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This paper describes a new technique to determine the basic
properties of the active channel of a gallium arsenide (GaAs) metal-
semiconductor field effect transistor (MESFET). The effective gate
length, channel thickness, and carrier concentration are determined
from dc parameters. A precise method of measuring the dc parameters
is also given. The new techniques are demonstrated using a wide
variety of sample devices. It is also shown that microwave perform-
ance parameters, such as the maximum output power and minimum
noise figure, are well predicted by dc parameters. Calculated values
of the intrinsic and extrinsic dc parameters, using simple analytical
expressions developed in terms of the geometrical and material
parameters of a device, are shown to be in excellent agreement with
their measured values. These expressions can be used as a basis for
device design.

I. INTRODUCTION

In a gallium arsenide (GaAs) metal-semiconductor field effect tran-
sistor (MESFET), the properties of the active channel are fundamental
in describing its operation. The channel properties can be characterized
by the four basic parameters: gate length, gate width, channel thick-
ness, and channel doping.

In a recent paper,' the maximally obtainable value of channel current
was defined as the maximum channel current, I,,. It was pointed out
that I, differs from either (fully open channel) saturation current, I,
or zero-gate-bias drain current, which is often referred to as Ij...
Currents I, and .. have conventionally been used to show upper
limits of the drain current capability. However, neither I, nor I, can
represent the maximally obtainable value of channel current. It was
emphasized that I, plays an important role in determining the maxi-
mum capability of large-signal operation of the device. Simple expres-
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sions for I,, were then obtained in terms of the four basic channel
parameters, as a result of an extended study of Shockley’s gradual
channel approximation® on Grebene-Ghandhi’s two-section FET model’
with Fukui’s concept on the current limiting mechanism.’

Among the four basic channel parameters, the total gate width, Z, is
usually a given factor or merely a scaling factor. Therefore, the other
three parameters are noted to be the most crucial variables in the
design work. For these three parameters, their effective values were
adopted in Ref. 1. This was essential, especially for gate length. The
effective gate length, L, may be either shorter or longer than the
physical length of gate metallization, L., depending upon the gate
junction topography. The channel thickness, a, and carrier concentra-
tion, N, represent their effective values in the active region of the
channel.

In Ref. 1, practical expressions for the zero-gate-bias channel current,
I,, were also developed as functions of the basic channel parameters
N, @, L, and Z, and an additional parasitic parameter of source series
resistance, R,. An approximate expression for the knee voltage, Vi,
corresponding to I, in the drain I-V characteristic, was given by a
combination of N, a, L, Z, R,, and R, on a semi-empirical basis, R4
being the drain series resistance. In addition, it has been known that
the total pinch-off voltage, W), is determined by the Na? product and
that W, is equal to the sum of terminal pinch-off voltage, V}, and
Schottky-barrier built-in voltage, V.

It is now conceivable that N, a, and L may be determined from the
measured values of I, I, Vis, Vo, Vs, Rs, and Ra, provided that Z is
known. The prime purpose of this paper is to present a new technique
for carrying out this work. Throughout the paper, a transistor curve
tracer is exclusively used as the tool necessary for measuring the dc
parameters. However, test equipment of other types with the equiva-
lent functions can, of course, be used as well.

There has been a common practice in which either a or N is
determined from V,, after knowing either N or a, respectively, and
assuming an appropriate value of V,. Also, Fair showed that an
iterative analysis on I,, R., and transconductance, g», makes it possible
to determine N and a from known values of I,, V,, and terminal
transconductance, g,..* However, as far as the author knows, there has
been no published report on an evaluation technique for the effective
gate length of a finished device. This paper presents such a technique
as well as simultaneous determination of N and a, from known values
of Im, Ia, Vp, Vb, ka, R_,,, and Rd. ,

The second purpose of this paper is to show prediction of the
microwave performance parameters, such as the maximum output
power and minimum noise figure, from the dc parameters and hence
the basic channel parameters. To predict the minimum noise figure,
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the values of g and R, which is the gate series resistance, must be
known. Therefore, the determination of g and R, are also described
in this paper. Once the detail of the structure outside the gate channel
is given, the parasitic parameters, such as R, R., and R4 can be
analytically expressed in terms of the geometrical and material param-
eters of the corresponding sections of the device. The validity of such
expressions is then examined with experimental results in this paper.

