992 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 7, JULY 2000
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Abstract—We describe an advanced InP-InGaAs-based T T T T T T T T
technology for the monolithic integration of pin-photodiodes e oo
and SHBT-transistors. Both devices are processed using the 10° FHI +
same epitaxial grown layer structure. Employing this technology, Frir 97119] » HBT Receiver
we have designed and fabricated two photoreceivers achieving z [o715] o HEMT Receiver
transimpedance gains of 170€2/380 © and optical/electrical S FoARIT ETH + Multistage Receiver
bandwidths of 50 GHz/34 GHz. To the best of our knowledge, this £ [ sann " %3 o Packaged Module
is the highest bandwidth of any heterojunction bipolar transitor S 3 T hi . .
(HBT)-based photoreceiver optoelectronic integrated circuit ~ § . s wer N
(OEIC) published to date. We even predict a bandwidth of 60 & 52| 79l “ o
GHz for the same circuit topology by a simple reduction of the 2 = + EMl NTT ggg] b
photodiode diameter and an adjustment of the feedback resistor 8 C Z,‘GT[T(;] 8141 98[13] " A W
value. - ETH N
. . . . = SI0 - 98[12]
Index Terms—Heterojunction bipolar transitor (HBT), InP, op- . ' . . . _99[15], . .

toelectronic integrated circuit (OEIC), photoreceiver, processing,
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|. INTRODUCTION Fig. 1. Comparison of published optical/electrical receiver performances.

HOTORECEIVER circuits are key-components in fiber
optic transmission systems. The exponentially growingf such receivers. However, reported highest values are com-
demand for higher data rates makes bandwidth to the mesirable for both technologies:20.4 dBm/~17.0 dBm at 10
important figure of merit for such optoelectronic integrateGh/s/20 Gb/s for HBT-OEIC [8] and-17.7 dBm/12.0 dBm
circuit (OEIC), whereas sensitivity and gain have becomeaa 10 Gb/s/20 Gb/s for HEMT-OEIC [12], [17], respectively.
slightly lower priority due to the introduction of erbium-doped-urthermore, the minimum dimensions of HEMT's (gate
fiber amplifiers (EDFA's). Being the first amplification stage inwidth) are much smaller than the minimum emitter width
a chain, the noise figure of the optical amplifier dominates thef comparable HBT's leading to more relaxed lithography
overall sensitivity of the system. In addition, optical gains of 2fequirements for the HBT fabrication. And the gate threshold
dB and more achieved by EDFA’s relax the gain requiremenisitage variation of HEMT's is higher than the base-emitter
for following electrical stages. Fig. 1 shows a comparison @bltage variation of bipolar junction transistors resulting in a
published receiver performances in terms of optical/electriaalore difficult bias-point control of HEMT-based circuits.
bandwidth and conversion gain. Because the conversion gaimhe InP-InGaAs material system in combination with a
is the product of transimpedance gain and photodiode-resp@HBT technology offers the option to use the base-collector
sivity, it characterizes the entire receiver OEIC and not only th®mojunction of the transistor also for the formation of the
preamplifier as the transimpedance gain does. photodiode [9]. Two advantages are the consequence of this
High-electron mobility transistors (HEMT's) and heterojunctechnique: The layer structure of both devices can be grown
tion bipolar transitors (HBT's) are both promising candidatea one step avoiding a regrowth process with its problems. In
to push receiver bandwidths up to 50 GHz and beyond [Hddition, the diode fabrication process can be fully incorporated
[11] (Fig. 1). In general, the high frequency noise behavianto the transistor fabrication. The drawback of fabrication
of HEMT'’s is better enabling potentially higher sensitivitiesimplicity is a speed limiting tradeoff (collector layer thickness)
between diode depletion layer capacitance and transistor transit
Manuscript received October 12, 1999; revised March 14, 2000. time. However, it is the purpose of this work to show the

D. Huber, A. Huber, T. Morf, A. Neiger, M. Rohner, 1. Schnyder, V. Schwarzpotential of this simple approach to reach data-rates up to 80
and H. Jackel are with the Electronics Laboratory, Swiss Federal Institute @fy/s.

