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Abstract—We describe in detail the characterization of two
high-power photonic transmitters based on two different kinds
of high-power photodiodes, one a GaAs/AlGaAs based uni-trav-
eling-carrier photodiode (UTC-PD) and the other a separated-
transport-recombination photodiode (STR-PD). The diodes op-
erate under optical pulse excitation at the 800 nm wavelength.
Both PDs have the same total depletion layer thickness (same the-
oretical RC-limited bandwidth) and are monolithically integrated
with the same broadband micro-machined circular disk monopole
antennas to radiate strong sub-THz pulses. However the STR-PD
based transmitter exhibits very different dynamic and static
performance from that of the UTC-PD based transmitter due
to the existence of a low-temperature-grown GaAs (LTG-GaAs)
based recombination center inside the active region, and the much
thinner thickness of effective depletion layer. Under optical pulse
excitation (~480 pJ/pulse), the STR-PD based transmitter exhibits
a much lower maximum averaged output photocurrent (1.2 mA
versus 0.3 mA) than that of the UTC-PD transmitter, although the
radiated electrical pulse-width and maximum peak-power, which
are measured by the same THz time-domain spectroscopic (TDS)
system, of both devices are comparable. These results indicate that
although the recombination center in the STR-PD degrades its
DC responsivity, it effectively improves the high-speed and output
power performance of the device and eliminates the DC compo-
nent of the photocurrent, which should minimize device-heating
problem during high-power operation. The radiated waveforms of
both devices under intense optical pulse illumination also exhibit
excellent linearity and strong bias dependent magnitude. This
suggests their suitability for application as photonic emitters and
possibly as a data modulator in sub-THz impulse-radio commu-
nication systems.

Index Terms—High-power photodiode, uni-traveling carrier
photodiode (UTC-PD), separated-transport recombination photo-
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1. INTRODUCTION

ECENTLY, THz technology has attracted a considerable
R amount of attention, because of its increasing variety of
applications, ranging from communications, security screening
to medicine and nondestructive evaluation [1]. These appli-
cations need compact, convenient, broadband THz sources
with high output power. Some proposed applications include
sub-THz sources, Gunn diodes, resonant tunneling diodes
[2], [3], and quantum cascade THz lasers [4]-[6]. Currently,
several related products like THz image systems, THz spec-
troscopy Kkits, etc.!2 are now commercially available. These
systems usually constructed with Ti:sapphire mode-locked
laser (A = 800 nm) and compact THz emitter modules. It is
attractive to replace these modules by compact photonic-trans-
mitters (PTs), which are composed of an antenna and a high
speed and power photodiode (PD) [7]-[10]. The PTs have the
advantages of simplicity, room-temperature operation, tunable
THz wavelength, and easy integrability with other semicon-
ductor devices.

In addition, under optical excitation with short pulse lasers
or heterodyne-beating continuous-wave (CW) laser diodes, PTs
can also efficiently radiate pulse or CW THz waves. PTs can
also provide an interesting alternative for wireless communica-
tion link applications. As we know, the demand for high-bit-
rate wireless local area networks has grown rapidly. Impulse
radio (IR) is one technology that has been proposed to meet this
demand. However, there remain considerable challenges to be
overcome for IR applications [11]. For example, there is huge
propagation loss in free-space of short (sub-picoseconds) elec-
trical pulses, which may directly be generated by electronic de-
vices such as nonlinear transmission lines [12]. This type of
problem could be overcome by the use of photonic technology
in an IR system, where the optical pulse signal is distributed
through a low-loss optical fiber and an optical-pulse triggered
PT is utilized to radiate the converted electrical signal to the
user-end over the last-mile.

I'The kit is supported by EKSPLA Corp., Lithuania, www.ekspla.com.
2The kit is supported by Picometrix Inc., USA, www.picometrix.com.

0018-9197/$26.00 © 2009 IEEE



20

Some PT-based sub-terahertz (sub-THz) IR communication
links have also been demonstrated [13]—[15]. In order to fur-
ther improve the maximum transmission distance, it is neces-
sary to have a PD which can sustain its high-speed performance
and deliver high output power under intense optical pulse ex-
citation. There are two major strategies to meet this challenge
[16]. One is to distribute and make uniform the photocurrents
along edge-coupled PDs by improving the structure of optical
and electrical waveguides, for example, the velocity matched
distributed photodetector (VMDP) [17] and evanescent coupled
photodiode (ECPD) [18], [19]; the other strategy involves mini-
mizing the space-charge screening (SCS) effect [16], [20] in the
photo-absorption volume. Under intense optical power illumi-
nation, the photo-generated carriers will induce a strong space-
charge field, screen out the external applied electrical field, and
seriously limit the output saturation power of the PD.

