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Millimeter-Wave FET Modeling Using On-Wafer
Measurements and EM Simulation

Alessandro CidronaliMember, IEEE Giovanni Collodj Member, IEEE Alberto SantarelliMember, IEEE
Giorgio Vanninj Member, IEEEand Gianfranco Mane#/ember, IEEE

Abstract—Electron device modeling is a challenging task at mil- a preliminary phase and their application to practical problems
limeter-wave frequencies. In particular, conventional approaches such as circuit analysis, design, and optimization may be diffi-
based on lumped equivalent circuits become inappropriate 10 ¢t a|s taking into account their computational cost [7]-[12].
describe complex distributed and coupling effects, which may . . .
strongly affect the transistor performance. In this paper, an Qnthe other hqnd,there ISanincreasing demand forgompr_ehen-
empirical distributed FET model is adopted that can be identified ~ Sive and effective analysis/design tools able to consider simul-
on the basis of conventionalS-parameter measurements and elec- taneously (i.e., §lobal modeling [13]-[20]) all the interacting

tromagnetic simulations of the device layout. The consistency of circuit elements, active and passive devices, radiation elements,
the proposed approach is confirmed by robust scaling properties, and packaging influence.

which enable millimeter-wave small-signal S-parameters to be . . . . L.
predicted as a function of the device periphery and number of A circuit-design-oriented family of distributed models for

gate fingers. Moreover, it is shown how the model identified on electron devices has recently appeared in the literature. They
the basis of standard.S-parameter measurements up to 50 GHz are based on the common idea of an extrinsic passive network
can be efficiently exploited in order to obtain reasonably accurate feeding a cascade of elementary active devices [20]-[28]. In
small-signal prediction up to 110 GHz. Extensive experimental . . . :
comparison with other approaches, the empirical model pre-

validation is presented for 0.2um pseudomorphic high elec- . L oo .
tron-mobility transistors devices. sented in [20] adopts a distributed description both for the active

Index Terms—Computer-aided engineering, electromagnetic device area and extrinsic structure. In particular, according

simulation, global modeling, millimeter-wave FETs, MODFET, to this FET modeling approach, the active area is partitioned
semiconductor device modeling. into a convenient number ofriternal elementary devicégor

“active sliced) fed by a “passive distributed structureThis
one is characterized in terms of scattering parameters by means
of an accurate electromagnetic simulation of the device layout.
NCREASING operating frequencies in many applicatiorshis kind of analysis enables the actual device geometry and
of the communication area require accurate computer-aid@@terial stratification, as well as losses in the dielectrics and
design (CAD) tools for monolithic-microwave integrated-cirmetallizations, to be taken into account for any given device
cuit (MMIC) design in order to face off demanding low-cosktructure and size by means of a multipSttatrix distributed
constraints [1]. In this context, accurate electron device modelsscription. Therefore, on the basis$farameters measured
up to millimeter-wave frequencies play a key role; in spitgor a limited number of different devices, a characterization of
of this, conventional modeling approaches, based on lumpg@e intrinsic slices associated with the active phenomena can
equivalent circuits, become inappropriate at very high frequeipe easily obtained.
cies where complex distributed and coupling effects strongly | [20], the empirical distributed model was adopted in order
affect the transistor performance [2], [3]. to predict, as a function of the device periphery and number
Over the last years, a progress in numerical device simulatign gate fingers, small-signaf-parameters (up to 50 GHz)
and the development of electromagnetic analysis tools [4]-[@}; GaAs MESFETs. In particular, preliminary experimental
together with the availability of powerful workstations, have legagits have confirmed the consistency of the model pointing
to modeling approaches aiming to a consistent numerical sofy yseful robust scaling properties, which enable transistor
tion of the electromagnetic and electron transport problems. 'ﬂeometric parameters to be considered as circuit design
though these models are potentially accurate, they are stilljgriaples. In this paper, an extensive and more significative
validation of the model up to very high frequencies (110 GHz)
Manuscript received April 16, 2000. This work was supported in part by tHe presented for 0.2:+m pseudomorphic high electron-mobility

