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Abstract—An accurate deembedding technique for on-wafer tips so close can result in an extra coupling and leakage effects
measurements of an active device's-parameter is presented in  that influence accuracy of the measurements and extraction of
this paper. This deembedding technique accounts in a systematic iha device’s model parameters. It is well known that a more

way for effect of all parasitic elements surrounding the device. let ivalent circuit f itics i f
These parasitic elements are modeled as a four-port network. complete equivalent circuit for parasitcs 1s necessary for accu-

Closed-form equations are derived for deembedding purposes of rate HBT device modeling at high frequencies. In addition, the
this four-port network. The proposed deembedding technique was parasitics of the equivalent-circuit model should also be easy

used to extract small-signal model parameters of a 2« 25 um  to extract, which is not usually the case, and, in many cases,
emitter GalnP/GaAs heterojunction bipolar transistor devnce, supplementary measurements have to be performed at specific
and excellent agreement between measured and modeI-S|muIatedbias conditions: reverse/forward-bias measurements [2], [3]
S-parameter was obtained up to 30 GHz. ) ) . U
This paper presents an accurate deembedding technique suit-
able for quick evaluation of the device properties. In this tech-
nigue, the parasitic elements surrounding the device are taken
to be a generic four-port network without any need to model
I. INTRODUCTION them with an equivalent circuit, as usually done in the previous

OR THE development of microwave circuit application echniques. These parasitic elements are then deembedded ana-
ytically using a derived closed-form equations.

using heterojunction bipolar transistor (HBT) devices; Thi ) zed foll In Section II. th
it is essential to use an accurate HBT's equivalent-circuit IS paper IS organized as follows. In section 11, the pro-

model to simulate circuit performances at microwave al dure of deembedding the parasitic four-port network is pre-

millimeter-wave frequencies. The first stage of the modelir%%]ted' Section lll then report; an expe.rimental valida_ltion on
process is to deembed intrinsic device response from parasi T devices of the deembedding technique. Conclusions are

network associated with the on-wafer measurement envirdY€" " Section IV.
ment. The normal approach is by means of a short, an open,
a load, and a through test structures to characterize the device Il. DEEMBEDDING METHOD

interconnects. This means that each device with a specific geThe proposed deembedding method is outlined in the fol-
ometry and size will require an appropriate test structure to Rfiving three steps.

fabricated [1], which is not usually possible in practice becauseStelo 1) Firstly, the measurement system has to be calibrated,
of wafer area consumption. In addition, each device has to be defining reference planes for theparameter mea-
measured with an appropriate calibration of the network ana- surements at the end of the open pads (reference
lyzer. This further complicates the measurements for automated planes 1 and 2 in Fig. 1) using a standard calibration
parameter extraction and affects speed of monitoring process. technique [i.e., short—open—load—through (SOLT)].

In practice, it is impossible to measure tl§eparameter by

Index Terms—Pevice characterization, four-port network, mi-
crowave on-wafer measurementsS-parameter deembedding.

Step 2) Secondly, the measured data needs to be deem-

putting the probes directly on the terminals of the intrinsic part bedded to bring the reference planes at the intrinsic
of the device (see reference planes 3 and 4 in Fig. 1). This is device terminals (reference planes 3 and 4 in Fig. 1).
due to smaller surface of these terminals compared to the probe The network to be deembedded from the measured
size and to the fact that these terminals are not aligned with the data is provided in the form of a four-paftparam-

probe tips. Furthermore, measuring the device with the probe eter network modeled with an electromagnetic (EM)

simulator where details about the device layout are
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Fig. 1. Layout of a 2x 25 m? HBT device and the reference planes of EM simulation and SOLT calibration.
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Fig. 2. Schematic of the four-port passive structure embedded with the HBT device.

not a standard topology (cascade, series, paralleDhe ZP-parameters of the active device at reference planes 3
These equations are determined as follows. and 4 (see Fig. 1) are defined by the following equations:

The Z%-parameters of the active device at reference planes 1

and 2 (see Fig. 1) are determined from the corresponding mea-

suredS-parameters. ThesgB® parameters are defined as fol-

lows:

{ Vi =Z8 L + ZG1 { Va = ZR(~13) + ZB(- 1) )

1)
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The Z”-parameters of the four-port network are defined by th

followi ng equ ations: Simulate the parasitic four-port Measure the device overall
' network and generate its two-port impedance matrix z°
impedance ZF

{ Vi =200 + Z5 0, + 2515 + Z0 1,

3)
Vo= Z0 1 + Z5 1, + Z31s + Z3 1y

Va=2z81 + 281, + 281, + 241
N S 3272 3373 3474 (4) Execute the de-embedding
‘/4 = ZAELII + ZL{;IQ + Zi;_lg + ZL{:LILL equations