Il. PRINCIPLE OF NEW TECHNIQUE
2.1 Analytical expressions for device dc parameters

To determine the basic channel parameters of a GaAs MESFET from
the measured values of its dc parameters, expressions showing their
relationships are essential. It has been well known that W, and I, are
given by

_ gNa®

p

1)

2K€o

and
I, = qu;NaZ, (2)

respectively,” in which q is the electronic charge, € is the permittivity
of free space, k is the specific dielectric constant, and v, is the saturated
velocity of electrons in n-GaAs. Substituting g = 1.60 X 107" C, & =
8.85 X 107" F/cm, « = 12.5 for GaAs, and a best fit value of v, = 1.4
X 107 cm/sec (Ref. 1) into (1) and (2) yields the following practical
expressions:

W, =1723Na’=V,+ V, (V) (3)
and
I, =0224ZNa (A), (4)

where N is in units of 10'® em™, a is in pm, and Z is in mm.
As mentioned earlier, analytical expressions for I.,, I, and Vi have
been derived in Ref. 1. First, an expression for I, is given in the form

I = BI,, (5)

where B is the maximum channel opening factor. Parameter B is
expressed approximately as
018 (L
=l-—1\=
B p N (6)
provided that a best-fit value of 0.29 X 10* V/cm is assumed for the
critical electric field, E.. Another approximate expression for I, is
shown as
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I, 0.18N3g'®
Z = —Lm—‘ (A/mm). (7)
Second, an expression for I, is given in the form
I,= 'YIH’ (8)
where
y=1+a—\f8+20+02 9)
+ 0.234
p
and
0.0 R
o=_i§££. (11)

Another approximate expression for vy is given by

1 LR,
~[1- 1- , (12)
Y { Jw;,][ 2~/W;.]
where
W, =W, + V.. (13)

In (13), V. is a correction voltage that may vary from zero to a few
tenths of a volt, depending upon the configuration of the channel
structure. No analytical form is presently available for V..

Third, an expression for Vjyis given by

Vir= (1 = B)°W, + If(R. + Ra) + V., (14)

where I;is the maximum value of total forward drain current, including
the leakage current through the buffer layer and substrate.

2.2 Determination of basic channel parameters: Case |

If any one of the basic channel parameters N, a, and L is known, the
other two can be determined from known values of V,, Vs, and (In/Z)
in a straightforward manner, using either a set of (3), (4), (5), and (6),
or (3) and (7). For example, if the N value is known as a result of the
epitaxial layer evaluation, a is readily determined by

_ ’ Vo+ Vy
a= m— (pm), (15)

as is well known. The maximum channel opening factor is evaluated
as

121,/Z
=, (16)
8 VN(V, + V3)
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Using this 8 value, L is determined by
L=427(V,+ V,))(1 - B)* (um). (17)

In the case that L (or a) is known, similar evaluation for N and a (or
N and L) can also be carried out as well.

Among dc parameters, I, and W, (= V, + V,) can be considered to
be primary, because they are determined only by the active channel
properties which are intrinsic. Other dc parameters, such as I, and Vy,
are secondary, since they are affected by extrinsic elements outside
the gate channel region. The basic channel parameters can be deter-
mined only from the primary dc parameters, if any one of the three
basic parameters for the device under evaluation is known. This is a
characteristic of case I.

2.3 Determination of basic channel parameters: Case Il

In this case, none of the three basic channel parameters is known.
For the determination of these parameters, the secondary dc param-
eters play the major role and the primary dc parameters remain
auxiliary. There are two ways to determine the basic channel param-
eters in this category.

The first method is based on parameter Io. Rearranging (8) and (12)
yields

I, =

v 2LR,
Vo+ Vo+ V. 1% 1— LR . (18)
R, Vot Vo + Vo—1

After knowing I,, N and e can be determined from (3) and (4),
respectively, as follows:

1 121,71
=——|==| (10%cm™
N V,,+Vb[Z] ( cm™”) (19)
and
Z
a=0031(V,+ V) T (um). (20)

Now (17) can be used with (5) to obtain L as
I 2

L =427 (V,+ Vb)[l - —Iﬂ] _ (um). (21)

The second method is to utilize parameter V. Rewriting (14) yields

B~1_\/ka'-If(Ra+Rd)_Vc
= Vp+Vb ’

(22)

After knowing the B value, N and a can be determined by (19) and
(20), respectively, provided that I, = I,,/B. The L value can be directly
determined from (14) and (17) as
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L =427 [Vi— IR, + Ra) = V] (um). (23)

The first method demands the known values of Z, Vy, Vs, Ve, Lo, Im,
and R., whereas the second method requires Z, Vo, Vi, Vo, Vi, I, R,
and Ry already known. In the computation process of determining N,
a, and L, the subtraction of two major terms is included in both cases.
Therefore, chances of introducing an intolerable error are inevitable.
Thus, taking only a single method is not advisable. The results ob-
tained from one method have to be checked with the other method.
The simplified relationship given in (7) could be conveniently used as
a guide to examination and adjustment. Expressions (8) through (11)
for I, could also be applied for an additional checking of the determined
values of N, a, and L, in comparison with the directly measured value
of I,. Some adjustments on temporarily determined values of the
parameters are often necessary to reach their most probable values.

