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Monolithically Integrated Multichannel SiGe/Si
p-i-n—HBT Photoreceiver Arrays

Omar Qasaimeh, Zhengiang Matudent Member, IEEPallab Bhattacharyédellow, IEEE and Edward T. Croke

Abstract—A low-power, —short-wavelength eight-channel response of the transistor. Cutoff frequency and maximum
monolithically integrated photoreceiver array, based on SiGe/Si oscillation frequency exceeding 90 GHz and 110 GHz, respec-
heterojunction bipolar transistors, is demonstrated. The pho- ey have recently been achieved with this heterostructure

toreceiver consists of a photodiode, three-stage transimpedance . .
amplifier, and passive elements for feedback, biasing and [4], [5]- There have also been efforts to realize optoelectronic

impedance matching. The photodiode and transistors are grown devices, such as detectors, photoreceivers and light emitters
by molecular beam epitaxy in a single step. The p-i-n photodiode with Si-based heterostructures [6]-[15]. With these compo-

exhibits a responsivity of 0.3A/W and a bandwidth of 0.8 GHz nents integrated on a single chip, many smart functions such
at A = 0.88 pm. The three-stage transimpedance amplifier as routing and switching can be performed at high speed.

demonstrates a transimpedance gain of 43 d8 and a —3 dB L
bandwidth of 5.5 GHz. A single channel monolithically integrated We have recently reported the characteristics of a 0.5-GHz

photoreceiver consumes a power of 6 mW and demonstrates Single channel SiGe/Si monolithically integrated p-i-n/HBT
an optical bandwidth of 0.8 GHz. Eight-channel photoreceiver photoreceiver circuit [15]. A 1 Gb/s low-power CMOS pho-
arrays are designed for massively parallel applications where low toreceiver has also been recently reported [12]. In this paper
pozvxé%r d'SS'Paﬂon ‘g‘d Iovg cross_tlalk arle aequwed.km_e ﬁrraé/ ISON " \ve demonstrate, for the first time, eight-channel monolithically
a 250um pitch and can be easily scaled to much higher density. integrated photoreceiver arrays made with SiGe/Si HBTSs.

Large signal operation up to 1 Gb/s is achieved with crosstalk less " : .
than —26 dB. A scheme for time-to-space division multiplexing is The array exhibits a uniform-3 dB bandwidth of 0.8 GHz,

proposed and demonstrated with the photoreceiver array. adjacent channel crosstalk of less thak6 dB, and dissipates
Index Terms—Photoreceiver, SiGe HBT, transimpedence ampli- 6 mW per channel. Operating with 2-V bias, the array can be
fier. interfaced directly with CMOS circuits. The optoelectronic

integrated circuit (OEIC) design, heterostructure growth and

fabrication procedure are described in Section II. Device and

circuit characteristics are described and discussed in Section
PTOELECTRONIC integrated circuits offer the advanHtl. The characteristics of multiple-channel photoreceiver
tages of both optics—massive interconnectivity angdrrays are described and analyzed in Section IV. Finally, the

parallelism, and microelectronics—high gain and decisia@sults are summarized in Section V.

making capability. From a technological point of view, Si-based

optoelectronic devices are of great interest for densely-packed

free-space interconnects and time division multiplexing (TDM) Il. PHOTORECEIVERCIRCUIT FABRICATION

systems. Cost, reliability, and f:ompatibility with C.ZMOS. tegh— Fig. 1(a) shows the circuit diagram of a single channel of the
nology are the key factors. Besides low cost and high re“ab”'tﬁfhotoreceiver array. It consists of &m-n* photodiode and

Si technology provides very-large-scale-integration Complexgthree-stage transimpedance amplifier with a S5@edback

where dense arrays of receivers, modulators and SW'tChlrne%istor and 5@ matching output stage. The first stage con-

circuits can be fabricated on a single chip. sists of the feedback amplifier which is designed to stabilize

Compared to CMOS transistors, heterojunction bipol he operating points and increase the bandwidth of the circuit
transistors (HBTs) have several advantages which make thelr P gp :

use more preferable in hiah-speed optoelectronic intearats e output stage consists of a two-stage emitter follower which
P gnh-sp P graisSised to maximize the dynamic range of the amplifier. The

circuits. These advantages include lower noise figure at hlﬁﬂree—stage amplifier is realized with N-p-N double heterojunc-

bit rate, better power-added efficiency and higlierat lower . ; . ) . o
bias voltages [1]. Recent advances in the growth of SiGe}éo n S|Ge/$| HBTSs. The feedback re5|s(dip ), b|_as.|ng resis:
é?rss and bias voltagéV,.) are designed to optimize the cir-

heterostructures have led to high-performance Si-based H RS 4 oE .
[1]-[5]. The incorporation of strained SiGe as the base Iayer‘frllJlt performance; mainly the bandwidth, circuit gain and noise

