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Abstract - Measurements of the noise characteristics of a variety
of gallium-arsenide field-effect transistors at a frequency of 5 GHz
and temperatures of 300°K to 20°K are presented. For one transistor
type detailed measurements of the DC parameters, small-signal para-

meters, and all noise parameters (Tm s

Ropt’ Xopt’ gn) are made over

in
this temperature range. The results are compared with the theory of
Pucel, Haus, and Statz modified to include the temperature variation.
Several low-noise amplifiers are described including one with a noise
temperature of 20°K over a 500 MHz bandwidth. A theoretical analysis

of the thermal conduction at cryogenic temperatures in a typical pack-

aged transistor is included.
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LOW-NOISE COOLED-GASFET AMPLIFIERS

S. Weinreb

I. INTRODUCTION

The present state-of-the-art for microwave low-noise amplifiers
is shown in Fig. 1. The gallium-arsenide field-effect transistor (GASFET)
amplifier does not yet achieve the noise temperature of the very best
parametric amplifiers but is equal to or better than many paramps manu-—
factured 10 years ago. In addition, the GASFET has higher stability and
lower cost because of two inherent advantages: 1) It is much less cri-
tical to circuit impedance than a negative resistance amplifier such as
a paramp. 2) It is powered by DC whereas the paramp requires a power
oscillator and tuned circuits at several times the frequency of operation.

There are systems, particularly those requiring large-area antennas
such as radio astronomy or space communications, where no present device
operating at room temperature has sufficiently low noise. This is shown
clearly in Fig. 1 where, in the 0.5 to 20 GHz range, the 300°K paramp
performance is typically an order of magnitude greater than the natural
noise limits of galactic, cosmic, and atmospheric noise. The lowest-
noise, highest-cost solution is a maser or parametric up-converter-into-
maser system operating at 4°K. Intermediate in cost and performance are
paramps and GASFETS cooled to 20°K by closed-cycle helium refrigerators
which are now available [10] at a cost of under $5,000 and a weight less

than 45 kilograms.
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Fig. 1 - Noise figure, 10 log F, and noise temperature, T, = 290° (F-1), vs.
frequency for various 1980 state-of-the-art low-noise devices. The 300°K
bipolar transistor, FET, and paramp values are taken from manufacturers data
sheets [1, 2, 3], the 20°K FET curve is from the data of this paper plus
data of others [4, 5, 6] at 0.6, 1.4, and 12 GHz, respectively. The 20°K
paramp, 4°K maser (including parametric up-converter at lower frequencies),
and 20°K mixer results are from systems in use at National Radio Astronomy
Observatory (NRAO). The natural noise limitations due to galactic noise,
the cosmic background radiation, and atmospheric noise are for optimum con-
ditions and are taken from [9] plus points at 22 GHz and 100 GHz measured
at NRAO.



Several reports of the noise temperature of cryogenically cooled
GASFET amplifiers have been made [4 - 8] but, for the most part, these
are for one specific device, do not determine the four noise parameters
which characterize the noise of a linear two-port (Ref. [4] is an excep-
tion to this), do not report the device DC and small-signal parameters
as a function of temperature, and do not attempt to correlate the results
with theory. An attempt will be made to do the above in this paper and
to present some information regarding the following questions:

1) Considering the DC power dissipated and thermal resistance pro-
blems, what is the actual physical temperature of the FET channel? What
is the lowest physical temperature which can be achieved in the channel?

2) What is the noise improvement factor for cooling of presently
available low-noise GASFET's? Are one manufacturer's devices superior
for some fortuitous reason?

3) Can the present room-temperature GASFET noise theory be applied
at cryogenic temperatures?

4) Can a GASFET be specifically designed for best performance at
cryogenic temperatures?

5) Is there any difference in the circuit design for a cryogenic

amplifier?