Italian National Research Council and by the Ministry of the University anggnsistor (pHEMT) devices. Besides scaling results. a new
Scientific and Technological Research. '
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be shown that the following homogeneous system of equations
can be written:

ny,, 1ny2 NN
Ny, Ny N> N
_l_Source
LLAN,1 1N 2 nN N
Fig. 1. Structure of the distributed model. M pl T
EAS 0O .- 0 12
characterization to be performed on the basis of “relatively 0 EAS 0

standard” (50 GHz) network analyzers. - : . i . ’ : =0 (2
The paper is organized as follows. In Section II, the empirical : : R pN-1

distributed model and its identification procedure are shortly re- 0 - B,g BN

called. In Section lll, considerations on the number of active - -

slices required in the distributed model for millimeter-wave aRyhere & is the number of active slices included within each
plications are provided. Finally, Section IV describes the frep 51t device.”

quency extrapolation approach proposed. Experimental resultg, (2) the generic element having positipng within the
for several Philips 0.2¢em pHEMT structures, differing in terms matricesn,, , is defined as

of gatewidth and number of gate fingers, are provided both for o

scaling properties and frequency extrapolation in Sections Il

—1 -1
and 1V, respectively. - =0 "y
(Qh,k)nq— <[Q [ I )
3h—3+p, 3k—3+q

[[e=)

II. EMPIRICAL DISTRIBUTED MODEL h,k=1,....,N; pqg=123 3)

The schematic structure of the model is shown in Fig. 1,
where, for simplicity and without loss of generality, atwo-fingeW'th
device has been considered. In particular, the model consists of

a “passive distributed network” to whichV “active slices” are O Nt oian :Si:& o eeNuet.. sian
interconnected [20]. The passive structure is characterized by N

means of its scattering matr&, which is computed by using NS

electromagnetic simulation on the basis of layout geometry and . —§ 4)
material parameters. The mat%x according to Fig. 1, relates Si=1,2=1, 8N T i=LZG=E 0 248N

the reflected waves to the incident ones as . . .
a being the measured R 2 scattering matrix of the electron

(b€ B0 bl ... bi p2N |7 device and being a3V x 3N identity matrix.
The unknown quantities in (2) are represented by the active
=S-[a® P a' ... a ... a®™N]" (1) slice matrixg, o and the vectord!. Since we are concerned

' ' with the computation q@AS, the waved' can be eliminated by
wherea' andb' are three-dimensional vectors of the inciderproper algebraic manipulations. In the general case, this results
and reflected waves at the interconnection with dtieactive in a nonlinear system of equations whose complexity depends
slice. on the numberV of active slices. In the most simple case of

Basically, model identification may be seen as a deembedding = 1, performing matrix arrangements, the solution of (2)
procedure leading to the evaluation of the scattering matrideads to
associated with the active slices starting from the knowledge of

measureds-parameters of the electron device; in particular, the [a—8" 5 -

important assumptiédris made that all the active slices are char- EAS I A I B ) ®)
acterized by the same three-port scattering mzﬁ@g, being -

a' = B , o - b' according to Fig. 1. The formulation of the problems for the ca¥e= 2, 3, and4 is

By denoting withS the scattering matrix obtained fro8y more cumbersome and is given in the Appendix.
once the rows and columns that are linearly dependent due to thig must be pointed out that, in any case, model identification
symmetry of the device structiérdave been eliminated, it can(i.e., the computation qt_BAS) does not require either optimiza-
IThis assumption is quite reasonable since all the electromagnetic e1°fectst<|aon or par_a_meter fitting. ; ; ;
sociated with signal propagation and distribution are accounted for by the pasS:The Va“d_lty of the appr(_)ac_h above descn_bed I§ confl_rmed
sive structure. by the consistency of the distributed model with a simple linear

2A symmetric structure is very common in all high-frequency devices. ~ scaling rule. In particular, as experimentally verified in [20], the
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TABLE |
MAGNITUDE OF THE SCALING FUNCTIONS Y3, AND C'3; - ' VERSUSFREQUENCY AND ACTIVE SLICE NUMBER PERFINGER FORTWO-FINGER PML pHEMTS
BIASED AT Vbs = 3V AND Ip = Ipss