lil. MEASUREMENTS OF DC PARAMETERS

As previously mentioned, a transistor curve tracer is used as the test
instrument in this paper. A good calibration of the measuring system
is essential. Not only the curve tracer but also the test fixture must be
taken into consideration. For example, lead resistances may introduce
an intolerable measuring error in large-size devices. An excessive
leakage current may mislead the determination of junction parameters.
Instability and/or relatively low-frequency oscillation, often taking
place in a high-performance device, are an annoying phenomena and
require a special skill to suppress.

In the following sections, measuring methods for the dc parameters
of a GaAs MESFET are described. Although some methods have been
known or are easily derived from known methods, they are included
with brief descriptions for completeness. The ideality parameter of a
gate junction, n, and the open channel resistance, R.,, are needed
neither for determination of the basic channel parameters nor for
prediction of the microwave performance parameters. Nevertheless,
they are secondarily obtained in the course of determination of the
primary parameters. As they may be relevant to a further study of the
device, their determination is also described.

3.1 Determination of gate barrier buill-in voltage and ideality parameter

As is well known,® the forward current density, </, of a Schottky
barrier junction for V > 3kT/q is approximately written as

Vi
J=A*T? exp{— %]exp[%], (24)

where A* is the effective Richardson constant, T is the junction
temperature in °K, % is the Boltzmann constant, n is the ideality
parameter, and V is the forward bias voltage.
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The extrapolated value of current density to zero bias gives the
saturation current density, /.. The barrier built-in voltage is then
obtained from

kT [A*T*?
Vo=— ]n[ ] (25)
q Js
The ideality parameter is given by
_q oV
"= kTand) (26)

Figure 1 is a multi-exposed photograph of the forward I-V charac-
teristic of a gate junction at room temperature. As described in the
caption, each curve corresponds to a current range in a decimal step
for several orders of magnitude. In the highest current range, the gate
was against three different connections, i.e., source and drain com-
bined, source alone, and drain alone, in order to differentiate R, R.,
and Ry from each other later.

The I-V characteristic given in Fig. 1 is plotted as shown in Fig. 2.
At high values of the gate bias, V., the gate current, I, tends to
saturate due to the series resistance effect. At low values of V,, I, is
often disturbed by a leakage current component around the gate

Fig. 1—A multi-exposed photograph of the forward I-V characteristic of a gate
junction at room temperature. Each curve corresponds to a current range of decimal
step. In the highest current range, three different ground connections are taken against
the gate. They are the source and drain connected together, source alone, and drain
alone. For all lower current ranges, the drain is connected to the source. The horizontal
scale is in units of 0.1 V/div. The vertical scales are, left to right, 1 pA/div, 10 pA/div,
100 pA/div, 1 mA/div, 10 mA/div (source and drain together), 10 mA/div (source only),
and 10 mA/div (drain only).
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Fig. 2—The forward I-V characteristic of an aluminum gate diode at room tempera-
ture. The slope and the location of its linear portion on a semi-log paper give the ideality
parameter, n, and the gate built-in voltage, Vs, respectively.

periphery or with the package. In the middle range where the log I, vs
V, characteristic is linear, two gate biases, Vgim and Vgm-1) in V, can
be chosen corresponding to I, = 10™ and I, = 10! in A, respectively.
Usually, m takes a negative value.

If the effective mass of electrons in n-GaAs were taken into account,
the effective Richardson constant would be 8.7 A/cm?/°K at room
temperature.” Expression (25) for V, can then be reduced to the
following practical form at room temperature:

V, = 0.768 — 0.06 log J, (V), 27
in which
10° ;
e 7 A/em? 2
. I.Z (10 /em?) (28)
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1
y=124+m-———— (29)
1-— Vg(mfll

Vg(ml

and L, is in units of ypm and Z is in mm. A formula to be used for
deriving n is deduced from (26) as

n= 168[ Vg(m) - Vg(mfu]. (30)

3.2 Determination of pinch-off voltage, active channel resistance, and
parasitic series resistances

Figure 3 shows the drain I-V characteristics in the so-called linear
region. The characteristics were taken with the lowest scale of Vi, on
the curve tracer, in which Vi, was the drain-source bias voltage. Each
characteristic corresponds to a gate-source bias voltage, V.. The drain
current, I, at Vg, = 0.05 V is then plotted as a function of Vg, as shown
in Fig. 4. The terminal pinch-off voltage, V,, can temporarily be
determined by an extrapolation of the plot to the abscissa.

