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Abstract—In this paper we discuss the small-signal modeling
of HFET’s at millimeter-wave frequencies. A new and iterative
method is used to extract the parasitic components. This method
allows calculation of a w-petwork to model the heterojunction
field-effect transitor (HFET) pads, thus extending the validity of
the model to higher frequencies. Formulas are derived to translate
this m-network into a transmission line. A new and general cold
field-effect transitor (FET) equivalent circuit, including a Schot-
tky series resistance, is used to extract the parasitic resistances
and inductances. Finally, a new and compact set of analytical
equations for calculation of the intrinsic parameters is presented.
The real part of 17 is accounted for in these equations and its
modeling is discussed. The accounting of Rc¢(}7:) improves the
S-parameter modeling. Model parameters are extracted for an
InAlAs/InGaAs/InP HFET from measured S-parameters up to
50 GHz, and the validity of the model is evaluated by comparison
with measured data at 75-110 GHz.

1. INTRODUCTION

HE small-signal equivalent circuit of an heterojunction
field-effect transitor (HFET) is used in the design of high-
speed circuits and characterization of fabrication processes.
The small-signal circuit also helps in understanding device
physics. Fast and accurate parameter extraction for HFET
modeling is hence needed to design, develop. and produce
high-yield, low-cost, high-performance monolithic circuits.
The small-signal circuit parameters are extracted either by
optimizing the component values to closely fit the measured
S-parameters, by using analytical expressions [1]-[3], or by
using the frequency independence of the intrinsic components
(calculated from analytical expressions) and, through iteration,
determining the parasitics [4], [5]. The optimizing method
results in a set of component values that depend on the
starting values and method of optimization. The most tavored
direct extraction method was originally presented by Dambrine
et al. [1] and later modified by Berroth and Bosch [2]. The
method uses pinched (V.. < V) cold FET (1, = 0 V)
measurements 1o obtain the parasitic capacitances. Cold FET
measurements with a forward-biased gate are used to extract
the parasitic inductances and resistances of the device. The
intrinsic circuit components are then analytically determined
from S-parameters measured under active bias conditions. An
alternative method to extract the parasitics was presented by
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Tayrani er al. [4], where the gate is not tforward biased to
eliminate any gate degradation caused by large gate currents,

In this paper, the HFET’s pads are modeled with a -
configured LC-network to extend the validity of the modeling.
This network requires a new iterative extraction method for the
parasitic resistances and inductances. A Schottky gate series
resistances is added to further improve the cold FET modeling.
Formulas to translate the w-network to a transmission line are
derived. Finally, we investigate the influence of the real part
of Y75 on the modeling of an active HFET and discuss how to
model 1t. New, exact, and compact equations for calculation
of the intrinsic parameters are presented.

We demonstrate the parameter extraction for a lattice-
matched InAlAs/InGaAs/InP HFET. S-parameters measured
on-wafer up to 50 GHz are used to extract the equivalent
circuit parameters. The response of the equivalent circuit is
compared with W-band (75-110 GHz) measurements.

1I. DEVICE FABRICATION AND MEASUREMENTS

HFET's were fabricated on a lattice-matched InAlAs/
InGaAs/InP material. The material structure is as follows
(from bottom to top): a S00-nm Ings2Aly  8As buffer,
a 20-nm Ing 53Gag g7As channel, a 4-nm Ing 5oAlp 4oAs
spacer. Si-O-doping (4 - 102 cm™2), a 20-nm Ing 33Alo 45 As
Schottky layer, and a 5-nm Iny 53Gay 47 As cap layer. Standard
photolithography methods were used to define the mesa
and ohmic contact patterns. A phosphoric acid-based etch
was used for mesa etching and Auw/Ge/Ni ohmic contact
metallization was electron beam evaporated. The contacts were
then annealed with rapid thermal annealing and the resulting
ohmic contact resistivity is 0.15 £2-mm. Mushroom gates were
defined with electron beam lithography and a selective etch
was used for recessing. Auw/Pt/Ti was evaporated for gate
metallization and the resulting gate length is 0.15 pgm. A thick
metal layer was evaporated on the contacts and finally the
HFET's were passivated with a polyimide.

The extrnsic dc transconductance is 400 mS/mm and the
saturated drain to source current is 350 mA/mm. The extrapo-
lated maximum frequency of oscillation, fi,x, 1s 300 GHz and
the transit frequency. fr. is 110 GHz for a 100-pm device.

