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Abstract— A new method is proposed to determine bias-
dependent source resistances for GaAs field-effect transistors
(FET’s). This method, which is a cold-FET measurement
technique, utilizes the relations between the real part of
the two-port impedances transformed from the measured
S-parameters and their algebraic derivatives. It is based on the
fact that the algebraic derivatives of the two-port resistances
result in the simple form at the normal cold-FET condition. A
bias-independent gate resistance is extracted at the pinched-off
cold-FET condition to fulfill necessary and sufficient conditions
in extraction. The proposed method is a direct measurement
because only algebraic calculation is required, and it is general
enough to need only one assumption of the laterally symmetric
channel-doping profile. The deleterious results of dispersion
(frequency dependence) and negative value in source resistances
at the pinched-off cold-FET condition are explained by the
effects of the leakage current and the on-wafer pad parasitics,
respectively. The problem of deviation of�21 and �12 from 0.5 at
the normal cold-FET condition is also resolved by deembedding
the on-wafer pad parasitics. This method allows one to extract
bias-dependent source resistances for GaAs FET’s.

Index Terms—Bias dependence, cold FET, source resistance.

I. INTRODUCTION

A CCURATE modeling, characterization, and optimization
of GaAs field-effect transistors (FET’s) are very impor-

tant for the development of GaAs device technology. In model-
ing FET’s using lumped-element equivalent circuits, numerical
optimization techniques have problems of uniqueness and long
execution times. Numerical techniques to improve and/or solve
the problems have been proposed [1], [2]. However, they
require at least somewhat cumbersome iterations. Therefore,
determination of the extrinsic parameters such as parasitic
resistances and reactances before modeling the intrinsic part
is considered essential to solve these problems [3]. As the
GaAs device technology advances, FET’s with submicrometer
gate length have been popular. For FET’s with submicrometer
gate length, the parasitic resistances can limit the performance
of FET’s. Although source and drain resistances have been
regarded as bias independent, the validity of the assumption
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must be examined carefully. Therefore, the method to deter-
mine bias-dependent parasitic resistances is needed. Although
several techniques to obtain parasitic resistances have been
proposed, most of the previous techniques have been based on
the assumption that source and drain resistances are gate- and
drain-bias independent.

The dc measurement techniques including the so-called end-
resistance and gate–probe measurements have been widely
used because of their simple and direct measurements [4]–[10].
Since most of the dc measurement techniques are based
on the well-known diode current equation, they can mea-
sure the parasitic resistances only at the gate conduction
region, i.e., forwardly biased gate region. Some authors [9],
[10] have reported dc measurement techniques to determine
bias-dependent source and drain resistances. Their methods,
however, are not practical because they need various FET’s
with different gate lengths while keeping all the other param-
eters not changed. The ac techniques of measuring scattering
parameters have a potential advantage over dc ones since

-parameters can be measured at all the gate bias ranges
[3], [11]–[14]. Among the ac techniques, the normal cold-FET
technique (for V and ) [3], [11]–[13] is most
popular. The previous cold-FET techniques, however, lack
how to determine bias-dependent parasitic resistances because
the relations between measurements and parasitic resistances
should be obtained at finite gate-bias points and/or at the
special bias point. The pinched-off cold-FET technique (for

V and ) [14] is the simplest one, but
it has some drawbacks of negative and frequency-dependent
source resistance, especially for FET’s with narrow gatewidth.
In addition, the parasitic resistances can be determined only
at the pinched-off bias region. Sommer [15] has proposed
a technique to determine bias-dependent source resistance
of FET’s under active-bias condition. Sommer’s method is
to determine bias-dependent parasitic resistances from the
relation between parasitic resistances and feedback admittance.
It is, however, somewhat cumbersome to perform a partial
optimization procedure.

In this paper, a new method to determine bias-dependent
source resistance is introduced. The method has its origin in the
cold-FET measurement technique and is based on the real part
of the two-port impedances and their algebraic derivatives. The
usefulness of this method is demonstrated by characterizing
MESFET’s and high electron-mobility transistors (HEMT’s)
of low-power applications.
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(a)

(b)

Fig. 1. (a) A model of distributed diodes and channel resistors of the intrinsic
part of an FET. (b) AnABCD matrix network of a part of distributed diodes
and channel resistors from model.

Fig. 2. Laterally symmetric depletion profile is satisfied at the cold-FET
condition. The symmetry is preserved when a small change in gate bias occurs.
The dotted line represents the changed depletion region by a small gate bias
change. The linear depletion approximation out of the gate is adopted for
simplicity in calculation.

