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80-GHz Distributed Amplifiers with
Transferred-Substrate Heterojunction
Bipolar Transistors

Bipul Agarwal, Q. Lee, Dino Mensa, Raja Pullela, James Guthrie, and Mark J. W. Rodwell

Abstract—We report distributed amplifiers with 80-GHz band-

o 19 .
width, 6.7-dB mid-band gain. These amplifiers were fabricated in GalnAs 1000 A 1:10 Si
the transferred-substrate heterojunction bipolar transistor inte- Grade 66 A
grated circuit technology. Transferred-substrate HBT's have very AllnAs 834 A 1¢10'° Si emitter
high fmax (>400 GHz) and have yielded distributed amplifiers . 7
with record gain-bandwidth product. AllnAs 500 A 810 _ Si
Grade 300 A
GalnAs 300 A 5+10'° Be } base
|. INTRODUCTION GalnAs 100 A 3410"° Be
RAVELING-WAVE amplifiers (TWA's) are very broad- GalnAs 400 A 2¢10'¢ i
band circuits with applications in instrumentation and GalnAs 50 A 1s10'8 & collector
Wide_—band radar _receivers. I_?»_roa_d bandwidth_ is_ achieved by ab- GainAs 2250 A 1410 Si
sorbing the transistor parasitics into synthetic input and output AllnAs 2500 A buffer

502 transmission lines. Flat gain is achieved up to the Bragg
frequency of the distributed line, and limited by the available
gain from the device. Hence, the amplifier gain-bandwidtfig. 1. MBE epitaxial layer structure of transferred-substrate HBT’s.
product depends critically on the transistfir... To date,

TWA's based on high-electron mobility transistors (HEMT’S}m edance of HBT's introduces larde outout line losses. This
have demonstrated considerably higher bandwidths than thoue ! u ge output 1 L

based on heterojunction bipolar transistors (HBT's) [1]-[4 s a second feature of HBT TWA's that differs substantially

o : ) fom HEMT TWA'’s. The output impedance of a HEMT is—to
Eﬂgns ?rrge d:_J'eB_IEf)S IEZVZIQE%[{;?W 0[1‘5]Hil\él;sér;ﬁgsiirr?hdét first order—,,. For a HBT driven by a resis_tive generator
of high-performance InGaAs—nll;XAlAs,—lnP HEMT's. and havlmpedance, the frequency-dependent output |mpedanc_e arises
demonstrated feedback amplifiers with very high 7bandwidtﬁrsom fgedback througiCr,. Cqscode connected t_ranS|stors
[6]. Hence, TWA’s with very high bandwidths should be pOSIg__;reatly increase the gell output !mpedgnce, decreasmg collector
ine losses to the point where input line losses dominate.

sible |n_the transferr(.ad-subst'rate H.BT IC t_echr)ology. Here, WeTWA bandwidth is strongly influenced by the frequency-
report first results with TWA's fabricated in this technology. . . . ;
- dependent transmission line losses, which become dominant

TWA design with HEMT’s has been covered in detail in

[1]. HBT TWA design differs considerably from that usingfr"t high frequencies. The transferred-substrate HBT IC process

HEMT's. The HBT transconductance—hence input Capa(Jmcorporates low-loss microstrip lines on a benzocyclobutene

. . . BCB, ¢ = 2.7) substrate. These low-loss transmission lines

tance Cie ~ gm/27 f-)—per unit HBT emitter area is Iarge.(J o . : . :

To obtain the desired Bragg frequency, either very sm?'ﬂa.ke hlgh bandwidths feasible. Wlth these des!gn :_:md techno-
) . " L gical improvements, we have fabricated TWA's with 6.7-dB

HBT's must be used, or input capacitive-division [7] must

be employed. The higher HBT input resistance compared 18" and 80-GHz 0-dB (where the gain goes below the mid-

that of HEMT'S 5 Versusrg..) favors the use of very high _band gain) bandwidth. The 3-dB bandwidth is 85 GHz. This

capacitive-division ratios. is the highest ga}m—bandmdth product reported for a HBT
d{strlbuted amplifier.

