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V1. CoNCLUSIONS

We have described a 1 to 2 GHz cooled balanced HEMT
amplifier. At a physical temperature of 12 K the amplifier has a
noise temperature in the range 3 to 6 K and a gain of ~ 20 dB.
The amplifier was designed primarily as a wide-band IF arnpli-
fier for millimeter-wave radio astronomy but it also has applica-
tions in wideband L-band receiver systems.
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Equivalent-Circuit Parameter Extraction for Cold
GaAs MESFET’s

R. Anholt and S. Swirhun

Abstract —The physical basis of the cold-FET method for extracting
parasitic resistances and inductances is examined. A method to abtain
the source resistance from the gate-current dependence of the FET Z
parameters is used to analyze FET’s with different gate lengths. Induc-
tance results for FET’s with different gate widths suggest that induc-
tance extrinsic to the gate fingers is dominant, and models of the gate
inductance support this. The effects that possible dependences of the
parasitic-FET equivalent-circuit parameters on the gate and drain bias
can have on the extracted intrinsic-FET parameters are discussed.

1. INTRODUCTION

The cold-FET method provides an elegant way of extracting
FET equivalent-circuit parameters (ECP’s) from § parameters
at any bias [1], [2]. Parasitic source, drain, and gate resistances
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Fig. 1. Real paris of the Z matrices plotted against the gate voltage

for an epitaxially doped 1.2 X 200 wm? MESFET (biased at Vs =0).

and inductances are first extracted from measured S parameters
of FET’s biased at a drain—source voltage V,, =0 and a gate
voltage, V,, greater than the barrier height. With those values
fixed, the measured S-parameter matrix for any other bias can
be converted to an intrinsic Y-parameter matrix that can be
solved exactly for up to eight independent ECP’s, depending on
the intrinsic-FET circuit topology.

There are two problems with this method. The first is in the
cold-FET extraction technique. For the resistances, this can be
reduced to a problem of determining two unknowns from only
one equation, and we show that this can be solved at forward
gate bias. This leads to the second question considered: Is it
valid to assume that the cold-FET parameters are independent
of bias? If they are not, how much are the extracted intrinsic-FET
ECP’s (g,,,C,,, etc.) sensitive to possible errors?

In Sections II and III of this paper we examine the problem
of extracting the resistances and inductances. Section IV exam-
ines the sensitivity of extracted intrinsic-FET ECP’s to varia-
tions in cold-FET ones.

II. Sourcg, DraIN, AND GATE RESISTANCE EXTRACTION

Fig. 1 shows extracted average real parts of Z parameters for
FET’s biased at ¥, = 0 plotted against gate potential. With the
exception of Re Z;; near the peak, when measured S parame-
ters from 1 to 26 GHz are converted to Z parameters, the
values are nearly independent of frequency. Two regimes are
evident in this figure. For V, < 0.6 V, the Z matrix is given by
(parts (c) and (d) of Fig. 2, g,,=7=0, R;;=R,,, C,;=C,y=
c/2)

Zy=R;+Ry; /3+ R +jo(Ly+ L)~ —
joC
Zyy=Zy=R,+ Ry, /2+ joL;
Zyp=R,+Ry+ Ry tjo(L+ Ly) (1)
where R; and R, are the source and drain resistances; R, is
the distributed gate resistance; L, L,, and L, are the source,

drain, and gate inductances; and C is total gate capacitance
(including C,s and C,, in Fig. 2(c)). In this regime, the gradual
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Fig. 2. Various equivalent circuits examined in the text. (a) Distributed
gate; (b) large gate current; (¢) FET parasitics; (d) intrinsic FET.

falloff in Re Z,, and Re Z,, is due to the dependence of the
channel resistance, R_,, on gate bias.
For V, > 0.6 V, the Z matrix is given by [1]-[4]

Z =R+ Rya,+R,+ R, +jo(L,+L,)
R, =nkT/I,
Zyp=Zy,=R,+aR_,+ joL,

Zy=R,+R;+2aR_, +jo(L;+ L,) )

where R, is the gate diode resistance, I, is the gate current, n
is the ideality factor, and a, (<1/3) and a (<1/2) are
dimensionless factors that fall off with increasing gate current
[3]. (High gate currents are crowded at the edge of the gate,
avoiding the channel, so the effective channel resistance de-
creases.) In this regime, the falloff of Re Z,, with V, or I, is due
to the falloff of R,, and that of the other elements is due to the
dependence of the « factors on gate current. R ¢g 1S connected
in parallel with the gate capacitance (Fig. 2(a)). Below the peak,
the admittance of the capacitance dominates and above it that
of Rggl dominates. The 2« term in Z,, has not been recognized
in previous work [4] but is evident in the similarity of the slopes
of 2Re Z,, and Re Z,, in Fig. 1. We find that the quantities

Re(Z)—2Re(Z;) =R, ~ R, 3)

are independent of the gate current. If the o term were not
present in Z,,, this would give R, — R, +(1—2a)R_,, which is
not constant.

