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High-output-power and high-bandwidth performances are usually two tradeoff parameters in the
design of high-speed photodetectors. In this letter, we report high peak-output-voltage 共⬃20 V兲 and
peak-output-current 共⬃400 mA, 50 ⍀ load兲 together with ultrahigh-speed performances 共1.5 ps, 220
GHz兲, observed in low-temperature-grown-GaAs 共LTG-GaAs兲 based metal-semiconductor-metal
共MSM兲 traveling-wave photodetectors 共TWPDs兲 at a wavelength of 800 nm.
Ultrahigh-peak-output-power and ultrahigh-electrical-bandwidth performances were achieved due
to the superior MSM microwave guiding structure and a short carrier trapping time in the
LTG-GaAs layer, which reduced the space-charge screening effect and increased the
photoabsorption volume without sacrificing electrical bandwidth significantly. We also observed
different bias-dependent nonlinear behaviors in MSM TWPDs under high and low illuminated
optical power excitations, which are possibly dominated by the space-charge screening and the
lifetime increasing effects, respectively. © 2002 American Institute of Physics.
关DOI: 10.1063/1.1482139兴
Ultrahigh speed photodetectors 共PDs兲 attract much attention due to their applications in fiber communication and
optical measurement systems.1 Recently, the development of
optical amplifier has created a new demand of high inputoptical power durability in these high-speed PDs. Some receiver circuits use fiber amplifiers as preamplifiers, which
relieve or even eliminate the necessity of electrical
amplifiers.1 By utilizing photomixing techniques, microwave
photonic systems are expected to generate tunable and highpower microwaves or submillimeter waves under intense optical excitation.2 However, ultrahigh bandwidth PDs are
known to suffer bandwidth degradation problems under intense optical illumination.3,4 Maximum output current/power
and electrical bandwidth performances are usually two
tradeoff parameters in the design of high-speed PDs.1 By
properly scaling down the size and photoabsorption volumes
of PDs, ultrahigh speed performances can be achieved due to
the reduction of parasitic capacitance and resistance in PDs.5
However, the small photoabsorption volume 共⬃1 m3兲
would cause high densities of photogenerated free carriers
inducing strong space-charge fields that screen the external
applied bias field. The device electrical bandwidth would
thus degrade seriously due to the reduction in drift velocities
of photogenerated carriers.3,4 On the other hand, by reducing

the optical modal absorption constant and increasing the
photoabsorption volume, the output power can be increased
significantly at the expense of the electrical bandwidth limited by R–C time constant and high microwave loss in the
large-area and long-absorption-length devices.6,7 There are
two major ways to increase the output-saturationcurrent共power兲-electrical-bandwidth-product performances.
One is to distribute the photocurrents along edge-coupled
PDs, such as the velocity match distributed photodetectors
共VMDPs兲,8 the other is to increase the carrier velocity using
unitraveling carrier PDs 共UTC-PDs兲.1 In this letter, we demonstrate the high power performance in an ultrahigh speed
low-temperature-grown GaAs 共LTG-GaAs兲 based metalsemiconductor-metal 共MSM兲 traveling-wave photodetector
共TWPD兲.9 By utilizing the MSM microwave guiding structure, a large photoabsorption volume can be achieved without serious electrical bandwidth degradation.7 The spacecharge screening effect in most high power PDs could also
be reduced with the LTG-GaAs photoabsorption layer due to
its short carrier trapping time and due to the fact that most of
the collected photogenerated carriers are from the region
near the metal contacts, where least space-charge screening
effects could occur.1,4 Performance with record-high peakoutput-voltage 共current兲 bandwidth product 关20 V 共400 mA
peak output current at 50 ⍀ load兲, 220 GHz, 4.4 THz-V 共88
GHz-A兲兴 is thus observed in the demonstrated MSM TWPD.
Distinct bias-dependent nonlinear behavior has also been ob-
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FIG. 2. FWHM of EO measured transient responses of a 10-m-long MSM
TWPD under different optical excitation energies and bias voltage 共1–15 V兲
levels. Traces A–F represent different optical excitation energies, which are
79, 45, 17, 9.0, 4.1, and 0.49 pJ/pulse, respectively.
FIG. 1. Cross sectional diagram of MSM-TWPD.

