 1.7 THz
here [30]. We also did not adopt the THz waveform data with
the highest MD because it would introduce excessive noise
errors. The data corresponding to lower photodoping power
increasing from 0 mW to 30 mW were applied.

On the basis of the resultant complex conductivity, the car-
rier concentration can be qualitatively analyzed using the sim-
ple Drude model, which can be calculated by

N � mε0ω2
p∕e2, (4)

Fig. 4. Calculated complex conductivity from (a) bare and
(b) S-passivated GaAs under various photodoping powers.
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where m and e are the effective mass and charge of electron,
respectively; ε0 is the vacuum permittivity; and ωp is the plasma
frequency with an approximate expression as

ωp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2im∕�1 − εre�

q
ω: (5)

Here, ω is the operational frequency; εre and εim are the real
part and imaginary part of dielectric constant, respectively, and
depend on the complex conductivity:

εre�ω� � 1 − σim�ω�∕�ε0ω�, (6)

εim�ω� � σre�ω�∕�ε0ω�: (7)

Thereafter, the photo-generated carrier density as a function
of the photodoping power can be qualitatively drawn in Fig. 5.
From Figs. 4 and 5, we can observe that both the real part of
photoconductivity σre�ω� and the carrier density N increase
with an increase in the photodoping power. As we all know,
σre�ω� corresponds to the absorption coefficient, where a
higher value means a higher absorption in THz radiation. A
one-order increment of N also is achieved. This indicates that
as the photodoping power increases, large numbers of electrons
are induced, which are transferred and concentrate, thus
significantly enhancing the electron–phonon scattering effect.

Both larger σre�ω� andN contribute to a lower transmission, as
Fig. 3 shows.

To facilitate further comparison with other material sys-
tems, we collated representative results obtained from the state-
of-the-art semiconductor-based opto-THz modulators [8,9,12,
13,15–17,32–38], and present this summary in Fig. 6. The
results show that both Si and Ge tend to produce high MD,
but limited speed, while GaAs has fast modulation, but low
MD. Despite various schemes adopted to enhance their modu-
lation performance, a compromise still exists between MD re-
lated to the accumulation of carriers and speed depending on
τeff . Our method balanced this compromise by prolonging τeff
with surface-passivated GaAs and simultaneously realized as a
high MD as ∼94% and 69 MHz fast broadband THz modu-
lation. Compared to these high-MD schemes, we believe our
design exhibits a much faster modulation and a comparable
modulation efficiency. With respect to these high-speed archi-
tectures, in spite of a deteriorated speed, our S-passivated GaAs-
based modulator not only achieves a much higher MD but also
a broadband modulation property.

4. CONCLUSION

In this paper, we demonstrated that surface passivation is an
effective approach to improve modulation efficiency for
GaAs-based photomodulators with only a small decrease in
the response rate, especially at low photodoping levels. The in-
fluence of passivation on the fast carrier dynamics in GaAs and
modulation performance of GaAs-based THz modulators was
examined using OPTP spectroscopy. Increases of 5.8 times and
1.5 times, respectively, for the PL intensity and carrier lifetime
were measured in a passivated GaAs wafer, which contributes to
a spectrally wideband modulation of transmitted THz radiation
in a frequency range from 0.2 THz to 1.2 THz, with a maxi-
mum averaged modulation depth up to ∼94% at a proper ex-
citation intensity. Such a high MD is comparable to these Si/
Ge-based opto-THz modulators and is even far superior to the
GaAs-based ones. The decreased modulation rate of this pro-
posed modulator was measured as 69 MHz, which has yet to be
reported in its Si/Ge-based counterparts. These results make
our device an ideal candidate to eliminate the need for a
trade-off between high MD and fast modulation speed.
Such high-modulation performance and ease of fabrication also
demonstrate the wide application possibilities for this device. As
a result, we believe the proposed modulator has a promising
future in THz imaging and communications technologies.
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Fig. 6. Performance of opto-THz modulators based on different
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Fig. 5. Calculated carrier densities from bare and S-passivated GaAs
as a function of photodoping power.
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