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Abstract—This paper presents the results of the first W-band millimeter-wave frequencies above 10 GHz where low-noise
InP-based high electron mobility transistor-heterojunction bipo- HEMT devices are better suited. By monolithically integrating
lar transistor (HEMT-HBT) monolithic microwave integrated both HEMT'’s and HBT's on the same chip using an enabling

circuit (MMIC). The InP-based HBT and HEMT devices are techni led lecti | lar b it MBE
monolithically integrated using selective molecular beam epitaxy (€Chnique called selective molecular beam epitaxy (MBE),

(MBE). The amplifier demonstrates the highest frequency perfor- the best device technology and circuit combinations can be
mance MMIC so far obtained with this technology. A single-stage realized, resulting in optimum circuit performance which is
HBT op-amp current regulator is integrated with a single-stage comparable to, or better than, equivalent hybrid implemen-

HEMT amplifier in order to regulate and self-bias the HEMT _\4qn Gaas-based HEMT-HBT integration using selective
device over process, temperature, and age variations. The HBT

regulates the HEMT dc bias to within 3% of the bias current MBE has previously been reported [1] with numerous MMIC
while consuming only a small fraction of the total dc power. The demonstrations [2]-[9]. InP-based HEMT-HBT integration has

HEMT W-band amplifier achieves a radio frequency (RF) gain recently demonstrated excellent dc and RF device performance
of 8.25 and 5.9 dB at 77 and 94 GHz, respectively. A minimum \yhich is equivalent to conventionally processed devices [10],

noise figure of 4.2 dB was also recorded at 93.5 GHz. The RF . .
performance achieved from the HEMT amplifier using the InP- [11]. In this letter, we describe an InP-based HEMT-HBT

based HEMT-HBT integrated technology is comparable to that MMIC result which de_monstrf’:ltes the highest freq_uency per-
of InP-based single-technology HEMT performance. formance so far obtained with any HEMT-HBT integrated

Index Terms—HBT, HEMT, monolithic integration, selective technology. L .
epitaxy. One major application of HEMT-HBT monolithic integra-
tion is bias regulation for the HEMT MMIC. This need stems
from the widely varying nature of the dc threshold voltage of
| INTRODUCTION HEMT devices. HEMT MMIC's therefore typically require
HILE the application of monolithic microwave inte-off-chip silicon bipolar regulators in order to maintain RF
grated circuits (MMIC’s) has generally resulted in @erformance over process, temperature, and aging. Bipolar
reduction in size, weight, and cost of the integrated microwawechnologies such as HBT's are more suitable for regula-
assembly by consolidating several circuit functions on a singler circuits because of their uniform dc threshold and beta
semiconductor chip, there is a limit to the number of circuitharacteristics, high dc transconductance, and low dc power
functions whichcanbe integrated with a single-device IC techeonsumption. These properties are required for the low dc
nology and still maintain optimum performance. For examplgower and high gain op-amp bias regulator design.
the low-noise and high-frequency properties of HEMT's make In typical HEMT MMIC applications, the size of the off-
them ideal for low-noise and millimeter-wave amplifiers, buthip regulators can consume over 25 times the area of the
are typically not desirable for voltage-controlled oscillatorgctual HEMT MMIC [12]. Moreover, much of the module
(VCO's) nor analog-digital circuit functions due to their highcost will be due to the assembly of several discrete wirebonds,
1/f noise corner frequencies and significantly varying desistors, and capacitors which are integrated with the silicon
threshold voltage characteristics. On the other hand, the higlyulator and HEMT MMIC chips. At W-band, monolithic
linearity and low1/f noise corner frequency characteristichias regulation is even more desirable because of the restric-
of HBT’'s make them ideal for high-efficiency linear powetjons on the size of the integrated microwave assembly (IMA),
amplifiers as well as low-phase noise VCO applications, whiljghich must be small in order to prevent cavity moding effects
their excellent dc current gairs) and threshold characteristicswhich can degrade the RF performance at these extremely
make them well suited for analog and digital applicationgigh frequencies. By monolithically integrating HBT bias
as well. However, the HBT's will fall short of providing regulation on the HEMT MMIC, the size and assembly cost
state-of-the-art low-noise-figure amplifiers at microwave anghn be reduced, and the RF cavity moding effects minimized.
Manuscript received February 18, 1997. This work was supported by thbéthOUQh HBT regulated HEMT LNA MMIC’s have already
U.S. Air Force Wright Laboratory, Wright-Patterson AFB, OH 45433-752been demonstrated with GaAs-based selective MBE [5], [13],

US‘I’?]r:rellcljﬁr:ocr:griat::cvtvilt:t?i%l\/?/-?zt%t-rloi?(?s. Systems and Technolo Divisiothis letter presents the first report of an InP-based W-band
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Il. INP HEMT-HBT W-BAND AMPLIFIER PERFORMANCE 6 Vg1 {Optional)