served under different excitation power levels, which are
dominated by the lifetime increasing effect10 or a combination of the defect saturation and space-charge screening
effects11,12 under low and high optical radiation powers, respectively.
The structure of the measured MSM-TWPDs is similar
to the structure shown in Ref. 9 except for the AlGaAs optical cladding layers, which were modified to reduce substrate
mode for better optical guiding. The cross sectional diagram
is shown in Fig. 1. The thickness of each layer from surface
to the bottom semi-insulating GaAs substrate is 500 nm of
LTG-GaAs, 100 Å of AlAs, 400 nm of Al0.2Ga0.8As, 1 m of
Al0.3Ga0.7As, and 3 m of Al0.7Ga0.3As. All samples were
annealed in molecular beam epitaxy chamber at 600 °C with
detailed fabrication processes given in Ref. 9. By measuring
devices with different absorption lengths, the waveguide
length for complete absorption was determined to be 20 m.
Compared with the performance of traditional p – i – n
TWPDs with a ‘‘slow-wave’’ microwave mode,13 MSM
TWPD structure ensures higher velocity-mismatch
bandwidth14 not only due to lower microwave propagation
loss but also due to higher propagation velocity with the
‘‘quasi-TEM’’ mode.7,13 Because of superior microwave
guiding structure, MSM TWPDs can increase photoabsorption volume and output power with less electrical bandwidth
degradation than p – i – n TWPDs.
The detector’s impulse current response was measured
using an electro-optical 共EO兲 sampling technique15 based on
a femtosecond Ti:sapphire laser at 800 nm with 100 MHz
repetition rate. Figure 2 shows the full width at half maximum 共FWHM兲 of the EO measured electrical impulse response in a 10-m-long MSM TWPD as a function of bias
voltage for different optical pumping energies. The waveguide width of the measured device is 2 m. Although the
short device length 共10 m兲 cannot absorb the input optical
energy completely, it ensures that internal carrier dynamic
instead of microwave property limits our measured device
responses.7 We can clearly see that in trace F, which corresponds to the lowest optical pumping energy 共0.49 pJ/pulse兲,
device response time increases when the bias voltage is over
2 V. However, in trace A of the highest optical pumping
energy 共79 pJ/pulse兲, device response time decreases with

the bias voltage. In other intermediate optical pumping energies, as shown in traces of B–E, an optimal bias point for the
fastest device response exists. When the optical excitation
energy increases, the optimal operation bias will also increase. We attribute this nonlinear behavior to the combination of different physical processes including carrier lifetime
increasing,10 defect saturation, and space-charge screening
effects.11,12 The device effective response time t eff due to
carrier transport can be expressed as
1
1
1
⫽
⫹
,
t eff t trapping t drift
where t trapping represents the carrier trapping time in LTGGaAs layer, which has a time scale in the subpicosecond
range.16 t drift is the carrier drift time in the LTG-GaAs photoabsorption layer, which is on the order of 8 ps by assuming
a carrier saturation velocity and a drift distance of 5
⫻104 m/s and 400 nm, respectively.1,10 t trapping and t drift are
both functions of the applied electric field and the photogenerated carrier density. In the low optical excitation regime,
t trapping increases with the bias voltage due to electron heating
and Coulomb-barrier lowering.10,17 When the photoexcited
carrier density increases, carrier trapping time will increase
significantly because defect saturation reduces the carrier
capture probability. Regarding t drift , carrier drift time can be
reduced significantly with increased applied electric field until the carriers arrive at their saturation velocity. However,
under high illumination, the drifted high-density carriers will
induce a significant space-charge field to screen out the external applied field and slow down the carrier velocity, which
will increase t drift . In trace F, the density of photogenerated
carriers (⬃7⫻1016 cm⫺3 ) is much smaller than the defect
density in LTG-GaAs layer (⬃8⫻1017 cm⫺3 ) 18 and t trapping ,
which increases with bias voltage as previously discussed,
instead t drift dominates the measured response time. When
optical pumping power increases, t trapping also increases to
the order of picoseconds11 that is close to the order of t drift ,
and the variation of t drift will start to affect the measured
FWHM. In trace C, for example, the measured FWHM decreases with the bias voltage below 4 V due to the reduction
in t drift . However with further increased bias voltage, the
FWHM broadens again due to lifetime increasing effect. As
shown in traces B, C, and D, these optimal bias points for
narrowest FWHM shift toward higher voltages for higher
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FIG. 3. 共a兲 EO measured bias dependent 共3–20 V兲 transient responses of a
23-m-long MSM TWPD with a low optical excitation energy 共8.8 pJ/
pulse兲 and 共b兲 with a high optical excitation energy 共76 pJ/pulse兲; 共b兲 shows
the corresponding frequency domain response of the 20-V-bias trace by
using a fast-Fourier transform technique, which shows a 220-GHz-electrical
bandwidth with 20 V peak-output-voltage and 400 mA peak-output-current
with a 50 ⍀ load.

