
1452 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 7, JULY 2005

Linearity and Power Characteristics of SiGe HBTs at
High Temperatures for RF Applications

Kun-Ming Chen, Member, IEEE, An-Sam Peng, Guo-Wei Huang, Member, IEEE, Han-Yu Chen, Sheng-Yi Huang,
Chun-Yen Chang, Fellow, IEEE, Hua-Chou Tseng, Tsun-Lai Hsu, and Victor Liang

Abstract—In this paper, the power gain, power-added efficiency
(PAE) and linearity of power SiGe heterojunction-bipolar tran-
sistors at various temperatures have been presented. The power
characteristics were measured using a two-tone load-pull system.
For transistors biased with fixed base voltage, the small-signal
power gain and PAE of the devices increase with increasing tem-
perature at low base voltages, while they decrease at high base
voltages. Besides, the linearity is improved at high temperature
for all voltage biases. However, for devices with fixed collector
current, the small-signal power gain, PAE, and linearity are nearly
unchanged with temperature. The temperature dependence of
power and linearity characteristics can be understood by ana-
lyzing the cutoff frequency, the collector current, Kirk effect and
nonlinearities of transconductance at different temperatures.

Index Terms—Linearity, power-added efficiency, power gain,
SiGe HBT, temperature.

I. INTRODUCTION

I N RECENT years, the mobile communication market has
grown rapidly. Future wireless communication systems will

require higher speed, higher operation frequency, more func-
tionality, light weigh, low power consumption, and low cost.
One of the solutions to meet these requirements is to integrate
receiver, transmitter, and other processing circuits on a single
chip. Devices made from III-V materials exhibit high-speed
and high-frequency operations but are rather difficult for high-
level integration. On the other hand, the conventional low-cost
Si-based devices with poor frequency response are not suitable
for microwave application. Fortunately, with recent technology
advancements that push cutoff frequency and maximum os-
cillation frequency over 200 GHz [1], [2], SiGe HBTs have
improved the high-frequency performance of conventional Si
technology. Due to the higher performance than Si devices
and higher integration level than III-V devices, SiGe HBTs are
suited ideally for large-volume manufacturing of RF transceiver
systems at and beyond 2.4 GHz [3], [4]. Recently, SiGe hetero-
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junction-bipolar transistors (HBTs) have attracted much atten-
tion for power amplifier application because of their excellent
microwave power performance and high thermal conductivity.
A challenge faced by SiGe-based power amplifier technologies
is providing sufficient high-voltage immunity without compro-
mising power performance. By optimizing the SiGe process,
the microwave power applications of SiGe-based HBT under
investigation and development have moved from L-, S-, and
C-band operations [5], [6] to X-band operation [7].

Since the power devices are operated at high power densi-
ties, the device will suffer a high junction temperature due to
self-heating effect. Besides, for high-temperature applications,
the temperature behavior of devices needs to be investigated and
well modeled for circuit design. Therefore, we are interested to
know the temperature effect on power characteristics of tran-
sistors. For device modeling, the thermal effect is usually taken
into account by adding a thermal network, and it can well sim-
ulate the power characteristics at different biases [8]. However,
the experimental results for temperature effect on power and lin-
earity characteristics of SiGe HBTs have not been presented.
In the past, the majority of literatures on temperature effects
deals mainly with the dc characteristics and/or high-frequency
behavior [9]–[11], and seldom addresses the power characteris-
tics [12]. In this paper, we investigate temperature effects on the
power gain, power-added efficiency and intermodulation distor-
tion of SiGe HBTs.

II. EXPERIMENTS

Multi-finger SiGe HBTs were fabricated in a 0.24 m high-
voltage SiGe HBT process. The devices exhibit a dc current
gain of up to 181 and the is 5.3 V. Typical cutoff fre-
quency ( ) and maximum oscillation frequency ( ) are
about 23 GHz and 40 GHz, respectively. The devices under
test consist of four HBT cells; each cell has four emitter fin-
gers with dimensions of 0.24 m 32 m. These devices were
measured in the common-emitter mode on wafer with Cascade
microwave probes. Power characterization was performed using
a load pull system, which consisted of HP85122A and ATN
LP1 (power parameter extraction software), at various temper-
atures. The source impedance was conjugately matched to the
input impedance for maximizing the power flowing into the de-
vice, while the load impedance was tuned for maximum output
power at input power for each biasing point.
The two-tone test was carried out at 2.4 GHz with a 1-MHz sep-
aration between the two signals.
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Fig. 1. Power gain and power-added efficiency versus input power for a SiGe
HBT at (a) V = 0:73 V and (b) V = 0:84 V with different temperatures.

