APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 21 27 MAY 2002

Ultrahigh power-bandwidth-product performance of
low-temperature-grown-GaAs based metal-semiconductor-metal
traveling-wave photodetectors

Kian-Giap Gan
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106-5050

Jin-Wei Shi and Yen-Hung Chen
Graduate Institute of Electro-Optical Engineering, National Taiwan University, Taipei 10617, Taiwan

Chi-Kuang Sun?
Graduate Institute of Electro-Optical Engineering and Department of Electrical Engineering, National
Taiwan University, Taipei 10617, Taiwan

Yi-Jen Chiu and John E. Bowers
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106-5050

(Received 12 December 2001; accepted for publication 1 April 2002

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-et2gé/) and
peak-output-currer(t~-400 mA, 50() load) together with ultrahigh-speed performan¢es ps, 220

GHz), observed in low-temperature-grown-GalAsIG-GaAs based metal-semiconductor-metal
(MSM) traveling-wave photodetectors(TWPDg 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. @002 American Institute of Physics.
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Ultrahigh speed photodetectqRDs9 attract much atten- the optical modal absorption constant and increasing the
tion due to their applications in fiber communication andphotoabsorption volume, the output power can be increased
optical measurement systemRecently, the development of significantly at the expense of the electrical bandwidth lim-
optical amplifier has created a new demand of high inputited by R—C time constant and high microwave loss in the
optical power durability in these high-speed PDs. Some relarge-area and long-absorption-length devftéghere are
ceiver circuits use fiber amplifiers as preamplifiers, whichtwo major ways to increase the output-saturation-
relieve or even eliminate the necessity of electricalcurrenfpowen-electrical-bandwidth-product performances.
amplifiers! By utilizing photomixing techniques, microwave One is to distribute the photocurrents along edge-coupled
photonic systems are expected to generate tunable and highbs, such as the velocity match distributed photodetectors
power microwaves or submillimeter waves under intense opéVMDPs),® the other is to increase the carrier velocity using
tical excitation®> However, ultrahigh bandwidth PDs are unitraveling carrier PD$UTC-PDS.! In this letter, we dem-
known to suffer bandwidth degradation problems under in-onstrate the high power performance in an ultrahigh speed
tense optical illuminatior:* Maximum output current/power low-temperature-grown GaA$LTG-GaAs based metal-
and electrical bandwidth performances are usually twasemiconductor-metalMSM) traveling-wave photodetector
tradeoff parameters in the design of high-speed PBy.  (TWPD).° By utilizing the MSM microwave guiding struc-
properly scaling down the size and photoabsorption volumegure, a large photoabsorption volume can be achieved with-
of PDs, ultrahigh speed performances can be achieved due ¢t serious electrical bandwidth degradatiofihe space-
the reduction of parasitic capacitance and resistance i’PDscharge screening effect in most high power PDs could also
However, the small photoabsorption volunfe-1 um®)  be reduced with the LTG-GaAs photoabsorption layer due to
would cause high densities of photogenerated free carriefigs short carrier trapping time and due to the fact that most of
inducing strong space-charge fields that screen the externgde collected photogenerated carriers are from the region
applied bias field. The device electrical bandwidth wouldnear the metal contacts, where least space-charge screening
thus degrade seriously due to the reduction in drift velocitiesffects could occut? Performance with record-high peak-
of photogenerated carriet4.0n the other hand, by reducing output-voltage(curreny bandwidth producf20 V (400 mA
peak output current at 5Q load), 220 GHz, 4.4 THz-\(88
3Author to whom correspondence should be addressed; electronic maif®HZ-A)] is thus observed in the demonstrated MSM TWPD.

sun@cc.ee.ntu.edu.tw Distinct bias-dependent nonlinear behavior has also been ob-
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Undoped Alg 7Gag 3As FIG. 2. FWHM of EO measured transient responses of aiGlong MSM
TWPD under different optical excitation energies and bias voltagd5 V)
levels. Traces A—F represent different optical excitation energies, which are
S. I. GaAs substrate 79, 45, 17, 9.0, 4.1, and 0.49 pJ/pulse, respectively.

FIG. 1. Cross sectional diagram of MSM-TWPD. the bias voltage. In other intermediate optical pumping ener-
gies, as shown in traces of B—E, an optimal bias point for the

served under different excitation power levels, which ardastest device response exists. When the optical excitation

dominated by the lifetime increasing effétor a combina- energy increases, the optimal operation bias will also in-

tion of the defect saturation and space-charge screeninﬁease' We attribute this nonlinear behavior to the combina-
effectd’ 12 under low and high optical radiation powers, re- tion of different physical processes including carrier lifetime
spectively ’ increasing'® defect saturation, and space-charge screening