The current shown in Fig. 4 can now be converted into the resistance
value as Ry = Ii/Vas. Such a resistance for Vy = 0.05 V is shown in
Fig. 5 as a function of V,,, V,, and V., in the same manner as used in
Ref. 8, as compounded in parameter X defined as

X= - . (31)

i
Ve + Vp

1]

uA

Fig. 3—An expanded view of the drain I-V characteristics in the so-called linear
region near the origin on gate-bias offset mode (+0.4 V in this case).
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Vds = 0.05V

DRAIN CURRENT Iy (mA)
I

o,
0 ] ] | 1 1 1 \ 1 M - S
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GATE BIAS VOLTAGE Vg (V)

Fig. 4—Drain current as a function of gate bias voltage in both forward and reverse
directions at a drain-source bias voltage, Va, of 0.05 V. An appropriate extrapolation of
this curve to the abscissa gives the external (or terminal) pinch-off voltage, V,. A
misjudgment in the determination of V,, as shown by the dash-dotted line, will cause a
problem in the next step.

This plot should be a straight line. However, the plot may deviate from
the line either upward or downward as X increases, as indicated by
dashed lines in Fig. 5. Such a deviation depends upon the temporarily
determined value of V). If the plot significantly departed from the
straight line, the previously determined V, had to be re-examined.
Usually, a slight adjustment on the V,, value easily solves this problem
and V, is finally determined.

Such a way of determining V, seems to be much more complicated
and tedious than the conventional method. Usually, V, is simply
estimated from V,, corresponding to the bottom line of the drain I-V
characteristics. Indeed, the conventional method may not bring too
much error in the determination of V, in the case of thick active
channels, i.e., devices with high pinch-off voltages. However, in devices
with thin active channels, especially on buffer layers, the error may
reach as high as 100 percent with the conventional method, as will be
seen in Fig. 6. Therefore, the present method has been developed.

In Fig. 5, the linear extrapolation of the plot to the ordinate gives
the value of (R, + Ra4). The slope of the line is designated as R,. The
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parameter R,X represents the effective value of active channel resist-
ance at a given V..

As was mentioned previously, the forward gate current value is
affected by a combination of series resistances at high current levels.
Therefore, the slope of the I,-V, characteristic, measured at a current
density of around 10 A/cm’ gives an estimate of series resistance
values. By measuring the gate current in three different ground con-
nections, i.e., source and drain combined, source only, and drain only,
three resistance values can be obtained. The differences between the
last two values yields (R, — Rq). Since (R, + R4) has been known, R,
and R, are now readily separated. The gate series resistance R, can be

32

28

24

20

DRAIN-TO-SOURCE RESISTANCE IN OHMS
@

R, + Ry = 5.4682

-1
x=|1- [V
V0+Vb

Fig. 5—Determination of the open channel resistance, R,, and parasitic series resist-
ances, R, and R.. The proper selection of V, value in Fig. 4 (ie., V, = 0.356 V in this
case) is essential for this determination, as illustrated in two wrong cases (V, = 0.300 V
and 0.400 V).
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deduced from the first resistance value by subtracting the contribution
of the paralleled R, and R; from the resultant.

3.3 Determination of specific voltages and currents

Figure 6 is a typical photograph of the drain I-V characteristics for
negative gate potentials, taken with the nonoffset gate-bias mode of
the curve tracer. In contrast with Fig. 6, Fig. 7 is an unconventional
photograph of the drain characteristics of the same device when driven
in the forward gate bias with the offset mode. As the positive value of
gate offset is increaséd, the drain current increases. Beyond a certain
value of the offset, V;, however, the drain current no longer increases.
Figure 7 shows such a state of offsetting.

The knee voltage of a drain I-V characteristic could be defined as
the intercepting point between the extensions of two linear regions of
the characteristic. The knee voltage of the I-V curve for V;is denoted
by Vir as shown in Fig. 7. Also, the knee voltage for the zero-gate-bias
curve is by Vi, as shown in Fig. 6. Total drain currents, I; and I, for
V; and null gate bias, respectively, are measured at the corresponding
knee voltages, Vir and Vi,. Leakage current components, I,y and I,
are also measured at Vi and Vi, respectively, both for V, = —V,.
The maximum channel current, I., and zero-gate-bias channel current,
I,, are then evaluated as Iy — I,y and I4, — I, respectively.

Fig. 6—A conventional drain I-V characteristics with nonoffset gate-bias mode as
usual.
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Fig. 7—A special drain I-V characteristics with a forward gate-bias offsetting of V.
This is a critical value beyond which no increase in the drain current is observed.

