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Abstract

The base- and emitter resistance are important parameters of
bipolar transistors and can be extracted from high frequency
small signal admittance (Y) parameters. The circle impedance
method and the two port method are examinated and im-
provements are presented.

1. Introduction

The base resistance is an important parameter of bipolar
transistors and it strongly influences device performance.
The base resistance can be extracted from both DC (1]
and AC [2] measurements. The Ning & Tang method [1]
gives good results when the emitter resistance is small
(Re-B < Rp) and the degradation of the current gain 3 is

due to high injection in the base. With decreasing tran-

sistor dimensions the emitter resistance increases whereas
the base resistance may decrease. The emitter resistance
adds to the base resistance in AC and noise measure-
ments. This makes that the extraction of the base re-
sistance from AC and noise measurements becomes more
favorable for advanced bipolar transistors and is in many
cases the only way to extract accurate values. High fre-
quency admittance measurements are performed already
to determine the cut off frequency fT of the bipolar tran-
sistor. From the same measurements we can extract the
base and emitter resistance. We will examinate two com-
monly used methods being the circle impedance method
and the two port method. The influence of the intrinsic,
the extrinsic base-collector capacitance and emitter resis-
tance on the extracted base resistance in both methods
is shown. By using the DC collector and base current
and just one point in the frequency domain reliable base
and emitter resistances can be extracted. Experimental
results of an NPN transistor in the QUBIC3 process [4]
are shown and compared with the Ning & Tang method.

2. Common emitter admittance matrix

In this section the admittance matrix is derived for a
relative simple equivalent transistor circuit (see figure 1).
The intrinsic transistor is represented by the base-emitter
conductance go, the base-emitter capacitance by Cj, the
- base-collector capacitance underneath the emitter by Cj,
and the transconductance by g,,. The total base resis-
tance is given by Ry, the emitter resistance by R, and the
extrinsic base-collector capacitance by Cez. The common
emitter admittance matrix is defined as;
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Figure 1: Small signal equivalent transistor circuit for
deriving the common emitter admittance matrix.
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It is convenient to define first the admittance matrix with-
out the the base resistance Rj and the extrinsic capaci-
tance C.z. This admittance matrix reads;
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In the next step we add the base resistance Rp and the
extrinsic capacitance Ce;;
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The above expressions are used to evaluate the base and
emitter resistance extraction methods.

3. The base resistance extraction

There are two standard methods to extract the base re-
sistance from the emitter admittance matrix. The first
one is the circle impedance method and the second one is
the two port method.

3.1 Circle impedance method

In the equivalent circuit (figure 1) of the standard circle
impedance method the emitter resistance R, and the ex-
ternal collector capacitance C,; are zero and the input
impedance Hy; = 1/Y1; then becomes;
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The plot of Hy, in a complex plane is a semi-circle (fig. 2:
solid line). The extrapolated intersection with the x-axis
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Figure 2: Plots of Hi; in the complex plane. The param-
eters of the equivalent circuit are: Ry, = 100, go = 0.001,
Cy = 20fF, Cip, = 2fF, R, = 0 and C,, is varied.

gives the base-resistance R, = 100Q2. When we add an
external base-collector capacitance Ce, to the equivalent
circuit the extrapolated intersection is not the base re-
sistance (see fig. 2). Due to the extrinsic base-collector
capacitance we will underestimate the base resistance (in
this example R, becomes 24Q). We can improve the
extraction of the base resistance [2] by adding the Yi
component to Y;; and apply then the circle impedance
method:

Y = Ya+Y,
; 1  14+Ry-(go+7j w(Cs+Cin))
H), = = : 6
H Y4 go+j-w-Cp ©)
For w = oo we can compute Rp;
o i
2. 7
Ry Co ¥ Cn Hi (w = o0) (7)

In most cases Cp > Ci, and the intersection with the
x-axis gives a good estimate of the actual base resistance.
The term Cj/(Cp + Cin) can be estimated from the Y
parameters as follows;

w-Cp (Yu +Y12)
. = Im|{——=— 8
gm Yo1 — Yo ®
w-Cin - Re(Y12) (g)
gm Im (Y21 — Yi2)
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When two points (zo, yo and z1, y1) of the circle are
known we can directly calculate R, [3];

z = Re(Hn), y=Re(Hn)’+Im(Hy)?
m = u, b=y1-m-xm
Ty — %o
R = Z_ . \/oxm?jd (10)

2

The two points may be the DC point (frequency=0) and
just one point in the frequency domain.