III. RESULTS AND DISCUSSION

A. Power Gain

Fig. 1 shows the power gain and power-added efficiency
(PAE) of a SiGe HBT at different biases and temperatures. At
base voltage , the power gain increases gradually
with increasing input power level before gain compression. This
phenomenon (i.e., gain expansion) is due to the exponential
relation between the applied base voltage and collector current,
and it takes place as device operates near cutoff region. When
temperature rises, the power gain at small signal increases and
the gain expansion will be suppressed and nearly disappear at
75 C. It was observed and discussed in [12]. At ,
the small-signal power gain ( ) decreases with increasing
temperature, which is opposite to that at . It
indicates the temperature-dependent power characteristics will
change with different bias conditions. Of course, the optimized
source and load impedances have changed with temperature,
however, the observation is similar to that with fixed imped-
ances. For class-A operation, the small-signal power gain of
amplifiers can be expressed as [13]

(1)

where is the emitter resistance, is the base resistance,
is the emitter lead inductance, is the base-collector ca-

pacitance, and is the operating frequency. In the above equa-

Fig. 2. Cutoff frequency (a) versus base-emitter voltage and (b) versus
collector current at different temperatures.

tion, the cutoff frequency ( ) is the most temperature-sensitive
parameters than the others. Hence we measured the cutoff fre-
quency at different temperatures and the measured results are
shown in Fig. 2. We found that the cutoff frequency increases
with increasing temperature at low base voltage or low injection,
while it decreases with increasing temperature at high injection.
This observation can explain the temperature-dependent results
in Fig. 1 by way of (1).

When we keep the base voltage with a constant, the increased
temperature will increase the collector current and the base
current due to the increase of intrinsic carrier concentration, as
shown in Fig. 3. Because the depletion capacitance charging
time is proportional to the inverse of the collector current,
the increase of collector current with temperature will reduce
the depletion capacitance charging time and thus increase
the cutoff frequency in the low injection region. Hence, the
small-signal power gain will increase with increasing tem-
perature at [see Fig. 1(a)]. When the device
operates in the high injection region, the Kirk effect will take
place, in which the base region effectively extends into the
collector. The extended base width leads to the fall-off of the
cutoff frequency. As shown in Fig. 2(b), the critical current for
the onset of Kirk effect is changed slightly with temperature,
and the cutoff frequency decreases significantly with increasing
current in high current region. Because the collector current
will increase with increasing temperature at fixed , the
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Fig. 3. Gummel plots of a SiGe HBT at different temperatures.

cutoff frequency will decrease with increasing temperature in
high base voltage region. At , Kirk effect has
occurred below 50 C, hence the power gain decreases with
increasing temperature [see Fig. 1(b)].

When the input signal increases to very large values, the
power gain may be compressed. The power devices will pro-
duce more apparent nonlinear output waveform when input
power beyond the gain compression. These mechanisms will
limit the maximum acceptable input and output power of power
amplifiers. When the dynamic load line exceeds the border of
output – curve, the output waveform will be clipped. These
clipping effects are the main reasons causing gain compression
[14]. In our experiment, we found that the average collector
current is unchanged with input power in low input power
region, while the average current will increase in higher input
power region. The increasing in average collector current means
the negative duty cycle of output – waveform is suffering
cutoff clipping effect. When the temperature increases, the
collector current will increase at fixed base voltage, making
the dc bias point keep more away from the cutoff region. It
allows a lager magnitude of output waveform. As a result, the
power gain after compression point will shift to higher values
as the temperature increases (see Fig. 1). Especially, for devices
operate near cutoff region, the increase of power gain will be
more obvious than that at high voltage biases.