Technology Zirich (ETHZ), CH-8092 Zirich, Switzerland. . .
M. Bitter is with the Institute of Quantum Electronics, Micro- and Optoelec- Whereas most HEMT-based receivers operating above

tronics Laboratory, CH-8093 Ziirich, Switzerland. 20 Gb/s are traveling-wave amplifiers (TWA) [11]-[15],
C. Bergamaschi is with the Fachgruppe fir angewandte Schaltungstechpig T-hased amplifiers are maimy Iumped circuits [1]_[10],

CH-5210 Windisch, Switzerland. b t l desi difficult t i
R. Bauknecht is with Opto Speed SA, CH-6805 Mezzovico, Switzerland. ecause traveling wave designs are more driicult to realize

Publisher Item Identifier S 0733-8724(00)05765-0. with HBT's due to the resistive small-signal behavior of their

0733-8724/00$10.00 © 2000 IEEE



HUBERet al: InP-INGaAs SINGLE HBT TECHNOLOGY FOR PHOTORECEIVER OEIC’'S 993

Thick. ; Emitter Emitter- Base and
|Material | ness [?:‘:ﬁ%?g Etching and Base Collector
[nm] Metalization Etching

InGaAs |75 sn 3x10"
InGaAs (225 [sn 2x10'7
il L
i fiopt"
InGaAs |5 5 -

InGaAs | 50 sn_1x10"
P [s0  [si 1x10”
19

Fig. 2. Device layer structure of the InP/InGaAs SHBT and the
pin-photodiode.

[011]

base emitter junction. Although reported electrical bandwidths P
of TWAs achieve frequencies above 100 GHz [20], best Y
values for optical/electrical measured bandwidths are not only [017]
reached by monolithic HEMT/TWA designs [11], but also by
monolithic, lumped HBT designs [1] (Fig. 1). Disadvantages @fig. 3. Process sequences of emitter etching (left), base and emitter
distributed circuits are their much higher chip area Consumgﬂetallization (middle) and wet etching of base and collector employing the
tion and the fact that their reported transimpedance gains are® metal as etching mask (right).
currently around 10@2 [11]-[15]. This is clearly lower than
the corresponding gain of 170 or even 38Q reported in [2] Cyep, = 27 fF. However, the preamplifier circuit presented in
and in this work. Section V solves the problem of ti&”-speed-limitation due to
With our recent combination of the photodiode and severtdile depletion layer capacitancg&.,,, by providing a low input
amplification stages resulting in a record transimpedance of 3n3pedanceR; .
k2 and a bandwidth of 29 GHz including a differential output We use a special low-temperature growth process for a very
we demonstrate a significant step toward a 40 Gb/s-single-chipgh base Zn-doping/V, = 3.5 - 10!? cm=2) which has been

receiver-system [7]. presented in [21]. The base thickness,,; = 50 nm) is a
tradeoff between base sheet resistafige = 720 ©/0O) on
Il. EPITAXY one side, and base transit time along with current gaig (38)

on the other side. To overcome the well-known problem of Zn
phase epitaxy (MOVPE). But-diffusion from base to emitter, a very thin undoped spacer

The first | h insulati bstrate i d Ia(yer is placed in betwegfwspacer = 5 NM). It is thick enough
e firstlayer on the semi-insulating substrate 1S an UNdopghy, init the out-diffusion but thin enough to provide good base

InP buffer(w, ; = 100 nm) needed to create a defined startin
dition for th th of the transistor (Fig. 2). Requi gontacts.
condition for the growth of the transistor (Fig. 2). Requirements The InP emitter also serves for the formation of a wet etched

for the following InGaAs subcollector layer are low sheet an hdercut providing a separation between the base- and the

contact resistances to minimize the parasitic collector series hitter contact metallization (Fig. 3). Therefore, its thickness

sistor. A high doping leve{Np = 1- 10 cm~2) and a thick- q({

Our device layer structure is grown by metal organic vap

o 340 tinal heet resist | wemi = 250 nNm) must be higher than the thickness of the
%esiousgl/a nm resuitin a low sheet resistance value Qo motallization layef(w,met = 130 nm). To achieve a low
. = .

