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An Analytic Method to Determine GaAs FET
Parasitic Inductances and Drain Resistance
Under Active Bias Conditions

Charles F. CampbelMember, IEEEand Steven A. BrownMember, IEEE

Abstract—An analytic technique to determine the parasitic extracting parasitic element values froftparameter data
inductances, source resistance, and drain resistance of the FET ynder active bias conditions. A technique for determining
equivalent circuit is presented in this paper. The method exploits the parasitic inductances by comparing the modeled versus
the frequency dependence of the extracted circuit parameters to - .
determine the parasitic inductances and drain resistance from measured’-parameters for the_ device was p_r_esented in [11].
S-parameters measured over frequency for one active bias condi- It has also been shown that either the parasitic gate or source
tion. Given a value for the parasitic gate resistanceR,, all of the resistance can be extracted from fparameter data by satis-
other equivalent-circuit parameters are uniquely extracted. The fying constraints placed on thg-parameters by the topology
method is fast and robust, making it suitable for in-line statistical of the equivalent-circuit model [10], [12].

r rackin well vice modeling. A pr rackin . L .
gxcz):lcnfzfetfg(r: a g’Z?viafeer 1%562-?jesltiece ggﬁwplg ang Io:(I:E?I'SSmto?jCeling For the FET eqUIvaIent-qerUIt model to be COHSIStenF, the
results up to 40 GHz are also presented. model parameters must be independent of frequency. This con-
dition is exploited by some of the combined extraction methods
to determine the parasitic element values. Shirakeia. [9]
demonstrated that a particular value of parasitic gate inductance
results in the extracted,. to be independent of frequency. This

. INTRODUCTION observation was applied to circuit element extraction by opti-

TATISTICAL process monitoring of GaAs FETs underMizing the parasitic elements with an objective of zero variance
Shigh-volume production conditions requires a fast, convith respect to frequency for the extracted equivalent-circuit pa-
sistent, and robust parameter-extraction method that can'BEeters.
performed in-line from a minimum number of measurements. !N this paper, the consistency condition is applied to develop
Many techniques have been proposed for GaAs FET paramétgranalytic extraction method for the parasitic inductances and
extraction and these methods utilize optimization, extragl@in resistance. The method requires FEparameter mea-
tion, or combined techniques. In optimization methods, ttlrements in the active region alone and is very fast, making it
equivalent-circuit parameters are varied by some means Sigtable for in-line process tracking. All equivalent-circuit pa-
minimize an objective function [1], [2]. Optimization methodd@meters are extracted, except _for the parasitic gate resistance
have been shown to work well, but typically require |0nd~2g. The method may be used directly for parameter extraction
computer run times [3]. Extraction methods take advantage'bf%s iS known or may be incorporated into the extraction loop
the fact that, for several variants of the FET equivalent-circf @n optimization method.
model, the intrinsic element values can be uniquely determined
from measured FEB-parameter data if the parasitic element  Il. INTRINSIC ELEMENT AND SOURCERESISTANCE
values are known. The extraction problem is, therefore, re- EXTRACTION

duced to accurately determining the parasitic element valuesrhe assumed form of the FET equivalent-circuit model is
that are typically deduced by measurement. The remainiBgown in Fig. 1, where the intrinsic part of the model is within
equivalent-circuit parameters are then extracted directly froffe gashed lines. Note that the controlling voltage for the current
measureds-parameter data. Cold FET methods are often usggyrce is the total voltage across b6th andR;, as in [13]. The

to determine the parasitic elements, however, this techniqyginsic FET model is deembedded from the parasitic elements
requires FETS-parameter measurements at additional bigg follows:

conditions [3]-[7]. Some methods combine extraction and
optimization by varying_ only the pa_ra_sitic ele_ment vglue_s Yoo = Zit = (Zrpr — Zpara) ™+ (1)
and analytically extracting the remaining equivalent-circuit
parameters [8]-[10]. Some notable work has been done where theZ-parameter matrix for the parasitic elements is