optical pumping energies. The shift of optimal bias voltage is
due to that fact that a higher electric field is needed to overcome the carrier-induced space-charge field, which increases
with the generated carrier densities.
In order to further increase the output power from the
MSM TWPD, longer absorption length is required. Figure
3共a兲 shows the measured bias dependent impulse responses
of a 23-m-long MSM TWPD under low optical energy excitation 共8.8 pJ/pulse兲 with normalized peak intensity. This
long-absorption-length MSM TWPD has a much larger photoabsorption volume 共⬃23 m3兲 than the volume of previous
ultrahigh speed PDs 共⬃1 m3兲.8 The FWHM of the measured responses is almost the same as the 10-m-long device, which implies that a large photoabsorption volume can
be achieved without significantly sacrificing electrical bandwidth. The quantum efficiency 共2.7%兲 of this longer device
is about 1.7 times larger than the 10-m-long device 共1.5%兲
at a 15 V bias voltage. Regarding its high power performances, the measured bias dependent impulse responses are
also shown in Fig. 3共b兲 with normalized peak intensity. The
optical excitation energy is 76 pJ/pulse. By increasing the
bias voltage, nonlinear saturation behavior can be reduced
because of increased external bias field as discussed before.
The collected photogenerated charge and its corresponding
peak output photocurrent I p at 20 V bias voltage are about
1600 fC and ⬃400 mA, respectively. We calculate the peak
output photocurrent by the area of the normalized E–O signal trace and the collected photogenerated charge per pulse.
By multiplying the peak-output-photocurrent with the characteristic impedance of integrated CPW line 共50 ⍀兲, we can
also get the peak-output-voltage V p . The calculated V p for
the 20 V bias trace 共under 76 pJ/pulse excitation兲 is also

around 20 V, which is obviously limited by the external applied bias. Its corresponding frequency response with 220
GHz electrical 3 dB bandwidth is shown in the inset of Fig.
3共b兲, which was obtained by the fast Fourier transform technique. The V p (20 V)/I p 共400 mA兲-electrical bandwidth 共220
GHz兲 products of 4.4 THz-V/88 GHz-A are both the highest
among all the reported ultrahigh speed PDs, including LTGGaAs p – i – n TWPDs 共6 ps, 1400 fC兲,12 InGaAs vertical
p – i – n PD 共7.2 ps, 68 fC兲,19 GaAs p – i – n TWPD 共5.5 ps,
59 fC兲,20 UTC PD 共3.1 ps, 115 GHz, V p :1.92 V, 76 mA,
25⍀ load兲,1 and VMPD 共50 GHz, V p :2.5 V兲.8
In conclusion, a record performance of peak-outputvoltage 共current兲-electrical bandwidth product 共4.4 THz-V
共88 GHz-A兲: 220 GHz, 20 V, 400 mA at 50 ⍀ load兲 has been
demonstrated using a MSM TWPD structure under 800 nm
wavelength excitation. Different nonlinear behaviors of
LTG-GaAs under low and high optical power illuminations
have been observed, which are attributed to the lifetime increasing effect and the combination of defect saturation with
the space-charge screening effect. The ultrahigh speed and
high power performances of our demonstrated devices can
find applications in microwave photonic systems,2 high
power photomixers,21 and photoreceiver circuits without
electrical amplifiers.1
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