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This paper deals with the various aspects of electromagnetic field impact modeling on the SiGe heterojunction bipolar tran-
sistor (HBT) device for microwave applications. This study differs from conventional HBT device reliability research associ-
ated with other stresses. The originality of this study comes from the generation of a localized electromagnetic field using the
near-field bench. A coupling phenomenon between the electromagnetic field and the micro-strip lines connecting the transistor
are evaluated by electromagnetic and electrical simulations. After stress, the input and the transmission scattering parameters
are affected. This is primarily due to the deviation of the input impedance and the reduction of the transconductance, respect-
ively. The stress effects have been related to a base current degradation. This degradation is due to a hot carrier introducing
generation/recombination trap centers at the Si/SiO2 interface of the emitter–base spacer oxide, which leads to an excess
recombination base current.
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I . I N T R O D U C T I O N

A heterojunction bipolar transistor (HBT) has become a
major player in wireless communication, low-noise amplifiers,
mixers, and frequency synthesizer applications. HBTs extend
the advantages of silicon bipolar transistors to significantly
higher frequencies. They have become a natural choice for
very high-frequency applications requiring high transconduc-
tance and low noise factor [1]. Emerging HBT technologies
allow the integration of a large quantity of high-performance
Radio Frequency (RF) circuits and high-speed digital circuits
on a single chip. The most mature technology is the bipolar
technology where the SiGe allows speeding up the device per-
formance up to the millimeter wave range [2]. The SiGe tech-
nology exhibited very attractive high- and low-frequency
noise performances due to the improvement given by the het-
erojunction [3]. Since electronic systems are integrating more
and more functionalities in a confined volume, some devices
can be the source of numerous electromagnetic disturbances
which make other components in the vicinity more and
more susceptible. In parallel, the immunity of these
components has decreased at the same pace due to a steady
reduction in the power supply voltage and consequently, the
noise margin [4]. These applications exhibit very strict
requirements in terms of reliability; before being involved at

the industrial level, there is a need to evaluate the reliability
of these devices and to identify the degradation mechanisms
in order to be able to propose technological solutions.
Many papers have been published on the SiGe HBT’s
reliability for radiation, thermal, and electrical stresses [2, 5,
6] but, to our knowledge, no reported work has been
carried out on electromagnetic-radiated stress effects. The
paper will be organized as follows. Section 2 will briefly
present the new stress methodology generated by the near-
field bench and the simplified equivalent electrical model of
the printed circuit board (PCB). Section 3 introduces the
electromagnetic coupling phenomenon and the complete
electrical model of the board associated with the probe
used for stress generation. Induced effects in the RF character-
istics are presented in Section 4 with the similarity observed
between the direct power injection (DPI) and the near-field
stress effects. In Section 5, DC characteristics pre- and
post-stress are discussed comparatively with the other
known stresses.

I I . D E V I C E S D E S C R I P T I O N

A) Near-field injection system
An example of near-field disturbance setup is shown in Fig. 1.
It includes the automatic near-field mapping system devel-
oped by the Research Institute for Electronic Embedded
Systems (IRSEEM) [7] and equipment used for generation
and measurement of the electromagnetic disturbance such
as an RF signal generator, a power amplifier, a directional
coupler, a power meter, an external power supply, and
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a vector network analyzer (VNA) to evaluate the component
behavior during stress. This method is based on the use of a
miniature near-field probe localized above the device under
test (DUT) at a given height “H” to produce a strong localized
electromagnetic field [8]. This probe is fed by the RF generator
and the power amplifier through the directional coupler. In
this, the loop “magnetic probe” is chosen among other types
of probe, such as the monopole and the dipole. This probe,
which is made using a coaxial cable, consists of a small
loop with a diameter of about 10 mm and it is made up
of an inner conductor for producing a magnetic field [7].
The probe produces principally the Hx magnetic field com-
ponent when its surface is located in the yz plane.

