
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO, 12, DECEMBER 1993 2295

Monolithic GaAs HBT p-i-n Diode Variable Gain

Amplifiers, Attenuators, and Switches
Kevin W. Kobayashi, Member, IEEE, Aaron K. Oki, Member, IEEE, Donald K. Umemoto,

Shimen K. Z. Claxton, and Dwight C. Streit, Senior Member, IEEE

Abstract—We report on monolithic circuits integrating HBT’s

and p-i-n diodes using a common HBT MBE structure. An HBT
variable gain amplifier using a p-i-n diode as a variable resistor

achieved a gain of 14.6 dB, a bandwidth out to 9 GHz, a gain

control range of >15 dB, and an IP3 of 28 dBm. A two-stage

HBT p-i-n diode attenuator from 1-10 GHz and an X-band one-
pole two-throw HBT p-i-n diode switch were also demon-
strated. The two-stage p-i-n attenuator has over 50 dB dynamic
range at 2 GHz and a maximum IP3 of 9 dBm. The minimum
insertion loss is 1.7 dB per stage and has a flat response to 10
GHz. The X-band switch has an insertion loss of 0.82 dB and
an off-isolation of 25 dB. The bandwidth is greater than ss~o

and the IP3 is greater than 34.5 dBm. These circuits consist of
p-i-n diodes constructed from the base-collector MBE layers of

a base-line HBT process. This work demonstrates the first

monolithic integration of p-i-n diode switch, variable gain con-

trol, and attenuation functions in an HBT technology without

additional processing steps or MBE material growth.

1. INTRODUCTION

T HE use of p-i-n diodes in many microwave commu-

nication systems is attractive because of their high

breakdown voltages, fast switching characteristics, and

their variable resistance with bias. They provide circuit

functions in broadband switches, attenuators, photodetec-

tors, phase shifters, and variable gain amplifiers. Most

uses of p-i-n diodes have been as discrete components in-

tegrated in a hybrid circuit. This makes it cumbersome

for the designer because it involves a lot of bench test-

ing /tuning to make the circuit work correctly.

In GaAs HBT technology, the p-i-n diode can be con-

structed from existing material layers, allowing the mono-

lithic integration of p-i-n diodes with HBT transistors. The

lightly doped collector layer of the HBT device structure

can be used as the intrinsic layer of the p-i-n. The heavily

doped base and subcollector act as the P+- and N+-type

material. With no modification to the existing baseline

HBT process, reasonable p-i-n diode performance can be

achieved. Because the HBT and p-i-n diode structures are

compatible, HBT technology offers additional circuit

functionality at no added expense. This makes it attractive

for commercial applications where cost is a major factor.

For military applications where the performance of both
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HBT and p-i-n diodes are of major concern, an optimized

p-i-n structure can be separately grown using selective

MBE techniques, but at the expense of a more complex

process.

Previous p-i-n diode integration in HBT technology has

been demonstrated to construct monolithic p-i-n varactors

for HBT VCO’S [1] and p-i-n diode optical detectors for

receivers [2]. However, there has been no previous re-

ports of HBT p-i-n attenuator, switch, and variable-gain

amplifier performance. This paper presents the perfor-

mance of an HBT p-i-n diode 1–9 GHz wideband varia-

ble-gain amplifier, a 1-10 GHz p-i-n-variable attenuator,

and an X-band one-pole two-throw p-i-n switch made from

the intrinsic device layers of our baseline HBT process.

II. GaAs HBT PROCESS TECHNOLOGY

The MBE profile of our standard Ga& HBT process is

shown in gig. 1. This profile incorporates a base thickness

of 1400 A unif~rmly doped to 1 X 1019 cm–3, an N-

collector 7000 A thick and lightly doped to 7 X 1015

cm–3, and an N+ subcollector doped to 5 x 1018 cnn–3.