Si-based transistor technolo reatly enhances the fre ueﬁréaracteristics. An inductor is inserted at the input of the cir-
9y 9 y qUeRE to enhance the photoreceiver bandwidth and improve the

signal-to-noise ratio of the amplifier. It is important to note that
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Vv by rapid thermal annealing (RTA) for 20 s at 40Q. After
Vd cC evaporating the base metal (PtAR00/1300 A), the base

? mesa is formed by reactive ion etching (RIE). The collector
R contact (Ti/Au=500/2000 A) is then evaporated and annealed
1 for 7 s at 375C. The devices is then isolated using RIE and
- passivated with a Jum thick SiO, layer. Via holes in the
Pin Q, SiO, layer are opened by RIE, and interconnection metal
Q, Q; (Ti/Al/Ti/Au =500/11 000/500/2000 A) and airbridges are
Vout finally deposited.
The emitter layer is etched to obtain thie-p-nt photodiode
Re Re1 Re2 wherein the collector region is used as the absorption layer. The
L base layer is used as the p-contact while the subcollector as the
- L 1 n-contact. The heterostructure was designed with a thicki®.8
- - collector/absorber layer in order to reduce electron diffusion and
(2) thereby improve the bandwidth of the photodiode. To enhance
the responsivity of the photodiode, the thickness of the;SiO
Emitter Contact si ot 2x1019 200 nm passivation layer was designed to minimize light reflection at
Enmitter Si n 25108 100nm 0.85um.
Spacer Sig7Gegs i 5nm The resistors were fabricated by electron beam evaporation
Base Sig7Geo 3 3x101°  20nm of NiCr (700+10 A). The film thickness controls the resistor
Spacer Sig7Gegs | 5 nm value. The measured sheet resistance of the film {3/258. The
Collector Si n 1x10'6  800nm spiral inductor was fabricated using the interconnection metal-
Subcollector Si ot 1x10!?  0Sum lization and air-bridge technology to form the central terminal.
Substrate Si semi-insulating The nominal value of the spiral inductor4s2.5 + 0.5 nH.
b) [ll. DEVICE AND CIRCUIT PERFORMANCE

) ) o . ) _A. HBT Characteristics
Fig. 1. (a) Equivalent circuit of single channel transimpedance amplifier

photoreceiver. (b) SiGe/Si heterojunction bipolar transistor grown by molecular The dc and RF characteristics of the fabricated HBTs were
beam epitaxy. measured. The dc current gain of a typical device is shown in
Fig. 2. The common-emitter current—voltage characteristics are

The schematic of the SiGe/Si heterostructure, grown gpown i_n the inset. As can be seen inthe_figure,the devices op-
molecular beam epitary (MBE), on high-resistivity (001) sgrate with a reasonably high cur_rent gain _at low collector cur-
substrate, is shown in Fig. 1(b). A uniform Ge compositioffNt & > 30at I. = 200 pA). Itis also evident that the de-
profile of 30% is used for the base layer which is doped p-typéces have a reasonably high breakdown voltaged QV). The
with boron. This results in a large band offset&,) at the offset voI'tage is very close to zero, |nd|cat}ng symmetric and
base-emitter (BE) junction and provides larger current gaif@se-emitter (BE) and base collector (BC) junctions. From the
Moreover, a large Ge content at the BE junction enhances fimmel plots, the collector and base ideality factors are cal-
wet etch selectivity and reduces the risk of over-etching ti¢/lated to ben, = 1.16 andn, = 2.35, respectively. The
base layer. Spreading resistance analysis (SRA) shows tRéer value indicates that the base current is dominated by re-
the base doping concentration is larger thas B0 cm3. combln{mon in the space—charg_e regions. Bhparameters of
The thickness of the base layer (300 A) is made less than the devices were measured using a HP8510 network analyzer
Si.7Gey 3/Si critical thickness to prevent the formation of disand coplanar microwave probes, _and from fthe_se measurements
locations. The outdiffusion of boron, which may occur durin§1€ cutoff frequency fz) and maximum oscillation frequency
growth, results in junction displacement toward the emittelfmax) Of the device are calculated to be 18 GHz and 27 GHz,
away from the SiGe/Si heterojunction. Such displacemerrﬁSFJeCt'V?W- .It.should pe poted that the 3 dB bandwidth of the
would introduce parasitic homojunction effects and results Rfesent circuit s really limited by the frequency response of the
a reduction in the current gain and the cutoff frequency of ti1otodiode [15]. Higher values gfr and fmax have been re-

