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Abstract

Conventional and thermally-stable cascode HBT (TSC-HBT) were fabricated using a self-aligned emitter-base
process on MOCVD-grown wafers. The pronounced self-heating e�ect of conventional AlGaAs/GaAs HBT was

reduced dramatically by the cascode design approach. The DC, small and large-signal characteristics of conventional
common±emitter (CE) and TSC-HBTs were compared and a direct assessment of the new HBT design is
provided. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

AlGaAs/GaAs heterojunction bipolar transistors
(HBTs) have been implemented for a wide range of

power applications such as power ampli®ers and mix-
ers. However, the low thermal conductivity of the ma-
terial causes pronounced thermal e�ects, which are an

important issue for power applications. To control
these e�ects, various approaches have been used in the
past including ballast resistors and thermal-shunt

structures [1±3]. More recently, a new Thermally-
Stable Cascode HBT (TSC-HBT) design was devel-
oped, which not only provides an e�ective solution to
the thermal runaway issue, but also can improve the

robustness of high power HBTs under overstressed DC
or RF bias conditions [4]. The TSC-HBT employs the
cascode con®guration to regulate the current in each

emitter ®nger independently. In other words, the cas-
code HBTs reduce the undesired thermal e�ects by

locating the current and power generation regions into
separate temperature zones.
In this paper, the performance of conventional and

cascode HBTs are compared under dc, small-signal and

large-signal conditions. In addition, a Gummel±Poon
based model including thermal sub-circuit and behavior
sources is used to simulate the junction temperature

increase and to provide a clearer picture of device
characteristic [5,6]. Conventional HBTs with identical
characteristics to the common±emitter (CE) stage of the

cascode con®guration are used for comparison. The
large-signal model of the cascode con®guration also
used two single HBT stages with identical character-
istics to those of conventional HBTs. We found that

TSC-HBT, in addition to being more robust, can pro-
vide higher power gain and e�ciency than the conven-
tional HBTs at microwave frequencies.

2. Device design and fabrication

A TSC-HBT is made up of a CE and a CB stage
connected as shown in Fig. 1. In such a device, the CB
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stage that provides the output power (and therefore

becomes hot) is physically separated from the part that

regulates the current (CE-stage). Because the electro-

thermal feedback is e�ectively eliminated in this con-

®guration, the collector current remains uniformly

distributed across all parts of the CB stage. The net

result is that a uniform temperature distribution is

achieved at all DC and RF drive levels without ther-

mal instability. As shown by the results of this paper,

this increased thermal stability is possible without com-

promising the microwave performance of power HBT

cells.

All devices studied here were fabricated on

MOCVD-grown 100-mm diameter wafers with a self-

aligned emitter-base process. A constant emitter geo-

metry 2.5 � 20 mm2 was used in all designs. The con-

ventional CE HBT had four emitter ®ngers separated

by 30 mm. A similar layout con®guration was used for

the CE and the CB stages of the cascode cell with 100

mm separation between the stages. This separation dis-

tance was found from computer simulations to be su�-

cient to provide thermal isolation between the stages.

To increase the thermal stability, thermal shunt struc-

tures were used for both the conventional HBT and

the CE stage of the TSC-HBT. The thermal shunt

structure provides stronger thermal coupling between

adjacent emitter ®ngers and therefore can minimize the

variation in the current value of each emitter ®nger of

the cell. In the case of the conventional HBT, the ther-

mal shunt approach alleviates the thermal runaway

conditions and allows higher power operation. For a

TSC-HBT, the thermal shunt serves to minimize the

temperature di�erence between the emitter ®ngers of

the CE stage to ensure a uniform collector current

supply to the CB stage. No separate thermal-shunt

structure was used for the CB stage. The ®nal sub-

strate thickness was 100 mm for all devices.

Fig. 1. Schematic drawing of a TSC-HBT cell showing indi-

vidual connection between CE and CB stages.