By increasing the drift-velocity of photo-generated carriers,
such as with the structure of a uni-traveling carrier PD (UTC-
PD), is one way to minimize the SCS effect. Excellent high-
speed and high-power performance has been demonstrated [21]
in UTC-PD.

Under 1.55 pum long wavelength excitation, an InP/InGaAs
based UTC-PD based photonic-transmitter has been shown to
generate a continuous wave (CW) output power at 1.04 THz
of as high as 2.3 uW [7], [21]. In the case of an InP based
UTC-PD operated under 0.8 pum wavelength excitation, the
incident photon will have enough photon energy to induce the
absorption process in the InP based collector layer. The pres-
ence of photo-generated holes in the collector layer will degrade
the high-power performance of the UTC-PD. We overcome
this problem with our demonstrated high-speed GaAs/AlGaAs
based UTC-PD [22], which is composed of a GaAs based
p-type photo-absorption layer and an Alg 15Gag s5As based
collector layer. Undesired photo-absorption under 800 nm
wavelength excitation is avoided with this device. We have also
demonstrated a high-power photonic-transmitter that operates
under 800 nm optical short-pulse excitation [23].

It is also possible to minimize the SCS effect by decreasing
the thickness of the depletion layer which has a direct effect
on the carrier transit time, such as the structure of a partially
depleted absorber photodiode [24]. However, PDs with thin de-
pletion layers usually suffer from problems of low quantum ef-
ficiency and very limited RC bandwidth. In order to overcome
the above-mentioned problems, we have demonstrated a p-i-n
photodiode structure: the Separated-Transport-Recombination
photodiode (STR-PD), which can greatly relieve the trade-off
between output saturation power, quantum efficiency, and elec-
trical bandwidth performance [25]. In the demonstrated GaAs
based STR-PD, a LTG-GaAs layer is adopted, which has an
extremely short carrier lifetime (less than 1 ps) [26], to serve
as the recombination center in the active photo-absorption re-
gion. The STR-PD exhibits superior electrical bandwidth per-
formance under a higher output current regime without seri-
ously sacrificing responsivity compared to that of the control
p-i-n PD (with a pure intrinsic GaAs based photo-absorption
layer) [25]. The integration of the STR-PD with a narrowband
slot-antenna to produce an STR-PD based photonic transmitter
has been described previously [27].
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Fig. 1. Top-view and cross-sectional view of the demonstrated sub-THz PT.
Inset (a) shows the simulated frequency response of the designed antenna. Inset
(b) shows the simulated impulse response of the antenna.

In this study, we integrate two different kinds of high-power
photodiodes (UTC-PD and STR-PD) with the same type of
planar antenna (circular disk monopole antenna) to serve as
photonic transmitters. We compare their dynamic performance
using the same THz time-domain spectroscopic system. These
two different devices exhibit distinct dynamic behaviors and
very different mechanisms of saturation. Under high optical
pulse energy excitation (~480 plJ/pulse), the STR-PD based
transmitter exhibits much a lower maximum average output
photocurrent (1.2 mA versus 0.3 mA) than that of the UTC-PD
transmitter. The radiated electrical envelop-width (~50 ps)
and maximum peak-power (~9 mW) of both devices are
comparable. This indicates that although the DC responsivity
in the STR-PD is degraded, the high-speed and output power
performance of this device has been effectively improved and
the DC component of the photocurrent eliminated. The smaller
DC photocurrent implies that device-heating problems of
STR-PD based transmitters during high-power operation will
be decreased. The dynamic measurement results reveal that al-
though the working principles for the high-power performance
of the STR-PD and UTC-PD are totally different, both devices
exhibit comparable and promising high-speed and high-power
performance for applications in THz photonic transmitters.

