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Abstract

This paper introduces the results of the extraction of the
extrinsic base resistance reported (R, ) of a silicon germanium
carbon (SiGe:C) heterojunction bipolar transistor (HBT) at
room (300 K) and low temperature (40 K). The technique is
based on S-parameters and electric modeling. In state-of-the-
art SiGe:C HBT RBx is the parameter that limits the increase
the maximum oscillation frequency (f,,, ). Hence a technique
that permits the R, extraction may be useful to designers to
improve f|, AX performances, and develop applications in the
terahertz regime.

Key words: apparent base resistance, intrinsic base resistance,
extrinsic base resistance, heterojunction bipolar transtistors.

Resumen (Extraccion de la resistencia de base
extrinseca de un transistor bipolar de heterounion
SiGe:C a 300K y 40K )

Este documento presenta los resultados de la extraccion de la
resistencia de base extrinseca (R, ) de un transistor bipolar de
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heterounion (TBH) silicio germanio carbono (SiGe:C) a tempe-
ratura ambiente (300 K) y a baja temperatura (40 K). La técnica
se basa en mediciones de los parametros S y su modelado
eléctrico. En el TBH SiGe:C al estado del arte R, _es el parametro
que limita el aumento de la frecuencia de osc1la010n maxima
(fi;a5)- Por lo tanto una técnica que permita la extraccion R,
puede ser util para los disefiadores para mejorar el rendlmlento
Juaxe €sto con el fin de desarrollar aplicaciones en el régimen de
terahertz.

Palabras clave: inteligencia artificial, memorias asociativas,
reconocimiento de patrones, memoria de traduccion.

1. Introduction

The constant demand for applications with high bandwidth
requires improving the dynamic performances of se-
miconductor devices used in communications equipment.
Moreover, nowadays there has been a growing interest in
developing low noise amplifiers for terahertz regime [1]. One
of the most used semiconductor devices to develop such
applications is the silicon germanium carbon (SiGe:C)
heterojunction bipolar transistor (TBH), here after these
devices will be referred as SiGe HBTs. SiGe HBTs have already
demonstrated a maximum oscillation frequency (f,,, ) of 500
GHz [2] at room temperature.

Moreover, SiGe HBTs developed using a standard architecture
(double poly-silicon/selective epitaxial growth) the £, i
limited by the extrinsic base resistance (R, ) [3]. Hence, a
proper quantification of the contributions of the apparent
base resistance (R,), R,= R, + XR_ where R, and R, are
respectively the extrmsw and 1ntr1ns1c base resmtances and
X is the base collector distribution factor [4]. The knowledge
of all these parameters should be useful to further improve

Juax @nd microwave noise (MWN) performances [5].

This work is devoted to describing the extraction strategy of

R, inadvanced SiGe:C HBTs. Section two is devoted to des-
cribe SiGe:C devices, section three highlights the static (DC)
and dynamic (AC) performances, section four explains the

extrinsic base resistance (R, ) extraction method.
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2. Device description and electric model

Measurements are performed between 40 K and 300 K in an
open-cycle liquid helium cryostat with in sifu two movable
coplanar probes (IEF-Paris XI). The samples and an impedance
standard substrate are in vacuum and they are fixed on the
cooled chuck. Probes arms are directly cooled with liquid
nitrogen to reduce the heat transfer from the probes to the
sample, and to control the thermal gradient along the coaxial
waveguides. The S-parameters are measured between 50 and
18 GHz at room temperature and at 40 K between 50 MHz and
45 GHz, with a SOLT calibration performed at each temperature.
The transistor measurements are "open" de-embedded [6].
The unity current gain frequency (f,) is extracted with an
automatic and robust method described in [7], and f,, is
obtained with a constant value of (U)"? over the high
frequency range, where U is the Mason's gain.

We characterized SiGe HBTs developed by STMicroe-
lectronics. These components are named T1, they have
different emitter surface (S, =0.13 3.7 or 0.13 5.74 m?) but
the same base parameters: N,, = 3x10' cm™. We had access
to HBTs with two different emitter lengths (and only one
emitter width equal to 0.13 pm). Their emitter areas are named
§,,=0.13 3.7 m*and S,,=0.13 5.74 m*whita concentration

of Ge = 15-20%. Further details of this HBT technology can
be found in [8].

The equivalent electric circuit of the bipolar transistor is a
representation of their electrical behavior in the harmonic regime
(AC). This circuit consists of a set of two-terminal elements -
inductors, abilities, strengths and sources of voltage-controlled
current in one of its two possible configurations: 7or I1. In this
work we used the IT configuration, see Fig. 1 (a).