. In addition to the |r.1put line Ipsses due to the transistor inpU The transferred-substrate HBT IC technology is described
impedance, TWA gain-bandwidth also depends on the OUtFH“r'tt HBT TWA design is briefly discussed, followed by
impedance of the transistor. The frequency-dependent outpnust ' . '
easurements and conclusions.
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Fig. 2. Schematic cross section of transferred-substrate HBT IC process.

A. Fabrication vapor deposition (PECVD). This dielectric serves three

Fig. 1 shows the MBE epitaxial layer structure used in thRUrPOSes: it forms the dielectric for metal-insulator—-metal
work. The growth is done on a Fe-doped semi-insulating (108f/IM) capacitors; it forms the insulator for crossovers
InP substrate, starting with a 25@0AlInAs buffer layer. The between ,Ml apd the second level of metalllzathn, and, it
GalnAs collector is 2708 thick. is Si-doped at & 10 /cn? forms a insulating layer over the whole wafer prior to the
and contains a & 101 /cn? Si ;;ulse-doped layer 408 from  Process of substrate transfer. The SiN is selectively etched
the base. The 408-GalnAs base is graded in both doping and"V?&y followed by the second level of metallization (M2),
bandgap. The 108 of the Ga 1+Ing 55As base immediately similar to M1. M2 also forms the top plate for MIM capacitors.

a djacent. 10 the collector is Bﬁ— dg;é’ d ak 20" /o, The The substrate transfer process starts by coating the wafer

remaining 3004 of the base is Be-doped at&10'° /cm?. By with a t.h'Ck layer of penzocyclobutepe (BCB, = 2.7) .
. ) : . d curing. Thermal vias on the emitters and ground vias
increasing the Ga cell temperature progressively during grow%Pl ; ) : .

o i A ) are formed by dry etching openings in the BCB. This etch
of the 300A layer, the Ga:lIn ratio is gradually increased S . . :
introduci 0.03-eV band dient the $00 also etches the SiN insulator layer in the vias. The vias
:n ro uﬁ:ngbaw ] ﬂ;e arc11 gqp 3&3 '3? Zﬁrc');,s gtt “are then filled with thick Au by electroplating. The electro-
_?%/er.f_ tGGGaEE |fs then gra(lj &c mB de 3 tr:leoleSml rr??’r. plated Au also forms an electrically and thermally conducting

g r|]rs . 3 _eSg_rz € 'j eéO?Ee m? g AI/ICA ground plane, thus grounding all emitters. Transistors with
and t € remainder 1S Si-oopé ai_x /Co - 1he AlINAS nongrounded emitters (required in IC’s) are fabricated by
emitter is about 135@ thick. The first 500A are Si-doped at

X N protecting the SiN insulator with M2 before applying BCB
7
8 x 10" /cm® and the remainder is Si-doped ak1.0"%/c®. (i oy “Power supply bypass capacitors could be formed
This is graded in 6@\ to the InGaAs emitter cap. The emitter,

similarly. On transistors not having the layer of M2, the
cap is n~ doped with Si at x 10'%/cm?. Y g Y

) ) ] SiN insulator is removed during the via formation etch, thus
Fig. 2 shows a schematic cross-section of the transferr%qbunding the emitter.

substrate HBT integrated circuit process. The fabrication wicrostrip interconnect lines on BCB provide a low-

process starts with the evaporation of Ti-Pt-Au emiti@pacitance wiring environment for dense circuits. Ground
contacts. A combination of a dry etch, a selective wet etch, apgs to the thick electroplated ground plane provide low ground
a nonselective wet etch is then used to etch down to the baggirm inductance. Thermal vias provide efficient heat-sinking
epitaXiaI Iayer. Self-aligned Ti—Pt—Au base metal is evaporatﬁq devices Operating at very h|gh current densities.

