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First Demonstration of Monolithic InP-Based HBT
Amplifier With PNP Active Load

Delong Cui, Dimitris PavlidisFellow, IEEE Shawn S. H. Hsu, Donald Sawdai, Patrick Chin, and Tom Block

Abstract—An InP-based integrated HBT amplifier with PNP  collector, a 500A base, a 100\ InGaAs spacer layer, 2200
active load was demonstrated for the first time using complemen- A InAlAs emitter layer, and a 2000\ InGaAs emitter cap
tary HBT technology (CHBT). Selective molecular beam epitaxy layer. Silicon and beryllium were used as n-type and p-type

(MBE) regrowth was employed and a merged processing tech- . . ;
nology was developed for the monolithic integration of InP-based dopants, respectively. The integrated HBTs showed little

NPN and PNP HBTs on the same chip. The availability of PNP degradation over similar discrete devices. The DC gain was
devices allowed design of high gain amplifiers with low power 35 for both integrated NPN and PNP HBTS&: of 79.6 GHz
supply voltage. The measured amplifier with PNP HBT active and f£,,,, of 109 GHz were achieved for NPN devices while
load achieved a voltage gain of 100 with a power suppl{Vcc) fr of 11.6 GHz andf,,. of 22.6 GHz were achieved for PNP

of 1.5 V. The corresponding voltage swing was 0.9 Vto 0.2 V. The devi Due to th . lect ¢ t ch teristi
amplifier also demonstrated.S>; of 7.8 dB with an associatedS; ; evices. Due to the superior electron transport characteristics

and S of —9.5 dB and —8.1 dB, respectively, at 10 GHz. compared with those of holes, a large mismatch exists between
- the NPN and PNP device performance. This mismatch could

Index Terms—Amplifier, complementary, HBT, InP, mono- LT .
lithic. lead to performance degradation in circuit applications such as

push—pull amplifiers, where both NPN and PNP HBTs are used
as amplifying devices. Performance degradation is, however,
. INTRODUCTION expected to be less important when the PNP device is employed
nP-BASED HBT technology is very attractive for lowas an active load as illustrated in this paper.
I power, high-speed electronics due to its low turn-on With the developed complementary InP-based HBT tech-
voltage, exceptionally superior high-frequency performanceology and also by taking advantage of the output resistance of
and excellent current-handling ability [1]-[3]. Howevera PNP transistor, large voltage gain can be achieved requiring
without a complementary device such as PNP HBT, its appfimall power-supply voltage. This paper reports an InP-based
cation could be limited. For example, an important objective fiBT amplifier with monolithically integrated PNP active load
feedback amplifier design is to obtain the required voltage gdf the first time. The processing technology, circuit design,
in as few stages as possible [4]. With a complementary devi@rication and measurement results are also presented.
(PNP HBT) as its load element, the power supply voltage of
InP-based HBT MMIC could be further lowered. Il. DEVICE TECHNOLOGY

Significant effort has been made in developing GaAs-basedselective MBE regrowth was employed for circuit realiza-
HBT complementary technology and prototype circuits injon, First, a PNP structure was grown over the entire wafer by
cluding push—pull amplifiers have been demonstrated [SI-[1\igE and then coated with &\, dielectric as a mask layer.
For InP-based HBT technology, such efforts have Dbe€fhe wafer was then patterned so that the areas intended for
minimal. Reports have been made on monolithic integratet\p transistors were masked. After lithography, the unmasked
complementary InP HBT technology using MBE growth oms;,N, material and PNP layers was etched and the substrate
patterned substrates [12]. However, these refer to the feasibilifyiface was revealed. The wafer was then introduced in an
of device integration and no circuit results have been reporteghge chamber for regrowth of the semiconductor layers

Monolithic integration of NPN and PNP InAIAs/InGaAsCorrespondmg to the NPN HBT structure.
complementary HBTs has been demonstrated by the authorgfter regrowth, the wafer was patterned again to expose the
using regrowth by MBE [13]. The NPN HBT structure consistgrea where the polycrystalline NPN material was grown. The
of a 4300A subcollector, a 700G collector, an 80QA base, polycrystalline NPN material was then etched all the way down
a 450 A graded InAIGaAs transition layer, 1458 INAIAs {6 the SyN, mask. Finally, the SN mask was etched by BHF
emitter layers, and 758 InGaAs emitter cap layer. The PNPyg expose the PNP material. The wafer was at this stage pla-
HBT structure consists of a 10000 subcollector, a 300\  5rized and ready for device fabrication.