The parameters depicted in figure 1 (a) are the extrinsic
base resistance (R, ), the intrinsic base resistance (R,),
the distribution factor (X) between the apparent base
resistance (R,) and the base-collector junction capacitance
(CBC), and the emitter access resistances (R,). The
extraction of the triplet {R, , X, R} will be described in
detail later. R, g , C,, and T have their standard meaning
[9]. The value of R, is equal to 14.5 Q (for a device with
S,)- The method to determine R . is highlighted in [10] for
a SiGe HBT with a collector similar to the devices presented
in this work.
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Fig. 1. (a) I1Equivalent circuit of the SiGe HBT. (b) S parameters
modelled and measured S parameters at 300 K, J. = 7.23 mA/ um?
and V. =1.22V, at 40 K (inset), J. = 6.80 mA/ um*>and V.= 1.37 V.

We used an analytical-based method to extract a part of the
small-signal parameters. The emitter resistance (R,) is obtained
from the extrapolation of Re(Z,,) at infinite emitter current. The
apparent base resistance (R,) can be obtained from Re(Z, -7, )
in the low frequency region of the measurement, and the base-
collector capacitance (C, ) is extracted from [ (Z,-Z, ).
Remaining parameters such as the base-emitter (BE) dynamic
resistance (R,)), the BE capacitance (Cy,), the transconductance
(g,), and its high frequency in-excess delay (t,) were determined
by error minimization between measured and simulated S-
parameters [10].
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Figure 1 (b) highlights the good agreement between the modeled
(continuous lines) and measured (circles) S-parameters at both
temperatures and at the bias levels described in the caption.
We point out that we obtained the same agreement for all bias
levels of the characterized devices (at room and 40 K). Finally,
these results show that our equivalent circuit extraction
procedure is reliable.

3. DC and AC characteristics

We point out that we decided to represent only two
temperatures (300 K and 40 K) in figures 2, 3 and 4 for clarity.
Moreover for other temperatures our findings concerning DC
and AC performances have the same trend as those reported
in [12] and references therein.

Fig. 2 introduces the Gummel plot of T1 only at two temperatures
at 300 K and at 40 K. The temperature behavior can be described
as follows: First, according to the current-voltage dependence,
the base-emitter voltage (VBE) should increase at low temperature
to have the same collector current density (/,,), because of the
reduction in the carrier intrinsic concentration and the increase
of the band-gap. From 300 K to 77 K, the intrinsic carrier
concentration varies more than 30 orders in magnitude [12]. The
device has a good quality in the base emitter junction as
demonstrated by the Gummel graphs (Fig. 2 and Fig.3). The range
of linearity is observed at low bias voltage (.5V a.8V).

VBE (V)

Fig. 2. Gummel plot (I.and I, as a function of V) at 40y 300 K.
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As shown in Fig. 3, the current gain (B) increase with
decreasing temperature because AE AE, keeps positive at
all temp-eratures. The explanation of the evolution of B asa
function of ¥, is as follows: Starting from low values of J,
non- ideal components in the base current lead to the increase
of with.J .. The magnitude of the non-ideal current component
dominates the low current regime at low temperature and
pushes the apparent maximum value of {3 to higher J,. From
moderate to high J, B decreases because of the reverse early
effect (base width modulation at the B, junction). This effect
is magnified at low temperature [11]. When V, or.J .increases
the BE space charge region (SCR) is modulated giving a lower
effective AE, from base side to emitter side of the SCR which
controls hole injection into the emitter. Finally, at high J , 8
collapses because of the apparition of the Kirk effect. Fig. 4
depicts a maximum 3 of 1900 at room temperature and around
20,000 at 40 K.

Moreover, the current gain has a positive exponential
dependence on the reciprocal temperature. This can be
expressed as [13]:

B(T;AEgE;AEgB) o exp[(AE .+ AE, — AE  /k,T] (1

where AE and AE are the bandgap narrowing (BGN) of the
base and of the emitter, respectively, AE), is the valence band
discontinuity at the BE heterojunction, and &, T is the thermal
energy. The conduction band discontinuity is negligible so it
can be written AE, = AE, &~ AE_ causes the increase of the
electron current density at fixed BE voltage.

Fig. 4 depicts the results of the measurements of /, and f ,, at
the two temperatures (300 K and 40 K).

To describe the behavior of f; as a function of / , we will use
the following formula:

1 1
BC 2TC(TE+TC+TB+F E(CBE+CBC) + (RE+RC) CBC)

@

where 7 (C, +C, ), with r, =k, T/ql, is the charging time of
the base-emitter junction, T, and T are, respectively, the transit
time of the base, and collector; all the other parameters have
been already defined.
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Fig. 3. DC current gain (B), Ge = 15-20%, N,,=2.5 1019 cm?at40 K
(continuous line) and 300 K (discontinuous line).