In extracting the resistances, there are always more unknowns
than equations. R, can always be obtained from (3) if R, is
known. R, can likewise be obtained from the difference be-
tween Re Z,, and Re Z,,, which is most straightforwardly done
at V,<0.6 V, to avoid the R,, term. This leaves only the
equation for Re Z,, in two unknowns: R, and R_,. There are
several approaches to this problem. In Fukui’s method [5], the
sum R+ R, is extracted from the gate voltage dependence of
Re Z,,, using a model of R, based on a shape of the doping
profile that is questionable for ion-implanted MESFET’s. The
measured end-to-end resistance of a gate stripe could be used to
compute the distributed resistance R, in (1), allowing R, and
R, to be obtained from the equations for Z,; and Z,,. But
since this resistance usually cannot be measured on the same
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Fig. 3. Calculations of & and &, from two-port models (Ry, and Ry)),
Lee’s calculations [3] for dc end-resistance measurements, and a fit to
our two-port « o

structure as the device under test, unless the gate resistance
uniformity is very good, large errors in R, and R_, can result.
Finally, a method we have used for some HEMT’s is to bias the
FET’s at as high a gate voltage as possible and assume that
Re Z,, = R,. The last method works best for short-gate-length
FET’s where R, is small; hence the amount R, is overesti-
mated is minimal.

The method we have adopted is to extract R, and R, from
the gate-current dependence of Re Z,, as proposed by Mahon
et al. [6]. We measure the § parameters at three or more gate
voltages (usually 0.8, 1, and 1.2 V for GaAs MESFET’s) and
obtain the average values of Re Z;,. To solve (2), we initially
guess at a value of R, calculate the «’s from the measured
gate current /, and R, using formulas discussed below, sub-
tract R, from Re(Zy,), and iterate R, until we find zero
slope in the dependence of R, on V, or I,. The ideality factor
can be measured at smaller gate voltages or can be solved
iteratively by first subtracting the a,R,, term from Re Z,; and
finding the ideality factor from the change in the remaining part
of Re Z;; with kT /I, [4].

The key to this method relies on the accuracy of « and ag,
which have been computed by Lee er al. [3] for the dc end-resis-
tance method. However, in dc end-resistance measurements,
either the source or drain electrodes are floating, and all the
gate current is collected on the other clectrode. S-parameter
measurements are done at zero drain voltage, and the gate
current is partitioned between the drain and source electrodes.
The boundary conditions of the two problems are different;
hence Lee’s values cannot automatically be adopted.

We modeled the a’s as a 2-port problem, using SuperCOM-
PACT [7]. The gate was modeled as a series of 20 parallel
capacitors (C,, + C,,)/20 and resistors (20R,,) connected to a
chain of resistors such that the sum channel resistance is 1 )
(Fig. 2(a)). We then varied R ¢g> and computed the real parts of
the Z matrix. As R, is | Q and R = R, = R, were assumed to
be 0, at low frequency Re Z, is equal to & in (2) and Re Z,, —

R,, is a,. The results are shown in Fig. 3, where, as in Lee’s
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Fig. 4. The product of the extracted R, and the gate length multiplied
by 10 and the extracted R, values using our a’s and those of Lee et al.
[3] for different measured metal gate lengths.

paper i=R_, I, /nkT =R, /R,,. As expected, a, goesto 1/3
and « goes to 1/2 at small i. Our « is close to Lee’s a (but not
their '), and our &, approaches a at large i. At large i, the
FET can be viewed as a gate with nearly no resistance connect-
ing two small resistors on each end whose values are a R, (Fig.
2(b)). There is essentially no current in the channel in that case;
the channel is shorted by the gate metal. The Z matrix at large i
is given by

Re(Zy;) =Re(Z) =Re(Zy) =aRy,

Re(Zy) =2aR,, 4)
which shows that «, must approach « at large I,. To compute
the a’s in the extraction procedure, we used analytical formulas
similar to those derived by Lee et al. [3].