II. M ODELING AT THE NORMALLY

BIASED COLD-FET CONDITION

For an FET biased in the linear region, the intrinsic part
can be described as distributed diodes and channel resistors,
as shown in Fig. 1(a). An infinitesimal portion of the intrinsic
FET as a two-port network is shown in Fig. 1(b). A gate
diode and channel resistor of this portion are represented as an
admittance and resistance, respectively. Since the infinitesimal
FET’s should be cascaded, the expression by an
matrix is chosen to obtain two-port current-voltage relations.
As derived in Appendix A, the real part of the ac common-
source impedance at the normal cold-FET condition can be
expressed as

(1)

(2)

(3)

where For a small change in the gate
voltage, all the resistances except should be considered
as variables. Under the cold-FET condition, as shown in
Fig. 2, the lateral symmetry in the channel-doping profile is
preserved even though gate bias is changed. As gate voltage
is changed, the change in the common-source FET resistances
are expressed as

(4a)

(4b)

(4c)

Here, (4c) is obtained from the condition of the laterally
symmetric channel-doping profile, i.e., . Since
summing and in (4b) results in (4c), this
equality can be used as a check point of the validity of the
assumption. As described in Appendix B, using the linear
depletion approximation, as shown in Fig. 2, the changes in
the channel and source resistances by gate bias change are
approximated as

(5a)

and

(5b)

where is the depletion width under the gate metal,
is the surface depletion width, is the gate length,
is the gap between gate–edge to source ohmic region,is
the resistivity per gatewidth of the channel,is total channel
depth, and is the change in the depletion width by
the change in the dc gate bias. In (5b), the contribution of
the ohmic contact to is ignored to simplify the following
argument. From (5a) and (5b), and can be neglected
compared to under the following condition:

(6)

Actually, condition (6) limits the maximum gate voltage where
our method is applicable. In [6], the value of has been
proven to be 1/3 and independent of gate bias change if the
lateral channel resistance per gate length is uniform. Therefore,
if the nonuniformity in the channel resistance per gate length
is not severe, is, at most, proportional to . The
change in the depletion width can be made as small
as possible by adjusting the dc gate voltage change, thereby,

can also be neglected within the specified error.
When the condition of (6) is satisfied and the change of gate
bias is small, can be obtained by the following relation:

or

(7)

Although values of and are 0.5, as proven in Ap-
pendix A, they can be obtained from the measurement by the
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TABLE I
SUMMARY OF GEOMETRICAL PARAMETERS, EXTRACTED PARASITIC RESISTANCES AND AVERAGES �ij ’s

following equations:

(8)

and

(9)

Equations (8) and (9) are valid when condition (6) is
satisfied.

To obtain (1)–(3), the laterally symmetric channel-doping
profile was only assumed. The drain resistance is generally
larger than the source resistance because a smaller source
resistance is required to enhance the speed and reduce the
noise of the device. Simultaneously, a larger drain resistance
is generally adopted to satisfy the breakdown voltage require-
ment and usually it can be accomplished by increasing the gap
between the gate metal and drain ohmic region. The symmetric
channel-doping profile is, however, not violated in most cases
because the depletion regions out of the gate edge produced
by the gate-bias change in the cold-FET condition is narrow
enough not to touch the ohmic contact regions. Hence, the
symmetric channel profile can be accepted without loss of
generality and this gives the same gate bias dependence of
and , i.e., .

III. M ODELING AT THE PINCHED-OFF COLD-FET CONDITION

As shown in Appendix C, the gate resistance can be obtained
at the pinched-off cold-FET condition as a fitting parameter
of the following relation:

(10)

(a)

(b)

Fig. 3. Frequency and bias dependence of measuredre[zij ]’s for MESFET
B. (a) re[z11], and (b)re[z21].
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(a) (b)

(c)

Fig. 4. Frequency dependence of resistances at the pinched-off cold-FET condition. (a) Dispersion of measuredre[zij ]’s at Vgs = �1 V for MESFETB.
Solid lines represent min.–max. bound caused by the VNA calibration error. (b)re[z21] after deembedding-pad parasitic capacitance at the pinched-off bias
condition (Vgs = �1 V) for MESFETB. (c) Dispersion fitting of the measured and then pad-deembeddedre[z21]’s of three types of FET’s.

where and . When the leakage
current can be ignored and/or the frequency is
high enough , (10) is reduced to the original one
[14] as

IV. M EASUREMENTS AND DISCUSSSIONS

Bias-dependent source resistances were determined for two
types of MESFET’s and an HEMT. They have gate lengths
of 1.1, 0.7, and 0.15 m, respectively. For our convenience,
they are named as MESFET, MESFET , and HEMT, re-
spectively. The detailed processes and characteristics of FET’s
have been published elsewhere [16], [17]. Other parameters are
summarized in Table I. Scattering parameters of the FET’s
were measured by HP8510B and HP8510C vector network
analyzers (VNA’s) for the frequencies up to 40 GHz. DC
bias was supplied by an HP4142B. The VNA calibration
was done by short-open-load-thru (SOLT). Fig. 3 shows the
real part of the -parameters transformed from the measured
scattering parameters at the cold-FET condition for MESFET