II. THERMAL RESISTANCE

The room—-temperature thermal resistance of a typical low-noise GASFET
is specified on manufacturers' data sheets and is of the order of 100°K/W
for a chip and 200°K/W for a packaged device. These values produce a
heating of 5 or 10°K for a typical low-noise DC power dissipation of 50mW
and do not significantly effect the room-temperature performance. However,
at cryogenic temperatures the situation may be drastically different be-
cause the thermal conductivity of most materials changes by orders of mag-=
nitude; pure metals and crystalline substances become better thermal con-
ductors while alloys and disordered dielectrics become worse.

An analysis of the heat flow in a typical 1.75 mm-square packaged
GASFET sketched in Fig. 2 has been performed using the thermal resis-
tance equations of Cooke [l1]with material thermal conductivities published
in various references (GaAs [12], alumina and gold [13], Kovar and iron al-
loys [14]). The results are summarized in Table I which also gives the
material conductivities used in the calculations.

At temperatures down to 20°K the total thermal resistance decreases
substantially for the configuration of Fig. 2. The heat flow media shifts
in the substrate from alumina to gold metallization (assumed 5um thick).

It is thus important that the gold metallization and plating be thick,
pure, and free of voids. A case designed for cryogenic operation should
have pure silver or copper source leads and a sapphire or crystalline
quartz substrate.

It is important that the chip be solder-bonded to a metallized sub-
strate with the metallization continuing to the source leads. This is not

the case in all commercially available devices. A calculation of a
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Figure 2 - Typical GASFET chip in 1.75mm square package with top cover removed;
all dimensions are in uym. Heat flow is from the FET channel spreading through
the GaAs chip into the gold-metallized alumina substrate and out the source leads.
An equivalent electrical circuit is also shown with thermal resistance values in

Table I. Some manufacturers do not connect the source metallization to the chip.
TABLE 1

THERMAL RESISTANCE OF PACKAGED GASFET IN °K/WATT AND
(IN PARENTHESIS MATERIAL CONDUCTIVITIES IN WATTS/°K CM)
C?mpongnt Temperature
(Dimensions

in um) R 300° 77° 20° 4°
FET Channel R 120 12 13 840
(0.7 x 400) c (0.44) (4.4) (4.1) (.06)
Alumina
Substrate R 55 13 85 3900
250 x (1.750)2 a |(0.35) | (1.5) [ (0.23) | (.005)
Gold
Metalization R 335 285 62 45
500 x (500 x5) m (3) (3.5) (16) (22)
Total
R, + RJRy Re 169 24 49 885
Kovar in
Source Leads 76 156 625 4170
250 x (100 x 1000) RK (.165) (.08) (.02) (.003)
Gold Plate on
Source Leads 76 65 14 10
250 x 2.5 x 2200 | P 3) | (3.5 (16) (22)
Total Including
Source Leads
R, + Re//Ry Rp 207 89 63 895
Add for Epoxy 100 330
Bond of Chip 50 (.01) (.003) 1000
25 x (500 x 500) |- (.02) EST EST (.001)




solder-joint thermal resistance shows it to be negligible even at 4°K.
However, a silver-loaded epoxy joint of 25um thickness would add 300°K/watt
at 20°K [16].

It is also important that the total heat path from chip, thru package
to amplifier case, and on to cooling station be carefully considered; this
often conflicts with the desired microwave design. A chip GASFET soldered
to a high-purity copper amplifier case is an excellent solution to thermal
problems above 20°K but is not a necessity; a packaged device can be used.

At 4°K the thermal problem within the GaAs chip is quite severe due
to boundary scattering of phonons [17 , p. 149] which produces a thermal
resistance increasing as T3 for temperatures below 20°K. A channel with
20 to 50 mW of power dissipation will stabilize at a temperature of “15°K
even if the chip boundaries are at 4°K; hence little is gained compared to
20°K cooling. The value of the chip'thermal resistance at 4°K given in
Table I is only a rough approximation as the problem becomes complex. The
thermal conductivity is no longer a point property of the material; the
heat conduction is by accoustical waves and wave transmission and reflection
at boundaries must be considered. However, an effective thermal conducti=-
vity dependent upon the object size can be defined (see Calloway [15]) and
has been used in Table I with the size parameter set equal to a gate length
of 0.7um. It should be noted that the chip thermal resistance would not be
significantly reduced by emersion in normal liquid helium which has insuf-
ficient thermal conductivity for the area and heat flux involved (Though,
super—-fluid helium at a temperature below 2.2°K would be effective).