HBT. To eliminate outdiffusion of boron from the base Iayer‘?‘”zecI by us with similar HBTs d?SiQ”Ed for MMICs [19]. The
unintentionally doped 50 A $i:Ge,; spacer layers were measured dc and RF characteristics were used to extract the

inserted on both sides of the base layer. small- and large-signal models of the HBTs, which were, inturn,
The circuit fabrication procedure is as follows: first th&!sed to optimize the characteristics of the photoreceiver circuit.

emitter metal (Cr/Ae=500/2000 A) is selectively formed on the The values of the biasing and feedback resistors and the bias
highly doped emitter contact layer by evaporation and liftoifoltage of the photoreceiver circuit were then evaluated.
technigues. The emitter mesa is then formed by a selective . .

potassium hydroxide (KOH)- based wet etch. This etchirfg Transimpedance Amplifier

introduces an undercut that allows the selective placement offhree-stage transimpedance amplifiers, without thengt

a self-aligned base contact. The emitter metal is then alloyplotodiodes, were designed, and fabricated using SiGe/SiHBTs
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Fig. 2. Measured dc common-emitter current gain as a function of collect Frequency (GHZ)

current. The inset shows typical current-voltage characteristics of the HBT.

Fig. 3. Measured frequency response of the transimpedance amplifier at
V.. = 2 V. The inset shows the measured eye diagram at 5 Gb/s.
with an emitter size of pm x5 um. The amplifietS-parameters

were measured in the frequency range of 0.1 to 10 GHz and the 1
effective electrical transimpedance gaifag = 50 |S21|/|1 — <
S11|, was derived. The fabricated amplifiers have®dB band- )
width of 5.5 GHz and a gain of 43.5 dBat Vo = 2V, as
shown in Fig. 3. This corresponds to a transimpedance gain-
bandwidth product of 0.825 THz. The eye diagram of the cir-
cuit, measured at a bit rate of 5 Gbit/s with &1 word long
nonreturn-to-zero (NRZ) pseudorandom bit stream, is shown in
the inset of Fig. 3. A clear eye opening with minimum inter-
symbol interference and jitter is observed. The percentage jitter
and eye closure, obtained from the figure, are 22.5% and 41%,
respectively. One of the more important issues in densely packed
arrays is the total power dissipation. Therefore, the single ampli- 7 0 1 3
fier should provide higher gain at lower current and bias values. Time (ns)

The total power dissipation of the fabricated amplifier is 6 mW : : : :

atV.. = 2 V. We believe that an even lower value of the power 0.1 0.3 0.5 0.7 0.9
dissipation can be obtained if the circuit is optimized with re- Frequency (GHz)

spect toR- and Rg1.
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Fig. 4. Measured frequency response of a single channel p-i-n/HBT
photoreceiver. The inset shows the measured eye diagram of the photoreceiver
at 1 Gb/s.

Monolithically integrated photoreceivers consisting of the
three-stage transimpedance amplifier, inductor, andi-aqt  the photodiode with a tapered optical probe and the electrical
photodiode were designed and fabricated. The photodiode hesponse of photoreceiver was measured by the spectrum an-
al2 pm x13 um lateral dimension and a ring-shapedype alyzer. The highest measured bandwidth of the photoreceiver,
contact. Antireflection coating, suitable for operation witlwhich is limited by the bandwidth of the photodiode, was 0.8
0.85um light, was incorporated on the top surface by plasnm@Hz at 2 V applied bias. The frequency response is shown
enhanced deposition of SjJOThe fabricated p-n photodiode,in Fig. 4. This relatively low bandwidth is attributed to the
with AR coating, exhibits a breakdown voltage as high adow diffusion mechanism in the subcollector region. The total
—20 V and leakage current less than 150 nA—& V. The photocurrent of a p-n photodiode consists of fast (drift) and
responsivity of the photodiode is measured to-b&.3 A/W  slow (diffusion) components, which arise from the carrier
at 880 nm. The bandwidth of the photoreceiver was measumgeheration in the depletion region and subcollector region of
using a high-speed single-mode edge-emitting GaAs lasbe photodiode structure, respectively. The estimated RC time
(A = 880 nm) and HP8593A spectrum analyzer. The laser wasnstant of the photodiode 832 ps which corresponds {¢
modulated with a HP8350 sweeper oscillator and coupled orib~31 GHz. The measured eye diagram of the photoreceiver
a single mode fiber. The modulated light was focused on& a bit rate of 1 Gb/s is shown in the inset of Fig. 5. The