. Although not shown, the frequency dependence of
and is nearly similar to that of in Fig. 3(b).
From the bias and frequency dependence of the real part of
the -parameters, the following phenomena were observed:

1) peak of near the turn-on gate voltage;
2) peaks near pinched-off bias are observed for all the

’s;
3) transformed from the measured scattering param-

eters at the pinched-off bias shows appreciable frequency
dependence and negative value at high-frequency range.

Firstly, the peaks of near the turn-on gate voltage are
known to be caused by the distributed capacitors and small-
valued resistors of the gate diode [3], [11]. Concerning 2),
although not explicitly explained in the other works for the
peaks near pinched-off bias, these are caused by the distributed
diodes and large-valued channel resistors. The peaks near the
pinched-off bias could be realized in the circuit simulator
using a finite number of diodes and resistors. Concerning 3),
frequency-dependent and negative source resistance from the
measured and then transformed scattering parameters is also
shown in Fig. 4(a) and (b). The dispersion at the pinched cold-
FET is also shown for the other ’s. Tayraniet al. [14]
stated that the negative source resistance may be caused by the
calibration error. Generally it is more difficult to accurately
measure higher reactance values from scattering-parameter
measurement, thereby the effect of calibration error on the-
to- transformation is expected to be larger at lower frequency
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TABLE II
VNA CALIBRATION ERROR

Fig. 5. A lumped-element equivalent circuit of extrinsic parameters of an
FET.

range and for the pinched-off region where the capacitive part
is dominant in impedance. However, as shown in Fig. 4(a), the
two solid lines of , which are minimum and maximum
bounds caused by the calibration error, do not show that
the negative source resistance at high-frequency range comes
from the calibration error. The error bounds were calculated
assuming the maximum and constant calibration errors at
all the frequencies (worst-case calculation). The calibration
errors in magnitude were determined from the open and

, and thru and . The phase error could not be
determined from the calibration. Actually, the phase errors
were determined from the values of [18]. The VNA calibration
error values used in the calculation are listed in Table II.

Since the prepared FET’s for determination are for the
low-power application, the effect of pad parasitic capacitances

, as shown in Fig. 5, should be deembedded [19].
The dependence of on deembedded pad capacitance
values at the pinched-off cold-FET condition ( V
and V) for MESFET is shown in Fig. 4(b).
The effect of deembedding on-wafer pad capacitances on

is appreciable. increases as the pad parasitic
capacitance value increases. Pad capacitances were determined
from the measured open-pattern scattering parameters. The
values were and fF for MESFET’s
and HEMT’s, respectively. On-wafer measurement pads are
ground–signal–ground (G–S–G) types and the size of each on-
wafer probing pad is 100 100 m for MESFET’s and 80

80 m for HEMT’s. All the center-to-center G–S spacing
is 150 m. The different pad capacitances are caused by the
different pad geometry. We confirmed that the pad capacitance
values are similar to those calculated from the electromagnetic
(EM) simulator HP momentum.

After deembedding pad parasitics, fitting of to (C1b)
has been performed for three types of FET’s. The result of
fitting is shown in Fig. 4(c). In fitting some, lower frequency
data were excluded to avoid the possible error caused by the
low-frequency fluctuation. The fitting is somewhat inaccurate.
For example, when compared to the dc measurements, the
resistances ’s, which reflect leakage currents, are only
accurate within the same factor. In fitting, it is difficult

(a)

(b)

Fig. 6. Gate bias dependence of�21’s for MESFETA, B, and the HEMT.
Values of�21 goes to 0.5 after deembedding the pad parasitic capacitance
CPG = CPD = 25 and 20 fF for the MESFET’s and the HEMT, respectively.
(a) MESFETB. (b) HEMT.

to determine the valid frequency range to avoid the effect
of the calibration error, so the determined gate resistance
is somewhat dependent on the fitting frequency range. The
gate-bias dependence of for MESFET and HEMT is
shown in Fig. 6(a) and (b), respectively. Values of were
calculated using (8). After deembedding the pad capacitances,
the values are 0.5 within 2% for the selected bias
ranges and for all the FET’s. The sequences used for the
bias-dependent determination are summarized as follows:

1) if necessary, deembed pad parasitics to recalculate
’s;

2) determine and from (8) and (9), respectively;
3) determine from (7);
4) at the pinched-off cold-FET condition, determine

using (10);
5) determine bias-dependent, , and using (1)–(3).