K=1 K=2 K=4
Freq[GHz] | ¥, [mS/m] | C,-NImSI| ¥, [mS/um] | C,-NImS]| ¥, [S/um] | G,y - N [mS]
P 0439 0.390 0.438 0.401 0.438 0.406
10 0346 2610 0348 2.594 0.348 2.602
30 0.113 6.194 0.125 6.060 0.127 6.057
50 0.032 6.679 0.043 6.558 0.046 6.545
70 0.008 5654 0.011 5628 0.012 5637
50 0.002 4527 0,001 2.665 20.001 4,739
110 0.013 1.991 0.098 2.528 0.004 2.697

admittance matrix of the elementary device can be properlfrom those considered in [9] and similar numerical analyses

scaled according to the following rule: of the signal propagation properties are not available in the
R literature. Consequently, in the perspective of millimeter-wave
Y as(w, Was) =Y (w) - Was + C(w) (6) device modeling up to frequencies on the order of 100 GHz

and more, it is worth wondering whether a single active slice
per finger still allows for accurate performance prediction. To
this aim, the model identification process described above has

een repeated varying the number of active slices per finger
d comparing the corresponding scaling functions.

where W, 5 is the active slice width an&, C are suitable
width-independent “scaling functions.” More precise¥j(w)
is an admittance matrix per unit of gatewidth, whilgw) rep-
resents a fraction of the active slice admittance matrix, whi
accounts for nonideal border-like effects due to the actualdewcqn particular, different structures of Philips .2 GaAs

geometry [20]. Once the function(w) andC(w) have been e w17 devices were considered to validate the modeling ap-

evaluated, on the basis of the admittance maifiys identified Eroach. More precisely, the scattering matrices of the extrinsic

for at least two devices hav_lng d|ffere_nt gateW|dths, the line Bssive structures were computed using the planar three-dimen-
rule (6.) can b_e used to_obta|_n the equwale_nt adrr_uttanpe matt¥nal (3-D) ‘ent Sonnet electromagnetic simulatoand the
associated with an active slice as a function of its width. Tl%%attering parameters of the electron devices were measured

characterization obtained in this way for the active slice in COirectly on-wafer up to a frequency of 110 GHz. The matrices
junction with electromagnetic simulation of the device layo K( ) and CX () in (6) were evaluated for a r.1umb6f of
w CH(w

was successfully used in [20] to predict small-signal scattering . . / . .
y [20] to p ¢ tive slices per finger ranging from 1 to 4, on the basis of a

parameters up to 50 GHz for MESFET devices having differeﬁ : . ) .
geometries. inear regression applied to a set of device structures covering

a wide range of gatewidths instead of using the minimum set
of two different devices. In particular, model identification was
carried out using four different pHEMT structures, namely,
Numerical analysis of the signal propagation along the - x 15 ym, 2 x 30 ym, 2 x 60 pm, and 2x 120 pm. If
crowave FET electrodes (see, for example, [9]), shows that thege insufficient number of active slices per gate finger were
fundamental propagation modes are supported. They are gewnsidered in this phase, part of the parasitic effects, taken
erned both by the dielectric/metallization characteristics and Iito account by the electromagnetic simulation of the device
the “active” behavior of the semiconductor beneath the gaidgetallizations, could affect the extracted active slice models
in particular, conditions of slow-wave-like properties [9] ca@AS (or, similarly,Y 4 g). In such conditions, the linear scaling
be found. Cases of study demonstrate possible values of thke (6), which is physically consistent only with the active area
phase constant around®®~* and attenuation constant arouncf the device, should have a very limited accuracy.
50 dB/mm at 100 GHz, fogm = 100 mS/mm. For those In Table I, the magnitude of the per-unit-gatewidﬁl and
values, the gatewidth of practical FET structures can be cafl;; - K parametersare reported for some frequency values up
sidered short with respect to the wavelength (ke\/10) sug- to 110 GHz and for different values & . As can be seen, the
gesting that a model structure based on just one active slice pediling elements do not seem to exhibit significant variations
device finger should be reasonable for performance predictisgrsus thei values, apart from small deviations at the highest
up to relatively high frequencies. measurement frequency, probably due to more relevant network
The above considerations are coherent with the experimerdahlyzer calibration errors. Similar results have been obtained
results presented in [20], where a distributed model based fon the other matrix coefficients, for a number of different de-
a single active slice per finger has been successfully adoptgces, and for different bias conditions.
for the prediction of small-signab-parameters of different |t can be concluded that the scaling rules evaluated for
MESFET structures in the microwave frequency range up tifferent K are substantially equivalent; therefore, the choice
50 GHz. However, in state-of-the-art pHEMTs, geometriesf a single active slice per gate finger still represents a rea-

materials, and electric characteristics are strongly different ,
4em Sonnet Software Inc., Liverpool, NY.