Index Terms—FET equivalent circuit, parameter extraction,
semiconductor device modeling, small-signal model.
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. L, Ry Since the main contributors to the real part of the feedback in a
‘ qm_J\/\/\_o GaAs FET are the parasitic gate and source resistances, (13) has
been used to extract additional information about these elements

|

e R | Cio |

: Vg% # s : from the measured data. Sommer used (13) to extract ratios of
i Am |

the gate-to-source and drain-to-source resistances, reducing the
L N parasitic element optimization space to five parameters [12].
Ooi et al.[10] used (13) to extract the parasitic gate resistance
directly given values for the five other parasitic elements [10].
Results in some recently published literature suggest that it is
very difficult to obtain consistent optimization results for the
= parasitic gate resistance. Kompa and Novotny recommend [14]
that the gate resistance be determined by a cold FET method and
be held constant during the optimization process. Niekerk and
Meyer also studied this problem for a specific optimizer and de-
The Z-parameter matriZrgr is converted from the measureciermined that the gate resistance did not consistently converge
S-parameter data for the transistor deembedded from the g@i€he correct value and better results were obtaingt) ifvas
and drain feed networks. Theé-parameters of the intrinsic FET held fixed [1]. Considering these results, it was anticipated that
equivalent circuit are equal to it would be very difficult to extract the gate resistance consis-
yInt  ynt tently with _(13). Therefore, for this study, (13) is sol_v_ed for the
Yo = |:Y1ﬁ1t Ylfm} source resistance given values for the other parasitic elements.
21 22 Expanding (13) in terms of the source resistance

Fig. 1. FET equivalent-circuit model.

, JwCegs .
Y, C —_— — C n
- JwCga+ 11 jwCp R JwCga Re{Y'lIQt}
N . ~ 1 . ' ~ i
—]U—)ng‘i‘gm Rq +‘7w(ng —+ Cds) —Re _ _ _(Z12t _~Rs) _
i @) (1 —R) (Z38' —R) — (13 — R)) (231 — Ry)
=0 (14)
Thlc\a/i:]ntngsm equivalent-circuit element values are found by, .o intrinsicz-parameter matrix is deembedded with
solving (3) set equal to zero as follows:
I YInt - -
L L 0 @ SR 5
W Int — ZInt ZIm — 4LiInt |R,=0 - ( )
O IIH{Y'QI;t} + IIH{Y'IIQnt} (5) 21 22
ds w Equation (14) may be rearranged and solved with the quadratic
1 equation. One of the roots produces a value for the source resis-
Res = Rel yIntl {YI‘“ (6)  tance too large to be physically meaningful and may be rejected.
?2 The physically meaningful solution for the source resistance is
Gm = gme T = Yo — Y (7) givenin (16)—(20) as follows:
2 2 _B_ B2 _4AC
= \/ (Re{V}) + (m (¥} ~tm{¥vi})” ® g, =8 ; 44C (16)
S <1m{y;£; {;II;?{W ) @  A=RelZi 423 -7 -2y (17)
w 21 A K ~Int ( ~7Ini ~In ~In ~Int\*
B =—Re{A" 4 21y (21 4 28y - 75 - 713"}
p(ln{ylr} + ufvl}) (10) (18)
gs — L
. O =—Re{A"Zl3 (19)
P = Re{Yil } 3 (11) A _ ZIntZInt _ ZIntZInt (20)
[3 (Im{Yf{“} + IIn{Y'lIQnt ) — 411 “~22 12 <21 -
Relylnt 2 Using (16), a value for the source resistance may be extracted at
3 =1 eV} ) 12) each measurement frequency that will satisfy (13).
p=1+ (12)
IIn{YlIf‘t} + IIn{YlIé‘t}

I1l. PARASITIC INDUCTANCE AND DRAIN-RESISTANCE

For the assumed form of the equivalent-circuit model, note EXTRACTION

that
For the equivalent-circuit model shown in Fig. 1 to be consis-

Re{Yfg“‘} =0. (13) tent, the extracted intrinsic element values must be of constant
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value, independent of frequency. However, if the parasitic el€he solution to (25) is the objective of this paper, and this equa-
ment values are not correct, the extracted intrinsic elements witin may be solved with the damped Newton method [15]. The
not be independent of frequency, as demonstrated in [9]. Sharasitic element vector is updated at each iteration with the fol-
rakawaet al.[9] proposed a statistical method where the correkiwing:
parasitic element values result in minimum variance with re-
spect to frequency for the extracted equivalent-circuit elements. Pr = Pn-11+AA, (27)
An extracted circuit element whose value is independent of fre; . . . .
quency will also have zero slope with respect to frequency. \Khere)\ is the damping factor. Theth correction vector is equal
variant on the statistical method described in [9] is to determilll%
a set of parasitic element values that re;ult in zero slppe with re- A, = —J(pu_t) tm(pa_1) (28)
spect to frequency for the extracted equivalent-circuit elements.
The extracted circuit element frequency slope parameters egnereJ is the Jacobian matrix. The damping factor is used to
be easily calculated with linear regression analysis as follow$mprove the convergence of the method for cases were the initial
guess is far from the correct solution. The damping factor may
N N d be set to a constant value or may be actively adjusted if the
NZ Jrie — <Z fk) <Z Lk) correction (28) does not decrease from one iteration to the next.
— k=1 k=1 k=1 (21) To proceed with the proposed iterative process, the Jacobian

