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Abstract—This paper presents an ultrahigh-speed InP/InGaAs  In multigigabit-per-second optical transmission systems, a
double-heterostructure phototransistor (DHPT) with a record 3R (regenerating, reshaping, and retiming) optical receiver is
optical gain cutoff frequency of 82 GHz. This excellent perfor- iy, 04 | this receiver, a clock recovery circuit that can ex-
mance originates from the double-heterostructure’s compatibility lock si [ itted d i a k
with high-performance double-heterostructure bipolar transistor ~ tract a clock signal from transmitted data streams is a key com-
(DHBT) and a new self-aligned process. To demonstrate the ponent. The conventional fully electrical configuration usually
excellent performance of the DHPT, two kinds of optoelectronic exploits a phase-locked loop that consists of a voltage control

ZAOMCIS%S (bOE'C\i’”[\)"L%S% Pt dﬁSitg“ed ,a”dt;a?riﬁatEdiho%eHsT? oscillator, phase comparator, and low-pass filter. If an electrical
_onz-ban photoreceiver that Shows the S oscillator with an optical input port, i.e., a direct optical injec-

ability to be simultaneously integrated with a high-performance i . ;
DHBT. The 40-GHz operation frequency is also the highest tion-locked oscillator [4] can be applied to a clock recovery cir-

reported for monolithically integrated HPT/HBT photoreceivers.  cuit, we can extremely simplify the configuration and reduce
The other is a direct optical injection-locked oscillator that can  power consumption. For a direct optical injection-locked oscil-
extract an electrical .cl.ock signal from optical data streams. The lator application, not only an excellent photodetection charac-
OEMMICs are promising for compact and low-power-consump- . .
tion optical receivers on an InP platform for millimeter-wave teristic but also excellent microwave performance that can gen-
photonics and ultrahigh-speed optical communication systems. ~ €rate an oscillation is required for a phototransistor. In this ap-
Index Terms—HPT, MMIC, OEIC, optical injection-locked os- plication, aphototran3|stor' is one of the most promising devices.
cillator, photoreceiver. In both systems, ultrahigh-frequency analog circuits and/or
ultrahigh-speed digital circuits are also required. Therefore,
we must develop a high-performance phototransistor that is
compatible with a high-performance transistor. A number
OMPACT, high-speed, and cost-effective opticadf InP-based phototransistors [5]-[8] have been studied to
transponders that consume little power have becorfdate. Among these phototransistor structures, layer- and
increasingly important for optical communication systemgrocess-compatible heterojunction phototransistors (HPTSs)
including microwave photonics systems [1]. One of the mobgased on heterojunction bipolar transistor (HBT) technology
desirable pieces of hardware is an optical transceiver that came the most promising for high-performance monolithically
sists of both optical and electronic devices on a semiconductotegrated photoreceivers [6]-[8]. Unfortunately, however, the
substrate, namely, an InP platform. measured and designed operation frequency of monolithically
In a microwave photonics system, an optical/microwave comtegrated HPT/HBT photoreceivers remains below 28 GHz
verter is required for radio base stations. One of the most &}, [8] and millimeter-wave (over 30 GHz) operation has never
sirable configurations is to use just a photodetector plus dseen reported to date. This is because high-speed HPTs for
tenna. A UTC-PD [2] combined with an optical fiber preammillimeter-wave application require both extremely high-speed
plifier makes it possible to eliminate an electrical postamplifiebase/collector photodiode operation and high maximum oscil-
However, a configuration of a photodetector plus an electridakion frequency f...x) of a transistor.
amplifier without an optical preamplifier is still attractive, es- This paper presents an InP/InGaAs double-heterostructure
pecially for low-cost subscriber systems. Therefore, it is stijhototransistor (DHPT) with a record optical gain cutoff
important to develop an integrated microwave/millimeter-wavequency of 82 GHz. This performance is suitable for mil-
photoreceiver. In an IF transmission scheme with an LO osdiimeter-wave photodetector and optically injection-locked
lator in a radio base station [3], an optoelectronic mixer is a k@cillator applications. Such excellent performance comes
device. A phototransistor is one of the most promising devicm: 1) the elimination of low-speed holes by using the
for this type of application. double-heterostructure; 2) high unity current gain cutoff fre-
quency (f7); and 3) highf,,.x through device size reduction by
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Fig. 1. Cross-sectional view of a DHPT and DHBT. & .
60F n Self-aligned DHPT
. ¢ Non-self-aligned DHPT
_ Emitter Base  Collector  Subcollector 40 A .
' N i 1 10 20 30 40
Ic (mA)