From (1) and (3), we get

Iy ) I3 v
<IQ> =4 <I4> ©) Output

i De-embedded data of the
with intrirsic device 2
A S R 7
o z5 —z8 72§ — 7L ’ zL ZE ) Fig. 3. Schematic diagram of the deembedding procedure.
From (4) and (5), we get
<V3> =(B-A+0)- <13> © 10512
Vi 1,

with

zr zr

B [ 31 32}

Zi Zi

and

VA IAY
C = |: 33 34:| )
Ziy Zi
By equalizing (6) to (2), one can determine figparameter ma-

trix of the active device at reference planes 3 and 4 (see Fig. 1 su
as follows:

zb 7D
[ > ﬂ =—(B-A+0)
Z21 Z22
Fig. 4. Measured-{) and deembeddedH) S-parameter of a & 25 um?
thus HBT from 40 MHz to 30 GHz.
—z¢ +z0\zl + (24 — ZzL) ZT,
Z1D1 _ Z?ﬁ ( 22 22) 13 ( 12 12) 23 ZD _ ZP (_ZQGQ_’_ZQI;)ZIIZL +(Z1GQ _ Z:{;)Zi
Denom 227 adl Denom
Z& —zP\z0 4 (—7G 4+ zI'\ ZT
_zn <( 31 1) 213 + (=25 {1) Z33 _zk 4P <(Z2G]L - Zh)Zh + (28 + Zﬁ)Zﬂ) P
Denom —ZLyo D — gy
€101
D P <(_Z2G2 + Z3) 2 + (25 — 7)) Zﬂ) with
12 — 431
D
I enott o Denom = — 28 78, + 78 75, + 7828 — 78 78,
_gr (Z5 — Z31) 20, +(= 20 + Z[1) Z3,\ P 12525 — 7254728 — 72528 + 2578
32 Denom 34
A schematic diagram resuming the deembedding procedure is
resented in Fig. 3.
2D — P ((—zg + 25) 25 +(25 - z@)zzfz,) P g
21 — 41
Denom lIl. EXPERIMENTAL VALIDATION
G PP G PP
—Zi; (Z21 — Z21)Z13 Jr(_le + le)Z23 _ Zi;, Several 2x 25 um? GalnP/GaAs HBT devices were mea-
Denom sured, and deembedding results are presented. The measure-
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{| TABLE |
EXTRACTED PARAMETER VALUES OF THE SMALL -SIGNAL HBT MODEL
(I. =10mA, V.. =2V, I, =50uA)

Re Collector Parameters Extracted values
— , R, @) L5
— ) R @) 3.3
R @ 11
Ry B 7.5

C, (fF) 27
Che =7 |, [] Rbe G>Gm.Vbe G, (F) 215
G ©OF) 149
D) 365
(ps) 048
Gy (Sie) 039

Base Rb Rbb Cc

]

Gm= Gm0 -exp(— jw r) Re

This deembedding method was also used in the extraction of
Emitter the tested small-signal HBT devices where the intrinsic parame-
ters of the model (Fig. 5) were determined by optimization using
Fig. 5. Small-signal equivalent circuit of the GalnP/GaAs HBT. the HP Microwave Design System (HP MDS). Several trials
were carried out in order to apply the same optimization rou-
tine to the measured data by using the same equivalent circuit
and without deembedding the parasitic structure, but it was not
possible to fit the measuregtparameters fully up to 30 GHz.
10%s12 This shows the necessity of taking into account the parasitic pa-
rameters when extracting the device small-signal model.

Fig. 6 presents the calculated and measufguarameters
after deembedding the passive structure surrounding the device.
The extracted parameter values are listed in Table I. The ex-
cellent agreement of the fittesl-parameters from 40 MHz up
to 30 GHz without taking into account any parasitic elements
proves the validity and the accuracy of the new deembedding
procedure. The residual error quantifying the accuracy of the
data fitting was less then 1%. This residual error is defined ac-
cording to the following function:

(1/30)*S21

S22
s1

o1& K S U = S5
I = AN 2;1 ’; maxy, (|SZ’(fk)|)

23

Fig.6. Measured{) and model-calculatedy) S-parameter of a % 25 m? WhereN is the number of considered frequency DOIISL?%’,(fk)
HBT from 40 MHz to 30 GHz. is the measured-parameter at the frequengy, andS;(fx)

is the calculated correspondisgparameter coefficient derived

. . . frgm extracted values of the model parameters.
ments were performed with a microwave probing system an

a vector network analyzer (VNA) over the frequency range of
40 MHz to 30 GHz. Fig. 4 displays the measuregarameters

of the common-emitter HBT for the bias conditial) & 10 mA, An accurate deembedding procedure for on-wafer high-fre-
Ve =2V, I, =50 uA) and the corresponding deembeddeduency measurements has been developed and implemented.
S-parameters. The measurements show that the parasitics hehvis procedure provides a systematic way to analytically
both capacitive and inductive effects Sy and.S».. S1; shows deembed the parasitic elements surrounding the device in-
a capacitive behavior up to 30 GHz due to the relatively higtluding common elements between its input and output ports.
value of base—emitter capacitan€g (), and the inductive par- This procedure uses a standard SOLT calibration technique to
asitic is responsible for the extra rotation in the raw data as theng the measurement reference planes to the intrinsic device
frequency increases,, also shows a smaller collector capaciterminals, an EM simulation that allows the determination of
tance.S1» is smaller in magnitude angh; has a smaller phasethe S-parameters of the parasitic four-port structure, and a
rotation. The significance of being able to deembed a four-patbsed-form equations to deembed the metalwork between the
network is being able to account for the common terms betweexternal and internal reference planes are used. The excellent
the base and collector interconnects, i.e., the emitter inductanagseement between deembedded-measured and model-fitted
or elements that contribute &, and.S,s. The simulation of a S-parameter up to 30 GHz of a2 25 um emitter GalnP/GaAs

2 x 25 um emitter HBT transistor interconnects higd;| and HBT device proves the validity and accuracy of the proposed
|S43] equal to—26 dB at 30 GHz. technique.

IV. CONCLUSIONS
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