. emitter contact resistance an InGaAs cap layer is grown on
The undoped InGaAs coIIectpr Iayer is not only part. of th e InP emitter. Cap and emitter layer together exhibit a sheet
HI_3T but also serves as absorption region of the phc_Jto_dlode. Iessistance oR, = 7 /0.
thickness has an impact on the transistor charactenstl_cs (trans!& detailed description of the epitaxy development of our de-
frequency, breakdown_ voltage, pase-collector capac|'Fa_nce)\/ﬁ:se layer structure is given in [21].
well as on the photodiode (transit frequency, responsivity, de-
pletion layer capacitance). For an optimized transistor radio fre-
guency (RF) behavior (transit frequengy = 130 GHz, Sec-
tion IV-A) a value ofw.,; = 400 nm is chosen. C-V-measure- Whereas the transit frequengy of the HBT is mainly de-
ments demonstrated that, due to Sn out-diffusion from the uermined by the vertical layer thicknesses, the maximum oscil-
derlying subcollector layer, the depletion layer width of the colation frequencyf.,.x depends strongly on the lateral device
lector (wqgep = 240 nm) differs from the grown collector layer process. Key issue of the process optimization is a reduction of
with (weor). It leads to a diode transit frequency ff,i» = 80 the base resistand®, and of the base-collector depletion layer
GHz, a responsivity ol = 0.32 A/W and a depletion layer capacitanc&,.. A large number of improvement methods for
capacitance of’y., = 49 fF (Section 1V-B). For the diode, f..x is found in literature as for example a hexagon emitter
a thickness ofw.,; = 600 nm would be a somewhat betterstructure [22] or the transferred substrate technology [23] which
compromise betweeffirpi, = 65 GHz, R = 0.42 A/W and reaches the highest values ffir., reported to date. Our ap-

Ill. PROCESSING



994 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 7, JULY 2000

) . ) , Fig. 5. Photodiode with a diameter of the light active ared,gf = 6 pm.
Fig. 4. HBT with an emitter geometry ef. = 1.0 X 5 um? after the wet  The wet etched undercut of the p-contact metallizatioftis,, = 1 zm.
etching of the base and collector layers employing the base metal as an etching

mask.
TABLE |
DEPENDENCE OF THESMALL -SIGNAL CURRENT-GAIN (3 ON THE
proach is based on an emitter overhang for a self-aligned sepa- EMITTER-WIDTH be

ration of base- and emitter contacts and of a base-metal undercut
for the minimization ofC},.. The process is self-aligned for all
critical steps allowing smallest emitter-widths of Q. using

an optical lithography 2-in wafer technology.

The first process step is the emitter formation by a wet etchiggated by masked dry etching. The range of emitter widths cov-
of the emitter cap (InGaAs) and of the InP emitter. As meRxred by our process is: O/n < b, < 2.5 um. Due to surface
tioneq i.n Section Il, the InP emitter is thick enqugh to providgscombination effects the small-signal current-gaidepends
a sufficient overhang (Fig. 3 left) for the self-aligned evaporatrongly on the emitter-width. as shown in Table 1.
tion of the emitter- and base contacts (Fig. 3 middle). The metaljighest values for the maximum oscillation frequency
layer evaporation sequence is P/Ti/Pt/Au. For contactimprover, . — 240 GHz) were reached by transistors with an emitter
ment we perform an annealing (430/1 T'n) resulting in spe- area ofa, = 1.0 x 8 um?. A scaling of the emitter-width
cific contact resistances pf,, = 3.5 107" 1 cn? for the base reduces only the intrinsic resistand, and the intrinsic
p-contact and Ope; = 1.5 - 10~7 © e for the emitter n-con- capacitance,, keeping the extrinsic parasitics constant which
tact, respectively. These results agree well with the lowest valyggds to an optimal width df. = 1.0 zm for the highestf;y,ax.
found in literature [22], [24]. _ The process comprises also thin-film Cr-resistors with a sheet