T

N N 2 matrix must be populated. A Jacobian matrix elementis equal to
NZ ;- Z Jr the partial derivative of théh equivalent-circuit element slope
k=1 k=1 parameter with respect to thiéh parasitic element. Differenti-

where N is the total number frequency pointg; are the ating (21) with respect to thgth parasitic element

measurement frequencies, aidis the ith equivalent-circuit N i, N N i,
element value extracted #t. Using (21) ands-parameter data NZ f’“f — <Z fk> < a—)
generated from the equivalent-circuit model, the sensitivity of ; ~_ am; _ k=l P k=1 k=1 i

the equivalent-circuit element slope parameters with respect "~ 9p; N N 2

to the parasitic elements were calculated as a functions of fre- NZ 2 - <Z fk>

quency. It was found that the parasitic element sensitivities of k=1 k=1

Rys, Cys, Cga, andg,, had the strongest frequency dependence. (29)

The equivalent-circuit element®;, v, and Cys had parasitic ) o ] ) o
element sensitivities that were more independent of frequenB§rtial derivatives of theth equivalent-circuit elements are

Changes in the parasitic elements will cause the extracfoynd by differentiating (4), (6), (8), and (10) with respect to
values for these parameters to shift by an approximatdirasitic elements

constant amount for all of the measurement frequencies. /-B%d gy In

expected, none of the equivalent-circuit element sensitivities,— :—RﬁSRe{ 822» } (30)
with respect tok, showed significant frequency dependence. P P

Based on these observations, slope parameter&for Cy,,  9Cy <2;/3> <Im {aylriat} I {aylr;t })
Cgq, andg,, will be used to extract the parasitic inductancesgy ; w Ip; Ip;
and drain resistance.

/ Int
Assume that, for some initial guess for the parasitic elements, + 2Vp -1 Re { oY, } (31)
the application of (21) on the extracted element values produces w Ip;
nonzero slope parameters. This is expressed mathematicallyg@g(l 1 . Ay 32
=——1m
Ip; w dp;
m(p) ?é 0 (22) Int Int Int Int
Ogm _ Re{Y }Re {aYQ;ﬂ }+ Im{Y57*} — Im{ Y3}
wherem(p) is a vector of slope parameters and is a function ofJp; Im op; Im
the parasitic element vectepras follows: Int Int
Yo Y. 3
~<Im{a 21 }—Im{ai}>. (33)
23 r opi
m =|m amysamy(amm - . - H H
(p) [ Ras) TG Caar T } ( Partial derivatives for the intrinsi¥ -parameters are found by
p=[L,, L., L4, R a7 (24) substituting (2) into (1) and differentiating with respect to the
parasitic elements. Results of this calculation are as follows:
Now assume that some correctidrcan be added tp such that ylntyIne  yInty ot
all of the slope parameters are equal to zero as follows: Wt = jw l 1o 11712 (34)
aLg Y'leltY'QT{lt YiTertY'QT{lt
m(p+A)=0 25 a a
(p ) T (25) oY " VIS —1/A YE*S +1/A (35)
A= |:AL97 Ast ALd,? AR(1:| . (26) 0L, YVQIfltE + 1/A YVQIQME — 1/A
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Start with wideband [S] 0.015 «— Ld 8.0
and R, data T -
7 = 00124 - = - 64 E
Initialize parasitic 2 L %
elements Ly,L,Ly,Ry ‘§ 0.009 48 g
v 2 0.006- - I 32 5
Compute intrinsic [Z] with | & IS ::
R:=0, Ea. (15) £ 0.003 116 E
) g A
Extract and frequenc
average R;, qu. (16)y 0.000 — T T T T 0.0
T 0 1 2 3 4 5 6 7 8 9 10
Compute intrinsic [Z], Newton Iteration
Eq.+(1) Fig. 3. Convergence of the parasitic elements.
Extract equivalent circuit linear model database exists. Rather than applying the cold FET
parameters, Egs. (4)-(11) method to this specific device, a value fiiy was obtained by
v averaging the normalized gate resistances in the existing linear
Update parasitic model database. The normalized average value for the gate re-
elements p,, sistance scaled to the device size under consideration 2.0.5
Egs. (21)-(39) The extracted values for the parasitic inductances and drain re-
sistance as the iterations proceed are shown in Fig. 3. All four
No elements have converged after ten iterations and are within 10%
of their final values after three iterations.
The extracted equivalent-circuit element values are plotted in
Yes Fig. 4 as functions of frequency. As can be seen from Fig. 4,
Frequency average with the exception of measurement-induced ripple, elements
9m>T.Ras R, Cys,Cus,Coa Rys, Cgs, Caa, andg,, are approximately independent of fre-
guency. The remaining circuit elemets, v, R, andCys typ-
Fig. 2. Extraction algorithm. ically vary less than 10% from 10 to 40 GHz. To reduce the
extraction data to a single value for each equivalent-circuit el-
5Y ylntyInt  yInty Int ement, the data plotted in Fig. 4 was averaged over frequency
lInt _ |12 22 212 (36) from 51040 GHz forRys, Cys, Cya, @andg,,, and from 10 to 40
AL Yo Yo Yty GHz forR;, 7, R,, andCy,. The averaged element values listed
oy yinty It yInty ot in Table | were substituted into the equivalent circuit, and the
fot | 712 721 22 “12 (37) ModeledS-parameter data is compared to the measured results
IRy yjpymt  ylntyInt in Fig. 5. Over a frequency range of 2-40 GHz, the maximum
I 0, —
A =z gl Zla (38) Z:)rz?r\)/vzi inze?g)r.utude error was at 2.1% and the worst-case phase
Y=Yyt 4oyt oylee oy ne (39) At low frequencies, measurement errors due to dynamic