The detailed epitaxial layer structures for InAlAs/InGaAs
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Fig. 1. (a) Circuitdiagram for InP-based HBT common-emitter amplifier with PNP device as active load and (b) circuit photo for InP-based HBT coittenon-e
amplifier with PNP device as active load.
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Fig. 2. (a) Common emitter NPN HBT characteristics with the superimposed PNP HBT active loaddin®{3 V, 2.5 V and 2 V) and (b) common emitter
NPN HBT characteristics with the superimposed PNP HBT active load Viae (0f 1.5V and 1 V).

HBT due to the high doping concentration of the emitter cap IV. EXPERIMENTAL PERFORMANCE

layer. The base and collector layers were reached and contaq;ig_ 2(a) and (b) shows the experimental NPN I-V character-
metals were deposited by processing individually the NP

. . . |'§ltics along with the active load line. As can be seen, the load
and PNP HBTs. MIM capacitors was included employing g

. . . ; ; fhe corresponds to the PNP HBT |-V characteristics. The I-V
2000 Ac-thick SN, as dielectric layer sandwiched between the, ¢ i merely flipped about the horizontal axis and shifted to
top and bottom metal plates. Thin film resistors utilized a 70[

. . . . e right by the amount of supply voltag®-c) used. Fig. 2(a)
A-thick Ni/Cr with a sheet resistance of 25/C1. shows the case ¢ equalto 3V, 2.5V and 2V, and Fig. 2(b)

shows the case dfc¢ equalto 1.5V and 1 V.
The operation principle of this amplifier is as follows: The
I1l. CIRCUIT DESIGN NPN HBT is turned off in region 1 in the absence of an input
drive signal. As the base-emitter voltage increased, the output
Active devices can be used in either biasing a circuit as cumltage decreased along the PNP active load line. Initially, the
rent sources or as load elements for an amplifier stage. CORNP transistor is saturated as indicated in the region between
pared to resistors, these active devices are usually more geoint 1 and 2. As the output voltage decreased further and the
nomical in terms of chip area. PNP transistor moves into the forward active region, a small in-
By taking advantage of the high output resistance of a PNRease in input voltage leads in rapid shift of the NPN transistor
transistor, large voltage gain can be achieved requiring just snfadim the forward active region (3) into the saturation region (4).
power-supply voltage. For portable electronic devices, whidfhe useful operation region for such circuit is in region 3 where
require low operation power and long battery life, this couldoth NPN and PNP transistors are in the forward active region
consequently be of great interest [4]. and a small increment in input voltage results in large variation
The circuit diagram for a common-emitter amplifier with acin output voltage and therefore large voltage gain.
tive load is shown in Fig. 1(a). In this circuif, x 10 pm? The measured DC transfer characteristics of the InP-based
NPN and PNP InP-based HBTs were used as amplifying ddBT common emitter amplifier with PNP HBT active load are
vice and active load respectively. The fabricated circuit photshown in Fig. 3(a) forVcc of 3V, 25V, 2V, 15V, and 1
graph is shown in Fig. 1(b). The chip size for this amplifier i¥, respectively. The corresponding operation regions are also
0.78 mmx 0.93 mm. plotted similarly to the results present in Fig. 2(a) and (b).
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Fig. 3. (a) DC transfer characteristics of InP-based HBT common emitter amplifier with PNP HBT actiélead= 3,2.5,2 V,1.5 V,1V) and (b) voltage
gain as a function of output voltage for InP-based HBT common emitter amplifier with PNP HBT active load.