3.4 Determination of transconductance

As is well known, the magnitude of the transconductance of a good
device can be assumed to remain constant up to nearly the cutoff
frequency. Therefore, the so-called dc transconductance can be consid-
ered a first-order approximation of the amplitude of microwave tran-
sconductance.

The following method of measuring g/ and evaluating g is conven-
tional. In the drain I-V characteristics, an increment of drain current,
Al between two adjacent curves for V,, = V, and Vi, = V: at a given
Vs yields an average transconductance as
Al

V.= W

However, this value is a result of degradation due to R,. The intrinsic
value of the small-signal transconductance at the bias points, Vi, =
Va4 and Vg = (V1 + V2)/2, can thus be derived as
Em
S ———— 33
g 1 - g :-r:Rs ( )

&m = . (32)

IV. EXAMINATIONS OF NEW TECHNIQUE
4.1 Sample devices

To present the practical values of measured dc parameters and
hence to demonstrate the new technique for determining the basic
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channel parameters, 11 GaAs MESFETs of various designs were chosen,
as shown in Table I. The first five devices (A through E) were originally
designed for high-power use’ and the others (F through K) were for
low-noise applications.'

All devices had a total device width of 0.5 mm, except for device E
which had 1 mm. The distance between the source and drain electrodes
was nominally 6 ym for devices A through E and 3 pm for devices F
through K. The nominal gate length was 2.0 to 2.5 um for devices A to
D, 1.0 to 1.5 ym for device E, and 0.8 pm for devices F to K. The
physical length of the gate electrode, however, was not necessarily
equal to the effective gate length because the latter was subject to the
shape of a gate junction.

All the sample devices had a multi-layer structure consisting of an
undoped n-GaAs film 2 to 3 um thick as the buffer, an n-GaAs channel,
and n"-GaAs layer, except for devices J and K. All the layers were
grown sequentially on a semi-insulating GaAs substrate in an AsCls/
Ga/H; cvD system.'' After removing the n*-GaAs layer and part of n-
GaAs in the gate region, aluminum approximately 0.7 um thick was
deposited as the Schottky-gate metal. The ohmic contacts were formed
with a 12 percent Ge/Au-Ag-Au system approximately 0.25 um thick,
alloyed at nearly 500°C. The final metallization was completed with a
Ti-Pt-Au system 0.9 to 1.4 um thick.

4.2 Results of measurements

First, dc parameters n, Vy,, V,, Wy, Viy, Vi, It, Ls, Iny Vio, Lao, Lo, Loy
R,, R,, R4, R; and g, were obtained in accordance with the measuring
technique described in Section III. The measured values of these
parameters are shown in Table I. Note that g7, is an average value
taken at approximately I,,.

Second, basic channel parameters L and N were deduced from each
of the two methods described in Section 2.3. In the application of (18),
(22), and (23), V. was assumed to be zero for devices A to E and to be
a single value of 0.17 V for devices F to K. The two deduced values for
each of L and N were then averaged to obtain the most probable value.
Using this mean value of N in (15), the most probable value of a was
determined. All values mentioned here are shown in Table II.

4.3 Comparison of calculated and measured results

By inserting the determined values of N, a, and L into (4), (6), and
(5), I, was calculated. The calculated value of I, was then compared
with the measured value as shown in Table III. By adopting the
measured value of V;, and R, in (10) and (11), respectively, I, was also
calculated using (9), (4), and (8). The calculated I, was compared with
the measured value, again as shown in Table III. The comparison has
shown excellent agreement between the calculated and measured
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values in both cases. Note that the equations applied to calculate I
and I, had not been used to determine L, a, and N in Section 4.2.

The 11 devices used in this experiment were from 11 different slices.
The free carrier concentration of each slice was evaluated by a doping
profiler.”? It has been recognized that this particular profiler gives an
N-value 5 to 40 percent higher than the true value of N." Also, a
standard deviation of + 3 percent in the doping across a wafer has
been known for these slices.!' Under such circumstances, the evaluated
value of N for each device was compared with an uncorrected, repre-
sentative N value obtained for the corresponding slice. The results
shown in Table IV seem to be very reasonable. A consistent pattern of
difference between the two N values is seen there, as expected from
the above observation.

V. ANALYSES OF EXPERIMENTAL RESULTS
5.1 Schottky-barrier built-in voltage

The built-in voltage of an aluminum Schottky-barrier gate junction
at room temperature has been expressed in an analytical form as a
function of N in n-GaAs' as follows:

V,=0.706 + 0.06 log N (V), (34)

where N is in units of 10'® cm™>. This expression is compared with the
measured value of V, for all devices used, as shown in Fig. 8. This
comparison indicates that (34) can be used for aluminum gates on
n-GaAs at room temperature.