The base metal is used then as an etching mask for the bagsistance of 502/, metal-insulator-metal (MIM) capacitors
and the collector wet etching, resulting in a base metal underggifmed by evaporation af'a;O5 (wiante: = 500 NM), and a
for a reduced parasitic base-collector depletion capacitarfal SiO/Al,O5 double layer antireflection coating to reduce
(Fig. 3 right, Fig. 4). This method of metal undercut is alsgptical coupling losses.
applied for the fabrication of the photodiode (Fig. 5) resulting
in an undercut ofAr.,; = 1 um and in a diameter of the IV. DEVICE CHARACTERIZATION
depletion layer ofl4e, = 11 pm for a circular photodiode with ]

a diameter of the light active region df;, = 9 um. Compared A- Transistor

belum]: | 05 ] 0.7 | 1.0 | 1.5 | 28
B 20 | 29 | 38 | 46 | 58

to a conventional detector (no underaiji, = 9 pm) the total In all circuits presented here, we use transistors with an
parasitic capacitande’,,., ) is reduced by 30% (from 89 fF to emitter geometry ofi. = 1.0 x 5 um?. They reach an optimal
62 fF) without loss of light sensitive area. RF performance at collector currents in the range of 3 A

Subsequent evaporation of a layer sequence of Ti/Pt/Au forths< 7 mA (Fig. 6). Additionally, they exhibit a dc-current-gain
the collector contact (Specific contact resistanggi = 3.4 - of 8 = 38, a breakdown voltage aBV,..o = 6V, a transit
107 © cm?). Furthermore, device isolation is performed byrequency of f; = 130 GHz at a collector-emitter voltage

a wet chemical removal of the subcollector and the followingf V.. = 1.5 V and a maximum oscillation frequency of
passivation consists of a thick polyimide layer (4r8) forgood .. = 220 GHz atV,. = 2 V (Fig. 6).
planarization. We employ a hybridr-model as small-signal equivalent cir-

By unmasked dry etching we can remove the polyimide untilit for the description of the transistor (Fig. 7). A fit of the
the emitter mesa break through the polyimide surface: Seffiodel to the measured S-parameter (Bias conditlpn= 6
aligned emitter contacts are created and only the less critical wid\; V.. = 2 V) leads to the model parameters given in Table II.
holes for the base and the collector contacts remain to be géneomparison of the frequency dependencies of the transistor
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Fig. 7. Small-signal equivalent circuit of the HBT.

Figure of merits in terms ¢fr andf.,.x versus the collector curreft
of a transistor with an emitter area@f = 1.0 x 5 um? at a collector-emitter
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TABLE I
PARAMETERS OF THESMALL -SIGNAL EQUIVALENT CIRCUIT OF A TRANSISTOR
HAVING AN EMITTER AREA OFa. = 1.0 X 5 um? AT BIAS CONDITION
Vee =2V AND I, = 6 MA

B | R
38 | 45Q

Ry
60102
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31k
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6.6/F | 2JF
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30 PEET LA