of 3.0 V and 1.5 V. As can be seen, the circuit showed of

13 dB andS;; of —11.5 dB and.S,» of —5 dB at 10 GHz for

Voo of 3.0 V. At Voo of 1.5V, 7.8 dBS3; was measured at

10 GHz with the associate#h; and S, of —9.5 dB and—8.1

dB respectively. For these measurements, the input bias voltages

were set to maintain the output voltage in the linear region. For

example, at’¢ of 3.0 V and 1.5V, the measurements shown in
. ek Fig. 4 were performed with the corresponding output voltages
o of 1.27 VV and 0.6 V. These output voltages were approximately
the middle point of the respective linear region as shown in Fig.
3(a) (region 3) forVc of 3V (2.2 V to 0.3 V voltage swing)
and Ve of 1.5V (0.9 V to 0.2 V voltage swing). The further
Fig. 4. Microwave gain of InP-based HBT common emitter amplifier witfeduction ofVc to 1 V reduced the microwave gain further as
PNP HBT active load at'cc of 3V and 1.5 V. the HBT was biased at lower current level. However, the circuit
still showed positivess; of 1.7 dB with the associate} ; and

The voltage gain as a function of the output voltage is showiyz ©f —6.2and—7.1 dB at 10 GHz. o
in Fig. 3(b). As can be seen, #sc decreases from 3.0 Vto 1.5 1he operation frequency of the investigated amplifier is lim-

V, the voltage gain increases from 40 to 100. The correspondigf! by the characteristics of the PNP HBT. Potential improve-
output swing (linear region) foFee of 3V and 1.5 V is from ment of performance can be expected by further optimization
2.2V 10 0.3V and from 0.9 V to 0.2 V respectively. The lineaPf the HBT layer structure such as introduction of composition
region here is defined as the region bounded by the upper ¢l doping gradient in the base to assist the transport of hole
lower output voltages where the gain decreased to one halfcgfriers by establishing a built-in electrical field. Other structure
the peak voltage gain. The increase of voltage gain as the IOO\'H;gprovements, including thinner emitter Iayer,. e.miltter.cap layer
supply voltage decreases can be explained by the increas@¥i collector layer, could also be used for minimization of the
device Early voltage as the collector-emitter voltage of the HB§Mitter and collector resistances. HBT layouts can also be mod-
devices decreases. This trend can be clearly seen from the ifig¢l, such as, by employing one base contact per emitter finger,
characteristics of the NPN and PNP HBT shown in Fig. 2(a) afkgreduce the extrinsic semiconductor region under the base con-
(b) where the collector current increases at a faster pace in {igtS and hence reduce base-collector capacitahge [16].
higher than lower collector-emitter voltage region due to devicee!f-aligned collector contacts can be adopted to reduce col-
self-heating and soft-breakdown. lector resistancéic [17]. As a result, the improved PNP HBT

Fig. 3(b) also shows that a voltage gain of about 200 can pgrformance combine_d with the superior InP-based NPN HBT
achieved with a power supply voltage of only 1.0 V. Howeveﬁerformance than their GaAs-based HBT counterparts makes

the useful output voltage swing (linear region) is limited in thEP-based complementary HBT technology an ideal substitute
range of 0.45 V to 0.18 V due to the knee voltage of PNP af@l GaAs-based complementary technology.
NPN HBTs. The upper output voltage swing is particularly de-
graded with the relatively large knee voltage of PNP device. This
is due to the inherently large collector resistance of PNP HBTs
as a result of the p-type doped material. A complementary InP-based HBT technology was developed
The microwave performance of the fabricated InP-based HB@ monolithically integrate NPN and PNP HBTs on the same
common emitter amplifier with PNP HBT as active load waship. This technology was applied to realize a common emitter
measured and plotted in Fig. 4 for a power supply voltiige amplifier with PNP device as active load. Voltage gain of almost

Frequenoy (L)

V. CONCLUSION
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100 was achieved with a power supply voltgdde.c) of 1.5 V. [71
The voltage swing was from2.2Vt00.3Vand0.9Vt00.2V
respectively fol'o of 3V and 1.5 V. A voltage gain of 200 was
also demonstrated fafc of only 1 V. However, the maximum  [g]

voltage swing is limited due to the relatively large collector re-
sistance for PNP HBT. Moreover, 13 dB and 7.8 dB d&fig; )

were achieved at 10 GHz with-c of 3 V and 1.5 V. The re-
sulted high gain amplifier with low power supply voltage shows [°]
promising features for the application of the developed comple-
mentary InP-based HBT (CHBT) technology in low power and[10]

high speed electronics. 1)

[12]
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