5.2 Transconductance

The small-signal transconductance of a GaAs MESFET has been
described by the theoretical expression”

1,

I r
2%[1—{]

where I, is the dc drain bias current. Since g/, was measured approx-
imately at I,, the theoretical value of g was also calculated for I, =
I, in (35). This calculated value was then compared with the measured
value obtained using (33). This comparison led to a conclusion that
the measured value of g, would agree well with the predicted value if
the latter were calculated by

Bm = (35)

09I,
(36)

Bm =

Il
2V, + Vb)[l _E]
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Fig. 8—Comparison of the measured values of gate built-in voltage for aluminum
Schottky-barrier gates at room temperature, with a theoretical expression as a function
of free carrier concentration in n-GaAs.

where I. was the channel current, as shown in Table V.

5.3 Ohmic contacts and series channel resistance

The parasitic series resistance, R, or Ry, consists of the ohmic
contact resistance, Rc., and series channel resistance, R.,, between the
two concerned electrodes. These component resistances are now sep-
arately expressed. The expression for R., given by Berger' and
Murrmann and Widmann'® can be simplified, as already shown by
Macksey and Adams'® as

1 [R.p: \/plLZ 1 [R.p
Rco == J th £ == . 7
a, co Ra Z a (37)

The series channel resistance can be further divided into two compo-
nents which represent two individual parts of different structures in
the space between the gate and one ohmic contacts.

Thus,
R, = R: + R;, (38)
where
p2L:
= 3
R; Zas (39)
and
_ PaLs
R; = Zas (40)
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Table V—Measured and predicted values of transconductance at
zero-gate-bias channel current

Parameter Device

&n @I, A B Cc D E F G H I dJ K

Measured (m8) 32 36 46 69 83 33 48 58 59 564 66
Predicted (m¥U) 33.6 352 474 712 819 351 500 554 609 521 562

In the above expressions, @i-123, pi=123 and Li-23 are, respectively, the
thickness, specific resistivity, and length of the GaAs epitaxial film at
the corresponding place i = 1, 2 or 3, L. is the length of the contacting
metal electrode, and R. is the specific contact resistance.

Parameters p and R. are both functions of N. Using the experimental
data taken by Matino on epitaxial n-GaAs films,'” the doping depend-
ence of p can be written in an analytical form

p=0.11 N2 (Q-cm) (41)

in an N range of 10~ to 10° X 10" cm™. Based on the so-called
Shockley method,® R. was statistically investigated using monitor
areas provided within the same slices as those fabricated for either
high-power® or low-noise use.”” An empirical expression for R. was
then found to be

R.=4 N (107° Q-cm® (42)

for N values in the range of 3 to 10* X 10'® cm™, This expression differs
from that given by Heime et al.,'® which is

R.=8N' (107°Q-cm?. (43)

However, both expressions give close values of R. for N in the vicinity
of the mid-10'® cm™ range. As the N value increases, the difference in
R.between the two expressions becomes recognizable. This would give
rise to the case of ohmic contacts formed on n*-GaAs layers. An
estimate by (43) would result in too-optimistic prediction of R..

Substitution of (41) and (42) into (37), (39), and (40) yields practical
expressions for R.., Rz, and R; as follows:

2.1

R, = W (2) (44)
1.1L
R = F‘;‘” () (45)
1.1 L3
and Ry = Za—aN%;’ﬁ (). (46)

For the 11 sample devices with reasonable assumptions on N,, a;,
L,, N,, a3, L;,, N3, and a3, component resistances R.,, K2 and R;
were calculated using (44), (45), and (46), respectively. The predicted
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value of R, (or Rs) was thus obtained as the sum of these resistances.
The average of the measured values of R, and Ry for each device was
then compared with the predicted value, as shown in Table VI. They
were in good agreement.

5.4 Gate series resistance

Since the input signal applied to the feeding end of the gate travels
along the gate metallization to the other end, the gate must be
considered as a distributed network. The effective value of the gate
metallization resistance in a lumped equivalent circuit is, therefore,
different from the dc value measured from one end to the other. As
theoretically analyzed by Wolf,' this effective value, R, is one-third
of the end-to-end dc resistance as a first-order approximation. Thus,

pe2’

R, = , 47
# 7~ 3L.hZ 47)

where p, is the specific resistivity, L, is the mean length, 4 is the mean
height, and z is the unit width of the gate metallization.

By substituting the nominal values of Z, 2, L, and A into (47) in
conjunction with the measured value of R, p; was evaluated as shown
in Table VII. The range from 3.8 to 5.7 X 10~° Q-cm gives a mean
value of 5.0 X 10® Q-cm. Although this value is higher than a bulk
aluminum resistivity of 2.8 X 107® @-cm, it seems to be very reasonable
for such a fine, thin, and scaly structure of gate metallization. Based
on this finding, a practical expression for R, can be given by

17z*

Re=Lnz

(), (48)
where Z and z are in units of mm and L, and 4 are in um.