Fig. 2. Forward Ic± Vce characteristics for conventional and cascode HBTs. Ib=0.3, 0.6, . . . , 2.4 mA, Vce=0±5 V for conventional

HBT and 2.5±10 V for cascode HBTs.
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An identical cell layout approach was used in TSC-
HBTs for both CE and CB stages. Virtually complete

thermal isolation was provided between CE and CB
stages by separating these cells by at least 100 mm.
Thermal shunt structures were used for the CE stage

to minimize the temperature variation between emitter
®ngers and therefore maintain a uniform collector cur-
rent generation. The collector of each CE subcell was

directly connected to the corresponding emitter of the
CB subcell. No thermal shunt structures were used for
the CB stage cell.
We compared the performance of 4-®nger cells (4-

®nger subcells for the CE and CB stages for TSC-
HBT) throughout this paper. Additional information
was provided for larger devices to con®rm that the su-

perior microwave performance of TSC-HBT can be
extended to higher power levels.

3. Experimental results and discussion

3.1. DC characteristics

The room temperature Ic± Vce characteristic of con-

ventional and cascode HBTs under constant Ib bias
condition are shown in Fig. 2. A negative slope of the
collector current in the forward Ic± Vce characteristics

of conventional devices indicates the strong in¯uence

of junction temperature on current gain. The reverse

hole-current injection increase with the junction tem-

perature is the main reason causing a reduced gain

under constant Ib bias [5]. A similar e�ect was not

observed in TSC-HBTs because the rise in temperature

is con®ned mostly to the CB cell, whose current is con-

trolled by the CE cell located at a cooler temperature

zone. As can be seen, the collector current of the con-

ventional HBT dropped by about 15 mA at Ib=2.4

mA, Vce=5 V due to the thermal e�ect. On the other

hand, the TSC-HBT su�ered considerably less from

the thermal e�ects; Ic dropped by about 6 mA at

Ib=2.4 mA, even when the collector voltage was

increased to 10 V.

A large-signal microwave device model including

self-heating e�ects was employed to investigate the

thermal characteristics of both devices. A temperature

controlled current source was employed to model the

increase in the reverse hole injection from the base to

emitter, while a temperature controlled voltage source

was used to describe the decrease in the emitter junc-

tion built-in potential. In addition, a thermal subcircuit

including a current source and a thermal resistance

were used to obtain a self-consistent thermal HBT

model. In the sub-circuit, the current source describes

the device power consumption and the voltage drop in

Fig. 3. Simulated junction temperature increase for conventional, cascode CE stage and CB stage HBTs. Ib=2.4 mA, Vce=0±5 V

for conventional HBTs and 2.5±10 V for cascode HBTs.
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the thermal resistance presents the junction tempera-

ture increase. The parameters for this physical-based

model were extracted from the Gummel-plot, Ic± Vce

characteristics under both constant Ib and Vbe con-

ditions and from the small-signal S-parameters [7]. A

large-signal model was developed ®rst for conventional

devices and then applied to the cascode con®guration.

Good agreement was obtained between measured and

simulated results.

Based on the developed large-signal models, the

base±emitter junction temperature increase of conven-

tional HBTs and cascode CE, CB stages were extracted

from the output of the thermal sub-circuit and the

results are shown in Fig. 3. The TSC-HBT CE stage

junction temperature was found to increase by 0208C
at Vce=10 V, while the temperature increase was

0608C for the conventional HBT at Vce=5 V. As can

be seen, the junction temperature of the cascode CB-

stage was somewhat higher than that of the CE-stage

at all power dissipation levels. This is due to the fact

that the main voltage drop occurs across the CB stage,

which therefore, consumes the largest amount of

power.

Since most of the collector voltage dropped on the

CB stage and the CE and CB stages were thermally

isolated, the current control stage could be kept at

lower temperature in the cascode HBTs even under

high power consumption conditions. These results

highlight the advantages of the TSC-HBT design to

suppress electrothermal e�ects by maintaining a lower

junction temperature increase at the CE stage.

