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Abstract

A new approach for directly calculating the HBT

equivalent circuit from measured S-parameters is

presented. Analytically derived rather then fitted

solutions are obtained in this way. Extrinsic as well

as intrinsic element values are computed without

the use of special test structures or additional mea-

surement steps. Bias dependent results for base re-

sistance, collector resistance, base-collector capaci-

tance, base transport factor, and base and collector

transit times are discussed in detail.

I. Introduction

HBTs have recently demonstrated significantly improved

RF performance into the mm-wave frequencies with the
advent of self-aligned technologies, innovative isolation ap-

proaches to reduce parasitic effects, and exploitation of bal-

listic transport in the base-collector depletion region. As

these technologies mature and parasitic resistances and ca-

pacitances are minimized, it becomes increasingly impor-
tant to analyze the exact causes of device limitations in

terms of the HBT device physics and equivalent circuit rep-
resent ation. By studying the impact of particular transit

times, resistances and capacitances on the device perfor-

mance, we may then apply technologies to best optimize
those aspects that limit the device performance. Fitting
routines to numerically optimize relatively large equivalent

circuits to match measured data may result in non-unique

solutions for element values that depend on starting condi-

tions [I]. Parameter extraction techniques for HBTs have

been reported by D. Costa, et al [2] and other groups [3].

However, even the best of those approaches require some
separate measurement of test structures to characterize par-

asitic, whose effect is then mathematically subtracted out

before calculating the intrinsic circuit, whereas the approach

presented in this paper does not require this. Direct cal-
culation of the HBT equivalent circuit from S-parameter
measurements with detailed bias-dependent results of bas{~
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resistance, collector resistance, base-collector capacitance,

frequency dependence of a(w), and exact values of base and
collector transit times are discussed using the proposed new

technique.

II. HBT Equivalent Circuit Extraction

Formalism

The GaAs/AIGaAs HBTs characterized in this work were

fabricated at the University of Michigan using a self-aligned

technology allowing 0.1 pm separation between base ohmic

metal and active emitter[4]. The HBT equivalent circuit

used for this work is the conventionally accepted T-model
shown in Figure 1 along with a table of calculated element
values using our method. The approach presented in this

paper allows the evaluation of the impedances correspond-

ing to the outlined circuit blocks of Figure 1. Information
on the individual elements contained in these blocks can be
obtained by examining the frequency dependence of the

1~= 1.5mA
IC = 18.OmA

VCE= 2.OV

‘BC
~----------_.

‘B

4

I CBC ;‘/ ‘c,
, II

------------- i,: ,r---_----..---
~ LB :; RcrBC ,8 Lc :

*
1,

, ,, 1,t---------------.---------.---------.,---,

sDo 0.9’21
78 11.0 ps

Tc 1.66ps

CBO .272pF
rBC 11000 Q

RB 5.5n
LB O015IIH
CE5 1.095@
TBZ 11.38 Q
RR 1.79 a

~E 0.012 nH

RC 6.3Q
Lc 0.025IIH
‘!’
----------,

‘BE!re Cn +

1----.-------.--’,-------,

RE ~

i
‘E ~

‘E
:~

‘E t
--- .---i

Figure 1: HBT T-Model Equivalent Circuit and Parameters
Extracted Using the Proposed Technique
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block impedance. The HBT extrinsic H-parameter fornlu-

lation for the equivalent circuit of Figure 1 is :

(ZBE+ ZE)(ZBC + Zc,’)

“1=‘B+(ZBE+ z~ + ,w)+ ZBC,.(1- a)
(1)

CY.ZBC– (& + ‘~)
’21=(ZBE+Z)j +Z(2)+ZBC(l - a)

(2)

ZBE + ZE
’12=(ZBE+ZE + Zc) + Zm’(1 -CY)

(3)

’22= (ZBE+ z~ + ‘:)+ZBC(l- a)
(4)

And the solution of the circuit blocks of Figure 1 may

then be calculated in terms of the extrinsic H-parameter.