II. DEVICE STRUCTURE

To make a fair comparison of their dynamic performance,
both the STR-PD and UTC-PD based transmitters share the
same geometric structure. A top-view and conceptual cross-sec-
tional view are shown in Fig. 1. The antenna design adopted
in this work is a co-planar-waveguide (CPW) fed circular disk
monopole antenna [28]. As can be seen in the cross-sectional
view, part of the GaAs substrate of both devices just below the
circular disk of the antenna has been removed by selective wet
etching and back-side lithography to enhance the THz emission
of the emitter without necessitating the integration of an addi-
tional Si-lens [29]. Furthermore, a tapered and periodically cor-
rugated edge, which is specified for inductance, can be seen on
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Fig. 2. Conceptual band diagrams of the demonstrated (a) STR-PD and
(b) UTC-PD.

the top-view of the device. A circular disk antenna is integrated
to improve the radiation characteristics, particularly at frequen-
cies near the higher band edge [28].

Inset (a) to Fig. 1 shows the simulated frequency response of
the microwave reflection parameter (S, ) for the antenna struc-
ture. By using the —10 dB line on the y axis as a reference it
can be seen that there is low reflection loss (< —10 dB) for
most of the frequency component (100 GHz to 350 GHz) in
the simulated frequency band (70 GHz to 350 GHz) [23]. The
inset (b) shows the simulated waveforms for the radiated elec-
trical pulse from our substrate-removed antenna. The electrical
pulse from the photodiode is considered Gaussian in shape with
a full-width half maximum (FWHM) around 4 ps. The simu-
lation is carried out with a finite-difference time-domain sim-
ulation tool (SEMCAD, Schmid & Partners Engineering. AG,
Zurich, Switzerland).

Fig. 2 shows conceptual band diagrams of the demonstrated
STR-PD and UTC-PD [22], [25]. In the STR-PD, a LTG-GaAs
layer with a short carrier lifetime (less than 1 ps) is inserted
into the center of the absorption region and surrounded by two
high quality GaAs-based photo-absorption layers to serve as a
recombination center. As shown in Fig. 2(a), the external ap-
plied electric field is concentrated in the two GaAs layers. This
is due to the high defect density and field-screening effect of
the inserted LTG-GaAs layer [25]. These two photo-absorption
layers can, thus, be treated as a “transport layer” or “depletion
layer” in our structure. They have much higher mobility com-
pared to the LTG-GaAs and the concentration of the applied
electric field. The STR-PD demonstrates superior output power
performance over that of the traditional p-i-n PD even though
the thickness of the total absorption layer is the same [25]. This
is due to the fact that in the STR-PD the real drift-distance of
photo-generated carriers can be roughly approximated by the
thickness of the one-sided GaAs based transport layer (a thick-
ness of only 50 nm) instead of the total absorption region (with a
thickness of up to 250 nm). A smaller drift-distance means that a
shorter drift-time, less SCS effect in the absorption region, and a
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higher saturation power can be expected [16]. Furthermore, the
inserted LTG-GaAs based recombination center has high resis-
tivity, which can also reduce the junction capacitance (RC-lim-
ited bandwidth) over that of the traditional p-i-n PD with its thin
absorption (depletion) layer for high-power performance [25].

The UTC-PD is composed of a GaAs based photo-absorp-
tion layer with a graded p-type doping profile, which acts to
accelerate the drift-velocity of the photo-generated electrons
[22] and the Al 15Gag g5As based collector layer. The graded
doping profile of the absorption layer has a larger slope, which
induces the appropriate built-in electric field (2.1 to 84 kV/cm)
and ensures the occurrence of electron drift for the over-shoot
velocity. Thus, our UTC-PD has a more significant bandwidth
enhancement effect under a much lower output photocurrent
density than the traditional InP based UTC-PD [22]. The
collector layer consists of an n-type doped (3 x 106 cm~3)
Alp.15Gag g5As layer, 250 nm in thickness, with a bandgap
of around 1.61 eV. This enables one to avoid the undesired
photo-absorption process that occurs around the 800 nm wave-
length excitation. The n-type doping in the collector layer can
also suppress the current blocking effect and further improve
the high power performance of UTC-PD [16]. An nT doped
(5 x 10'® cm™3) Aly.15Gag.g5As cliff layer with a 20 nm thick-
ness is inserted between the collector layer and the absorption
layer [21]. A UTC-PD structure that utilizes only electrons as
the active carriers has superior high-power performance to the
traditional p-i-n PD due to the much higher drift-velocity of
the electrons than of the holes, and the great reduction in the
drift-time of the photo-generated carriers. In short, we use dif-
ferent approaches to shorten the drift-time of photo-generated
carriers: one approach is the reduction of the effective carrier
drift-distance in the STR-PD and the other is the increasing
of the drift-velocity in the UTC-PD. Both of these structures
exhibit superior high-power performance over that of a p-i-n
PD with the same total depletion layer thickness [21], [22],
[25].