B) PCB modeling
The SiGe HBT device under discussion here is designed in an
SOT-343 footprint with a flat lead style “M04” package, and
mounted like a common emitter amplifier on a PCB. The
multi-finger transistors used in this study exhibit a DC
current gain up to 300 and the BVCE0 is 2.3 V. The typical tran-
sition frequency ( fT) and maximum oscillation frequency
( fMAX) are about 60 GHz. An electrical simulation model for
the PCB is developed using the Advanced Design System
(ADS) software [9]. The PCB is realized in micro-strip tech-
nology, a line connecting the base and the collector of this
transistor with a characteristic impedance ZC ¼ 508, a length
L ¼ 3 cm, a width w ¼ 3 mm and a thickness t ¼ 35 mm.
The aim of this modeling is to validate the electrical parameters
constituting the HBT model and relate the variations of the
electrical parameters to the source disturbance. By assembling
the Gummel–Poon (G–P) model of the HBT with the package
model and the models of all components and taking into
account their high-frequency behaviors, a complete electrical
model of the test board can be established [10]. The G–P
model which is based on the integral charge control model
includes some advantages describing device behaviors [11].

The global model of the PCB is depicted in Fig. 2. To
validate this model, a comparison between measured and
simulated S-parameters is required. Figure 3(a) (reflection S
parameters) and Fig. 3(b) (transmission S parameters) show
the comparison between scattering parameters measured

Fig. 1. Near-field stress system.

Fig. 2. Complete electrical model of the PCB (with the electrical G–P model).
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and simulated. We have noticed a good accordance between
experimental measurements and simulation results.

I I I . C O M P L E T E E L E C T R I C A L M O D E L
I N C L U D I N G T H E P R O B E E F F E C T

In order to examine the effects of the electromagnetic near-
field stress on our component and select the most sensitive
area of the PCB of Fig. 2, the magnetic probe is located at
1 mm above the package of HBT for the first time and it is
fed by 40 dBm at 1 GHz. Noting that this level is used in
order to accelerate our stress and taking into account the
amount of power that can be reflected because the probe is
not adapted, no measurement variation has been observed
after a given stress duration. The same conditions are
applied to the probe located above the micro-strip line con-
necting the collector or the emitter; no important degradation
has been observed. Finally, the transistor was stressed on the
micro-strip line connecting the base with the same conditions
when the probe is located at 3 mm in front of the base input.
We observed that the base is most sensitive to the disturbance,

which is due to the electromagnetic coupling phenomenon
between the induced field and the micro-strip line connecting
the base of the HBT.

A) High-frequency structure simulator
(HFSS) coupling model
To study the coupling between the PCB and the external elec-
tromagnetic field, several numerical methods have been devel-
oped so as to predict the disturbance induced in the tracks.
The structure comprising probe and simplified PCB model
was modelled using the HFSS based on the finite element
method (FEM) [12]. The simplified PCB structure considered
is a micro-strip line with a characteristic impedance ZC ¼ 508,
a length L ¼ 3 cm, a width w ¼ 3 mm, and a thickness t ¼
35 mm. This line is located at a height of 1.6 mm above the
ground plane. An FR4 substrate is used with a relative permit-
tivity 1r ¼ 4.4. The ADS model of the PCB helped us in iden-
tifying the impedance loads of the micro-strip line terminals.
The probe simulated with HFSS is located above the micro-
strip line and is fed by a variable power at the frequency of
1 GHz. The induced voltage at the base of the transistor,

Fig. 3. (a) Comparison between the reflection S parameters measured and simulated, (b) comparison between the transmission S parameters measured and
simulated (VCE ¼ 2.3 V, IC ¼ 35 mA, IB ¼ 190 mA).
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according to the power injected in the probe, is shown in
Fig. 4.

Moving the probe along the micro-strip line indicates that
the induced voltage is important when the probe is located
very close to the load (d ¼ 3 mm). Voltage values shown in
the inset of Fig. 4 are obtained by simulating two heights
“h” of the probe above the micro-strip line.