The lightly doped collector is used to construct the intrin-

sic layer of the p-i-n diode. The heavily doped base and

subcollector constructs the P+- and N ‘-type layers of the

p-i-n. The reverse breakdown voltage is greater than 20

V. The reverse bias capacitance per square micron of the

p-i-n is 0.162 fF /pm2 at full depletion, however, this does

not include the lateral parasitic capacitances which are

about twice the parallel diode depletion capacitance. The

series on-resistance of the diode is 600 Q-pm2 and is

mainly due to the ohmic contact resistance of the base and

collector. The baseline HBT transistors have an~ and~~a.

of 23 and 50 GHz, respectively, at a current density of 20

kA/cm2. Fig. 2 showsj and&X as a function of collector

current for both 3 x 10 ~m2 and 2 x 10 pm2 four-finger

HBT transistors. This baseline process consists of a 2-pm

emitter self-aligned base ohmic metal (SABM) HBT tech-

nology which incorporates nichrome 100 Q/square

TFR’s, MIM capacitors, Schottky diodes, spiral induc-

tors, backside vias, as well as the p-i-n diodes.

III. p-i-n DIODE MODEL

The performance of the p-i-n diode is dependent on

several factors involving the MBE layers. These layers

are used in both the HBT transistor and the p-i-n diode.
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Fig. 1. HBT-p-i-n diode MBE profile.
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Fig. 2. F, and Fm.X as a function of 1. for both a 3 x 10 ~mz and 2 X 10
~m 2 quad-emitter transistor.

The p-i-n diode device design trade-offs is described in

greater detail, elsewhere [3]. The design trade-offs for the

HBT-p-i-n diodes involve performance trade-offs in the

HBT transistor in addition to the p-i-n diode. The advan-

tages of the HBT device structure for the p-i-n diode is

that the HBT device base is usually doped deep into de-

generacy in order to achieve low lateral and ohmic contact

base resistance. This improves the &X of the HBT de-

vices. It also improves the on-resistance of the p-i-n diode.

The wide and very lightly doped collector gives the p-i-n

diode a low series off-capacitance. It also gives the HBT
transistor a low collector-base capacitance which reduces

the Miller effect. In addition to reducing the capacitance,

a wider collector will increase the breakdown voltage,

however, this will degrade thej performance of the HBT

device. Thus, optimization of both HBT device and p-i-n

diode MBE layers depends on the performance require-

ments of the circuit application. In this paper, we report

the p-i-n diode circuit performance of our base-line HBT

material and process.

A p-i-n diode model was derived using both dc and

small-signal s-parameters. A typical Z-V curve of a 5 X

5 pm2 dual base finger p-i-n diode is shown in Fig. 3. The

ideality factor of the HBT p-i-n diode was found to be

L II
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Fig. 3. HBT p-i-n diode dc I-V characteristics.

Fig. 4, SEM photograph of a 5 x 15 pm2 dual-base finger p-i-n diodes

about 2.03. Fig. 4 shows a photograph of a 5 x 15 pm2

dual base finger p-i-n diode. The diode has an interdigi-

tated base finger layout which closely resembles the HBT

transistor layout. This type of layout has a significant
amount of side-wall capacitance associated with it, com-

pared to the geometrically round or donut-shaped diode

layouts. The parasitic off-capacitance is about two times

the calculated parallel plate capacitance defined by the

base mesa.

The small-signal modeling of the HBT p-i-n diode was
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Fig. 5. HBT p-i-n diode model.

done over the forward bias region and a for&ard bias

model was derived. The reverse bias model was obtained

by small-signal extraction of the reverse bias capacitance

at zero bias. Since calculations show that the p-i-n diode

is almost fully depleted at zero bias, about 5/7 depleted,

the zero bias capacitance was used with the assumption

of a 35% reduction in value for full reverse bias deple-

tion. Fig. 5 shows the forward and reverse bias model of

a 5 X 15 ~m2 dual base finger p-i-n diode. In the forward

bias operation, the dynamic conductance is a function of

current given by

Gd = IC . q/(n s kT)

where n is the ideality factor. The parallel diode diffusion

capacitance is approximately given by

Cd = T.U . G~.