III. MEASUREMENT RESULTS AND DISCUSSION

During device testing, an objective lens with a high numer-
ical aperture (NA) value is used to focus the output of the fs
Ti:Sappire mode-locked laser (A = 800 nm) onto the edge of
our devices. The excitation optical pulse has a repetition rate
of 82 MHz and a pulsewidth of 100 fs. Fig. 3(a) and (b) shows
the bias current versus voltage (I-V) of the two devices under
different input powers. The active lengths of the measured
UTC-PD and STR-PD based PTs (UTC-PT and STR-PT) is the
same, around 23 pm.

As can be seen in Fig. 3, the average photocurrent generated
by the UTC-PT is much higher than that of the STR-PT, even
under lower bias and input pulse energy. This can be attributed
to the presence of the LT-GaAs based recombination center in-
side the STR-PD active layers, which effectively traps the photo-
generated carriers and degrades the external quantum efficiency
of the device. The generated photocurrent of the UTC-PT in-
creases super-linearly with the reverse bias voltage when it is
over 5 V. This phenomenon can be attributed to the fact that the
value of the external applied electrical field (3.6 x 10° V/cm)
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Fig. 3. Comparison of bias dependent photo-currents of (a) UTC-PT and
(b) STR-PT devices with the same absorption length of around 23 pm.

in the Aly 12Gag gs As based collector layer is close to its break-
down field. In addition, considering the thin NTAlGaAs based
cliff layer, as shown in Fig. 2(b), with a 20 nm thickness and
heavily doping level (5 x 10'® cm™2), it could be expected that
most of the breakdown phenomenon happens in such region due
to its much higher doping density and lower critical field than
those of other parts in the collector layer.

A super-linear increase of photocurrent versus reverse bias
voltage has also been observed for the LTG-GaAs based PD
[30], [31], which can be attributed to the lifetime increasing ef-
fect of LTG-GaAs layer. However, such phenomenon is much
less apparent for our STR-PD, perhaps because most of the ex-
ternal electric field is concentrated in the two high quality GaAs
transport layers instead of the LTG-GaAs based recombination
center, which has a high defect density and field-screening ef-
fect under reverse bias voltages [25]. The lifetime increasing
effect can thus be neglected. In addition, the avalanche induced
photocurrent in the transport layers is not as significant as the
case shown in Fig. 3(a), which may be attributed to the fact
that most of the avalanche-generated carriers are also trapped
by the recombination centers. Based on these measurement re-
sults, we can thus obtain the external quantum efficiencies of
our devices. For UTC-PD, under —5 V bias while the break-
down phenomenon is not significant, the measured quantum ef-
ficiency is around 31% (0.16 mA photocurrent with 0.8 mW
averaged optical power (0.01 nJ)). After considering the op-
tical reflecting loss between air and input facet, the ideal ex-
ternal quantum efficiency of UTC-PD can be as high as 75%.
Similarly, for the STR-PD, the measured quantum efficiency is
around 4.2%, which is measured under 0.8 mW averaged optical
power and —11 V bias voltage. The theoretical quantum effi-
ciency of STR-PD can roughly be evaluated by using the ratio
of carrier life-time over drift-time in LTG-GaAs layer. By as-
suming a 0.2 ps carrier lifetime [26] and a 1 x 103 m/sec drift-ve-
locity in LTG-GaAs layer, the theoretical external efficiency is
around 10% after considering the optical reflection loss (75%).

As can be seen, the measured external quantum efficiencies
(31% and 4.2%) of both UTC-PD and STR-PD are around 40%
of their theoretical values (75% and 10%). The same difference
between measured and theoretical efficiencies of two devices
can be attributed to the optical propagation loss of ridge waveg-
uides and the coupling loss of optical modes between ridge
waveguide and launched optical wave.