‘s:
H11H22– H12H21– H12

z~ =
H2Z

1 + H21
ZBc+’c=—

H22

Hlz
ZBE+zE=~

Hzl + Hlz
~ZBc =

H22

(5)

(6)

(7)

(8)

Measured S-parameters are converted to H-parameters

and then the sub-circuits described above are calculated

directly. Each of the parameters contained in the circuit
blocks are then extracted by studying the frequency depen-

dent characteristics of the blocks as is explained below with

illustrated examples.

III. EIBT Characteristics Based on the
Proposed Formalism

The self-aligned GaAs/AIGaAs HBTs were measured from

0.5 GHz to 26 GHz using a Cascade Microtech on-wafer
probe station and hp8510 Network Analyzer. The equiva-

lent circuit parameters of the HBTs are calculated based on

the formalism outlined in section II.

A. Base Resistance (RB) and Inductance (LB)

From Figure 1, we see that 2B is simply a series R-L circuit
with its real part equal to RB, the base resist ante of the
HBT. By calculating ZB from equation 5 using the evalu-
ated H;j parameters, we pull out RB as its real part. Figure

2 shows that the values of base resistance calculated directly
from these measurements have a slight bias dependence on
injection level, and decreases slightly as the base current in-

jection level is increased. These results provide good physi-
cal insight into the fact that the base resistance is made up

of three parts :

RB = TBO+ rB.s+ rB (9)

where rB~ is the base ohmic metal contact resistance, rB~
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Figure 2: Base Resistance vs. Frequency Showing the Re-

duction of Base Resistance as the Injection Level is In-

creased

is the series access component of the base resistance, and r-~

is the active CkViCt3 spreading resistance. rB~ and rBs ale
I,ias independent, while ~B should decrease as the collectc

current in the HBT is increased, resulting in the trend as
seen in Figure 2. The series base induct ante, LB, is found

in a similar way realizing that the imaginary part of zB is

simply ULB. Both RB and LB values are entered in the
results for the test ed device of Figure 1.

B. Collector Resistance (Rc)

The representation of ZBC + Zc above reveals that its real
part is made up of a frequency dependent part involving

CBC and rBC along with a constant part made up of Rc.
At high frequencies, the real part of ZBC + Zc will decay to
this constant value of Rc and the bias dependence of this

is shown in Figure 3. We see that the value of Rc arrived

at is independent of injection levels as is expected for this

series access resistance.

C. Base-Collector Capacitance (CBc) and

Collector Inductance (Lc)

The imaginary part of ZBC + Zc is dominated by CBC at

low frequencies. This is due to the large isolation resistance,

rBC, causing the imaginary part of ZBC + zc to asymptot-
ically approach —1/@CBC as the frequency becomes small.
For these devices this applies below approximately 5GHz
and CBC can be pulled out directly as seen in Figure 4 as a
function of VCE. The CBC value is found to drop in a square

root dependence with applied reverse bias across the base-

collector j unct ion as is theoretically expected. The results
vary less than 1Yo across this 1GHz-5GHz frequency band.
At higher frequencies, both CBC and Lc contribute to the
imaginary part of ZBC + ZC, and once CBC is determined,
Lc can also be directly calculated. (See results of Figure 1).
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E. Base Transport Factor (a(u))
Re[Z,C+zC] (fl)
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Figure 3: Collector Resist ante vs. Frequency Showing the
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Figure 4: Base-Collector Capacit ante vs. Frequency at

JB = 0.5rnA Showing the Expected Decrease in CBC as

\~E is Increased

D. Base-Collector Isolation Resistance (rBc)

At lower frequencies, the impedance due to the base-collector
capacitance CBC starts to increase and it becomes a much

less efficient feed-through element. We then start to seethe
effect of the large isolation resist ante r~c in parallel with it,

and the real part of ZBC + ,zC increases dramatically, with

the real part of rBc’//CBC becoming much larger than the

collector series resist ante rc. In order to accurately extract
. .

rm, lt IS critical to measure device results at frequen ci C*
tow enough to see the region where rB~ clominates this 1,,

havior (see results of Figure 1 for the r~c value of the teste{l

)(,evice .