There is a possibility that a detailed study of the heat conduction

mechanism from the channel at 20°K would show increased heating due to the



small size effects discussed above which are certainly present at 4°K.
Experimental evidence against this, however, is the fact that for most de-
vices evaluated the amplifier noise temperature variation with DC bias
power dissipation is small at cryogenic temperatures and similar to the
variation at room temperature.

A different conclusion regarding self-heating at cryogenic tempera-
tures was reached by Sesnic and Craig [56] who predict large self-heating
for the 4°K to 77°K temperature range due to poor conductivity of the
Kovar source leads. This paper did not consider the strong effects of
plating on the source leads or the boundary-scattering increase in chip
thermal conductivity. These erroneous results were applied by Brunet-
Brunol [57] who thén attributed the lack of change of GASFET electrical

characteristics below 77°K to self-heating.



III. DC CHARACTERISTICS VS. TEMPERATURE

The DC characteristics of a GASFET can be analyzed to determine
parameters such as transconductance and input resistance which enter
directly into the noise temperature equation and also device fabrication
parameters such as channel thickness, a, and carrier density, N, which
effect the noise temperature in a more complex manner. In addition by
measuring the variation of DC parameters with temperature, the variation
of material parameters such as mobility, u, and saturation velocity, vg,
can be determined; these also enter into the noise theory.

The curves of drain current vs. drain voltage at steps of gate vol-
tage for three different manufactures of GASFET's at 300°K and 23°K are
shown in Figure 3. 1In general, there is only a mild change in the
characteristics of all devices tested with most changes occurring be-
tween 300°K and 80°K. The most dominant effects are an increase in trans-
conductance, saturation current, and drain conductance.

A more detailed analysis of a sample device, the Mitsubishi MGF 1412,
will be performed using, with some modification, the methods of Fukui [18].
Microwave noise measurements of the identical device are described in the
next section. The total channel width, Z, was measured with a microscope
and found to be 400um in two 200um stripes and the gate length, L, has a
published [34] value of 0.7um (the gate length has only a minor effect on
the quantities evaluated in this section, but is important for the noise
analysis). All DC data were measured at five temperatures utilizing 0.1%
accuracy digital meters. The results are given in Table II and . discussed

below.
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Fig. 3 - Drain current, 20mA per vertical division, vs. drain voltage,
0.5 volt per horizontal division, for 0.2 volt steps of gate voltage for
3 manufacturers of GASFET's at 300°K and 20°K. The top curve in each
photograph is at 0 volts gate voltage.



A, Forward-Biased Gate Characteristics

The forward-biased gate junction was first evaluated to find the
barrier potential, VB, Schottky ideality factor, n, and gate-plus-source
resistance, Rg + RS. This was performed by measuring the gate-to-source
voltage, Vgs’ for forward gate currents of 0.1pA to 10mA in decade steps,
all with drain current, Id = 0. The results were fitted to a normal
Schottky-barrier current-voltage characteristic with VB replaced by VB/n
as suggested by Hackam and Harrop [19]. The resulting values for VB show
little variation with temperature, in agreement with the results of others
[19, 20]. The n factor increases by a large amount as temperature de-
creases; this is due to tunneling through the narrow, forward-biased de-
pletion layer [21, 22] and does not effect the reverse diode characteris-
tics and normal FET operation. When tunneling is present the n factor
will vary slightly with current (i.e., the I-V characteristic is not ex-
ponential) if the doping density is not uniform. This limits the accuracy
of the determination of n and hence, of VB and Rg + Rs' The n values
given in Table II are for the 1 to 10uA range.