The total output power of the two devices was measured
by a liquid-Helium cooled Si bolometer, which was carefully
calibrated to the black body source. Two parabolic mirrors
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Fig. 4. The bias dependent measured sub-THz power of (a) UTC-PT,
(b) STR-PT, and (c) LTG-GaAs based PC under different optical pulse energy
excitation. (d) shows the top-view of PC dipole antenna.

were used to collimate and focus the generated sub-THz into
the bolometer. The propagation loss (0.082 cm™!) is also
calibrated by measuring the THz intensity as a function of the
propagation distance at a relative humidity of 40%. Fig. 4(a)
and (b) shows plots of the sub-THz power of UTC-PT and
STR-PT emitted under different optical pumping pulse energies
as a function of the bias voltage. As much as 8 uW and 9 pW of
maximum sub-THz average power are measured for the STR-
and UTC-PT respectively. We can clearly see that although the
maximum average photocurrent of the UTC-PT is around four
times higher than that of the STR-PT, as shown in Fig. 3, the
maximum average sub-THz power generated by the STR-PT is
similar to that of the UTC-PT under a lower excitation optical
pulse energy (0.12 nJ versus 0.48 nJ). This result indicates
that the recombination center in the STR-PD has eliminated
most of the DC component of the photocurrent, so the AC
component of the optical pulses can be efficiently converted to
an electrical AC signal and then radiated into free-space. The
STR-PD requires less operation current for the desired radiated
power performance which implies that the thermal effect can
be minimized during high-power operation.

In addition, as shown in 4(a), when the reverse bias of
UTC-PD is less than about —5 V, the radiated sub-THz power
exhibits an ideal quadratic relation to the reverse bias voltage.
This is due to the linear dependence of the output photocurrent
on the reverse bias voltage (<—5 V), as shown in Fig. 3(a).
When the reverse bias voltage increases further, however, the
output sub-THz power exhibits a linear dependence on the
bias voltage. This can be attributed to the fact that the value of
the external applied electrical field (~3.6 x 10° V/cm) in the
Alp.12Gag gsAs based collector layer is close to its breakdown
field. Thus, the avalanche-induced bandwidth degradation phe-
nomenon of the PD limits the super-linear increase of output
power versus the bias.

As can be seen in Fig. 3(a), the measured photocurrent clearly
increases super-linearly with the bias voltage when it is over
—5 V. This indicates that the avalanche phenomenon really does
occur. The bias dependent output power of STR-PT shows sim-
ilar behavior to the measured bias dependent photocurrent, as
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Fig. 5. The power dependent measured sub-THz power of (a) UTC-PT and
(b) STR-PT under different reverse bias voltage.

shown in Fig. 3(b). When the injected pulse energy increases
from 0.01 nJ to 0.12 nJ, the emitted sub-THz power dramat-
ically increases due to the huge increase of photocurrent; see
Fig. 3(b). However, when the pulse energy exceeds 0.12 nJ, the
traces under higher injected pulse energy are crowded due to the
phenomenon of recombination center saturation, which will be
discussed latter in Fig. 5.

Fig. 4(c) shows the measured bias dependent output sub-THz
power from a typical photoconductive (PC) dipole antenna,
which is fabricated on the LTG-GaAs layer [32] and mounted
on the Si-lens. Such PT has a center frequency at 260 GHz with
around 1 THz bandwidth. The measured values of power are
close to those reported for an LTG-PC with an antenna of the
same design [32]. Fig. 4(d) shows the top-view and geometric
size of such device. We can clearly see that both of our devices
can have around 10 times higher output sub-THz power than
such LTG-GaAs based traditional PT by use of a much lower
reverse bias voltage (~10 V versus 35 V).

Fig. 5(a) and (b) shows the measured optical power depen-
dent output sub-THz power under different reverse bias voltage
of UTC-PT and STR-PT, respectively. As can be seen, the value
of the saturated injected optical pulse energy of the UTC-PT [in-
dicated by arrows in Fig. 5(a)] increases with the reverse bias
voltage. The observed saturation phenomenon of the UTC-PD
should be attributed to the electron induced SCS effect in the
collector layer [21], which can be minimized by increasing the
reverse DC bias voltage [16], [21]. On the other hand, the power
dependent saturation behavior of the STR-PD is very different
from that of the UTC-PD [indicated by arrows in Fig. 5(b)].
We can clearly see that the saturation of the optical pulse en-
ergy is the same around 0.12 nJ regardless of an increase in
the reverse bias voltage. This phenomenon may be attributed to
that fact that the dominant saturation mechanism in the STR-PD
is the defect saturation of the LTG-GaAs based recombination
center, rather than the SCS effect when the effective depletion
(transport) layer is as thin as 50 nm. The external applied re-
verse bias voltage is concentrated in the transport layers and
thus has no influence on the saturation point of the recombi-
nation centers. The results of the optical simulation show that
the coupling efficiency between the injected beam (beam diam-
eter of around 2 m) and the active waveguide of the STR-PD is
around 30%. We can thus roughly estimate that the photo-gen-
erated carrier density under 0.12 nJ pulse energy excitation is
as high as ~ 1 x 10'° cm™3. This value is close to the reported
defect density of the LTG-GaAs material [33].
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Fig. 6(a) and (b) shows plots of the bias dependent emitted
sub-THz power of UTC-PT and STR-PT with the same wave-
guide width and a longer active length (~60 pm) than that of
the measured devices (~20 pm) as discussed in Figs. 4 and 5.
We can clearly see that due to the longer active lengths and poor
RC-limited bandwidth, both devices exhibit less than one-half
of the maximum output power than that shown in Fig. 5 under
the same reverse bias voltage and input pulse energy.