T.U was imperially extracted from the small-signal mod-

eling over bias current. The series ohmic contact resis-

tance r~ was also obtained from small-signal modeling.
The small signal p-i-n diode model of this work was used

for the HBT p-i-n VGA, the p-i-n attenuator, and the

SPDT X-band p-i-n switch designs with good success. A

spice macromodel for p-i-n diodes was recently reported

[4]. This model imperially models the p-i-n diode
impedance as well as the transient characteristics.
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Fig. 6. Schematic of the HBT p-i-n diode variable gain wldeband ampli-

fier.

IV. HBT p-i-n DIODE VARIABLE GAIN AMPLIFIER

Typical p-i-n diode variable gain amplifiers use p-i-n

diodes as variable resistors in either the series or paralllel

feedback path of a common emitter (source) amplifier.

This is a normal practice in MIC-hybrid design. For the

first time, p-i-n diodes are integrated monolithically on

GaAs to perform the same function, but without tbe prob-

lems incurred in assembling a hybrid. By integrating the

p-i-n diode on-chip, the size and complexity of the circuit

can be reduced,

The schematic of the HBT p-i-n diode variable gain

wideband amplifier developed in this work is shown in

Fig. 6. Parallel feedback integration of the p-i-n diode

was chosen in order to obtain broadband gain perform-

ance. The parallel diffusion capacitance of the p-i-n

diode shunts the variable dynamic diode resistance and

consequently, limits the gain bandwidth over the gain

control range. This effect is less pronounced when apply-

ing the p-i-n diode as parallel feedback. For wideband

response, the basic Darlington feedback amplifier topol-

ogy was chosen. The Darlington amplifier has been pre-

viously demonstrated in HBT technology [5]. The I)ar-

lington amplifier is well suited for this application because

it is compact, achieves wide bandwidths, incorporates

parallel feedback, and can maintain good input and output

VSWR’s over a large range of feedback resistance, Sim-

ple microstrip tuning networks are provided at the input

and output to enhance the VSWR’s. A photograph of the

fabricated HBT p-i-n diode VGA is illustrated in Fig. 7.

The total chip size is 0.5 X 1.1 mm2.

Excellent bandwidth and gain control were measured.

Fig. 8 shows the variable gain performance of the wide-

band VGA. The nominal gain is 14.6 dB while the upper

3-dB band edge is 9 GHz. Fig. 9 illustrates the gain as a

function of voltage control at 5 GHz. The variable gain

control range is s 15 dB with a gain control voltage range
from O– 12 V, The maximum current through the p-i-n

diode is 6 mA. The nominal supply, voltage to the Dar-

lington amplifier is 12 V with a current draw of 41 mA.

The voltage at the collectors of the Darlington pair is 4.0

V. An ac/dc load resistor drops 8 V from the supply to

the collectors. For lower power dissipation, a spiral in-
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Fig. 9. Gain as a function of control voltage at 5 GHz.

ductor can replace the load resistor providing a more ef-

ficient biasing scheme at the expense of chip real estate.

The bandwidth response maintained its flatness through

the gain control range. The lower band edge gain rolls up

due to the two dc blocking capacitors on either side of the

p-i-n diode. This lower gain roll-up can be shifted down

in frequency by employing off-chip capacitors in parallel

with the on-chip feedback blocking capacitors. Fig. 10
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Fig. 10. Return-loss performance at maximum gain setting.
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Fig. 11. Two-tone IP3 measurements at midband and maximum gain set-

ting.

shows the return losses of the VGA at maximum gain set-

ting. The IP3 was measured at maximum gain setting at

midband and is illustrated in Fig. 11. The IP3 is >28

dBm with a IP3/dc power ratio of 3.8 which is calculated

assuming 4 V on the collector. This IP3 efficiency per-

formance ratio is about 3-4 times less than a previously
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reported 5– 11 GHz HBT balanced amplifier which 2-STAGE PIN ATTENUATOR TOPOLOGY

achieves a ratio 13.5 [6]. The lower IP3 performance of

‘WW4

the HBT p-i-n VGA is due to its less efficient Darlington ~

feedback configuration. The VGA however, can achieve

multioctave bandwidth performance with 15 dB of gain

control range.