IIT. MODELS AND EQUIVALENT CIRCUITS

A. Determination of FET Extrinsic Components

The modeling of the pads becomes important at millime-
terwave frequencies, since the pad models influences the
extraction of the intrinsic components. An L network in an
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L- or a w-configuration is a good model for the pads at low
frequencies. Compared to a transmission line, the L- and 7-net
for our pads are valid up to 17 and 50 GHz, respectively, with
an error of 5% in the S-parameter magnitudes. The validity of
the model may be extended to higher frequencies by replacing
the lumped networks with a loss-less transmission line. The
Maclaurin series expansion of the ABCD (cascade) matrices
of a lossless transmission line and a 7-network can be used to
determine the equivalent length and characteristic impedance

1-5 jZ%
ABCDtransmissmn Line = I: —Lu—}zc 1- jﬁ:l -+ O(wg)
Zyc 202
1
ABCDj—net = | : :LC *LC
juo(1 - 2ae) 1 wge
)

where c is the speed of light, [ is the length of the transmission
line, and Zy is the characteristic impedance. When L and
C have been extracted from cold FET measurements, the
equivalent length and characteristic impedance of the pad can
be calculated from [ = ¢\/L.C and Z, = /L/C.

The total drain-source capacitance for a pinched cold FET
is composed of two parts: the pad capacitance, C'rq, and the
capacitance due to the electrode between the two gate fingers,
Cys (Fig. 1). In [1], [2], and [4] the drain-source capacitance
is neglected (or assumed to a certain value). Cys is, however,
not a negligible part of the total drain-source capacitance for
millimeter-wave HFET’s, and it is not directly extractable from
S-parameters. Neglecting Cys (or assuming an incorrect value)
at the extraction of Cp,4 will introduce errors in the following
extraction of the intrinsic components. This error may not
be apparent, since an error in C,q may be compensated by
an incorrect Cy, of the active HFET. The error becomes
apparent if the gate width dependence of Uy, is investigated.
Our transistor layout was designed to have almost identical
drain and gate pads (Fig. 1), but this is generally not the case.
The pad associated capacitances, Cpq and Cpg, can therefore
not generally be set equal. We measured S-parameters for
cold FET and pinched HFET’s with different gate widths
(20-200 pum). Extrapolation of the total drain capacitance to
zero gate width gives the drain pad capacitance. Using this
method, a drain pad capacitance of 15.5 fF was calculated,
which agrees well with the gate pad capacitance of 15.2 fF.
The parasitic gate to drain capacitance, Cpgq (Fig. 2), has
earlier been determined for this HFET layout [5] and was
accounted for.

For the extraction of the parasitic resistances and induc-
tances we follow the basic principle in [1] and [4]. We have
used the equivalent circuit in Fig. 2 to describe the FET at
Vas = 0 V, including both a gate-capacitance, C,, and a
Schottky barrier resistance, R4y. In most other methods either
Cy [1] or R4y [4] is assumed to be negligible, making the
models valid only at certain gate biases. Using this equivalent
circuit we can determine the HFET parasitic components
in a wider gate voltage range compared to other methods.
Furthermore, we propose that the total gate series resistance is
composed of two parts: one part proportional to the gate width,
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—

Fig. 1. Layout of the HFET.
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Fig. 2. Equivalent circuit of an HFET at V4, = 0 V.

R, and one part (Schottky contact series resistance) inversely
proportional to the gate width R,. R; is often the dominant
part of the total gate series resistance for short gate widths and
R, will hence be overestimated if R, is not taken into account.
For a cold FET with a forward-biased gate for full channel
conditions, Cygs can be neglected, since its impedance usually
is large compared to R. at this bias. If the parasitic capaci-
tances and inductances have been subtracted, Cys is neglected
and the gate length is so short that it can be assumed to be a
point contact, the Z-parameters for a cold FET (Fig. 2) are

_ Ray R,
le—Rg+Rz+1+ijngy+ 9 +Rs
+ jw(Ls + ALy) 3)
R, .
Zig =291 = R, + 5 + jwl, @®
Z92 = Rg+ Rs + R. + jw(Ls + ALq). (%)

R, is provided from a dc end-to-end resistance measurement
and R, from the sheet resistivity of the material. We use an
iterative extraction method, since m-nets are used to describe
the pads. The pad inductances, L, and L4, are positioned
inside a 7-net and cannot be easily calculated as in [1] and
[2]. AL, and ALy are correction inductances that are used
to account for the error in the subtracted L, and L4. The
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VALUS OF Ly. R Cy. Riv Ryr Ly Ros AND L. AFTER EACH ITERON FOR A 100-um HFET
Iteration|Lg  |Ri Cg |Ray |[Ra |[La |Rs [Lg
[pH] 11Q] 1[fF] [f€) [[Q] [[pH] |[€] |[pH]
1 34.8 5.6 93.1 249 6.55 25.3 5.58 1.76
2 25.5 3.7 94.7 251 6.83 25.0 3.59 1.79
3 25.8 5.8 95.6 250 6.83 25.1 5.58 1.78
4 25.6 5.8 95.6 250 6.83 25.1 5.58 1.78
5 25.6 5.8 95.6 250 6.83 25.1 5.58 1.78
6 25.6 5.8 95.7 250 6.83 25.1 5.58 1.78
30 r T T T T T
)