We utilized a THz-TDS system [14] to investigate the wave-
form of the radiated sub-THz impulse that could be applied to
the IR communication system. The same mode-locked Ti:sap-
phire laser was used to pump both devices. The injected optical
pulse energy was 480 pJ/pulse. A photo-conductive (PC) dipole
antenna, as shown in Fig. 4(d), fabricated on a LTG-GaAs layer
and integrated with a Si-lens is used to probing the radiated
signal. The direction of the dipole antenna was adjusted par-
allel to the direction of the polarization of the radiated sub-THz
pulses. With identical PC antenna as the emitter and receiver,
our THz-TDS system exhibits a bandwidth exceeding 1 THz
and a signal-to-noise ratio better than 1000.

Fig. 7(a) and (b) shows the measured waveforms of the radi-
ated sub-THz pulses of UTC-PT and STR-PT under the same re-
verse bias voltage (—9 V), respectively. The corresponding fast
Fourier transform (FFT) spectra of UTC-PT and STR-PT are
shown in Fig. 8(a). The measured waveform and corresponding
FFT spectrum of adopted LTG-GaAs PC antenna is shown in
(b) for reference. As can be seen in Fig. 7, the shapes of the
measured pulses in the time domain are similar for STR-PT
and UTC-PT. The measured traces show a fast oscillation pe-
riod with a slow-varying envelope, which has an envelope with
of around 100 ps. The full-width-half-maximums (FWHMs) of
the main peaks of the oscillating waveforms are around 3.9 ps
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Fig. 8. The normalized power spectrum of (a) UTC-PT, STR-PT and
(b) LTG-GaAs based PC antenna. The inset shows the measured waveform of
PC antenna.

and 4.4 ps for UTC-PT and STR-PT, respectively. As shown in
Fig. 8(a), the bandwidth of both devices cover from near DC to
around 250 GHz. We defined the bandwidth of device as its THz
power drops to around 1072, as shown in the y axis of Fig. 8(a).
When the operating frequency is over 250 GHz, a serious high-
frequency roll-off has been observed in both devices, which
may be attributed to the limited optical-to-electrical (O-E) band-
widths of integrated PDs. We have calculated the theoretical
3-dB O-E bandwidths of integrated UTC-PD and STR-PD. The
bandwidth calculation of UTC-PD can be referred to [21], [22],
[34]. In our calculation, we assumed a 5000 cm?/V-sec mobility
and a 4.4 x 10° m/sec thermal velocity (V) of electron in the
p-type GaAs absorption layer and a 1.5 x 10° m/sec drift-ve-
locity of electron in the AlGaAs based collector layer. With re-
spect to the STR-PD, its theoretical bandwidth calculation can
be referred to our previous work [35]. Here, we assumed that the
carrier life-time in LTG-GaAs layer is around 200 fs [26], [35].
In our bandwidth calculations, we also included the 50 2 load
resistance and RC-limited bandwidths of both devices, which
can be derived from the measured microwave scattering (S)
parameters. The calculated 3-dB bandwidth of UTC-PD and
STR-PD is around 110 GHz and 105 GHz, respectively. Such
calculated bandwidths are consistent with our FFT results as
shown in Fig. 8(a). As can be seen, the frequency response starts
to roll-off when the operating frequency is over 150 GHz due to
the limited 3-dB bandwidth of both devices. More detailed ex-
periments are necessary and will be performed in future to ac-
curately extract the O-E 3-dB bandwidth of the two PDs.