The value of Rg + RS is determined from the Ig - VgS measurements in
the 0.1 to 20mA range. At these currents the voltage drop across Rg + RS
becomes significant compared to the exponential ideal diode characteristic,
and hence Rg + Rs can be determined. However, Rg at these currents is
non-linear due to the distributed gate metallization resistance. A dis-
tributed ladder network of resistors and diodes must be considered. At
high currents the potential drop across the metallization resistance pro-

duces a reverse bias which results in less current through the diodes at

the end of the ladder away from the gate connection point; the effective
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DC PARAMETERS VS. TEMPERATURE FOR

TABLE II

THE MITSUBISHI MGF 1412 GASFET

Quant | 300°K | 228°K | 151°k | 81°K | 21°K
Vg .796 | .811 | .834 | .810 | .782
n 1.125 | 1.216 | 1.47 2.0 7.2
R, 2.66 1.7 1.5 1.4 1.2
R 2.3 2.3 2.1 2.1 2.2
Ry 2.1 2.4 2.5 2.4 2.4
R, 8.8 8.8 | 9.3 11 | 10-14
v, 1.226 | 1.151 |1.156 [1.172 | 1.159
I 67.8 | 74.3 | 79.1 | 84.7 | 86.2
I 255 279 297 318 324
g 39 44 47 50 55
&, 43 49 52 56 62
vg/vg,| 1.0 | 1.13 | 1.18 | 1.27 | 1.32
g, /8,,| 1-0 [ 1.14 | 1.21 | 1.30 | 1.44

- 11 -




value of Rg decreases with current. This situation is described by a
non-linear differential equation which has been solved [54] and the re-
sults have been used to find the constant, low-current value of Rg + RS.
The solution will be described in a separate publication. The small-
signal value of Rg + RS at 10mA bias current was also measured at 100

KHz and 10 MHz. Values equal to the DC slope-resistance were obtained,
thus assuring that thermal errors are not present in the DC measurement.

To separate Rg and RS and also determine the drain series resistance,

Rd’ the gate-to-source voltage, Vgsd’ with drain connected to source was
measured along with the gate-to-drain voltage, ng, with the source open;
both of these values are at a gate current of 10mA. By differencing these

quantities with Vgs’ also measured at Ig = 10ma, RS and Rd are obtained as

=
]

, 2
s ARl + (ARl) + AR1 . AR2 1)

=
]

4 ARl + RS (2)

wv_, - Vgs)/.Ol. Note that since

2

only voltage differences are measured the values can be highly accurate

1 gs

where AR, = (V__ - Vgsd)/'01 and AR od

and do not depend on removing the exponential portion of the Ig- Vg
characteristic, as is the case with the determination of Rg + RS, and
therefore, Rg’

The values of RS and R, show little variation with temperature. This

d
is to be expected, since for a highly doped semiconductor, both the carrier
density and mobility show little variation with temperature even at tem-

peratures as low as 2°K [23, 24]. The mobility is limited by impurity

scattering and carriers do not "freeze out" because the impurity band

- 19 _



overlaps the conduction band. The gate resistance, Rg’ decreases from
2.7 ohms at 300°K to 1.2 ohms at 21°K since it is primarily due to the
resistivity of aluminum which decreases by a large amount dependent upon
its purity. The theoretical resistance of the gate metallization, using
the formula of Wolf [25] is 1.7 ohms at 300°K and <.001 ohms at 21°K indi-

cating that V1 ohm is due to impurities or semiconductor resistance.

B. Drain Voltage-Current Characteristic
A second check on mobility wvariation is obtained by measurements in
the linear region (i.e., no velocity saturation) of the Id - Vd characteris-

tic. The drain current, Id’ was measured for VgS = 0 and Vd = 50 or 100mV.

Rt = Vd/Id is reported in Table I and shows somewhat more variation with
temperature than RS or Rd (which are contained in Rt)' In particular the
value at 21°K is dependent upon past history; it is lower by ~30% after
forward biasing the gate junction. This has not been explained. No such
"memory" effect is observed in the device at normal bias levels.