Fig. 1 shows a schematic of the InP-based HEMT W-band"'1 ™ %74 um? HEMT
amplifier integrated with an InP-based HBT current regulator, 31234 = 10 um= HET
The W-band amplifier design and results using the single-
technology InP-based HEMT process has previously been
reported in [14]. This work employs the same design, except
that an InP HBT current regulator has been monolithically
integrated using selective MBE in order to provide bias In | ; Out
regulation. The W-band amplifier design employs a four-
finger 40um gate width InP-based pseudomorphic HEMT !
with a 0.1:m electron beam lithography (EBL) T-gate which :
typically achieves arnf; of 160 GHz, anf,,,x of 290 GHz, |
and a device minimum noise figure of 1.7 dB at 94 GHz. :
The monolithically integrated HBT current regulator is based ,

|
1
1
1
1

on an InAlAs—-InGaAs—InP HBT technology which has been
previously described in recent literature [15]. These HBT's
achieve pealf7's and f,,,.'s of 60 and 100 GHz, respectively,
with dc current gains(s) > 20 at a current density of HBT Current Regulator
40 kA/cn?. The bias regulator consists of an HBT op-amp - - - = - - ===-- - - '
design which provides 36 dB of gain and is used to activeljig. 1. Schematic of the InP HEMT W-band amplifier with integrated InP
regulate thel,, bias current of the HEMT device. For theHBT current regulator.
same dc supply voltages, the op-amp will improve the bias
regulation performance over a resistive self-bias approach by
approximately the gain of the op-amp [12]. The HBT op-amp L.
operates off oft-3.5- and—2-V voltage supplies and consumes [y 8La8ale
0.8 mA of current. The op-amp is used to construct a positive
current source on the drain of the HEMT device through ali
sensing resistoRy;. The regulator sets up a nominal HEMT
145 bias current of 8 mA and a correspondibig, bias of 0.9
V. The total dc power of the MMIC is 33.1 mW. The HBT
regulator consumes as little as 13% of the total dc power of
the HEMT-HBT MMIC while providing better than 3% bias
regulation over HEMT process threshold variations. This is
a four-times reduction in regulator dc power compared to a
monolithic HEMT regulator approach which consumes a little
over 50% of the total dc power of a single-stage HEMT MMIC
[12]. The 13% dc power consumed by the HBT approach cani St =
easily be reduced to under 4% using a more aggressive opf
amp design, however, a conservative design was employed t '
ensure first-pass success. i
Fig. 2 shows a microphotograph of the HBT bias regulated
HEMT W-band MMIC. The chip is 1.4x 2.0 mn? in area.
The compact HBT regulator consumes only one-fourth of the I
total chip area. This monolithic MMIC employment results in U
a significant reduction in size of the IMA when compared to |
the off-chip hybrid regulator implementation.
The _me,asure_d g,am and n0|se_flgur? of the HEMT-HBIig. 2. Microphotograph of the InP HBT bias regulated InP HEMT W-band
MMIC is given in Figs. 3 and 4. Fig. 3 illustrates the broadumic. The chip is 1.4x 2.0 mn? in area.
band amplifier gain and return-loss response. A peak gain of
8.75 dB is measured at 77 GHz while a gain of 5.9 dB is o i
recorded at 94 GHz. This performance is quite comparalrﬁe1 dB across the 92-96-GHz banq. Th|s IS subgtantlally
with the single-technology InP-based HEMT measured ampROCTer than the recorded 2.3-dB noise figure obtained for
fier response [14] which obtained a gain of 8 dB at 77 GHz aia® Single-technology passivated InP-based HEMT results in
a gain of 5 dB at 94 GHz. In fact, the amplifier gain respondé4l, even though the gain was actually better. We emphasize
is about 1-dB higher for the InP-based HEMT-HBT selectivBere that these results reflect only a small sample size of
MBE results of this work. Fig. 4 gives the noise figure othe first InP-based HEMT-HBT wafers ever produced with
the W-band amplifier. The noise figure varies from 4.15 tihis technology and represents a general proof of concept as

O
Vgq =35V (8.2mA)

©
o Vge =2V (2.7 mA)
Vo= +35V (27 mA)
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Fig. 3. Measured broadband amplifier gain and return-loss response.
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Fig. 4. Measured W-band amplifier noise figure.

well as a first-pass success. More characterization and furt
process optimization will reveal the true performance capabil-
ity of this revolutionary InP-based HEMT-HBT integrated IC
technology. (1]

We presented the first MMIC performance results of an
InP-based HEMT-HBT integrated MMIC which is the highest]
MMIC frequency performance demonstrated for any HEMT-
HBT monolithically integrated device technology. The RF
performance achieved from the InP-based HEMT-HBT ank3!
plifier MMIC is comparable to previously reported InP-based
single-device-technology HEMT performance. In addition, if4]
was demonstrated that HEMT-HBT selective MBE integration
technology can provide an elegant solution to fundamental
circuit needs, such as the monolithic HBT bias regulatiof]
of HEMT MMIC's and can significantly reduce the IMA
implementation cost while improving overall performance.

CONCLUSION
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