3.2 Two port method

In the equivalent circuit of the standard two port method
the emitter resistance R, and the internal collector capac-
itance C;,, are zero. From the Y parameters as defined in
section 2 the base resistance then becomes;

1 gm+Y12—Yn

gm Y+ Yy

Ry = (11)
The influence of the internal b-c capacitance Cj;, follows
from the Y parameters as defined in section 2;

1 gm+Yie—-Yy

9m Y + Y2

go+j-w-Cy

R .
b go+3j-w-(Cy+Cin)

(12)

The base resistance now becomes frequency dependent.
At sufficient high frequency R, is;

1 gm+Y12 -V

9m Y+ Yo

. Cb
Cov + Cin

R, (13)

In the two port method we need besides the Y parame-
ters also the value of g, (see section 4). Due to the inter-
nal base-collector capacitance C;, the standard two port
method overestimates the base resistance. The correction
term is frequency dependent and at high frequency it is
the same as derived for the circle impedance method. The
base resistance Ry will be complex when relation (11) is
applied to measured Y parameters. The extracted base
resistance then should read RJ® = 1/Re(1/Ry).

4. The emitter resistance

In the previous section the emitter resistance is neglected.
The emitter resistance can be calculated from the differ-
ence between the intrinsic conductance gy, of the collector
current and the measured external conductance g7:. The
reduced small signal conductance gj due to the base and
emitter resistance is given by (see section 2);

gm
o= 14
m 1+gm'Re+90’(Re+Rb) ( )
and the emitter resistance becomes;
—aq™ (1 R
R, = Im—9mn A+ b) (15)
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The conductance g); can be obtained directly from the
low frequency asymptote of Y21 or calculated from the



Gummel plot;

L(n)
,  lelm)n (Ic(n = 1))
Im = Vieln) = Vee(n — 1)
Iy(n)
Iy(n) - In <—_Ib(n — 1))
Voe(n) — Voe(n — 1)

g% =

where n and n — 1 refer to two points of the Gummel plot.
The intrinsic conductances go and g, may be calculated
from the DC collector and base current. We assume that
the collector current is non-ideal (slope m) and the base
current is ideal; :

_ (Vi)
I(n) = L exv(m_vt
_ L Vi (n)
b = 5 exp (2l
oL L) _ 8L, _ hyn)
TR Tmew TR TV
L BDO) _I g _Lm-gf

B(AC) "I gm Ln)-gm

in which V; is the thermal voltage, I, the collector satu-
ration current, By the forward current gain and Vi, the
internal base emitter junction voltage. The non ideal-
ity factor m is calculated from the difference in DC and
AC current gain. In following sections we will apply the
standard extraction method and then we correct for the
presence of the emitter resistance. An alternative way is
to de-embed the admittance matrix for the constant part
of the series resistance. This can be done by convert-
ing the Y parameter to Z parameters and subtract then
the emitter resistance , the constant part (or fraction) of
the base resistance Ry and also the constant part of the
collector resistance. Then we transform the corrected Z
parameters again to Y parameters.

4.1 Influence of R, in the circle impedance method
When we include the emitter resistance in the small signal
equivalent circuit the input impedance Hj; for w = oo
(Rpe) calculated from (1) with Ce; = 0 becomes;

Cy
Cp+ Cin (14 (gm + g0) - R

Ry, = Rb+(

In most cases Cp is much larger then Cj, and the emit-
ter resistance adds to the base resistance. With an ex-
ternal base-collector capacitance Ce, we have to use the
improved circle impedance method with Hf; = 1/(Y1, +
Y12). Also in this case we can derive the influence of the
emitter resistance;

1: : {Rb + (gm + 90) N R, - Rb} (17)

Ry = Ry+R.+

C

We see that in the standard circle impedance method and
the improved circle impedance method the influence of

))Z-Re (16)
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the emitter resistance is slightly different. In both meth-
ods we can correct the extrapolated intersection for the
presence of the emitter resistance. The value of C;,/Cp
is given by (8, 9).

4.2 Influence of R, in the two port method

When an emitter resistance is present in the equivalent
circuit the extracted resistance value R, of the two port
method becomes;

Rb_90+]'w‘(cb+cin)+

R
"e do+j w-Cp
gm+g+ji-w-Cp
R, - —— 18
¢ go+3j-w-Cp (18)

At low frequencies and up to medium collector current
levels the emitter resistance is multiplied by the smali sig-
nal gain (gm +9o)/go of the transistor. This makes that an
accurate determination of the emitter resistance is very
important in the two port method. When the emitter
resistance is not constant it affects the extracted base re-
sistance more as in the circle impedance method. At sufli-
cient high frequencies and collector current (w-Cp > gm)
the emitter resistance adds to the base resistance.