As a test of this method we examined data for different gate
lengths L where we expected that R, would vary as 1/.L and
R, as L. We found that the product R, L is indeed nearly
constant and is not very dependent on whether our a’s or those
of Lee et al. are used in the extraction (Fig. 4). The R,,’s differ.
When Lee’s o’ replaces « in (2), smaller channel and larger
source resistances are needed to fit Re Z,(1,) because o’ falls
off more steeply with i. R, /L is not constant though. We
believe this is physical and occurs because, inside the narrower
channels, surface depletion regions encroach on both sides of
the gate; this reduces the electron concentration under the gate
and, because of the high fields, reduces the mobilities.

III. InpuctancE EXTRACTION AND RESULTS

Above V,=0.6 V, the inductances are extracted by dividing
the imaginary parts of the three Z matrix elements by o (Eq.
(2)). The resulting inductances fluctuate from frequency point to
point as a consequence of S-parameter precision. Averaging
over frequency improves the precision of the extracted induc-
tances somewhat. Below V, =0.6 V, the capacitance term usu-
ally dominates the term in L, + L, in (1), and even by a careful
least-squares fitting of Im Z,; to a function of w, the resulting
gate inductances are usually inaccurate. Although it appears
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Fig. 5. Inductances versus gate width.

from (1) that L, and L, can be straightforwardly extracted at
all biases, (1) is actually an approximation which breaks down
when R, becomes large. Starting with the intrinsic Y matrix for
V,, =0 (and for pedagogical purposes neglecting C,,), Z;, can
be shown to be

Zy,~R,+

Rch [1_ ijRch] (5)

2

The imaginary part of Z;, really gives a term proportional to
L,—CR2, /8, where C=C,, +C,, For a typical 0.25x100
um? low-noise FET at V,=—1V, R, is 69 Q and C =50 {F,
giving a — 30 pH contribution to the imaginary part of Z;,. The
actual L, is 4 pH, so if L, were extracted from (1), the apparent
source inductance would be negative. ‘

Fig. 5 shows inductances extracted at 1, =12V for 0.25 um
low-noise MESFET’s versus the gate width. The near indepen-
dence of gate width suggests that most of the observed induc-
tance comes from the pad metal, and not the gate fingers
themselves. The expected value of the gate inductance for the
active FET can be determined from an equation similar to that
for obtaining the distributed gate resistance R:

L, =p, W /3n* (6)
where p,, is the gate inductance per unit gate width W, and = is
the number of fingers. The value of p,, depends on the mutual
inductance with the source and drain fingers and the self-induc-
tance; we expect for p,, 'some value between that appropriate
for isolated microstrips [8, eq. (3-52)] and that for coplanar
waveguides [8, eq. (3-73)]. Those formulas give 16 pH and 4 pH
respectively for 0.25x100 um? FET’s, which are small com-
pared with the extracted L, =42 pH. The observed slope in L,
is 7 pH per 100 um width, which is within range of these two
formulas, indicating that less than 20% of L, comes from the
active-FET region. With multifingered FET’s, the active-FET
inductances fall off as n~2, but the added metal needed to
connect all of the fingers may increase the net inductances.

In conclusion, even if the active-FET inductances are bias
dependent (as suggested in [9]), the values principally come from
elements extrinsic to the active FET region.
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TABLE 1
SENnsITIVITY OF EXTRACTED INTRINSIC-FET ECP’S TO THE
CoLp-FET ECP’s (% /%)

Linear regime: V, =0,1,,=02V

ECP: g,,Cy  Cuy Cyy Ry, T R,

R 049 -045 1.81 -0.46 —2.35
R, 0.61 0.61 235 -057 =075
R, -0.07 -732
L 1.17 =016
L, 3.46 0.52

Saturated current V, = 0,1, =2V
R, 015 -016 020 -015 -0.19 -098
R, 0.03 0.03 007 -031 -0.05
R, 0.05 0.09 -222
L, —0.36
L, -011 016
Pinched-FET: ¥, = -2,V =2V

R, 0.01 -0.07 =061
R, 011 -0.11 -048
R, 011 249
L, -0.03
L, 0.06

Absolute values smaller than 0.02 are usually omitted.
The sensitivity of L, is always smaller than 0.02.