3.2. Microwave small-signal characteristics

The small-signal S-parameters of the conventional
and TSC-HBT devices were measured using an auto-

mated network analyzer (HP8510C) in the frequency
range of 0.5±25.5 GHz. The MSG (maximum stable
gain), MAG (maximum available gain) and v h21v2 ver-
sus frequency characteristics are shown in Fig. 4 for

both the conventional and the TSC-HBT. The bias
conditions corresponding to the highest fmax were
Ib=2.4 mA, Ic=65.06 mA, Vce=4 V for conventional

HBTs and Ib=2.1 mA, Vb2=2.5 V (base voltage for
CB-stage), Ic=57.44 mA, Vce=7 V for cascode device.
The maximum stable gain for TSC-HBT devices is013

dB higher than for conventional HBTs at lower fre-
quencies. Above 10 GHz, Gmax dropped at di�erent
slopes (ÿ20 dB/dec and ÿ40 dB/dec for CE and TSC-
HBT, respectively). Obviously, the common±base stage

provided extra gain to the cascode con®guration, but
caused a sharper decrease in gain±frequency character-
istics. The extrapolated results suggest a similar fmax

value of 092 GHz for both devices. On the other
hand, vh21v2 is higher for TSC-HBTs in the measured
frequency range (0.5±25.5 GHz) leading to higher ft.

The higher value of ft for cascode devices is due to
lower bias voltage applied to the CE stage compared
to the bias applied to the conventional HBT.

Fig. 4. Gmax and vh21v2 for conventional and cascode HBTs. Ib=2.4 mA, Ic=65.06 mA, Vce=4 V for conventional HBTs; Ib=2.1

mA, Vb2=2.5 V, Ic=57.44 mA, Vce=7 V for cascode HBTs.
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3.3. Large-signal power performance

On-wafer power characterization was performed at 8

GHz using a load-pull measurement system with elec-

tromechanical tuners, which provide the ability to con-

trol the input and output impedances. The power

performance such as gain, power-added e�ciency and

output power were evaluated. In addition, load-pull

contour measurements were performed to provide a

clearer picture of the device power characteristics. The

devices were biased under the same conditions as

above. The input and output impedances were opti-

mized for maximum gain at Pin=0 dBm. The corre-

sponding source (Gs) and load (GL) re¯ection

coe�cients were Gs=0.793�ÿ173.38 and

GL=0.254�105.68 for the conventional HBTs;

Gs=0.793�ÿ173.38 and GL=0.539�77.78 for the cas-

code HBTs. Fig. 5 shows the measured gain, PAE and

Pout for both devices. The results indicate that under

this input power level, the optimized gain was 18.47

and 25.40 dB for conventional and TSC-HBT devices

respectively. The higher gain of the cascode HBT,

compared to the conventional device, appears to be

due to the common±base stage providing additional

power gain. The corresponding Pout was 18.11 and

22.98 dBm; PAE was 25.4%, 53.4% for each device.

Compared with the PAE of conventional HBTs at the

low input-power level, the cascode HBTs have much

higher PAE due to the contribution of the CB-stage. It

is important to note that TSC-HBT was able to main-

tain PAE values greater than 50% for a wide range of

Pin values (ÿ1 to 12 dBm). The peak e�ciency of 60%

was maintained across a wide power range also

(5 < Pin < 12 dBm).

Fig. 5. Load-pull measurement of conventional and cascode

HBTs (a) Gain, Pout and PAE for conventional HBTs (b)

Gain, Pout and PAE for cascode HBTs.

Fig. 6. 1-dB gain compressed on-wafer load pull measurement

of (a) conventional HBTs: maximum gain=18.5 dB and

Pout=18.2 dBm; (b) cascode HBTs: maximum gain=32.9 dB

and Pout=21.2 dBm.
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The power handling capability was investigated by

measuring the 1 dB-gain compression characteristics of

each device type. The measured power and gain

characteristics are shown in Fig. 6 for the conventional

and TSC-HBTs. As can be seen, the maximum com-

pressed gain is 18.5 dB for conventional HBTs at

GL=0.34�70.28, maximum Pout=18.2 dBm at

GL=0.34�94.48. On the other hand, the cascode device

can reach a gain of 32.9 dB at GL=0.79�ÿ129.28 while
producing Pout=21.2 dBm at GL=0.79�ÿ129.28.
Fig. 7 shows the load-pull contour measurement