25
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i
e N S 4 mug (model)  ___|
o I | |
Q ] | !
g 150 | | | | '
‘s 1 | l I
o | I I I
10F-—4-———=-——- Ao [ G~ —————————]
| I | Loy o
| | | N\ T:
5+ | i | W 210 GHz
| | |
OF--"4-————=--- A4 f;=125 GHz %~ -~
1 I ) i N
-5 : ] 1 : 1 1 : 1 1 : AN o
01 0205 1 2 5 10 20 50 100 200 500

frequency f, GHz

Fig. 8. Comparison of the RF-performance of a transistor with emitter area of
a. = 1.0x 5 um? (Bias conditionV,, = 2V, I. =6 mA) with the small-signal
model having the values presented in Table Il. mug: Mason unilateral gain. mag:
Maximum available gain. h21: Small-signal current-gain.

B. Photodiode

Base-, collector- and subcollector layer of our HBT-structure
form the photodiode. As mentioned in Section II, the nonop-
timal collector layer thickness (400 nm instead of optimal 600
nm) causes a relatively low responsiviy;. and a higher than
optimal depletion layer capacitancg.,. A diameter of the

model with the measured data in terms of mason unilateral géight active area off;,;,, = 9 #m is chosen as compromise be-
(mug), maximum available gain (mag) and small-signal cutween a reasonable optical coupling and a sufficient low deple-
rent-gain (h21) shows excellent agreement over the full fréen layer capacitance. However, with the undercut of the p-con-
quency range of 45 MHK f < 75 GHz (Fig. 8). Therefore, tact (Fig. 5) described in Section lIl, this tradeoff is significantly
we use this model for the extraction of the maximum oscillatiorlaxed.

frequency and of the transit frequency. The transit time for the The RF-model of the photodiode is shown in Fig. 9. Two seg-

presented model parameters is calculated as

1
T = — =7 + 7.+ The,int + Tbe,ext = 1.28 ps

wr

The individual contributions are

Ry
T+ 7. =—0Cr=1.14ps

3
Ry
Tbe,int = /TCM =0.04 PSs
R, + R
The,ext = %Cext =0.10 ps

1)

)
@)
4

ments(Lpu1,2, Cuept 2, Rias1,2) are employed to model the dis-
tributed effects of the pin-structure. We choose the inner seg-
ment to be 25% of the total absorption area, with the conse-
quence for the relation of the two photocurrents and of the two
depletion layer capacitanceSiep1 : Caepz = Ipht : Ipn2 =

1 : 3. From electrical one-port-S-parameter measurements, we
extracted the depletion layer capacitan€e, = Cyepr +
Claep2 = 49 fF. Measurements of photodiodes with different di-
ameters allowed the discrimination between the depletion layer
capacitancéCl.;,) and the stray capacitan¢é,.). Values for

the elements of the intrinsic device are summarized in Table Il1.
Relatively high resistor values are shown, which are due to the
high sheet resistandd?; = 720 2/0) of the thin base layer.
Saturation velocities of holes and electrons in the depleted ab-
sorption region [25] as well as hole-diffusion in the non depleted

Obviously the base- and the collector-delay (1.14 ps) dominatlesorption region [26] limit the photodiode transit frequency to
over the contributions of the base-collector capacitances (0.14,i, = 80 GHz. This frequency dependence is taken into ac-

ps).

count as a low-pass characteristics of the photocurrent source,
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TABLE I
PARAMETERS OF THERF-MODEL OF THE PIN-DIODE

Rba.sl Rbas2 Cdepl Cdep2 Cbo
2000 | 650 | 12.3fF | 368 fF | 13fF

Power Probe
*
N J MIM Block : L

G 36 t-—————-F--==f--—F=a-—F-fa-pq---- - A
m ] I 1 [ I I 1 Input pad =
O i I I 1 ] ! i 1 ] I
r 34 i e o 1 4
N | IL i L P ] Fig. 11. Circuit-schematics including parasitics of interconnections, signal
g 32 Tt A R Y N pads and power probes.
S g0pfoo o R N
g ol R TABLE IV
% 28 'J.“ ________ R A A A 1 COMPARISON OFCIRCUIT VERSIONS
< I ] I | 1 | i |
e s e e e e
1 2 5 10 20 30 40 f-3ap | Cpar | Zr | Rp | Ky | Re | Fout

31GHz | 62fF | 38052 | 75081 | 600% | 350¢ | 25042
frequency f, GHz 50GHz | 62fF | 1705 | 380 | 31062 | 1205 | 250
60GHz | B1fF | 1305 | 3801 | 2300 | 12541 | 2500

Fig. 10. Comparison of the transimpedance gain of the photodiode mode.