As highlighted by relation (2), and at fixed temperature, f,
increases with / because the term r(C,, + C, ) decreases as
I_progresses (I.=1,,if p>>1). In fact, time within the SiGe
HBTSs and at low polarization r,(C,, + C, ) is the highest
dominating delay time.

Atlow temperatures, and at affixed / , f, increases because T,
and 7 and the charging time (R.+ R )C, .improve. T,and T,
improve because the interaction carrier-phonon decrease and
because the carrier saturation velocity increases at low
temperature [ 14] and references therein. (R.+R,)C, .improve
because at low temperature the better carrier dynamics
diminishes the access resistances R . and R, (around 15%),
and because CBC improves by 12% when T decreases from
300 K to 40 K. All these reasons explain the better f
performances at 40 K.

Figure 4 shows that f,,, . improves as a function of /. up to
the apparition of high level injection phenomena such as the
Kirk effect. To understand this trend we will use the following

relation of /..

A

= [— 3
Funx 81R,C,.. ®

where most parameters have been already defined.
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Fig. 4. Transition frequencies (f,and f,,,) at 300 K and 40 K as a function
of collector current ().

As demonstrated by (3) the squared of f, . is directly
proportional to f,. Hence, at fixed temperature, f,,, . improves
with / because the diminution of the charging time r,(C, +

CBC)'

Atfixed /, f,,, improve with decreasing temperature because
of the f, improvement and because the term R.C, . also
decreases with T, for the reasons already described.

4. Apparent base resistance elements separation

The factors affecting the access resistances of the bipolar
devices are temperature (if the temperature decreases improve
access resistances), the geometry of the device (the larger
the emitter surface is, the lower the parasitic resistances are).

However, in the literature on the subject never a quantitative
mention of how these factors (temperature and geometry)
affects access resistances of bipolar components. In this
section we will introduce some results of the extraction of
extrinsic base resistances and the impact of temperature on
their amplitudes.

The apparent base resistance (R,) is obtained from measured
S parameters from which we can obtain Z parameters:

RB:Re(Zn _le)‘lf :RBX+XRBI (4)
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where "If" stands for low frequency (f< 5 GHz) [5].

Once R, is known this can be plotted in inverse function of
the collector model (/). R, is extracted from a linear regression
and then extrapolating R, to 1//, —>0. Fig. 5 summarizes this
process. This R, _extraction strategy is possible because R,
is independent of /. [4].

Table 1 reports the results of the extraction of R,_of the two
HBTSs varying in emitter surface (S,) and at two temperatures.
These results were extracted using the method already
described.

Results introduced by table 1 show that R, is inversely
proportional to the length of the transistor emitter L,~here L,
=3.7umforR,, or5.74umforR, .~ hencel /L, =1.55.
Please note that from the results reported in Fig. SR, /R

Bx21 Bx23=
1.58~L_J/L_ at300K,andR, /R, =168at40K.

E21

These results demonstrate that the extraction methodology
is proper because the results of R, , and R, . follow the
scaling of L,.

5. Conclusions

This paper presented a reliable technique for the separation
of the extrinsic base resistance, R, , and we demonstrate that

R =1940Q
Bx

0 . . . .
0 300 600 900 1200

‘1
I (A

Fig. 5. Apparent base resistance (R;) as a function of the inverse of the
collector current (1/1) at 40 K and for two emitter surfaces:
Sp =0.17x3.7 m(R,,,)and S, =0.17x5.74 m*(R

Bx21 BXZ3) '
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Tabla 1. Extracted extrinsic base resistance (R, ) at two temperatures,
device T1 and for two emitter surfaces: S, = 0.17x3.7 m*(R_,,)
and S, = 0.17x5.74 m*(R

BX23) )

Element 300 K 40 K
ot 32.6 20.6
R 32.8 194

Bx23

this technique is valid at room and low temperatures (300 K
and 40 K). This extraction avoids the usage of geometric
criteria to extract R . This method is based on the use of S-
parameter measurements at low frequency range (f< 5 GHz)
and electrical modeling. The results demonstrated that R,
scales with the emitter length (LE) at 300 K and at 40 K.

A remarkable feature is that, to the authors' knowledge, this is
the first time that R,_is obtained at two different temperatures
(300 K and 40 K) for advanced SiGe:C HBTs.

Finally, this technique may be useful to designers to improve
dynamic performances of f, , . of state-of-the-art SiGe:C HBTs.
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