It may be noted that annealing of a device sometimes results in an
improvement in the effective value of p,. The above measured values
were obtained without additional heat treatment.

5.5 Open channel resistance
The open channel resistance mentioned in Section III can be ex-
pressed as

L

Ri=———,
q,unNaZ

(49)

where o is the low-field mobility of electrons.® Thus, g of an individual
device can be obtained from the measured value of R, in conjunction
with Z, L, a, and N, which have already been determined.

On the other hand, p, is related to p in the form

1

= Np (50)
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Substituting (41) into (50) yields yo as a function of N
o = 5.7 N™®  (10°cm?*/V-sec). (51)

The p value deduced from the measured value of R, and that
predicted by (51) are shown in Table VIII for all the sample devices.
The evaluation of the latter value was based on the average value of
N shown in Table II. In the high-power devices, these two values of
po were close enough to confirm Matino’s results'’ and to support the
use of (41) and (51). In the low-noise devices, however, the po value
deduced from R, appeared to be approximately one-half the predicted
value by (51). Such a discrepancy might be caused by a special two-
dimensional gate-recess structure of these devices, and/or be due to
an increased influence of the transition layer as the active layer was
thinned, this transition layer being between the active and buffer
layers. This is subject to further investigation.

As shown in Table VIII, the po value deduced from the measured
value of R, using (49) differs from one device to the other in some
degree. In accordance with the two-piece approximation of the v-E
characteristic, however, y is assumed to be constant by definition and
is equal to v,/E.. Substituting the aforementioned best-fit values of v,
and E. into this yields a fixed value of 4.8 X 10° cm®/V-sec for po, which
is independent of N. This yo value is much greater than that deduced
from R, by (49) and that calculated by (51) as a function of N in the
normal range. On the contrary, the fixed values of v, and E. have been
satisfactory to evaluate I, for a wide range of NV, as seen in the previous
sections. Such a conflicting situation must be reconciled. This is also
subject to further study. Nevertheless, the following can be applied in
practice, for the time being. The fixed values of v, and E. are appro-
priate for the evaluation of I, for all devices. The po value provided by
(51) is adequate in (49) to calculate R, for devices with plane gates.
However, a suitable correction factor is necessary for yo given by (51)
to make uo effective for nonplane gate devices. For example, this factor
was 0.5 for the low-noise devices used as samples.

Table ViIll—Comparison between the low-field electron mobility value
deduced from the measured value of open channel resistance by
(49) and that predicted from the most probable value of free-carrier
concentration in the active channel by (51)

Parameter Device

poin10°ecm*’’Vsece A B € D E F G H 1 J K
Calculated by (49) 39 37 44 32 42 18 20 21 19 19 19
Calculated by (51) 41 41 37 33 39 45 41 39 38 40 39
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VI. PREDICTION OF MICROWAVE PERFORMANCE
6.1 Maximum output power

As was previously mentioned, devices A through E were originally
designed for high-power use. The maximum available output power,
Prax, of these devices were measured at 4 GHz in a coaxial system. A
double-slug tuner was provided in each of the input and output circuits
to obtain the conjugate match. The data taken at a drain bias of 12V
are shown in Table IX.

The maximum output power delivered from a GaAs MESFET oper-
ating at a drain-source voltage of V4, is approximately given by

In
Pmax = T (Vda' - ka) (52)

if Vg4, is sufficiently lower than the drain-source breakdown voltage.
By substituting the measured values of I, and Vi into (52), Pm.x was
calculated for Vy, = 12V. Furthermore, Pn.. was predicted using the
geometrical and material parameters, shown in Tables II and VI, to
calculate I, and Vi. Both predicted values of P... are shown in
Table IX.

As seen in Table IX, there is excellent agreement between the
measured and predicted values of Pnax in devices C, D, and E at this
drain bias voltage. However, the measured values of devices A and B
were substantially smaller than the predicted values. This discrepancy
could be caused by the saturation effect in output power as Vi
increased. This problem of power saturation will be discussed in a
separate paper. Without power saturation mechanisms, the maximum
output power capability at microwave frequencies can be predicted
by dc parameters as well as by device geometrical and material
parameters.

6.2 Minimum noise figure

Devices F through K were originally designed for low-noise ampli-
fiers. The minimum noise figure, F,, of these devices was measured
at 5.92 GHz in a coaxial system with double-slug tuners. The measured
values are shown in Table X.