The structure of the measured MSM-TWPDs is similare{hfe‘_:ts'ﬂ'12 The device effective response timg; due 1o
to the structure shown in Ref. 9 except for the AlGaAs opti—Carrler fransport can he expressed as
cal cladding layers, which were modified to reduce substrate 1 1 1
mode for better optical guiding. The cross sectional diagram —= LT
is shown in Fig. 1. The thickness of each layer from surface ~ ©f “trapping  “drift
to the bottom semi-insulating GaAs substrate is 500 nm Ohoerettrapping represents the carrier trapping time in LTG-
LTG-GaAs, 100 A of AlAs, 400 nm of AJ,GaygAs, Lumof  GaAs layer, which has a time scale in the subpicosecond
AlyGa7As, and 3um of Aly/Ga sAs. All samples were  range ty is the carrier drift time in the LTG-GaAs pho-
annealed in molecular beam epitaxy chamber at 600 °C witlloabsorption layer, which is on the order of 8 ps by assuming
detailed fabrication processes given in Ref. 9. By measuring carrier saturation velocity and a drift distance of 5
devices with different absorption lengths, the waveguidex 10* m/s and 400 nm, respectively® tirapping @Nd Lgrir are
length for complete absorption was determined to be®0  both functions of the applied electric field and the photoge-
Compared with the performance of traditiongi—n nerated carrier density. In the low optical excitation regime,
TWPDs with a “slow-wave” microwave mod& MSM trappingiNCreases with the bias voltage due to electron heating
TWPD structure ensures higher velocity-mismatchand Coulomb-barrier lowerintf:}” When the photoexcited
bandwidtH* not only due to lower microwave propagation carrier density increases, carrier trapping time will increase
loss but also due to higher propagation velocity with thesignificantly because defect saturation reduces the carrier
“quasi-TEM” mode.*® Because of superior microwave capture probability. Regarding, , carrier drift time can be
guiding structure, MSM TWPDs can increase photoabsorpreduced significantly with increased applied electric field un-
tion volume and output power with less electrical bandwidthtil the carriers arrive at their saturation velocity. However,
degradation thap—i—n TWPDs. under high illumination, the drifted high-density carriers will

The detector’s impulse current response was measuradduce a significant space-charge field to screen out the ex-
using an electro-opticdEO) sampling technique based on  ternal applied field and slow down the carrier velocity, which
a femtosecond Ti:sapphire laser at 800 nm with 100 MHawill increasety,;. In trace F, the density of photogenerated
repetition rate. Figure 2 shows the full width at half maxi- carriers (~7x 10 cm™3) is much smaller than the defect
mum (FWHM) of the EO measured electrical impulse re- density in LTG-GaAs layer{8x 10" cm™ )8 andtyappings
sponse in a 1Qem-long MSM TWPD as a function of bias which increases with bias voltage as previously discussed,
voltage for different optical pumping energies. The wave-insteadty; dominates the measured response time. When
guide width of the measured device isun. Although the  optical pumping power increasel,,pping alSO increases to
short device lengtti10 wm) cannot absorb the input optical the order of picosecontfsthat is close to the order afi,
energy completely, it ensures that internal carrier dynami@nd the variation oftg;; will start to affect the measured
instead of microwave property limits our measured devicefWHM. In trace C, for example, the measured FWHM de-
response$.We can clearly see that in trace F, which corre-creases with the bias voltage below 4 V due to the reduction
sponds to the lowest optical pumping ene(@y49 pJ/pulsg  in ty . However with further increased bias voltage, the
device response time increases when the bias voltage is ovEWHM broadens again due to lifetime increasing effect. As
2 V. However, in trace A of the highest optical pumping shown in traces B, C, and D, these optimal bias points for

energy (79 pJ/pulsg device response time decreases withnarrowest FWHM shift toward higher voltages for higher
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around 20 V, which is obviously limited by the external ap-
; (@) lied bias. Its corresponding frequency response with 220
Bias Voltage P . P . 9 . q y . P . .
320V GHz electrical 3 dB bandwidth is shown in the inset of Fig.
3(b), which was obtained by the fast Fourier transform tech-
nique. TheV, (20 V)/I, (400 mA)-electrical bandwidtli220
GHz2) products of 4.4 THz-V/88 GHz-A are both the highest
among all the reported ultrahigh speed PDs, including LTG-
GaAs p—i—n TWPDs (6 ps, 1400 fG,*2 InGaAs vertical
p—i—n PD (7.2 ps, 68 fQ,'° GaAsp—i—n TWPD (5.5 ps,
0 : 10 15 59 fC),%° UTC PD (3.1 ps, 115 GHzV,:1.92V, 76 mA,
5 25 load)," and VMPD (50 GHz,V,:2. 5 V)8
Bias Voltafge In conclusion, a record performance of peak-output-
3~20V voltage (currenj-electrical bandwidth product4.4 THz-V
(88 GHz-A): 220 GHz, 20 V, 400 mA at 50) load) 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 in-
creasing effect and the combination of defect saturation with
-05 L L : the space-charge screening effect. The ultrahigh speed and
0 5 Time (12) 15 high power performances of our demonstrated devices can
P find applications in microwave photonic systefsiigh

FIG. 3. (a) EO measured bias dependéd+20 V) transient responses of a power photomixer%} and photoreceiver circuits without
23-um-long MSM TWPD with a low optical excitation energ{.8 pJ/ . o
electrical amplifiers.

pulse and(b) with a high optical excitation energy¥6 pJ/pulsg (b) 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 This work is sponsored by National Science Council of

bandwidth with 20 V peak-output-voltage and 400 mA peak-output-currentTaiwan under Grant No. NSC89-2215-E-002-064 and Na-

with a 50() load. tional Science Foundation of USA under Award No. INT-
9813411.
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