Fig. 3. Measuredr/ fmax Of the DHPTs and DHBT.

(emitter area of 24.m?) was fabricated and tested. Due to the
; self-aligned process, the emitter area is successfully reduced
N-InP} *-InGaAs by 29.4%, while the optical access window area is exactly the
‘ : same as that previously reported for a nonself-aligned DHPT
' [7]. For comparison, a nonself-aligned DHPT with an emitter
area of 34:m? and optical access window area of 20* was
also fabricated and tested.

Fig. 2. Band diagram of the novel double-heterostructure for the high-speed
DHPT. [ll. DEVICE PERFORMANCE

Photo-absorption layer

A. Microwave Characteristics of the DHPT

Fig. 3 shows the measurgg andf,, . of the fabricated self-

Fig. 1 shows the schematic cross section of a DHPT wifligned DHPT and nonself-aligned DHPT, and a DHBT (emitter
a simultaneously fabricated DHBT. The DHPT uses the sargfea of 2:m x 10:m) atVe = 1.3 V. The self-aligned DHPT
epitaxial layer structure for the DHBT, with a different emittegxhibits excellent microwave performances, i.e., hfghand
electrode pattern for optical access from the top. A 1.3- 9T 0f 126 and 99 GHz. Thér and ..« of the DHBT are 139
1.55m optical signal can easily penetrate into base/collectghd 152 GHz, respectively. The layer-compatible DHPTSs re-
layers since most of the emitter layer consists of “transparedgive benefit from this excellent RF performance of the DHBT.
InP. Since an HPT can be thought as a base/collector junctiithermore, a large increasejif., of the self-aligned DHPT
photodiode (PD-mode operation) plus an internal amplifiefgainst that of the nonself-aligned DHPJ, (. = 82 GHz) is
such layer- and process-compatibility with the high-perfoghserved in spite them having almost the sginef 122 GHz.
mance DHBT is indispensable in realizing high-performancgnis originates from the device size reduction. The measured
HPT/HBT OEMMICs. For DHPT operation, this double-hety, . increase ratio (20.7%) agrees well with the one expected
erostructure, i.e., the valence band discontinuity at the interfaggm the reduction of emitter area, which is proportional to the
between theN—InP collector andnt—InGaAs subcollector, internal collector capacitanc€gc).
acts as a potential barrier to low-speed holes generated imherefore, the highefu,ax of the self-aligned DHPT comes
the subcollector layer as shown in Fig. 2. Therefore, we c&dm the device size reduction in addition to the layer-compat-
eliminate the effect of such low-speed holes to a photorespongiity of the DHBT. Such excellent microwave performance is

and achieve a high-speed photoresponse of the PD-meg@ected to enable millimeter-wave photodetector application.
HPT [9]. Total InGaAs layer thickness in the base/collector

(photo-absorption layer) is 385 nm. Detail layer structure infoB. Photoresponses of the DHPT