5. Experimental results

The transistor under test is a double-poly vertical NPN
transistor from the QUBIC3 process [4] with an effective
emitter size of 0.3x19.8 ym? and with a double base con-
tact. The collector current I, and base current I are
measured (Gummel plot) in the range from V,. is 0.8 to
1.1 Volt at constant V;, = —1 Volt. The small signal ad-
mittance matrixes (Y parameters) are measured for the
same bias points at a frequency of 3.51 Ghz. For one
bias point (V4e = 0.95V .V, = O0V) the Y parameters
are measured in a frequency sweep from 1 to 40 GHz.
The DC gain and cut-off frequency (fT') are shown in
figure 3. First the Ning & Tang method is applied to the
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Figure 3: measured DC current gain and fT obtained
from the Gummel plot and Y parameters (Vy, = —1 Volt)

Gummel plot and the results are shown in figure 4. The
constant part of the base resistance Rj. and the emitter
resistance with the bias dependent part Ry,/Bf = 0.14
are evaluated using two sequential points of the Ning &
Tang curve. The calculated emitter resistance is almost
constant whereas the base resistance (given by the slope)
decreases strongly with I/I,. The bad behavior of Ry,
is due to the fact that in the Gummel plot the effect of
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Figure 4: Extraction of the constant part of Rb (Rb.)
and Re from the Gummel plot using the Ning & Tang
method.

emitter resistance becomes multiplied with the DC gain
and mainly dominates the voltage drop between internal
and external base-emitter junction. Next (fig: 5) the ex-
traction of the base resistance from Y parameters in a
frequency sweep is analysed. The emitter resistance ac-
cording to (15) is calculated using g7* and g™ from Y;;
and Y12 (I. = 12.3mA, B(DC) = 73.2, B(AC) = 60.1,
R, = 2.07Q). In the standard two port method R, is
subtracted from the calculated R;. (18) to obtain R,.
The correction for R, (improved two port method) ac-
cording to (18) gives an almost constant R;. The circle
impedance method is applied using only two points being
the DC point (2o = B(AC)/g™, yo = z3) and one fre-
quency point (z; = Re(Hy1), y1 = Re(Hi1)? +Im(Hyp)?).
In the standard circle impedance method Hi, 1/Yi,
and R, is subtracted from (10). In the improved circle
impedance method Hy; = 1/(Y1; + Yi2) and the correc-
tion for R, is according to (17). For this bias point the
term Cyn /C) is very small. We see that both the standard
and improved circle impedance method gives an almost
constant Ry;. The emitter resistance simply adds to the
base resistance in contrast with the two port method. In
figure 6 the base resistance is calculated versus bias us-
ing at each bias point the small signal admittance matrix
(at one frequency) and the Gummel plot. The emitter
resistance is calculated according to section 4. It slightly
decreases at high collector currents. The difference be-
tween the extracted base resistance of the four methods
decreases with increasing bias. The effect of emitter re-
sistance correction is large in the two port method. At
low bias the difference between de standard and improved
circle impedance method is mainly due to the modified
definition of Hiy = 1/(Y11 + Y12). De-embedding first
the same emitter resistance from the small signal data
and applying then the various methods with R, = 0 give
simular results as using the derived terms for the correc-
tion of R,.

6. Summary

In this paper the extraction of base resistance and emitter
resistance from small signal admittance matrixes is exam-
inated and improvements are given. For advanced bipolar
processes the tendency in the circle method is to underes-
timate slightly the base resistance whereas the two port
method greatly overestimate it. In the circle impedance
method the emitter resistance simply adds to the base
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resistance. In the two port method R, becomes multi-
plied with the AC current gain and therefore an accurate
estimation of R, and correction for R, is very important.
It is shown that the circle impedance method can be ap-
plied to Y parameters measured at only one frequency
together with the DC Gummel plot. This greatly reduces
the effort to take measurements. For advanced bipolar
processes the circle impedance method is the best pro-
cedure to extract accurate base resistance parameters.
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Figure 5: Extraction of the base resistance for each fre-
quency point from small signal Y parameters
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Figure 6: Extraction of the base resistance from small
signal Y parameters versus bias using just one frequency
point and the Gummel plot.
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