1V. CoLp-FET PARAMETER EFFECTS ON EXTRACTED
IntrINSIC-FET ECP’s

The essential assumption of the cold-FET method is that the
values of the resistances and inductances obtained at V,>08YV,
V,s =0 are the same at other gate and drain biases. While this is
certainly true of R, and the approximation is good enough for
the inductances, R; may be gate-bias dependent because of the
lateral extension of the gate depletion region at low gate volt-
ages [10], and R, must be drain-bias dependent for V,;,>1 V.
At high V,, part of the drain-channel dipole in GaAs MESFET’s
resides in the region normally part of R, and the electron
velocities there are saturated [10]. The question considered in
this section is how sensitive are the intrinsic ECP’s to these
possible bias dependences? A large sensitivity would affect the
physical interpretation of the intrinsic-FET ECP’s.

Sensitivity matrices are one way of examining this question.
These are computed by fitting intrinsic ECP’s using the method
of [2] or [6] with the extracted cold-FET parameters. Then each
cold-FET parameter is changed by 10%, the ECP’s are refitted,
and the difference between each initial and refitted ECP is
computed. Table 1 gives the sensitivities for a 0.22x 100 pm?
low-noise MESFET biased in the linear, saturated-current, and
pinched-FET regimes. The extraction method is analogous to
the method used to convert extrinsic dc values of g,, and R,
(subscript e) to intrinsic values (subseript i) [11]:

P

Pml 1_ngme—(Rd+Rs)/Rdse

Ry = Rdse - Rs —Ry- 8meRsRyse (7)
where P =g, or C,,. In the linear regime C,, is approximately
equal to C,, and the sensitivity is the same as for g,, (except the
sign is reversed for C,,). All three are sensitive to the values of
both R; and R, through the term in (R, + R,))/R,,,. How-
ever, in the saturated-current and pinched-FET regimes, R ,, is
much greater than R, and R; thus g,,, Cyy, and C,, are only
sensitive to the term in g, R,. Likewise, R, is directly sensi-
tive to R and R, in the linear regime. If R, is made larger, the
extracted intrinsic R, is smaller, because in the extraction
process R is subtracted from the measured total source—drain
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resistance. In the saturated-current regime, only R, affects Ry,
through the g, R, correction.

The sensitivities of C,,, R,, and = are more complicated. In
the same spirit as (7), analytical relations between the intrinsic
and extrinsic values of R, [12] and C,, can be derived:

Ry, +R,+R,1* L,+L,
Cdsz=cdse R
dst

Rii=Rie_Rg_Rs(1_ng/Cgs)' (8)

These show that the intrinsic R; values are always directly
sensitive to the values of R, and R, and in the linear regime
where R, is small, the intrinsic C,; values are always sensitive
to the values of R;, R;, L, and L, The sensitivity of r is
indirect because terms involving Cy;, 8, Cys, and R, are
subtracted from Y, in extracting 7. As g,, is near zero in the
linear regime, the sensitivity of the phase factor r is immaterial.

The change in R and R, with gate bias in the linear regime
can be estimated using two-dimensional device simulators [10],
[13]. When the gate potential becomes more negative, the lateral
extension of the gate depletion region into the source-resistance
region increases R,. This effect was observed by Byun et al. [14],
but not by Look [15]. Recess etching minimizes this effect,
because the high concentration of donors at the edge of the
trench minimizes the lateral extension. For our recessed-etched
FET, “GATES-2d” calculations [13] using the gate-edge defini-
tion of [10] find that R is 1% and 20% larger at V, =0 and
V,~V,=—2YV than at forward bias. As the sensitivity of the
extracted parameters is much smaller at pinchoff, this 20%
increase does not affect the accuracy of the extracted ECP’s
significantly. Tsai and Grotjohn [10] calculated large changes in
R, for unrecessed FET’s with V. > 1V (20% to 400%), but the
sensitivity of the extracted ECP’s to R, is small at those biases.
Also, recess etching should help to minimize the increase in R,
because it minimizes the extension of the dipole region into the
drain region.