The observed ringing (oscillation) is consistent with the sim-
ulation result, as shown in Fig. 1(b), and can be attributed to
the influence of the integrated antenna on the radiated impulse
response. As a first approximation, the photo-generated elec-
trical pulse from the UTC-PD can be considered to be Gaussian
in shape. It exhibits a frequency response from the DC to hun-
dreds of GHz. However, the integrated antenna functions like
a “filter”, in the sense, that it passes (radiates) a specific band
of frequencies associated with the multi-resonance feature of
the antenna structure. Hence, the frequency components outside
the operating band of the antenna are suppressed in the radiated
field, which leads to the ringing of the measured pulse. Observed
ringing can also be attributed to multiple reflections between
the substrate-removed antenna and chip boundaries, where the
GaAs substrate has not been removed. Similar phenomena have
been reported for InP UTC-PD based photonic transmitters and
explained by the same mechanism [36].
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Fig. 9. Bias dependent waveforms of the radiated sub-THz pulses for
(a) UTC-PT and (b) the normalized and enlarged main peak. The inset shows
the normalized peak values versus reverse bias.
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Fig. 10. Bias dependent waveforms of the radiated sub-THz pulses for
(a) STR-PT and (b) the normalized and enlarged main peak. The inset shows
the normalized peak values versus reverse bias.

TABLE I
LiST OF MEASUREMENT RESULTS OF UTC-PT AND STR-PT

UTC-PT STR-PT
Envelope FWHM 47.2ps 57.0ps
FWHM of main 3.9ps 4.4ps
pulse
Max average BuW oUW
power
Peak power 9.2mW 7.8mW
Experimental
Bandwidth 250GHz 200GHz

By use of the square of measured electrical field waveform
as shown in Fig. 7, we can get normalized waveform of radi-
ated power in time domain. The integration of such waveform
with time could be written as a function of peak power value,
which equals to the measured average sub-THz power divided
by repetition rate of pulses. As a result, with the parameters
of measured average power and repetition rate of pulses, peak
power could thus be obtained. The measured and calculation re-
sults are shown in detail in Table I. We can clearly see that the
STR-PT has a comparable radiated peak-power (~9.2 mW), and
FFT bandwidth (~250 GHz) under a much lower operation cur-
rent than does the UTC-PT. By using the bias modulation tech-
nique, a photonic transmitter could serve as a sub-THz emitter
and data modulator [37], [38]. As a result, we measure the bias
dependent sub-THz waveforms of both devices in detail using
the same THz-TDS system. Figs. 9(a) and 10(a) show the mea-
sured waveforms for the UCT-PT and STR-PT under different
reverse bias voltages and fixed optical pumping pulse energy
(~480 pJ/pulse). Figs. 9(b) and 10(b) show the normalized main
peak pulses for (a). We can clearly see that both devices exhibit
excellent linearity, which means that the shape of the measured
waveforms remain unchanged from zero-bias to high bias oper-
ation, even under high peak-power output (~8 mW) [39]. Fig. 9
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shows the case for UTC-PT, where the bias voltage sweeps from
0 to 8 V, and the peak-electrical field increases about five times
(0.5 to 2.4). The results for the STR-PT are shown in Fig. 10.
Its peak-electrical field increases about 11 times (0.3 to 3.4) as
the bias voltage sweeps from O to 11 V. These measurements
results are an indication of the potential of these two devices to
serve as sub-THz emitters and data modulators, using the bias
modulation technique [37], [38] with much lower driving volt-
ages than that of the traditional PC-antenna [14].

IV. CONCLUSION

We investigated in detail the dynamic behaviors of two
high-power PTs, which were constructed by monolithically
integrating GaAs/AlGaAs-based UTC-PDs and STR-PDs with
the same substrate-removed monopole antenna, by use of the
THz-TDS system. By shortening the effective carrier drift-dis-
tance and increasing the carrier drift-velocity in the STR-PD
and UTC-PD we could obtain PT radiated sub-THz pulses with
peak powers as high as 8 mW and a wide bandwidth (around
250 GHz). Furthermore, the output power performance and
speed of the STR-PT were comparable to those of the UTC-PT
under a much lower operation current, which may minimize
the thermal problems encountered under high-power operation.
The strong bias dependent high-peak-power performance and
excellent linearity of these two devices suggests their suitability
for application as photonic emitters and possibly as data modu-
lators in sub-THz IR communication systems.
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