and sintered. Transistors are then isolated by forming mesasthe wafer is then inverted and bonded to a GaAs transfer
stopping on the AllnAs buffer layer. Thin-film NiCr is substrate. The InP substrate and the AllnAs buffer layer are
evaporated on the wafer to form resistors with®(-1 sheet removed by a wet etch thus exposing all the buried elements
resistivity. The devices are passivated and the emitters are @fithe wafer. Ti-Pt—Au Schottky collector contacts are then
narized with polyimide. Polyimide also serves as interconnegéposited. This metal layer could be used as a third level of
crossovers for multiple wiring levels. The first level of metmetallization (M3), if needed, with polyimide as the insulator.
allization (M1), is evaporated at this point. This metal form@utside the active collector area, about 1306f the collector
most of the transmission lines, interconnect wiring, prohdrift region are then removed by a self-aligned wet etch to
pads, capacitor bottom plate and resistor contacts. Emitters asduce collector—base fringing capacitance.

bases are also contacted by this metal. SiN dielectric is theriThis completes the transferred-substrate HBT IC process.
deposited over the entire wafer by plasma-enhanced chemi€at integrated circuit applications, high device yield is re-
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) ] o Fig. 5. RF characteristics of transferred-substrate HBT's.
Fig. 3. DC common-emitter characteristics of transferred-substrate HBT's.
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B. Device Characteristics . 150 2 — — -

Common-emitter dc characteristics of the devices are shown 1pg J A, =075 X25 ym® £

in Fig. 3. The devices have 0,8m x 25 um emitters and E A,=1.8X29 pm?® £

1.8 um x 29 um collectors. The small signal current gain ] I, =21mA E

at dc, 5, is 50. The common-emitter breakdown voltage L e e L A A A

BVego is ~ 3V, decreasing to 1.5 V at 20A/cm?. The 07 08 08 1 11 12 13 14 15
low breakdown voltage is due to the narrow-bandgap InGaAs Ve Volts

collector material.

The dc characteristics of the devices with 0,7 x 25
pm emitters and 1.&m x 29 um collectors were measured
in the common-base configuration also. Fig. 4 shows thdsias conditions are as shown. Extrapolating-20 dB/decade,
characteristics. The common base current gais 0.98. The f..x = 370 GHz andf, = 160 GHz.
common-base breakdown voltagd’-go is ~6 V, decreasing  Fig. 6 shows the variation of, and f,... with emitter
to 1.5 V at 16 Alcm?. current densityJg. The peakf, is 175 GHz. F. increases

The devices were characterized by on-wafer network analyith current density and saturates at high current densities
sis to 50 GHz. Fig. 5 shows the maximum available/maximudue to Kirk effect. The Kirk effect threshold is high due to
stable gain MAG/MSG, the short-circuit current gaisy, and the presence of the pulse-doped layer in the collector, close
Mason’s invariant (unilateral) power galth of the transistor. to the base. Kirk effect influence, .. more strongly thary.-

Pad parasitics have not been stripped. Device dimensions asdis seen from the reducefl,.. at high current densities.

Fig. 7. Variation of f- and fmax With collector-emitter voltagé/ ..
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Fig. 8. Schematic circuit diagram of the capacitive-division traveling-wave amplifier.

This is because when the base width increases, the b#&mea given desired bandwidthgyy is given by

transit time increases and the collector transit time reduces

thus keeping the sum of thg two relatively constant. But, the Nopax 2y M2CL 7y Z, ~ 1. )
reduced collector thickness increaség and degradeg,,,...

By plotting 1/2 f versusl/Jg, it is determined that the sum ) _ o

of the base and collector transit times-{7.) is 0.67 ps. Fig. 7 Using (1) and (2), the gain-bandwidth product is given by
shows the variation off. and f... with collector-emitter

voltage,Ve . At low Vg, the collector thickness reduces due Avwhyw = Gm/MCL Ty, (3)
to base pushout leading to increas@g, and reducedf ,.x.