& y

Fig. 3. Measured (o) and modeled (—) S-parameters of a cold FET (100

#m) with forward-biased gate for full channel conditions The radius for 99
and S[g is 0 5.

iteration process is as follows. First, the pad capacitances and
inductances are subtracted. In the first iteration the parasitic
inductances, L, and L, are unknown and set equal to zero.
Starting values for C'y and R,y are calculated at low frequen-
cies. BEquations (3)—(5) are then used to calculate the parasitics
R,. Rq. R., AL, ALg. and Lg, where R, is extracted
from Z;, at high frequencies. The calculated AL, and AL,
are added to L, and L. respectively. R4, and C, are then
calculated again to account for the new parasitic components.
This iteration process is continued (four—six iterations) until
the parasitics do not change (Table D). This extraction method
does not ignore pad capacitances, since their effect cannot be
neglected for a cold FET with a forward-biased gate [6].

We performed this extraction for HFET's with gate widths in
the range 20-200 pm. This method of extracting the parasitic
components works well for longer gate widths and excellent
agreement with measured S-parameters is achieved (Fig. 3).
For short gate widths, the parameter extraction is not that

gtot
g
l=}
T
I

Total gate resistance, R
Q{)

0 1 L L " 1 1 I ! 1 ! L I L L L 1 L 1

0 50 100 150 200 250
Gate width, W [j1m]}

Fig 4 Total gate resistance versus gate width.

accurate in the determination of I?,, L, and Rgy. due to
high impedance on the gate terminal.

Ly and L, exhibit a gate width dependence. demonstrating
that the inductances are composed of one part due to the
pad and one part due to the extension of the gate or the
drain electrode. C, and Ra, scale proportional and inversely
proportional, respectively. with gate width. The total gate
series resistance (Fig. 4) may be expressed as

D r
Rq(tot — W + Py W (6)
where p, and p, are the Schottky and gate resistivities and 11°
is the gate width. The extracted R, . values were fitted to
this model giving p, = 0.37 Q-mm and p, = 85 Y/mm. The
py is close to the resistivity provided from the de end-to-end
measurement.

B. Gate Voltuge Dependence of Intrinsic
Cold FET Components

Cold FET modeling of HFET’s, which operates at V., = 0
V as in [7] and [8], is of interest for resistive HFET mixer
applications. The performance of this mixer type depends on
the Cy[Vys]. R-[Vas| and Caq[Vys] characteristics. The gate
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TABLE 11
INTRINSIC COMPONENT VALUES OF AN ACTIVE HFET (100 prm) NEGLECTING AND INCLUDING Re(Y72). THE ParasiTic COMPONENTS
ARE: R; =72 Q, L, =256 pH, (g = Cpg = 128 fF, Rg =68 Q, Ly, =251pH, R, =56 Q. L, = 1.8 pH
Cgs |Cgd |Cds [8m |&a Rj Rj 1
(F] _|[fF] J[fF] {[mS] |[mS] {[Q] |[Q] |I[ps]
Re(Yj))negl  f82 |28 |19 |63 [20 {98 |- 0.49
Re(Y,,)incl. 13 30 [19 64 1.8 |94 ]250 [0.53
voltage dependence of these characteristics is studied using 120 : . . 104
a gate symmetric equivalent circuit (Fig. 2). In the normal  _
operation voltage range (no gate current) fgy is very large %wo - 1 1000
and can be neglected. Furthermore, C4; becomes negligible z—m E Q
when there is a relatively small number of eclectrons in the ¢ 8 r g
channel. The Z-parameters for the intrinsic circuit are .§ 3 )
S 60 @
1 2R, + jwCy,R2 g g
Ziy = Ry + — 4 i T IW s e 7 5 jo 8
JjwCy " A1+ jwCysR,) g &
R. s B
Zio=1Oy = o — 8) fal ER
12 2= 0 T jwCa ) ® §= :
Z — RC (9) 0 i 1 Il L L L L 0.1
27 14 jwCa:Re 05 ‘

Fig. 5 shows Cy[Vg], Re[Vgs] and Cgs[Vgs] for a 100-pm
HFET extracted using (7)-(9). Curve fit functions describing
CylVisl. Re[Vgs] and Cys[Vy] can be used in harmonic
balance simulations. Since Cys becomes negligible and hence
hard to extract at certain voltages, it may be set to a constant
value in the simulations.