C. Photoreceiver Circuit
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Fig. 7. (a) Measured individual channel frequency response of the
eight-channel array; (b) measured frequency response of channel 4 and
adjacent channel crosstalk in the eight-channel array.

lated from the output noise voltage and the RF characteristics
of the circuit. The measured and calculated data are shown in
Fig. 5. The photoreceiver sensitivity, shown in Fig. 5, is esti-
mated to be-23.9 dBm at 0.5 Gb/s for bit error rate of 10

IV. MULTICHANNEL PHOTORECEIVERARRAYS

Multichannel (8x 1) photoreceiver arrays were designed and
fabricated in a similar manner, as described in the previous sec-
tion. Fig. 6 shows the photomicrograph of the array, which is
the largest in size realized to date with SiGe/Si technology. The
array size is 1.5« 2 mm with interchannel spacing of 250
#m. Good uniformity in the frequency response between indi-

Fig. 6. Photomicrograph of the monolithically integrated eight-channgliqyal photoreceiver elements is achieved, as shown in Fig. 7(a).
SiGe/Si p-i-n/HBT photoreceiver array.

The eight channels show near-identical frequency response with
a —3 dB bandwidth of 0.74 0.1 GHz and an average tran-

diagram shows a clear eye opening with percentage jitter asichpedance gain of 44 2 dBf2. The yield of the discrete de-
eye closure of 45% and 54%, respectively.

Since we could not measure the photoreceiver sensitivity @bricated arrays. The crosstalk was measured by photoexciting
rectly, the equivalent noise current at the input was calculateddyannel 4 and measuring the RF output at the adjacent chan-
summing all the noise sources. Thermal noise, generated frogds. The measured crosstalk is shown in Fig. 7(b). Special care
the biasing resistors and shot noise, generated from base waad taken to ensure that there is no feedforward to the output in
collector currents of the HBTSs, were considered in the calculdre absence of the input optical signal. The maximum crosstalk,
tion. The calculation was carried out with the help of HSPICEneasured within the 0.8 GHz bandwidth of the photoreceiver, is
using typical operating conditions of the HBTSs, the photodiodess than-26 dB. The crosstalk can be further reduced by incor-
and the feedback and bias resistors. The output noise voltag@aoifating shielding that covers most of the photoreceiver circuit,
the photoreceiver was measured with a spectrum analyzer. Hsehas been demonstrated by us with InP-based;inbpho-
equivalent input noise current of the photoreceiver was caldoreceiver arrays [16].

vices is more than 95%, which results in about 50% yield for the
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be noted that power dissipation in the photoreceiver array is
significantly reduced in this system. To test such a scheme,

5 P only one channel (4) was pulsed biased. An optical signal from
- 0 } ch, a GaAs laserX = 0.88 pm) modulated aff,,, = 0.5 GHz, is
o Bl g coupled into channel 4 and the photoreceiver output is moni-
tored by a spectrum analyzer. The sigiial was detected for
_ Chy various values of” andT,; with minimum noise and crosstalk.
TOMinput | Laser i The detected signal and crosstalk are shown in Fig. 8(b). In this
scheme, the choice & and1, would depend onV and f,,,
where/ is the number of photoreceiver channels.
(a) V. CONCLUSION
Monolithically integrated eight-channel photoreceiver arrays
35 225 . o . X .
€ realized with SiGe/Si technology were designed, fabricated and
a i 35 Q characterized. The array demonstrates state-of-the-art perfor-
T_“’ § mance characteristics, which are suitable for massively parallel
5 4 applications. Low power dissipation of 6-mW/channel and low
D .55 45 ;
(7] - = adjacent channel crosstalk-e26 dB were measured. The array
E 65 5 = also demonstrates a unifora dB bandwidth of 0.8 GHz at 2
g LWWWWMW > 2 V applied bias in each channel.
2
[}
(= —_— R
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