Table IX—Predicted and directly measured values of the maximum
output power at 4 GHz and 12V drain bias

Parameter Device
Poox @ 12 volts A B C D E
Measured directly (W) 0.40 0.40 0.44 0.36 1.00
Predicted from measured dc para’s (W) 0439 0491 0437 0350 1.001

Predicted from geo. and mat. para’s (W) 0439 0493 0440 0353 1.006
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Table X—Predicted and directly measured values of the minimum
noise figure at 5.92 GHz

Parameter Device
Foin @ 592 GHz F G H 1
Measured directly (dB) 2.22 51 184 174 175 176

1. . . .
Predicted from measured dc para’s (dB) 221 150 180 173 175 176
Predicted from geo. and mat. para’s (dB) 212 156 179 ik

A simple expression for Fu,;, has been derived as

Frin = 10log [1 + KfL Vgn(R, + R,)] (dB), (53)

where fis the frequency of interest in GHz and K is the fitting factor.”

This fitting factor, which represents the channel material properties,
ranges from 0.25 to 0.3 in most cases. Substituting (33) into (53) with
a typical K-value of 0.27 yields

En(Ry + R,)

Fuin = 10 log [1 + 0.27 fL \/ 1= g.R, ] (dB). (54)

Using the measured values of g/, R,, and R,, and deduced value of L
in (54), Fmin was calculated for devices F to K. The minimum noise
figure was also predicted from the geometrical and material param-
eters, using the values shown in Tables II, VI, and VII to calculate g,
R, and R,.

These predicted values are compared with the directly measured
value in Table X. The agreement is excellent between them. This
supports the idea that the dc characterization of a low-noise GaAs
MESFET makes it possible to predict Fmnin at microwave frequencies
with a remarkably high accuracy. Also, once the geometrical and
material parameters are given for a device, its Fi, can be calculated
as well. It would be worthwhile to note that, if the operating frequency
approaches the cutoff frequency of a device or frequencies where the
skin effect on the gate metallization becomes significant, an additional
term is required in (54) for an improved accuracy.”

Vil. SUMMARY OF RELATIONSHIPS

Table XI is a summary of the relationships between the dc and rf
performance parameters and the geometrical and material parameters
of a GaAs MESFET.

VIIl. CONCLUSIONS

This paper complements the recent study of a new model of the
GaAs MESFET.! A new technique has been introduced in which the
basic channel parameters, such as the effective gate length, channel
doping, and channel thickness, are determined from the so-called dc
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Table XI—Summary of relationships

de Participating Geometrical
Parameter Equations and Material Parameters
Vi (34) N
W, (3) N, a
Vs (3, 34) N, a
I, (4) NoaZ
B (6) N,a, L
I (5, 6, 4) or (7) N,a L, Z
R, R4 (44, 45, 46) N, N*, a\, as, as, Ly, Ly, Z
Rg (48) z: 2} hl L&! Px
I, (8,9, 10,11, 4) N,a L Z R,
or (8,12, 13, 3, 4) N,a,Z R, V.
Viur (14, 3, 4, 5, 6, 44, 45, 46) Noa L Z R, Ry V.
Performance Above Parameters
Parameter Equations plus Bias Parameter
Em (36, 3, 4) NoalLZI
&m (36, 33, 3, 4, 44, 45, 46) N,a L ZR,]I
Pmlx (52: 3r 41 5r 6! NJ a, L. ZJ Ra: Rd, Vd’v
14, 44, 45, 46)
Fmin (54' 36: 3: 4; N‘ a, L- R,, R'b f
44, 45, 46, 48)

parameters. Also, a precise technique developed for measuring the dc
parameters was shown. Using 11 sample devices chosen from a wide
variety of designs, usefulness of the new techniques was demonstrated.

The determined values of the basic channel parameters for the
sample devices were used to calculate their dc parameters, such as the
maximum channel current, zero-gate-bias channel current, and
transconductance in the simple, analytical expressions recently ob-
tained.' Their predicted values were then compared with the measured
values in excellent agreement for all devices used. Practical expres-
sions, in terms of device geometrical and material parameters, devel-
oped for parasitic resistances were verified in good agreement with
measured values on all sample devices.

Using the sample devices, it was demonstrated that the maximum
output power and minimum noise figure at microwave frequencies can
be predicted by dc parameters as well as by device geometrical and
material parameters through simple, analytical expressions. In other
words, proper dc characterization of a GaAs MESFET makes it possible
to predict the microwave power handling capability and minimum
noise property.

Finally, the relationships between the dc and rf performance param-
eters of a GaAs MESFET and its geometrical and material parameters
were summarized with the relevant equations. This summary would
be very useful as a handy reference for the design and optimization
processes of a GaAs MESFET.
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