range limitations of the measurement system produce inac-

A flowchart for the extraction algorithm is shown in Fig. 2.  curate results for some of the equivalent-circuit parameters.
Similar difficulties were observed and noted in [12]. Using the
values in Table | for the equivalent circuit, simulated intrinsic
y-parameter data was generated for comparison to the mea-

The extraction method described above was implemented amuled results. Deviation between the measured and modeled
tested on data for several devices. For the first example, &ata was observed at low frequencies for intrinRie{:1 },
tractions were performed on measurggharameter data for a Re{y12}, Im{y21}, and Iin{y22}. Error in these parameters
300m gatewidth 0.25:m gatelength millimeter-wave pseu-produce the inaccurate low-frequency extractions fgr 7,
domorphic high electron-mobility transistor (MMW pHEMT) R, andCy., shown in Fig. 4. The noted measurement errors
device at a bias condition dfds = 5.0 V andIds = 30 mA. do not significantly impact the extraction 6%, becauses was
S-parameters were measured with a thru-reflect line (TRL) cdbund to be approximately equal to unity at low frequencies.
ibrated HP8510C using 2.4-mm ground—signal—-ground (GSGimilarly, sinceRe{y21} is two orders of magnitude greater
wafer probes. A damping factor of one and ten Newton iterthan Iin{y-; }, the measurement errors observedhimn{y»; }
tions were used for the extraction. The method requires a vahad little impact on the extraction gf,. As illustrated in Fig. 5,
for the parasitic gate resistanég, as an input. This value canusing the extracted values &, 7, R,, andCy, above 10 GHz
be obtained by applying the cold FET technique. In our caggoduces good results over the entire measured frequency
0.25¢:m MMW pHEMT is a production process and a largeange.