3The admittance formulation can easily be obtained by applying well-known 5The parametef’,, has been multiplied by the corresponding number of cells
transformation formulas to the scattering maﬁiz&s. to allow a direct comparison.

I1l. MILLIMETER-WAVE FET MODELING
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Fig. 2. Measured (symbols) and predicted through scaling (lineglg. 4. Measured (symbols) and predicted through scaling (lines)

Y-parameters for a PML 6< 30 um GaAs pHEMT biased afd = Y -parameters for a PML % 30 zm GaAs pHEMT biased dt'gs = —1V,
Idss, Vds = 3 V. () Y'11. (b) Y12. (c) Y'21. (d) Y22. Vds = 3V.(a)Y11. (b) Y12. (c) Y 21. (d) Y22.
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Fig. 5. Measured admittandé21 per unit of gatewidth (symbols) for a PML
T —t R — 2 x 30 pum GaAs pHEMT biased afd = Idss, V'ds = 3 V. Continuous
0 freq [GHz) 110 0 freq [GHz) 110 - . .
© « !|nes represent the corre_spondmg extracted admittance parargten of the
internal elementary devices.

o
w
o

Fig. 3. Measured (symbols) and predicted through scaling (lines)

Y -parameters for a PML 4x 75 pm GaAs pHEMT biased afd = .

Idss, Vds = 3 V. (a) V'11. (b) Y12, (¢) V'21. (d) V22. the robustness and consistency of the proposed approach up
to millimeter-wave frequencies even when a simple linear

. - regression is adopted for model scaling.
sonable choice (giving also a good tradeoff between accuracg P 9

and complexity) for the modeling of FET devices also at
millimeter-wave frequencies. For this reason, the experimental
results in the following are provided for the cake= 1.

In order to test the actual predictive capabilities and physicalln Fig. 5, the measured admittance paramétegr(per unit
consistency of the proposed scaling approach up to milf gatewidth) is shown versus frequency up to 110 GHz for a
limeter-wave frequencies, the distributed model was adoptBML 2 x 30 xm pHEMT biased af, = Ipss, Vds = 3 V.
to predict the small-signal performance of several @2- In this figure, the corresponding extracted admittance param-
Philips Microwave Limeil (PML) GaAs pHEMTs [29], having eterY.ss 2, of the internal elementary devices, obtained consid-
a different number of gate fingers and gatewidths. In particularing a single active slice per finger, is also drawn. It is possible
the scaling functions in (6) were identified starting from thé& observe the resonant-like behavior of the measured admit-
2 x 15pm, 2 x 60 um, 2 x 120 um, and 4x 30 um devices tance parameter in comparison with the quite regular, smooth,
and then used to predict the performance of devices haviagd almost linear shape of the internal elementary device ad-
different geometries. For instance, Figs. 2 and 3 show tha@ttance. Very similar results are also obtained for the other ad-
comparison between the measured admittance parameteittance matrix elements and for a great variety of bias con-
and the corresponding predicted values for & 80 um and ditions. This is not surprising since extrinsic parasitic effects
4 x 75 pm device in the bias poirltds = 3V andVgs =0V, cause very often such a kind of resonance in most devices ob-
while in Fig. 4, the same comparison for ax230 ;m device served in they’-domain, while the regular frequency behavior
is reported for the almost pinched-off conditidéfils = 3 V  ofthe internal active slice admittance is consistent with physical
andVgs = —1 V. The reasonably good agreement confirmBypothesis of short memory conditions, which usually hold for

IV. FREQUENCY EXTRAPOLATION OF THE
MODELING APPROACH
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Fig. 6. Measured (symbols) and predicted through frequency extrapolatighove 50-GHz (lines) admittance parameters for a PMLx430 pm
above 50-GHz (lines) admittance parameters for a PMk 80 um GaAs  Gaas-pHEMT atlgs = —1V, Vids = 3 V. (@) Y'11. (b) Y'12. (c) V'21.
pHEMT atld = Idss, Vids =3 V. () Y'11. (b) Y'12. (c) Y'21. (d) Y'22. (d) Y22. '