B) Modeling of the injection probe
The electromagnetic coupling phenomenon established
between the magnetic probe and the micro-strip line is
modeled using the ADS software in order to develop an elec-
trical aggression model comprising the PCB structure.
Therefore, each part of the setup must be modeled separately
as equivalent passive elements; these individual models must
then be combined in order to obtain the whole equivalent
model. Likewise, the model of the injection probe must be
expressed as equivalent impedance in this study. The injection
probe of the near-field setup is essentially a coaxial cable with
a copper core, but its impedance is not 50 Vin this case. The
modeling relies on the knowledge of the impedance of the
element, which is extracted from the S11 parameter obtained
from a VNA. The model of the injection probe is inductive,
with a low series resistance and a parasitic capacitor [13].

Figure 5(a) depicts a schematic of the equivalent electrical
model of the probe as well as its actual values of the equivalent
elements. Figure 5(b) plots a comparison between the simu-
lated impedance profile and the measurement performed on
the experimental setup, which shows a very good correlation.

C) Modeling of the micro-strip line
In order to describe the electromagnetic coupling phenom-
enon between the probe and the micro-strip line, a mutual
inductance “M” must be integrated between both elements.
However, the modeling does not follow the proposed model
of the micro-strip line in the ADS software because it must
contain an inductive element. By using the HFSS simulator,
the electric and magnetic fields of the loop fed by 40 dBm
reach their maximum 6500 V/m and 58 A/m, respectively,
in the range 3 � 3 mm2 that is given by the simulated near-

field map on the plan perpendicular to the surface of the
loop. Then, the coupling is mostly on the portion of the
micro-strip line. Figure 6(a) displays the schematic of the
equivalent electrical model of the micro-strip line. A very
good correlation is shown in Fig. 6(b) which plots a compari-
son between the simulated impedance profile and the ADS
proposed model of the line.

D) Simulation of the complete electrical model
By combining all the models computed previously, a complete
electrical ADS model of the stress setup comprising PCB can
be established. In addition to that, inductive coupling between
line and probe is required using a mutual inductance “M”. In
order to validate the complete electrical model of the stress
setup, comparisons are given between the induced voltage
obtained by the electromagnetic simulator HFSS and the
induced voltage obtained by using the electrical ADS model.
The variation of the base voltage according to the power
injected in the probe models is plotted in Fig. 7. This corre-
lation clearly demonstrates the relationship between both
models. It can be noted that the values of the induced
voltage in front of the base reach 1 V at 40 dBm of power
injected in the probe.

I V . E X P E R I M E N T S A N D
M E A S U R E M E N T S

The stress procedure consists of a near-field disturbance as
previously shown in Fig. 1. In this study, a near-field aggres-
sion is generated through a magnetic probe with a diameter

Fig. 4. Induced voltage of the microstrip line versus the power injected in the
probe. Inset shows the induced voltage for two probe heights.

Fig. 5. (a) Equivalent model of the injection probe, (b) simulated (solid line)
and measured (dashed line) impedance profiles of the injection probe.
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of 10 mm located at 1 mm above the DUT. This probe was fed
by an RF generator (0 dBm) at 1 GHz and a 40 dB power ampli-
fier through a directional coupler which allows the measurement
of incident powers. The probe is located at 3 mm in front of the
base input since it is most sensitive to the disturbance. This is due
to the electromagnetic coupling phenomenon between the
induced field and the micro-strip line connecting the base of
the HBT, at least in our configuration.

A) S-parameters characterizations
To analyze the effects of the electromagnetic near-field stress
on our component, the HBT is characterized with the help of
an HP8720ES network analyzer (VNA). Figure 8 plots the

stress effects on the forward transmission scattering parameter
(S21). The magnitude of the S21 parameter, which represents
the power gain of an RF input signal, exhibits a deviation
after stress by more than 5 dB. This is because of an increased
reduction in the transconductance which is consistent with
the degradation of the DC current gain [14]. The changes
in S21 parameter are caused by the increase in the non-ideal
base current component [15, 16].