(solid line) with the measured, Fourier-transformed and corrected pulse

response of the photodiode (dots). receiver(f_, yg = 50 GHz), a very low input impedance of
the preamplifier is essential. As a consequence, we choose
a common base input stage (Fig. I74,) providing an input
impedance of Zr = 15 2) at low frequencies. The gain stage

with P, being the power of the incident light ad;. the re-
sponsivity of the detector

1 is a transimpedance amplifiéf; — 75 ) followed by a common
I)l: ph I)l :PO)'RC' . 5 o/ .. .
bl = Jput F pu2 pt o L4 / ®) collector output stagéTs, 1) for optimal driving capability

J frpin [28]. This circuit is meant to be connected monolithically

to the next gain stage (as demonstrated in [7]), and hence a

Optical/electrical on-wafer characterization was carried O%—Q-matching is unnecessary. Nevertheless, the circuit has to
at the wavelengthh = 1550 nm using a lensed single—modebe measured in a 50-system ' '

fiber probe for top illumination. Pulse response measurementsl‘ransimpedance gain can be traded for bandwidth by a simple

were performed with a pulsed mode locked laser (Ti:Sa-laser. : : )
and OPO for\ = 1550 nm, pulsewidth, < 1 ps) and a a(ﬁjustment of mainly two resistor valuég., R;). Three ver

samoling scope (fise time: 7 ps) 1271, Fourier-transform asions for the bandwidths of 34, 50, and 60 GHz were designed.
q Pl gl " P f(tr|1 ime: 7 ps) [t ].t un ble. bias t rW/ ereas the circuits achieving 34 and 50 GHz were fabricated

econvolution of the measurement Setup (cable, 1as tee an characterized, the fastest version is a simulation to demon-
sgmplmg head) in frequency domain reyeals the Optlcallelesi{_?te the potential for reaching a bit rate of 80 Gb/s. The 60
trical frequency response of the photodiode. A comparison g é predicted can only be achieved by an additional reduction

the measured gnd the c_alculateq freq_uency response shows LMe pin-diode diameter to Gm resulting in a total parasitic
accordance (Fig. 10). Since the inputimpedance of the meas\Jre

ment system is 50! the —3 dB-bandwidth reaches only value e?ﬁggiﬁﬁz thr‘:é :e?sli ;lr—‘].STable IV presents the differences
of f_3 qg = 31 GHz (pads included) and ¢ 3 45 = 33 GHz y

... _For bias-point considerations, w h mmel-Poon
(pads excluded) due to the RC-limitation of the total para5|t{<';an(;istt)oarsmp§det| CNoofn?nea?;Sp;fy V%|ltj§gegstv\16@$pu: 5 \E; an(()jo &

capacitance and the %Bload. A dc responsivity of?. = 0.32 V_ — —3.8V and the corresponding currerts — 22 mA and

A/W and a dark current ofuay, < 2 nAwere measured ata ;'\ a Al collector currents are in the range of 4 mA
reverse bias voltage d&f.., = 3 V.