The base transport factor, a(w), can be calculated once

CBC is known by realizing that the imaginary part of ZBC

(x –l/uCBc) is much larger than its real part and domi-

nates ZBC in the expression for aZBC. The previously cal-

culated value for CBC is then used to calculate the real and

imaginary parts of a from CIZBC. The result for [a(u) I is
shown in Figure 5 and the result for La(w) is shown in Fig-
ure 6. The symbol points are the values directly calculated

from the S-parameters using the approach presented in this
paper. The solid lines are theoretically calculated curves

from the measured data fitting the following expression [5]

a(u) = - ~o ~.j.(~++)

I+.&
(lo)

where ‘@j is the base transit time, ~C is the collector tran-

sit time, up = 1.2/7B is the 3dB frequency of the a ex-

pression and m=0.22 is the empirical factor employed to

match the phase of the 3dB roll-off approximation for a(w)

to its more accurate hyperbolic secant representation. As

can be seen, the directly calculated values are in excellent

agreement with the theoretical model of equation (10). This.,
is to the best of our knowledge the first demonstration of

direct calculation from measured S-parameters of the fre-
quency dependence of the intrinsic base transport factor.

Traditional techniques have relied on fitting and /or sepa-
rate measurement for parasitic de-embedding before intrin-

sic small-signal parameters of this kind are extracted.

Ial
1-

VCE = 2.0v

~ \

DDirectExtracflon
– Theory

0.8 \
J

\
0.6 \%m + 15= 2.5mA

\ + 1~= 2.0 mA

\

\

+ IB= 1.5 mA

-- IB= 1.0 mA
o.4-

--15= 0.5mA

0.2

1
0 ~.

FPequency (GHz)

Figure 5: Intrinsic Base Transport Factor Magnitude vs.
Frequency showingExcellentAgreementwith Theoretical

l~xpectations as Well as the Gain Improvement with Bias
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Figure 6: Intrinsic Base Transport Factor Phase Angle vs.
Frequency Showing Excellent Agreement with Theoretical
Expectations as Well as the Gain Improvement with Bias

F. Base-Emitter Junction and Emitter Parasitic

Once a(u) is found, we can apply the expressions for de-

vice input resistance, r., an d base-emitter capacitance, CT,

found in [5] to the calculated values of ZBE+ZE according to

equation (7). Unfortunately, we are unable to calculate any
single element exactly because of the number of unknowns

in this block of the circuit, but can significantly reduce the

error for a fitting routine by fixing the a(u) expression ex-
tracted above. By doing this we reduce the number of un

!.nowns to just four elements, Te,Cm,RE,LE, and are able t,

apply optimization to this reduced subcircuit with added

confidence.

G. Base and Collector Transit Times (~B, ~c)

The only unknowns in the expression for the magnitude

Ia(o)l shown in Figure 5, are the DC value of the transport
factor, ao, and the alpha 3dB frequency, W@. By taking
cw to be the value approached by Ia(w) I at low frequency,
we are left with only one unknown and can calculate Ufl
(and therefore the base transit time 7E = 1.2/Qo) directly
at each frequency. The phase angle of the base transport
factor, la(u), is shown in Figure 6 and depends only on

TB and the collector transit time Tc. With ~B known at
each frequency, we may then use La(w) to calculate ~c at

each frequency using equation 10. As is shown in Figure 7,

the transit time in these devices is dominated by base diffu-
sion of minority carriers and both base and collector transit
times exhibit bias dependencies. The collect or transit time
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Figure 7: Base and Collector Transit Times vs. Frequency

Sh~wing The Increase in Transit Time with VIE

increases with increased reverse bias on the base-collector
junction as is expected as that depletion region thickness

swells.

IV. Conclusions

In summary, we have demonstrated a formalism for direct

calculation of the HBT equivalent circuit from measured

S-parameters without test structure characterization and a

minimum of numerical fitting. This approach can serve as

a useful tool toward optimization of process technologies
and HBT high-speed performance, revealing the factors that

limit device performance and allowing direct insight into the
11BT device physics.
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