The HBT variable gain amplifier implements gain con-

trol capability with the use of monolithically integrated

p-i-n diodes which has not been previously demonstrated. Vgc Vgc
(0-12 v) (0-12 v)

(Vcc = 12 v) (Vcc = 12v)

Fig. 12. Schematic of the two-stage HBT p-i-n diode attenuator.

V. p-i-n DIODE ATTENUATOR

P-i-n diodes are convenient for constructing attenuators

because of the diode’s resistive characteristics as a func-

tion of bias. There are several conventional attenuator to-

pologies which are typically constructed with discrete

components and may involve complex driver circuits as

well as slope compensation [7]–[ 11]. Monolithic integra-

tion of p-i-n attenuator functions with HBT IC’s can re-

duce the size, complexity, and assembly cost of multi-

functional architectures. The following section describes

the design of a simple attenuator circuit based on the HBT

p-i-n diodes.

The schematic of the two-stage p-i-n diode attenuator

is shown in Fig. 12. The single-stage p-i-n diode atten-

uator circuit consists of a series and a shunt diode to form

a T-network. The T-network was used in order to obtain

a combination of good insertion loss and attenuation

range. The low-frequency response is limited by the 15

pF blocking capacitors. In this design the series and shunt

diodes are biased through a range of forward biases. The

diodes are never fully reverie biased. A fixed supply of

12 V and a variable attenuation voltage ranging from O-

12 V was used, A maximum current of 6 mA was mea-

sured for the diodes in the forward bias state for each

stage. A photograph of the 2-stage p-i-n diode attenuator

circuit is shown in Fig. 13. This chip measures 1.2 x 1.8

mm2.

The variable attenuation performance from 0.05-10

GHz is shown in Fig. 14. The minimum insertion loss is

3.4 dB for two stages. This comes out to 1.7 dB insertion

loss for a single stage and is typical of commercially

available hybrid p-i-n variable attenuato~s ( = 2 dB) that

achieve smaller bandwidths using this topology. The

graph in Fig. 14 shows insertion loss response over the

full band for = 5 dB steps at 2 GHz. The insertion loss

flatness becomes compromised at the higher attenuation

states because the shunt and series diodes are under for-

ward bias where the diffusion capacitance shunts the dy-

namic resistance at higher frequencies. This gives the

positive slope in the response. The low-end cutoff is due
to the size of the blocking capacitors used. The low-end

response could be extended by incorporating larger off-

chip capacitors in parallel with the on-chip capacitors.

Fig. 15 shows the return loss performance over the atten-

uation range. The input and output return losses are main-

tained at about 10 dB and are fairly insensitive over the

attenuation range. Fig. 16 shows modeled vs. measured

Fig. 13. Photograph of the HBT p-i-n diode attenuator chip. Chip size is
1.2 x 1.8 mmz.
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Fig. 15. Return-loss performance over 50 dB of attenuation range.
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insertion loss as a function of voltage, V ~C,at 2 GHz. The

general voltage control characteristics agree over the at-

tenuation range. The dynamic range at 2 GHz is greater

than 50 dB. Thus, a single stage has 25 dB of variable

attenuation. Typical p-i-n attenuators of this topology

achieve 18–25 dB for a single stage.

IP3 of about 9 dBm was measured from 2-4 GHz at

minimum insertion loss. The low IP3 is mainly due to the

soft forward bias of the on-series diodes and the lack of

full reverse bias of the off-shunt diodes. By further for-

ward biasing the series diodes and reverse biasing the

shunt diodes, the IP3 was improved by about 5 dBm. At

the higher attenuation states, the IP3 degrades more be-

cause both shunt and series diodes are softly forward

biased. The biasing scheme could be redesigned in order

to obtain higher IP3 at the expense of more power con-

sumption.

A. X-Band One-Pole Two- i%row Switch

P-i-n diodes are used as switches because of their com-

pact size, high frequency and power handling capability

[12] -[15]. They are often used in transceiver systems

where high frequency and power are main performance
drivers. For this reason, the monolithic integration of

p-i-n diodes can be very useful in HBT technology.