The proposed frequency extrapolation procedure has been
experimentally verified using Philips pHEMT devices. In
particular, theY -parameters of devices having different ge-

0.004

P

§ ;,VJ\f ometry, directly measured on wafer up to 110 GHz by using
an HP8510XF network analyzer, were compared with the
ool L L corresponding predictions obtained by means of the procedure
0 freq [GHZ] "o above outlined. In order to achieve these results, the scattering
© matrix of the extrinsic device passive structure was “initially”

computed on a suitable grid of frequencies up to 50 GHz. To

this aim, an electromagnetic simulation was performed on the

basis of foundry-provided parameters and device GDSII files

[29], using the planar 3-BmSonnet electromagnetic simulator

(submicrometer grid and quadruple precision were adopted for

better accuracy). The active slice matiik , 5(w) extracted

O Theohg 10 0 weqrenz 10 on the basis of 50-GH%-parameter measurements was then

© @ extrapolated up to 110 GHz through a simple linear regression.
Finally, the obtained active slice models were connected with

Fig. 7. Measured (symbols) and predicted through frequency extrapolatila extrinsic passive device structure characterized by means

above 50-GHz (lines) admittance parameters for a PMk 220 ym GaAs « " . . .

PHEMT atZd = Idss, Vds = 3 V. (2) Y'11. (b) Y'12. (¢) Y21. (d) Y'22. of an “extended” electromagnetic simulation up to 110 GHz.
The small-signal predictions presented in this paper were
obtained with the proposed model after implementation within

the “intrinsic part” of microwave and millimeter-wave devicegng Agilent ADS CAD todt for microwave circuit design.

[30]-[34]. Thus, direct frequency extrapolation of measured de-gxtensive experimental validation was performed. In the

vice scattering or admittance parameters would lead to very i‘BTIowing, only the results for three pHEMT geometries (i.e.,

accurate prediction results. On the contrary, the almostlinear lges, 3¢ pm, 2 x 120 pm, and 4x 30 zm) will be shown in

havior of the internal elementary device admittance suggests@fer to confirm the validity of the proposed approach. Figs. 6

alternative way in performing reliable frequency extrapolatioR,q 7 show the comparison between measured and simulated

In fact, these internal admittance coefficients can be suitably ggsits with frequency extrapolation for two of the devices

proximated and extrapolated by means of low-order polynomighder test biased afhs = 3V andIp = Ipss. As can be

expressions, easily identifiable on the basis of least-square ”Eﬂfarly seen, the model allows for reasonably accurate predic-
imization algorithms in the frequency range used in device chggsn of the dynamic linear device behavior at millimeter-wave
acterization [35]. Moreover, the frequency-extrapolated polyngaquencies. It is important to observe that the model is capable
mial expression of the internal elementary devices can be U?ﬁdpredicting resonant-like effects totally occurring in the
in conjunction with the distributed description of the eXtrinSi%xtrapolated frequency range, as happens in the situation of
passive structure in order to predict the small-signal device t;e,g_ 8, where theY-parameters are reported for the PML
havior at frequencies higher than those used in the identification

measurements. To this aim, electromagnetic simulations must

be obviously performed up to the highest frequency of interestsADS, Agilent EEsof EDA release 1.3, Palo Alto, CA 2000.
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of very high-frequency devices by means of relatively low-cost
measurement test sets.

The proposed modeling approach may represent the starting
point for the identification of a nonlinear FET model and for
the extension of the proposed approach to nonlinear MMIC
e T 11 analysis based on electromagnetic simulation [20]. To this end,

(b) mathematical black-box approaches such as those proposed in
[30]—-[34] can be adopted quite easily. Otherwise, itis obviously
possible to use a suitable nonlinear equivalent-circuit structure
to model the active slices [36]. Future work will be devoted to
this subject.