mation is described in [7]. In addition, a self-aligned structure Photoresponse was measured by using a Cascade Microtech
[10] fabricated by using the emitter electrode as a mask ff?éhtwave probe and an HP83467C lightwave component an-
emitter mesa etching is adopted to increase the high—frequegﬁyzer 0 = 1.55 um). Fig. 4 shows the measured photore-
photoresponse of the DHPT through a device size reducti onses of DHPTs under both Tr-modé- = 1.3V, I =
This size reduction directly leads to a reduction of intern%réI mA) and PD-mode¥zp = 1.3V, Vir = 0 V) operation.
collector capacitanc€p¢, thus reducing thé€’ R time constant In the measurement, the base terminail was)5@rminated.
of the PD-mode DHPT. Furthermorg,.ax, defined as The vertical axis express@s* log[R], whereR is the respon-
r sivity expressed in A/W. The dc responsivity of the PD-mode
S Crclin for both DHPTS, including the illuminated photo-spot size mis-
match, is exactly the same value, 0.25 A/W, at the optical wave-
can be increased. Therefore, an ultrahigh-speed DHPT witheagth of 1.55.m. The higher-speed performance of the self-
high optical gain cutoff frequency can be obtained. aligned PD-mode DHPT comes from the capacitance reduction.
A new self-aligned DHPT, which has an optical acceds addition, a high optical gain cutoff frequency of 82 GHz, the
window (area of 20um?) cut into the emitter electrode cross point between the dc responsivity of the PD-mode and the

Il. DEVICE STRUCTURE
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both the increase in the bandwidth of PD-mode operation and
Fig. 5. Simulated relative photoresponses of self-aligned and nonself—aligrtblﬁ increase il’fmax.

DHPTs.

V. OEMMIC APPLICATION

extrapolation of 6 dB/oct., is achieved by the new hijhsc A. DHPT/DHBT Photoreceiver
self-aligned DHPT structure, while that of the nonself-aligned
DHPT remains at 60 GHz. To our knowledge, this is the highes To demonstrate the excellent performance of the new DHPT,

. . which can be simultaneously integrated with a high-per-
optical gain cutoff frequency ever reported for HPTs [8]. formance DHBT. a 40—GHz—gand gHPT/DHBT OEI\%IMFC

photoreceiver was designed and fabricated. Figs. 6 and 7
show a circuit diagram and microphotograph of the fabricated
To evaluate the measured photoresponse, an equivalent BiHPT/DHBT OEMMIC photoreceiver. The photoreceiver
cuit analysis was conducted. The simulation used the equicansists of a DHPT as a photodetector plus amplifier followed
lent circuit of the DHPT as derived from measurggarame- by reactively matched two-stage DHBT amplifier. The inductor
ters under Tr- and PD-mode operation and a current source foat the DHPT’s base terminal increases the photoresponse at
the photo-excited carrier [7]. the 40-GHz band [7]. The design process uses the equivalent
Fig. 5 shows the simulated relative photoresponse oifcuit models of the DHBT/DHPT, and a current source model
the self-aligned/nonself-aligned DHPTs under both Tr- arfdr the O/E conversion part as was used in the discrete DHPT

PD-mode operation. In this figure, dc responsivity of thanalysis. Ar-type equivalent circuit was used for the inductor.
PD-mode is set to 0 dB. The 3-dB bandwidths are 54 amdh extremely small chip size of 1.054 mm 0.6 mm was
23 GHz, respectively, for the self-aligned PD-mode DHPT arathieved as a result of the lumped uniplanar MMIC structure.
nonself-aligned PD-mode DHPT. Since these values are derivedrig. 8 shows the measured photoresponse and output
on condition that the base is BDterminated, measured resultgeturn loss of the DHPT/DHBT OEMMIC photoreceiver at
shown in Fig. 4 correspond to these simulated values. Dueth@ bias condition oV = 1.3V, Ipgpr = 20 MA, and
the double-heterosturucture shown in Fig. 2, the photorespodsgsr x 2 = 20 mA. The measured photoresponse of the
for PD-mode DHPTSs is limited by the CR time constant, unlikdiscrete DHPT under the PD-mode is also plotted. Due to
that of the conventional single-heterostructure HPT. Simulatdte combination of the ultrahigh-speed DHPT with the base
intrinsic 3-dB bandwidths with the base terminal shorted are ftductor and the two-stage DHBT amplifier, the DHPT/DHBT
and 43 GHz, respectively, for the self-aligned PD-mode DHROEMMIC photoreceiver yields a very large photodetection
and nonself-aligned PD-mode DHPT. gain of 22 dB in comparison with the discrete PD-mode
Optical gain cutoff frequencies of 90 and 56 GHz werBHPT at 40 GHz. Although some MSM/HEMT OEMMIC
determined for the self-aligned DHPT and nonself-aligngshotoreceivers that operate at millimeter-waves [11] have
DHPT, respectively. These values are consistent with measubaen reported, the 40-GHz operation frequency is the highest
values within 10% accuracy. Therefore, we can say that theported for monolithically integrated HPT/HBT photore-
self-aligned DHPT'’s excellent performance originates fromeivers [7], [8]. Evaluation of other important parameters