I < 7 mA for optimal high speed operation (Fig. 6).
Three different layouts have been designed for each circuit
version: 1) The complete OEIC layout (containing photodiode
To increase the RC-limited bandwidth of the detectand preamplifier, Fig. 12) for optical/electrical characterization,
(f_5 gB = 33 GHz) to the much higher bandwidth of the entire2) the preamplifier layout (photodiode replaced by an input pad,

V. CIRcUIT DESIGN
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frequency f, GHz
Fig. 12. Photograph of the 50-GHz receiver showing the photodiode on the

left and the coplanar output on the right.
Fig. 13. Transimpedance of the 50 GHz-preamplifier. Dashed line:

Simulation. Solid line: Measurement.
Fig. 11) for electrical characterization, and 3) a layout consisting
of the power probe pads and the supply blocking capacitors to
characterize the power supply separately. AC-simulations up to
60 GHz were made using measured and deembeded S-paramps section presents the on-wafer characterization of the
etgr_flles of the transistors (Fig. 11) as_vyell as one-portf!les COfsceiver OEIC's and comparisons between measurements and
taining the power supply data. Parasitics of pads and intercQfi, jations. Whereas the mentioned comparisons concern the
nections cannot be neglected at these high frequencies ands@;; receiver, only the most important measurement results
modeled as waveguides, capacitors and inductors respectivglying optical/electrical frequency response, 40-Gbls eye pattern
Especially the distributed effects of the ground connections g sensitivity are presented for the version reaching 34 GHz.
the transistord a.deQ cause gshght Ind_uctlve peaking, which Fig. 13 shows a comparison of the transimpedance derived
had to be toake_n Into account in the des_|gn. T_hus, a decrgas?r&fn electrical S-parameter measurements with the simulated
8 GHz (15%) in bandwidth occurs by simulation of the CIrCUIfransimpedance of the circuit shown in Fig. 11. Good agree-
without considering these parasitics. For the simulation of ﬂr‘lﬁem between measurement and simulation is found. The dc
system consisting of photodiode and preamplifier, the eqUiffénsimpedance of the amplifier By = 170 Q (34-GHz re-

alent circuit of the input pad in Fig. 11 was replaced by thg ver: Z» — 380 Q d the bandwidth i 50
ac-model of the photodiode shown in Fig. 9. cIver: 2z ) and the bandwidth if_3a5 > 5

VI. RECEIVER CHARACTERIZATION

ments at 40 Gb/s is presently not available, we calculate a seficients of the preamplifier. A dc input impedancefy =

tivi_ty based on anoise ana_llysis_ofourpreamplifiertopology. Thl% Q2 is achieved and the magnitude of the de-embedded input
noise model of the tr_an5|stor includes three Sources. Therrﬂﬂbedance (without equivalent circuit of the input pad) is below
noise of the base resistanég (Table I1l) and shot noise of the 22 O over the full frequency range up to 50 GHz. As men-
base_- aqd of the coIIector_current_. we identified four major pa,rﬁ%)ned in Section V the output impedance is not matched to 50
do.mmatlng the.total equlvalgnt input noise current of the ¢t (Fig. 14). With a series resistor in the output a matching could
cuit Cu_rrent noise qf the resistafy, (16%) andf; (23%) and be achieved at the cost of a reduced transimpedance gain.
shot noise contributions of the base currents of the transistors Optical/electrical pulse response measurements with the

0, 0, I -
(23 (0) andTQ_ (26%). Based .OW thﬁ calculated average e_quwgetup described in Section IV-B and [27] result in a pulsewidth
lent input noise current density,e, = 16.2 pAA/Hz) and using

gm0 55 Sty o & i s e G 5LCE 8 © 14 e G G reever, 10309
of BER =10~? at 40 Gb/s becomes LT '

suming the transfer function of the receiver to be a second-order
low-pass filter, this oscillations can be calculated to result in
a peaking of the frequency responsef&f; ~ 1 dB, which

_ 2Q4/igeqfr is in accordance with the results presented in Fig. 16. Because

Popt = “2R. —11.8dBm. (6)  we are not equipped for a time domain characterization of our