results of the cascode device under high input-power

level conditions. The load mismatch corresponded in

this case to re¯ection coe�cient of 0.9 and is therefore

very close to the edge of the Smith Chart

(VSWR=19). The input power level was 05 dBm and

the device showed 014 dB gain compression. It should

be noted that the device could still operate with a

maximum 60% of PAE under this highly gain-com-

pressed condition. The purpose of stressing the devices

with a high input power was to observe their stability

under such conditions. As this ®gure shows, the con-

tours for constant Pout and PAE are no longer uniform

circles as under small-signal conditions. In addition,

the optimum loads for maximum Pout, PAE and gain

shifted toward the center of the Smith Chart compared

to the positions observed under small-signal con-

ditions. The distorted contour circles and Zopt shift

could be due to self-biasing, as well as, the presence of

a very large collector voltage sweeping under large-sig-

nal conditions. In other words, the bias dependent el-

ements such as Cbe (Ic, Vbe), Cbc (Ic, Vbc) appear to

change with the input-power level. The cascode device

was found to maintain its thermal stability even under

these high gain compression and load-mismatched con-

ditions. On the other hand, the conventional device

Fig. 7. Pout and PAE contours for cascode HBTs under large-

signal conditions. Maximum Pout=23.4 dBm at

GL=0.43�81.78; maximum PAE=60% at GL=0.52�74.98.

Fig. 8. SEM picture of a microwave high power TSC-HBT cell with 24 emitter ®ngers.
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was found to be thermally unstable under such strenu-
ous gain compression conditions.
To identify the in¯uence of the cascode CB-stage,

load-pull measurements were performed on this stage
alone. The results showed a relatively small variation
of gain and Pout for di�erent loads selected on the

Smith Chart. This suggests that the power character-
istics of the CB-stage are less sensitive to the matching
condition provided by the output load. The load-pull

measurement results led to the conclusion that the CB-
stage of the cascode con®guration improved thermal
stability and relaxed the load-matching requirement of
the device. Thus, we found that the TSC-HBT devices

perform considerably better as microwave power
ampli®ers than conventional devices.

3.4. High power performance

We have employed relatively small size devices (4-
®ngers) to make a comparison between the convention-
al and TSC-HBT cells. The superior electrothermal
properties demonstrated with small cells can only be

useful in practice if such properties can be extended to
higher power levels. At X-band frequencies, for
example, typical HBT cells are expected to produce

over 0.5 W and preferably over 1.0 W output power
levels. To demonstrate that the TSC-HBT performance
can be maintained as the devices are scaled up for

higher power, we have fabricated a cell with 24 emitter
®ngers (in each of CE and CB stages) as shown in Fig.
8. A staggered layout approach was used in the design

of this cell to minimize the thermal interaction between
adjacent emitter ®ngers. The distance between CE and
CB stages was kept constant at 100 mm, which means

that identical staggering of ®ngers was used for both
stages. Multiple bypass capacitors were used, as
shown, to maintain uniform base grounding for the

CB stage. The total width of the cell was only
300 mm.
The power performance of the high power cell is

shown in Fig. 9. At 11 GHz, with Vce=11 V and
Vb2=2.5 V, the cell produced over 1.75 W CW output
power with 17 dB gain and 55% PAE. This result,
which is the highest reported for a HBT cell at this fre-

quency with such high gain and e�ciency, underscores
the power capability of TSC-HBTs at microwave fre-
quencies.

4. Conclusion

We have compared the DC, small-signal and large-

signal power characteristics of conventional and TSC-
HBTs and found that TSC-HBTs provide a higher
power handling capability than conventional HBTs.

The CB-stage in the TSC-HBTs not only leads to
smaller temperature increase but also acts as an ad-
ditional power ampli®cation stage. The net result is

that TSC-HBTs are eminently more suitable for high
frequency power applications than conventional CE
HBTs.

Fig. 9. Power performance of 24-®nger TSC-HBT at 11 GHz with Vce=11 V and Vb2=2.5 V.
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