V. CONCLUSIONS

The cold-FET method allows the accurate extraction of FET
parasitic resistances and inductances at forward bias. This paper
has examined possible bias dependences of these quantities,
with attention also given to the sensitivity of the extracted
intrinsic-FET ECP’s to variations. R ¢ is independent of the gate
and drain biases, and the dependences of the inductances on
gate width suggest that most of the observed inductances come
from metal extrinsic to the FET fingers, outside of the region
affected by bias. For recess etched FET’s, R, increases slowly as
the gate bias becomes more negative, but the sensitivity of g\m
and the capacitances decreases faster than R, increases. While
we cannot estimate the increase in R, with drain bias, the
sensitivities of the intrinsic ECP’s to changes in R, with bias are
small, except for the parameter 7. From the point of view of
fitting S parameters, the sensitivity does not matter, as equally
good S-parameter fits can be obtained with a range of R, and
R, values. The problem appears when we try to read physical
meaning into the extracted ECP’s. This work suggests that the
most difficult parameters to interpret physically are C,, in the
linear regime and R,.
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Measurement and Analysis of GaAs MESFET
Parasitic Capacitances

R. Anholt and S. Swirhun

Abstract —From S-parameter measurements and subsequent equiva-
lent-circuit parameter extraction for a series of 0.25 pm, ion-implanted
GaAs MESFET’s with different widths and different gate—source and
drain-source spacmgs, parasitic FET pad capacitances and interelec-
trode capacitances have been separated from active-FET capacitances.

The active-FET fringe capacitances extracted at pinch-off are compared .

with results from two-dimensional Poisson simulations.

I. INTRODUCTION

It is well known that FET capacitances do not vanish at very
negative gate voltages, and FET f, values do not scale inversely
with gate length for constant doping. One reason for these two
observations is the presence of parasitic capacitance coming
from three components: capacitance on the fringe of the gate in
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the semiconductor, interelectrode capacitance over the top of
the semiconductor, and pad capacitance associated with the
measurement. Any measurement technique, be it low-parasitic-
on-wafer or bonded-FET S-parameter, requires the presence of
pads for the probes or bond wires and interconnect metal to the
active FET fingers. These elements add parasitic capacitance,
which for small-gate-width, small-gate-length FET’s can be com-
parable in magnitude to the active-FET capacitances. Extrapo-
lating measured FET equivalent-circuit parameters (ECP’s) for
one width and layout to another assuming that the ECP’s vary
linearly with width in neglect of pad capacitances and induc-
tances is a potential source of error.

Parasitic capacitances are most accurately measured in
pinched FET’s, where the FET capacitances that scale as the
gate length are zero. Two models of the active-FET capaci-
tances have been used. Wasserstrom and McKenna [1] found
that the total active-FET fringe capacitance (C,, + C,,) is 0.177
pF/mm, independent of the doping, gate length, gate bias, and
all other technological parameters. We have examined pinched-
FET data from nine different foundries, and always find larger
values, in part because of the components from the pad layout,
which are not easy to compute. One motivation of the present
work is to isolate the three components of parasitic capacitance
so that just the active-FET capacitance modeled by Wasserstrom
and McKenna can be compared.

The other model of parasitic GaAs FET capacitances is based
on electrostatic solutions to Laplace’s equation [2]-[5], often
obtained in closed form in terms of elliptical integrals [4], [5].
These formulas predict that the interelectrode capacitances
depend on the electrode spacing. Formulas such as this were
recently applied to computing pinched-FET capacitances for
microwave-switching devices [5] where the frequency figure of
merit is inversely proportional to the pinched-FET capacitance.
In this paper we show such formulas are indeed applicable for
undoped GaAs MESFET’s, but active-FET capacitances must
be computed using techniques similar to those of Wasserstrom
and McKenna. We show that even the interelectrode capaci-
tance over the top of the semiconductor cannot be computed
with electrostatic formulas; yather it is dominated by the capaci-
tance in the semiconductor.

In this paper we derive a scalable FET model [6]; i.e., capaci-
tances are modeled as aW + b, where W is the FET width and
a and b are constants. Most circuit modeling programs allow
ECP’s to be modeled as a linear function of width (aW or
a'W~1 for resistances) and even allow W to be optimized.
However, unless the intercept b is taken into account, varying
the width can lead to substantial errors. In particular for our
0.25X100 wm? FETs, scaling the pinched-FET C,, t0 200 pm
without accounting for the intercept leads to a 21% error. Also,
it must be realized that the FET embedded in a circuit is
coupled by microstrips with their own capacitances that the
circuit simulators attempt to compute; hence the constant com-
ponent that is present in the S-parameter measurement is
different or absent in the circuit. Not all designs may be sensi-
tive to this fact, but designers should be aware of the presence
of the intercept capacitance in scaling FET designs.

II. FABRICATION, MEASUREMENT, AND
ANALYSIS METHODS

The MESFET’s characterized here were fabricated at the
Honeywell Systems and Research Center with a conventional
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