T Y R WM SRR R -0.04 APPEND'X
0 freq [GHz] 110 0 freq [GHz] 110
() (b)

Here, the formulation of the system of equations to be solved
Fig. 9. Measured (symbols) and predicted through scaling and frequeggyr model identification as a function of th_e intrinsic scattering
extrapolation above 50-GHz (lines) admittance parameters for a P13~ Matrix g , . for values ofK' = 2, 3, 4 are given.

pm GaAs-pHEMT atfd = Idss, Vids = 3 V. Inthe casé( = 2, the problem to be solved assumes the form
of a nonlinear system of equation in terms@is as follows:

4 x 30 um device biased in an almost pinched-off operating
condition /ps = 3 VandVgs = —1 V). -

The presented experimental results clearly exhibit the robust- (EAS g, 1) N21 (EAS — 1o, 2) =1j,2 (A1)
ness of the proposed distributed modeling approach and confirm
the validity of its physical assumptions. The prediction of the £q;the casd = 3, the problem assumes the following form:
sharp resonant-like device behavior in fiedomain is, in fact,
a difficult task even when occurring in the characterization fre-
quency range, due to the high sensitivity to model errors. Thus, (3172 - [gl 11— gASj| g;fl [yz 2— éAsD
the ability to reproduce the resonance also in the extrapolation
frequency region can only relay on the “physical” correctness in
combining the accurate electromagnetic simulation results with
the almost physically consistent linear approximation/extrapo- _ (n _ [n .y } n=t )
lation of the internal elementary device models. —L3 [Fhl Zas|®

Finally, both the model features above discussed, i.e., the 1
ability to be correctlyscaled and frequency-extrapolatedere : ([2373 - éASj| EREREL ,12273) =0 (A2
combined in a final validation test: tisealedactive slice model
of the PML 2x 30.:m pHEMT in the 50-GHz frequency range, Finally, in the case of = 4, we have
obtained following the procedure discussed in Section Ill, was
extrapolatedup to 110 GHz. Fig. 9 shows the corresponding
comparison with experimental data confirming that reasonable HI6 + EASI7:| Tie [IS + IggAS”
accuracy is still achievable.

: [112 +T138 0g — [115 - EAS}
V. CONCLUSION

—1
An empirical scalable distributed approach to the modeling " Tye [Is +19EASH
of FETs has been tested up to millimeter waves for devices
having a different number of fingers and gatewidths. The model ~ + [Il +T2B g tB,sTs— ﬁASImﬁAS”
has also been used to accurately predict small-signal device

performance up to 110 GHz for Philips O.2a pHEMT de- : [112 +L3B g — [115 - éASj|
vices on the basis of scattering parameters measured up to only .
50 GHz. The proposed frequency extrapolation method takes Ty [Is +I9ﬂAsH

advantage from the physically expected fairly smooth behavior

of the admittance parameters of a suitably defined internal ele- HIE; +8 17} Tye [111 y }
mentary device, which can be easily extrapolated by means of —AS —AS
low-order polynomials. The model features provide very useful _ [T +8 . T ”

information for circuit designers and for electron device engi- =4 7 Eas=s

neers, as they can foresee circuit/device performance with ar- -1
bitrary electrode metallization of the devices. Moreover, the in- ) [I 14— [I 15— £A5:| Tie [Ill - éAs” =0
troduced methodology allows for an accurate characterization (A3)
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where [8]
-1
T,=n,,—1n,n;30,, [9]
-1
T, =1y Ny
13 227}12272 [10]
—1
T, =N, 3130543153
L [11]
T, =N, Ny 3
-1
Tg=n,,4—ny 03Ny 4 [12]
-1
17222,122,4 (13
_ -1
Tg=nsz,
-1
T, =03 o— Nz NoHqNy 2
_ -1 [14]
Tipo=n3n5;
T 223,3—23,125,122,3 [15]
Ti=n4,—nD4q 0503,
—1
Ti3=n4n5, [16]
Tiy=ny3—n,uq n, ny3
L [17]
Ty5 =Dy 41y 0oqNo 4
_ —1
T = [n3 4 23,122,122,4] (A4) [18]
In conclusion, model identification, fdK > 1 consists of the
solution of (A1)-(A3), respectively, for the casi&s= 2, 3, 4. [19]
This task can be accomplished by using one of the widely avail-
able routines for the solution of nonlinear systems [37]. [20]
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