The saturated drain current, Io, at v s = 0 and Vd = 3 volts was
measured along with the gate voltage, —Vp, to bring the drain current
down to 2mA; Vp is a good approximation to the pinch-off voltage of the
device. These quantities, measured at 300°K, can be used to determine the

doping density, N, and channel thickness, a, of the device through the

well established relations

Na2
vp + V= g;;; (3)

I, = quNaZ (4)

where q = 1.6 x 10'190, e, = 8.85x 10'14F/m, k = 12.5 for GaAs, Z = .4mm,

and the saturated velocity, Vs is assumed to be 1.4 x 107 cm/sec. The quantit

- 13 -



Is’ is the open-channel saturation current and is related to Io [18] by

IS = IO/Y (5)
where

y=1+go - /5+20+02 (6)

§ = (VB + 0.234L)/(VB + Vp) (N

o= .0155RSZ/a (8)

and a and L are in ym and Z is in mm. The channel thickness, a, is not

initially known for use in ¢ but since it is a moderately small correction
factor, an initial estimate can be used and later iterated. Solving (3)
and (4) for a and N gives a = 0.10um and N = 2.9 x 1017/cm3, in good agree-
ment with information supplied by the manufacturer [26].

The measured insensitivity to temperature of Vp + V_ verifies through

B
(3) that N is not a function of temperature. The temperature dependence
of IS must then be due to a change in saturation velocity, VS; its value
relative to the 300°K value is given in Table II. The results are in
general agreement with the increase in saturation velocity measured by
Ruch and Kino [27] in the 340°K to 140°K range.

Finally, the transconductance, gé, was measured by taking 50mV in-

crements in Vg above and below the low-noise bias point of V., = 5 volts,

d

Id = 10mA. This must be corrected for effects of source resistance to

give the true transconductance, 8y = g;/(l - g& RS); both gé and g, are

given in Table II in units of mmhos. The values are approximately 357%

lower than those given by the approximate theoretical expression,
. - Ts , 1 (9)
m 2(Vp + VB) a - Id/IS)

- 14 -



and the exact theoretical curve given in Fig. 12C of Pucel, et. al [28]
(which is a little closer). Fukui had a similar problem in the analysis

of his data (see [18], p. 787). The increase in measured transconductance
with decreasing temperature follows the saturation velocity increase de-

termined from measurements of Io, Vp’ and VB.

- 15 -



IV. MICROWAVE PERFORMANCE VS. TEMPERATURE

A. Gain and Noise Measurement Procedure

A block diagram of the test configuration used for measurements
of gain and noise temperature of cooled amplifiers is shown in Figure
‘4. Auxilliary equipment such as a network analyzer, reflectometer,
and spectrum analyzer were used for impedance, return loss, and spuri-
ous oscillation measurements. At a later stage of the work an HP 9845
calculator and HP 346 avalanche noise source were incorporated to allow
a swept frequency plot of 50 noise temperature and gain measurements to
be performed in 20 seconds; a typical output from this automated system
is shown in Fig., 9. The amplifiers under test were cooled by a commer-
cially available [29 ] closed-cycle refrigerator with a capacity of 3
watts at 20°K and a cool-down time of 5 hours.

A large error in the noise temperature measurement of a mismatched
amplifier can result if the source impedance changes when switching from
hot load to cold load. For this reason an isolator is used between the
loads and amplifier input. The total loss from the 77°K liquid-nitrogen
cooled load to the amplifier was accurately measured and corrected for.
This included 0.62dB in the coaxial switch, isolator, and SMA hermetic
vacuum feed-thru; 0.11dB in a stainless steel outer-beryllium copper
inner-conductor coaxial line transition from 300°K to 20°K; and .07dB
in 10cm of internal coaxial line at 20°K.