Fig. 4 shows the small-signal power gain as a function of col-
lector current ( ) with different temperatures. For power am-
plifier circuits, it is necessary to tune the source and load im-
pedances to optimized condition at ambient temperature. Hence,
we changed the optimized source and load impedances with dif-
ferent temperatures to compare the power characteristics of tran-
sistors in room temperature and high-temperature applications.
It was observed that the is changed slightly with temperature
when the measurements were carried out by keeping a constant
collector current. This is due to the fact that the change of cutoff
frequency with temperature at fixed collector current is not so
significant as compared to that at fixed base voltage. Besides,
from Fig. 4(a), the power gain decreases slightly with increasing
temperature due to the reduction of maximum cutoff frequency
(see Fig. 2), which is attributed to the mobility degradation. The
result of Fig. 4(a) is important, since it suggests that the
will not be degraded for high-temperature application when the
power amplifier is biased at a constant collector current.

Fig. 4. Small-signal power gain versus collector current for a SiGe HBT at
different temperatures. (a) Optimized source and load impedance were tuned
for each temperature. (b) Optimized source and load impedances were tuned
for 25 C.

When discussing the thermal stability of an amplifier circuit,
the source and load impedances may be better to be kept at con-
stant values for different temperatures due to the less change of
impedances within small temperature range. The temperature
dependence of power gain with fixed source and load imped-
ances tuned at 25 C is shown in Fig. 4(b). The power gain de-
creases with increasing temperature due to the mismatch of im-
pedances at higher temperatures. Although the power gain has
been reduced at higher temperatures, its deviation with temper-
ature is still smaller than that with constant base voltage bias.
It indicates that the of devices biased at constant collector
current has higher immunity for temperature variation than that
at constant base voltage.

B. Power-Added Efficiency

For power amplifiers used in mobile communication systems,
high PAE is desirable. The power-added efficiency is defined as

(2)

where is the collector efficiency and equals to .
, , and are the dc power supply, ac output power,

and ac input power, respectively. The temperature dependence
of PAE and collector efficiency is illustrated in Fig. 5. Because
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Fig. 5. Power-added efficiency and collector efficiency versus temperature at
V = 0:84 V and I = 50 mA.

Fig. 6. Output power and third-order intermodulation power versus input
power for a SiGe HBT at I = 50 mA with different temperatures.

of the high power gain in our devices, the collector efficiency is
close to the PAE. In other words, the change of power gain due
to temperature has little effect on the PAE, and only the change
of and will affect the PAE significantly.

At fixed base voltage ( ), the collector current
increases with temperature, and thus the will increase. In
addition, the output power is less dependent on temperature at

. Therefore, the PAE has large amount of degrada-
tion at a high temperature. If the transistor is biased at constant
collector current, i.e., constant dc power supply, as discussed in
Section III-A, the power gain and output power is nearly un-
changed with temperature. Therefore, the PAE will be slightly
dependent on temperature as the collector current is kept to a
constant.

C. Linearity

To study the temperature effects on the linearity of a SiGe
HBT, the two-tone load-pull measurement was carried out. The
most frequently used linearity figure-of-merit of a nonlinear
microwave circuit is the third-order intercept point (IP3), at
which the output power and third-order intermodulation (IM3)
are equal, as shown in Fig. 6. For low distortion operation, the
third-order intercept point should be as high as possible.

Fig. 7. IIP3 versus collector current for a SiGe HBT at different temperatures.
(a) Optimized source and load impedances were tuned for each temperature.
(b) Optimized source and load impedances were tuned for 25 C.