' measurement setup (cable, bias tee and sampling head), the

For this calculation we suppose the noise-free detection systenpulse response is not deconvolved. By Fourier transform
to have a first-order low-pass characteristics with a bandwidéimd correction of the measurement setup in frequency domain,
of f_3 48 = 30 GHz. Then, the corresponding noise bandwidtive obtained the optical/electrical frequency responses of
is fn = (7/2) - f_3ap = 47 GHz. the receiver OEIC’s as depicted in Fig. 16. A bandwidth of
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frequency f, GHz
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Fig. 16. Optical/electrical frequency responses of the receivers. Solid lines:
Simulated frequency responses. Dashed line with crosses: Measured, Fourier
transformed and corrected impulse response (50-GHz receiver). Dashed line
with circles: Measured, Fourier transformed, and corrected impulse response
(34-GHz receiver).

Fig. 14. Input and output reflection coefficients of the 50 GHz-preamplifier in

the frequency range of 45 MHgZ f < 50 GHz. Dashed line: Simulation. Solid

line: Measurement.
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Fig. 15. Optical/electrical impulse response of the 50-GHz receiver (rise tin
of measurement setup included).

Fig. 17. Optical/electrical eye-pattern at 40 Gb/s and a NRZ-2 1 prbs.
Upper trace: input signal of the modulator driver. Middle trace: Output signal of
f-3ap = 50 GHz is achieved f 345 = 34 GHz for the the50-GHzreceiver. Lower trace: Output signal of the 34 GHz receiver. Average

receiver with higher gain). photocurrentlys, & 120 pA.
Measurements of the optical/electrical eye-pattern at 40 Gb/s
were performed using a 10-Gb/s pattern generator, a 4:1 mutiHz) between receiver output and error detector input. Then
plexer, a driving amplifier and an optical modulator. Clear eye noise bandwidth ig, = (7/2) - f 34s = 17 GHz and
pattern for the 34 GHz- and for the 50 GHz receiver are obtainactalculated sensitivity 0f 14.0 dBm should be achieved (6).
although the speed limiting factor in this measurement chainTi®ie measured value 3., = —10.7 dBm (including the noise
the optical modulator with a bandwidth ¢f 3 45 = 23 GHz. contribution of the postamplifier). A correction of this result
(Fig. 17). by eliminating the postamplifier’s additional noise (minimum
As mentioned in Section V a setup for BER-measurementsise figure:f'y,;, > 4 dB) leads to?opt < —12.7 dBm, re-
at 40 Gb/s was not available. Therefore, we support our sergiting in a slight difference of approximately 1 dBm.
tivity calculations for 40 Gh/s with BER-measurements at 10 Furthermore, we measured a better sensitivity for the 34-GHz
Gb/s [nonreturn-to-zero (NRZ)'2 — 1 pseudorandom binary receiver ofP,,; = —12.7 dBm (noise of the postamplifier in-
sequence (PRBS)]. We assume a first-order low-pass charactéreed) due to lower transistor bias currents and higher resistor
istics of the postamplifier (measured bandwidthz g5 = 11  values.
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VIl. SUMMARY [12]

In this paper we demonstrate receiver front ends fabricated
with a simple technology avoiding sub-micron lithography and
multi-step epitaxy. Measurement results of realized circuits aré?
transimpedance gains @f = 170 © andZ; = 380 €2 along
with optical/electrical bandwidths of_3 ¢ = 50 GHz and
f—34s = 34 GHz. To the best of our knowledge, these re-
sults are the highest transimpedance gain (@80n the fre-
quency range above 30 GHz and the highest optical/electrical
bandwidth (50 GHz) of any HBT-based receiver OEIC reporteq15
to date. By means of simulation, we show that, by a further re-
duction of the feedback resistor and of the photodiode diameter,
an optical/electrical bandwidth of 60 GHz can be reached, en-
abling future bitrates up to 80 Gb/s. [16]

[14]
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