C. Modeling of Active FET’s

The Y matrix of the intrinsic equivalent circuit of an active
HFET (Fig. 6) is given by

Y1 Y
Yintrinsie = [Y;le Y;ﬂ
Y, s+ Ygd —lgd
- [*Ygd - %%S—) - gmel ) Yo + Ygd]
g (10)

where Ygq, Ygs and Yy represent the gate-drain, gate-source,
and drain-source admittances, respectively. Usually Re(Y)s)
is neglected, but we have accounted for the nonzero Re(Y7s)
by introducing a gate-drain series resistance R;. The exact
solution of the equivalent circuit parameters from the Y-
parameters is

R; = _Re(yin) an
Cya= — (12)
w Im(%)
R = Re(r}ryl;) (13)
1
Cgs = —wlm< ,11i)_12) (14)

0.5
Gate Voltage, V,_ V]

Fig. 5. Gate (o) and drain (X ) capacitance and channel resistance (+) versus
gate voltage at Vys = 0 V for a 100-um HFET.

1

Ry = ———— 15
= Re(Vis + Vo) (13)
Im(Y; Y-
Cy, = (Y12 + ¥22) 1": 22) (16)
(Y12 — Y21)(Y11 + Y12)
= 17
g ’ Im(Y1; + Yi2) a7
I _ph Yo — Y5 h Y, Y
L_5-p ase(Y1z — Ya1) + phase(Y11 + 12)' (18)

W

Using these equations, the correspondence between measured
and modeled S-parameters is improved for frequencies up to
110 GHz (Fig. 7). This is also transformed into a better esti-
mation of maximum stable gain (MSG), maximum available
gain (MAG), current gain (ho1), and stability factor (k) (Fig.
8). The k-factor is under-estimated if Re(Y72) is neglected,
resulting in an overestimation of the gain. Table II shows the
equivalent circuit parameters both when Re(Y12) is accounted
for and when it is neglected. The fit of S5 is improved up to
50 GHz, but the improvement at higher frequencies is not that
substantial. The inclusion of I, is not sufficient to model S
correctly at the W-band. R; exhibits a frequency dependence,
indicating that it is not the correct model. I, is, however,
an appropriate model in a narrow frequency range. Si2 may
be better modeled if the distributed nature of the device or a
dipole capacitance [9] are included. The worse fit of So; at
low frequencies is a device saturation effect due to high input
power. ‘

IV. DiSCUSSION AND CONCLUSION

The modeled S-parameters have good correspondence with
on-wafer, W-band S-parameter measurements, showing the
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Drain

iy §Rds =Cds

Fig. 6 The intrinsic equivalent circuit of an active HFET.

o

(b)

Fig. 7 Measured (dots) and modeled (—) S'fparameters (0 5-50 GHz and
75—110 GHz) for an active HFET (100 ysm) without R, (@) and with R ().
The equivalent curcuit parameters are taken from Table 1T The radu for §;
and Si» arc 5 and 0 2. respectively

validity of the model at higher frequencies. The small-signal
equivalent circuit presented in this work has been used in the
design of a monolithic integrated amplifier and a resistive
mixer at 119 GHz.

The distributed nature of the HFET should be considered
for a more accurate high-frequency modeling. Especially for
HFET's with large gate widths. this effect may be important.

MSG [dB]

10 . ‘ . 0
10 20 30 40 50
frequency [GHz]
Fig 8 Measured (0. x ) and modeled (—) MSG., and k-factor for a 100-pm
InAlAs/InGaAs/InP HFET without R, (—) and with R, (- - -)

A method for modeling the distributed nature of FET’s has
been developed by LaRue er al. [10].

In conclusion, we have studied the modeling of the HFET
pads, extraction of the parasitic components, and the influence
of a nonzero Re(Yiy) for an active HFET. The pads are
modeled with a r-configured LC'-network, and formulas were
derived to translate this network into a transmission line. The
parasitic components are extracted from a new and general
cold FET equivalent circuit, which is also used to study the
gate voltage dependence of the cold FET intrinsic components.
A new iterative extraction method for the parasitic inductances
and resistances was described. Finally, new, exact, and com-
pact equations for the intrinsic parameters, where Re(}72)
is accounted for, were presented. These equations result in
a better modeling of the S-parameters.
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