In sequence 1), pad parasitics should be deembedded for
FET’s of the low-power application because the gate–source
capacitance in this case is not much larger than the pad
capacitances, thereby the effect of pad capacitances cannot be
ignored. Pad capacitances can be determined by optimizing the
measured scattering parameters of an open pattern, simulation
by an EM simulator, and/or calculation from the best values,
which result in the least deviation from .
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(a) (b)

(c)

Fig. 7. Bias dependence ofrs, rd, and rds at the cold-FET condition. (a) MESFETA. (b) MESFETB. (c) HEMT.

Bias-dependent , , and for three types of cold
FET’s using the above extraction procedure are shown in
Fig. 7(a)–(c). The gate bias range shown was selected to
avoid resistance peaks caused by the distributed resistors
and capacitors. The range was also upper bounded by the
condition of (6). Weak gate bias dependence ofand
is observed for all the FET’s. This seems to not be consistent
with the result of Sommer’s [15], which showed some gate bias
dependency of source resistance. Considering that Sommer’s
result showed an appreciable bias dependence in the negative-
gate bias range, the difference may be caused by the higher
pinchoff voltage of our FET’s. Actually, and of our
FET’s show more gate-bias dependence at the negative gate
bias region. In case of uniform doping concentration, the
source and drain resistances can be approximated as

. Here, is the ohmic
contact resistances of source or drain, and is the built-in
potential. Hence, the saturation of and at forward bias
range is caused by the saturation of depletion region as gate
bias approaches the built-in potential. The extracted parasitic
resistances are summarized in Table I. As predicted in this
paper, average values of are 0.5 with errors smaller than
1% (0.499, 0.502, and 0.505 for MESFET, MESFET ,

and HEMT, respectively). The gate resistances of MESFET’s
are inversely proportional to gate lengths with some error of
11%, i.e., . For
and , the resistance values are not simply proportional to
the spacings and because ohmic contact resistances
should also be considered. Nevertheless, the self-consistency
between determined source and drain resistances supports the
validity of this method.

V. CONCLUSIONS

A new method to determine bias-dependent source re-
sistances has been introduced. The method has advantages
in the fact that it needs only one assumption of laterally
symmetric channel-doping profile and simple algebraic cal-
culations. In addition, it allows one way to deembed pad
parasitic capacitances. However, the valid gate bias range
in the determination of parasitic resistances is bounded as
discussed and the error in gate resistance determination at
the pinched-off cold-FET condition may limit the accuracy
of the method unless frequency range of fitting should be
carefully selected. Nevertheless, seeing the accuracy and self-
consistency in our results, the method described in this paper
is useful in characterizing GaAs FET’s.



1248 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 9, SEPTEMBER 1998

APPENDIX A

The matrix for the two-port network in Fig. 1(b)
is expressed as

(A1)

After cascading the small FET’s, the relations between the
two-port currents and voltages are

(A2)

where

Here, is the number of the small FET’s. For the cold-FET
bias condition, i.e., V and FET’s having a laterally
symmetric channel profile, the following equation also holds:

(A3)

From (A2) and (A3), and are obtained.
Using , , , and ,
(A2) and (A3) can be reformulated to the ac current–voltage
relationships among the gate–source and gate–drain ones as
follows:

(A4)

(A5)

From (A4) and (A5), the intrinsic -parameters are

(A6)

where the prime represents the intrinsic part. From (A6), the
following condition is obtained:

(A7)

Condition (A7) has been proven in [6] when channel resistance
is uniform. We have proven that condition (A7) is satisfied in
the more general case when the lateral channel-doping profile
is symmetric.

APPENDIX B

As shown in Fig. 2, using the linear depletion approximation
out of the gate, the depletion width out of the gate is

for (B1)

Fig. 8. A lumped-element equivalent circuit of an intrinsic part of a
pinched-off cold-FET. Here, the prime represents the intrinsic part of the
FET.

Assuming uniform channel resistivity per channel length,
the incremental resistance per unit gatewidth betweenand

by the gate bias change is approximated as
. Thus, the change of the out-of-gate channel

resistance by the gate voltage is expressed as

- -

(B2)

APPENDIX C

At the pinched-off cold FET condition, the lumped-element
equivalent circuit can be described, as shown in Fig. 8. From
the current–voltage relations between the gate, source, and
drain ports, the real part of the two-port-parameters of
common-source FET’s can be expressed as follows:

(C1a)

C1b)

(C1c)

where and . Here, the relations
and were used from the

symmetry consideration. The resistance comes from the
leakage current. From (C1a) to (C1c), it is expected that the
frequency dispersion in the real part of the-parameters is
observed when the leakage current is not negligible.
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