The major nonlinear elements in a bipolar transistor are
the collector current, base current, base-emitter charge, and
base-collector charge. These nonlinear elements are dependent
on temperature. Hence, the variation of temperature will change
the device linearity. Fig. 7(a) shows the input IP3 (IIP3) as a
function of collector current, where the optimized source and
load impedances have been changed with temperature. It was
observed that the IIP3 is nearly independent on the temperature
and is only a function of collector current. The current depen-
dence of IP3 for bipolar transistors has been widely discussed
and analyzed by using Volterra series approach [16], [17] or
large-signal compact model [18], [19]. As shown in Fig. 7(a),
there are significant peaks and troughs in the IP3 behavior.
Since the first trough of IIP3 curve roughly corresponds to the
peak of cutoff frequency, as depicted in Figs. 7(a) and 2(b),
the collector currents, which exceed the value at the trough,
should suffer the Kirk effect. It is believed that in low current
region, the distortion is dominated by the nonlinear contribu-
tions from transconductance . As the current is increased,

nonlinearities are decreased due to the increase of and
the feedback effect of emitter and base resistances, and even-
tually, distortion from base-collector capacitance nonlinearities
dominates. When the current increases to the vicinity of the first
IP3 trough, distortion due to the Kirk effect begins to domi-
nate. At the onset of the Kirk effect, the electron transit time,
which is related to the diffusion charge, increases due to the
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Fig. 8. IIP versus temperature for a SiGe HBT at fixed base voltages.

increase of the effective base width. In addition, the electrical
field at the base-collector junction collapses and the width of
the depletion region decreases, leading to an increased
with a current dependence [18]. Therefore, the IP3 increases
with current, and then levels off at highest currents [18]. Fi-
nally, the results in Fig. 7(a) also suggest that the linearity is
less sensitive to temperature as the transistors are biased at
constant collector currents.

The IIP3 as a function of collector current with different
temperatures, where the optimized source and load imped-
ances were tuned at 25 C and kept at constant values for
higher temperatures, is shown in Fig. 7(b). The IIP3 increases
with increasing temperature at low current region, while it
remains the same values at high current region. Although the
load impedance has been mismatched from the maximum
output power condition for higher temperatures, the IIP3 is
still improved. It indicates the optimized load impedances for
maximum output power and IP3 are not the same values.

Fig. 8 shows the temperature dependence of IIP3 for devices
biased at fixed base voltages. The optimized source and load
impedances were changed with temperature. At fixed , the
linearity will be improved at higher temperature for all biases.
The observation is different from that in field-effect transistors
[15], where the linearity degraded with temperature, indicating
that SiGe HBTs will be a suitable alternative in high-tempera-
ture application if the linearity is the main demand. Because the
IP3 is a strong function of collector current, the change of lin-
earity with temperature at fixed base voltage can be explained
simply by the change of collector current. At ,
the collector currents are 1.92, 4.68, and 11.7 mA, respectively,
for temperature C, 50 C, and 75 C. These currents
cover the range before the first peak of IIP3 curve, as shown in
Fig. 7(a), so the distortion is dominated by the nonlinearity
and improves as current is increased. Hence, the linearity will be
improved with temperature at low base voltage. When the base
voltage increases to 0.84 V, the collector currents are 47.5, 88.3,
and 146 mA, respectively, for C, 50 C, and 75 C.
The distortion is dominated by the nonlinearity from Kirk effect.
The IP3 is also increased with collector current. Consequently,
the linearity will also be improved with increasing temperature
for high bias conditions.

IV. CONCLUSION

Linearity and power characteristics of SiGe HBTs at various
operation temperatures have been analyzed. The small-signal
power gain and PAE of SiGe HBTs increase with temperature
at low base voltages, when we keep the base voltage with a con-
stant value. Because the collector current increases with temper-
ature, the cutoff frequency will increase, leading to the increase
of power gain. However, the small-signal power gain and PAE
decrease with temperature at high base voltages, due to the de-
crease of the cutoff frequency. Moreover, we found that the lin-
earity at fixed base voltage increases with temperature for all
biases. It is attributed to the temperature variation of collector
current, which affects the nonlinearities of transconductance,
electron transit time and base-collector capacitance. In addition,
when we keep the collector current with a constant, the power
gain, PAE, and linearity are nearly independent on the tempera-
ture. It is therefore suggested that the Si/SiGe amplifier perfor-
mance can be made more stable to the change of temperature
by biasing the HBT at a constant current. On the other hand,
for high-temperature applications, the amplifier can be biased
at lower base voltages to obtain higher power gain and linearity,
as well as lower dc power consumption.
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