An SPDT X-band p-i-n diode switch was developed to

demonstrate the ability to integrate p-i-n diode switch

functions in an existing HBT technology. A circuit sche-

matic of a single-pole two-throw microwave switch is

shown in Fig. 17. Each arm of the switch consists of two

5 x 15 pm2 dual base shunt p-i-n diodes in parallel. The

shunt configuration has the advantage of reliable thermal

performance (lower thermal resistance). Quarter-wave-

length lines transform the low impedance “on” diode to

a high impedance at the output port for good isolation.

X-BAND HBT P-l-N DIODE 1P2T SWITCH

—
—

gI ~ 10PF

2 5x15 dB PIN

-u-i#-@Pw
RF2

2 5x5 dB PIN

f~

1 IOPF

—
—

Fig, 17. Schematic of the 1P2T X-band p-i-n diode switch.

Fig. 1S. Photograph of the 1P2T X-band p-i-n diode switch. Chip size is
2.4 x 2.4 mmz.

Quarter-wave transformers are also used as rf chokes in

the bias network of each p-i-n diode arm. MIM capacitors

were used to terminate the quarter-wave lines instead of

radial stubs in order to suppress coupling which could de-

grade the off isolation. A photograph of the p-i-n diode

X-band switch is shown in Fig. 18. The chip area is 2.4

x 2.4 mmz.

A plot of the insertion loss and isolation is shown in

Fig. 19. The insertion loss is 0.82 dB at 10 GHz. An

insertion loss of 1.3 dB has previously been achieved at

X-band using monolithically integrated p-i-ns in a GaAs
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technology [15]. The reported GaAs p-i-n technology does

a 3-pm thick intrinsic region which reduces the off-capac-

itance of the p-i-n diode. This GaAs p-i-n technology does

not, however, integrate HBT transistors. The 1-dB band-

width of the HBT p-i-n diode X-band switch is 35% and
is limited by the bandwidth of the quarter-wave trans-

formers. The “off’ isolation is about 25 dB. This is rel-

atively poor in comparison to the GaAs p-i-n technology

referenced above, which can achieve 55 dB of isolation.

The low HBT p-i-n switch isolation was found to be

caused by high series ohmic contact resistance on the

1-
ia
u

-0!4 $
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z
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-0.6 ~

m
g

:Izz7zz:
0123456 7<’
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Fig. 21. IP3 performance at 10 GHz as a function of p-i-n diode reverse
bias of the “on” arm.

measured wafers. Preliminary measurements on other

wafers show isolations as high as 37 dB. The input and

output return losses at 10 GHz are better than 15 dB and

are shown in Fig. 20.

The IP3 was found to be dependent on the reverse bias

of the p-i-n diode in the “on” arm. The Ip3 was nlea-

sured for various reverse bias voltages of the shunt p-i-n

diode. Fig. 21 illustrates that for greater reverse biases,

the IP3 improves. At a reverse bias of 7 V the IP3 was

+34. 5 dBm. The IP3 was not measured for higher reverse

biases because of the limitations of our-measurement sys-

tem (35 dBm). The reverse bias breakdown is around 20

V for these p-i-n diodes.

IV, CONCLUSION

P-i-n diode attenuation, variable gain control, and

switching functions were demonstrated using a self-

aligned base ohmic metal AlGaAs /GaAs HBT technol-

ogy. ~ wideband p-i-n diode variable gain amplifier

achieved 14.6 dB gain, 9 GHz bandwidth, 15 dB of gain

control, and a two-tone IP3 of >28 dBm at maxiumum

gain. A two-stage p-i-n diode attenuator operating from

1-10 GHz was demonstrated with a minimum insertion

loss of 3.7 dB, an attenuation range greater than 50 dB,

and a maximum IP3 of 9 dBm. An X-band SPDT switch

was also demonstrated with a minimum insertion loss of

0.82 dB, greater than 35% bandwidth, an off isolation of

25 dB, and an IP3 of at least 34.5 dBm, The p-i-n diodes

were constructed from existing MBE layers of a base -line

HBT process with no additional optimization of the pro-

cess or material growth.
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