C. Photoresponse Simulation
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for photoreceivers, e.g., noise performance, is future work. 2 100 « -~
The designed photoresponse and return loss of the OEMMIC S Wd"ﬂ
photoreceiver are also plotted in Fig. 8. Fairly good agreement s e s 0 s
is observed between the designed and measured values for both Average Optical Input Power (dBm)

the phOtoreSponse and return loss. Fig. 12. Locking range characteristics for fundamental and 1/2 clock

extraction from 4.9- and 9.8-Gbit/s 0101... pattern, respectively.
B. DHPT Direct Optical Injection-Locked Oscillator

Five- and 16-GHz-band DHPT direct optical injection-lockeeéxtracted electrical clock. It is clear that this oscillator can ex-
oscillators were designed and fabricated as another applitact the electrical clock signal from an NRZ optical data stream
tion of a DHPT to OEMMICs. The nonself-aligned DHP Ty itself. Power consumption is as low as 13 mW. The oscillator
described earlier were utilized for both oscillators. The circuihakes it possible to greatly simplify the circuit configuration
configuration is similar in [4] and based on the common-emittand lower the power consumption compared to the conventional
series feedback configuration. fully electrical clock recovery circuit.

Fig. 9 shows the spectrum of an optical injection-locked os- Fig. 11 shows the measured locking range characteristics of
cillator for the 16-GHz band. The DHPT is illuminated directlythe oscillator. Fundamental and 1/2 clock extraction abilities
by an optical signal with a modulation frequency of 16 GHavere tested by using 4.9- and 9.8-Gbit/sRPRBS signals, re-
The output signal is clearly locked by the modulated opticapectively. A maximum locking range of 35 MHz was obtained
signal. To our knowledge, this is the highest reported frequenity fundamental clock extraction. Fig. 12 shows locking range
for direct optical injection locking in an InP-based HPT oscilperformances for a 0101... pattern. Since a 0101... pattern has
lator [12]. a strong peak power at a 1/2 frequency of data rate, maximum

We tested the clock recovery ability of an oscillator for théocking range of 360 MHz was achieved for 1/2 clock extraction
5-GHz band. A 4.92-Gbit/s NRZ optical signal witha2 pseu- from 9.8-Gbit/s signals. This wide locking range corresponds
dorandom bit sequence (PRBS) is illuminated directly to tre approximately a 7% relative locking range normalized to the
DHPT. Fig. 10 shows the experimental setup and the waveforascillation frequency. This is sufficiently wide for practical ap-
The upper waveform is the input signal, and the lower one is thécation.
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Although we used a relatively low frequency in our tests, it iS[12] P. Freeman, X. Zhang, |. Vurgaftman, J. Singh, and P. Bhattacharya,

p033|b|e to make a millimeter-wave oscillator with Self_allgned “Optical control of 14 GHz MMIC oscillators based on InAlAs/InGaAs
HBT’s with monolithically integrated optical waveguide$£EE Trans.

DHPTs. Electron Devicesvol. 43, pp. 373-379, Mar. 1996.

V. CONCLUSION

Owing to the double-heterostructure’s compatibility with i
high-performance DHBT and a new self-aligned process, v
have achieved an ultrahigh-speed DHPT with a record optic
gain cutoff frequency of 82 GHz. Such excellent performanc
originates from the ultrahigh-speed PD-mode DHPT with
3-dB bandwidth of 76 GHz (simulated) and extremely hig
Smax Of 99 GHz. A 40-GHz-band OEMMIC photoreceiver
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