IV. RESULTS
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TABLE |
0.14 4 - : e o EQUIVALENT-CIRCUIT PARAMETERS, 300:m pHEMTAT Vds = 5 V AND
Fo1zd— Ids = 30 mA
% 0.10 Parameter Value
0.08 Zn 0.1113 S
- ' ; * ' Ras 267.8Q
~ 350 +— - Ces 0.5041 pF
£ 3004 e [ 0.0244 pF
& R: 2.828 Q
200 Tau 3.385 ps
. . : : : L, 0.0114nH
_0.65 Ly 0.0133 nH
S 0554 - L 0.0048 nH
En 0.45 4+ R, 05Q
o R
0.35 d 1.915Q
' e R, 0.760 O
0.04 A
o 12.0 0.10
2 0.03
120° o
80 0.02 - 9.6{0.08 &
0.01 1 - — ~
. . . . : 7.2|0.06
150° /
o 0.08 e e e s21 4.8/0.04
2007 e I
2 0.06 - 2.4
~ 0.05 / VAN \ s12\‘
1 1 2 L 1 o I (’ { 1\ 1 |
18 Ioog oz [0 /\1.0 20~ @5.0
5.00 +-\— \ —
g 4.00 4 . _\{ == Measured
g 3007 e .02 X Modeled
e ST, sz |
\ — \
~— - i
£ -0.5 -2.0
e
Z T ] -1.0
L L L L L L ) Fig. 5. Modeled versus measurgeparameters (0.5-40 GHz).
1.60 - -
E 120 are qualified by comparing the extracted equivalent-circuit
e 0804 — parameters to pass/fail limits for the process. The wafer data
& 0'40 SN ; may also be compared to the long-term database to determine
) h/ . . . . . . device performance relative to the process mean, and to help

explain deviation from expected performance for the circuits
processed on that wafer.

To demonstrate the application of this extraction technique
to process tracking, SFG-parameter data was analyzed from
12-MMW-pHEMT wafers (five lots).S-parameter data was
taken for three bias conditions at 14 frequency points: 0.5 and

The application for which this method was developed B GHz to 26 GHz in 2-GHz steps. A gate resistance of®.5
in-line process tracking and wafer qualificatiot-parameter was used for all of the extractions. Any process variation for
data is taken with the automated on-wafer production RF-prolsg will, therefore, manifest itself as an additional variation in
system for a standard FET coupon (SFC) at three standard hfeesother equivalent-circuit parameters. The execution time for
conditions. The SFC is a GSG probable four-finger 3®0- ten Newton iterations with unity damping factor was 6 min
gatewidth device grounded with two vias in the commoand 28 s for 5592 model extractions (1864 devices at three
source configuration. There are at minimum 15 SFCs pbias conditions) on a SPARC 20 computer. Extraction results
wafer, however, the number of SFCs varies from 15 to ov@r g,,, Cys, Cea, and Ry, are shown in Figs. 6 and 7 for a
100 devices per wafer depending on the reticle layout. Waféas condition of’ds = 3.0 V and Ids = 15 mA. Note that

0 5 10 15 20 25 30 35 40
Frequency (GHz)

Fig. 4. Extracted equivalent-circuit elements.
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8. Extracted gate and drain inductance for the SFC sample.
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Fig. 9. Extracted source and drain resistance for the SFC sample.
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Fig. 10. Worst-case magnitude and phase modeling error for the SFC sample

suggests that the probes may have been shifted slightly toward
the drain when the test was initially set up. Similarly, there is a
increase in drain inductance with no corresponding decrease in
gate inductance for the tenth wafer plotted in Fig. 8. A possible
explanation would be an error in probe separation, where the
probe on the gate side is nominally placed, but the drain side
probe is shifted slightly away from the drain. The worse case
observeds-parameter modeling errors for the SFC sample over
the 0.5-26-GHz frequency range are plotted in Fig. 10. The
maximum percentage magnitude error varied between 1%—4%
with a mean of 2%. The maximum observed phase modeling
error was typically 2

V. CONCLUSION
An analytic extraction method for the parasitic inductances,

consistent results are typically observed over a wafer, howevasurce resistance, and drain resistance has been described. The
some wafer-to-wafer variation is evident. The results shown @gorithm is fast and robust, making it suitable for in-line statis-
Figs. 6 and 7 have not been screened to any pass/fail limiisal process tracking, as well as device modeling. The method
and nonoperational devices show up as spikes in the data. Was applied to model a 306m pHEMT from 2 to 40 GHz,
extraction results foL.g, Ld, Rs, andRd are shown in Figs. 8 and worst-caseS-parameter modeling errors of 2.1% and
and 9. Note the periodicity in the extracted parasitic element®.5” were observed for magnitude and phase, respectively. A
for some of the wafers. The period corresponds to the rasterrgcess-tracking example for an 1864 FET sample was also
of the RF-probe chuck across the wafer. This suggests tipaésented. The run time was approximately 0.07 s/extraction
there may be some stepping error from site to site. Also nata a Sparc 20 computer, and the results demonstrate consistent
the decrease in drain inductance and corresponding increagaivalent-circuit element determination for a large sample of
in gate inductance for the second wafer plotted in Fig. 8. Thikevices.
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