On the other hand, the S-parameter measurements
revealed that the stress affects the input scattering parameter
(S11), while the other scattering parameters show only
minor changes. The effects of the electromagnetic field stress
on the S11 parameter are shown in Fig. 9. This deviation indi-
cates that the input impedance has been changed after the
electromagnetic field stress. This shift could result from the
increase of the dynamic base resistance. This is due to the
base current increase and the reduction of the base current
slope versus the base–emitter voltage [14], which is consistent
with the variation of S11.

B) DPI approach
The objective of this study is to prove the similarity between
DPI and near-field stress effects. A simulation is performed

Fig. 6. (a) Equivalent model of the micro-strip line, (b) simulated equivalent
model (dashed line) and proposed ADS model (solid line) impedance profiles
of the micro-strip line.

Fig. 7. Induced voltage from the ADS simulation (dashed line) and from the
HFSS simulation (solid line) versus the power injected in the probe models.

Fig. 8. Measured S21 parameter before and during the electromagnetic stress.

Fig. 9. Measured S11 parameter before and during the electromagnetic stress.
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using the ADS model of the PCB to obtain the equivalent
power between the DPI and the near-field stress. The equival-
ent power received by the HBT during near-field stress, which
is 18 dBm at 1 GHz, was directly injected in port 1 connected
to the base of the transistor. A continuous-wave (CW) dis-
turbance is injected in the components through a 1 nF injec-
tion capacitor using the coupler and the injection setup, the
amplifier and the RF generator. The influence of both disturb-
ance types on the transmission parameter (S21) for the same
stress duration is shown in Fig. 10. The DPI and the near-field
stress effects are similar after the same stress time. This com-
parison clearly demonstrates the relationship between both
types of stress. It indicates that the probe/micro-strip line
coupling phenomenon is the responsible for the near-field
stress effects.

C) Static measurements
Apart from the high-frequency characteristics, the DC charac-
teristics were also affected by the electromagnetic stress. To
examine the stress-induced effects, the HBTs are characterized
by the Gummel plots; the forward current gain beta and the

I–V curves, using an Agilent HP-4142 Semiconductor
Parameter Analyzer. The typical forward Gummel plots of
HBT measured for different stressing times are shown in
Fig. 11. We can observe that the collector current remains
unchanged during the stress while a large degradation of the
base current is occurring. The degradation mode is similar
to previous literature report such as thermal, irradiation,
and electrical stress.

The commonly associated mechanism responsible for this
shift in base current is the generation of a damage region at
the sidewall-spacer oxide and silicon interfaces. This damage
induces interface traps (Si/SiO2) in the E–B spacer oxide
due to a hot carrier injection [2, 5, 17]. These stresses
induce generation/recombination trap centers and lead to an
increase in the recombination component of the base
current which produces the current gain degradation [5, 18].

V . C O N C L U S I O N

In this paper, a new reliability study in SiGe HBT resulting
from electromagnetic field aggression was investigated.
A complete electrical model of an electromagnetic near-field
setup was presented. Each part of this model (injection
probe and PCB) was characterized and modeled, thanks to
the ADS software. The modeling relies on the frequency be-
havior of an element and on the knowledge of its input impe-
dance. Comparisons were made between the induced voltage
obtained by the electromagnetic simulator HFSS and the
induced voltage obtained by using the electrical ADS model
in order to validate the complete electrical model. Then,
taking into account the probe/micro-strip line coupling
phenomenon with the important value of the induced
voltage in front of the base, the stress impact was understood.
It has been found that the amplitudes of the transmission par-
ameter (S21) and the input parameter (S11) are degraded after
stress. Hence this indicates significant degradation in forward
power gain and changes in the input impedance, respectively.
The stress effects have been related to a base current degra-
dation. This degradation appears due to a hot carrier introdu-
cing generation/recombination trap centers at the Si/SiO2

interface. The comparison between the DPI and the near-field
stress effects indicates that the probe/micro-strip line coupling
phenomenon is responsible for the near-field stress effects.
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