At high Vo, fr, andfu.x decrease, suggesting a decrease i aggressive capacitive-division (smalle¥l) is used, the

the coIIecFor electron_ velocity at high electric fields. number of sections used can be higher and gain-bandwidth
Small-signal hybride= models of transferred-substrate

\ ; improves, but is limited by the maximum available gain of
HB.T s were developed from blas-dep_endeﬁ qoarz?\meters. he cascode cell. In the above derivation, the transmission line
This simple model was used to design and simulate t

; . o . Rin-effect and radiation losses have been neglected. These
travgllng-wave amplifier, which is presented in the NeXsses do impact the highest attainable gain-bandwidth in a
section. given technology. If these losses are made negligible, the
available power gain from the device can be achieved.
Fig. 8 shows the schematic circuit diagram of the capacitive-
) N division TWA. Cascode-connected HBT's Q1-Q2 are used as
~ The theory of traveling-wave amplifiers has been presentggh|ained before. The base and collector lines are composed
in detail elsewhere in this journal [1]. It was shown thakt 750 microstrip line sections. & is the division capacitor
capacitive voltage division can be used on the input line {8 he input of the common-emitter transistor Q1. A short
achieve gain-bandwidth products approaching the transisfergth of microstrip is used at the output of the cascode cell
Jmax for any given design bandwidth. To obtain even highgp jmprove velocity matching between the input and output
gain-bandwidth products, a cascode transistor cell can be U§gds. The microstrip lines, together with the division capacitor
instead of a single transistor. The theory developed in [3} the cascode stage synthesize5Bput and output lines.
applies equally well to HBT's. Here, we present only they is the 50 base-line termination resistor R, the
final result. Using a simplified HBT hybrid- model with  ¢qjjector-line termination resistor is off-chip to sustain the high
the base resistancey,,, the emitter-base capacitan€@., collector bias current, and is connected through a microwave
transconductance,,, and the division capacitoCuiv, We prope. R, is a large resistor to bias the input of Q1. The
obtain for a cascode capacitive-division TWA base of the common-base transistor Q2 is biased through an
independent supply. The ac ground at this node is provided
Ay =—-NMgnZo/2 (1) by large bypass capacitor&,» provides decoupling between
the multiple cells and prevents oscillations from resonance
where A, is the voltage gain}V is the number of TWA cells, between the bias probe inductance and the bypass capacitors.
M is the capacitive-division rati¢= Cu;, /(Caiv + Cie)) and  The collector bias is through a bias tee at the output of the
Z, is the characteristic impedance. The number of sectionscisip. Amplifiers with three cascode cells were fabricated. The
limited by the input line losses (since output line losses asemulated gain is about 7 dB and the designed bandwidth is 90
negligible). The input voltage to th&'th stage is attenuatedGHz. Fig. 9 shows a photomicrograph of the fabricated chip.
by e~ (V=1/2)«  The maximum number of transistof,.., The die size is about 1.4 mm 0.6 mm.

I1l. CIRCcUIT DESIGN AND FABRICATION
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Fig. 11. Measured input return loss; , output return loss,s, and reverse
isolation s;2 of the amplifier.

IV. MEASUREMENTS

The amplifiers were tested on-wafer using commercial ne
work analyzers from 0.045 to 50 GHz and 75 to 110 GH:
Fig. 10 shows the forward gain of the amplifier. The midbar

below the mid-band gain) is 80 GHz. The 3-dB bandwidth

permit bandwidths greater than 80—90 GHz. The low frequency
cutoff is about 2 GHz and is determined by the transistor
f+/B. Fig. 11 shows the input and output return losses and
the reverse isolation. The amplifier output return less is
poor at high frequencies because of the off-chip collector-line
termination. The chip consumes about 250 mW of power.

V. CONCLUSION

We have designed and fabricated distributed amplifiers with
6.7-dB gain, 80-GHz 0-dB bandwidth, and 85-GHz 3-dB
bandwidth. These amplifiers have the highest gain-bandwidth
product reported for a distributed HBT amplifier. The IC's
demonstrate the potential of transferred-substrate HBT's for
producing very high-speed integrated circuits. Further im-
provements in the design of the amplifier, as well as in
the intrinsic device technology will lead to wider bandwidth
circuits.
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