For the automated measurements an HP 346 calibrated avalanche diode
was used in cascade with a modified HP 8493A coaxial attenuator. No

isolator is necessary. The attenuator is modified for cryogenic use [30]

- 16 -
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by replacing the conductive-rubber internal contacts by bellows contacts
[31 ], drilling a vacuum vent hole in the body, and tapping the body for
mounting a temperature sensor [32 ]. The change in attenuation of the
modified 20dB attenuator upon cooling from 300°K to 77°K is a decrease
of .05+ .03dB; it is assumed that negligible change will occur upon
further cooling to 20°K as this is typical for most resistance alloys.
The attenuator may be purchased calibrated from Hewlett Packard (Option
890 ); however, the contact modification necessitates a recalibration
(attenuation at 300°K decreased by .05dB) and was performed with a digi-
tal power meter. For an amplifier with 30°K noise temperature the cool-
ing of the attenuator from 300°K to 20°K provides a factor of (300 + 30)/
(20 + 30) = 6 decrease in error of the amplifier noise temperature mea-
surement due to noise source or attenuator errors. For this case a
noise temperature error of ¥2.3° results from an uncertainty of noise
source excess noise plus attenuator error of ¥0.2dB. The agreement be-
tween amplifier noise measurements made with the hot/cold loads and the
HP 346 noise source was within }2°K for cooled amplifiers and ¥5°K for
uncooled amplifiers.

In order to determine the optimum source resistance and load resis-
tance as a function of temperature, a test amplifier having variable
impedance quarter-wave transformers at input and output was constructed
and is shown in Fig. 5. A schematic of this amplifier and of all other
amplifiers described in this paper is shown in Fig. 6. The variable
impedance line consists of a slab transmission line having cross-section
as shown in Fig. 7 and a movable ground plane realized as a threaded slug

with a diameter of A/4. The slug is slotted and has a thread-tightening

- 18 -



Fig. 5 - Test amplifier with adjustable source and load resistance. The
spacing between the A/4 = 15.9mm long rectangular slab transmission-line
and ground plane is adjusted by turning the circular threaded slug. DC
blocking capacitors are realized by teflon coating the SMA connector
center pin where it enters the slab. The slab
transmission line is supported by the coaxial connector, a chip capaci-
tor, and a teflon bushing held by a nylon screw. The transistor is
mounted by its source leads on a 6.3mm diameter threaded copper slug
with center 5.7 mm from the end of each A/4 line.
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Fig. 6 - Schematic of all amplifiers discussed in this paper. The bias
decoupling inductance, L., is realized by a A/4, Z, = 100 ohm, line in
the test amplifier; in ogher amplifiers it is a small coil described in

the text.
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screw to assure ground contact and to lock the position. Calibration
of the characteristic impedance vs. slug position was performed by
utilization of a miniature coaxial probe inserted in place of the FET
and connected to a network analyzer; results are given in Fig. 7. The
loss of the A/4 line was calculated to be less than .025dB at Zo = 22

ohms using the microstrip loss formulas of Schneider [33 ].

B. Results

As a first step, the noise temperature of several commercially
available GASFETS was measured at a frequency of ~4.5 GHz from 300°K
to 20°K; results are shown in Fig. 8. At each temperature bias and
source resistance were optimized for minimum noise; the changes were
not large. For all units the peak gain was ~12dB at 300°K and increased
by 1 or 2dB at 20°K. The measurement frequency was chosen for minimum
noise at 300°K and no change in the optimum frequency was noted as tem-—
perature decreased.

On the basis of these tests and because of its high burnout level
[34 ], the Mitsubishi device was selected for detailed study and for use
in the construction of amplifiers needed for use in radio astronomy. A
selected version of the MGF 1402, the MGF 1412, became available and was
used for further tests; it has lower noise temperature (v100°K) at 5 GHz
and 300°K, but has a noise temperéture at 20°K close to that of the MGF
1402. Of approximately 15 samples of the MGF 1412 tested at 20°K, the
noise temperature was between 15°K and 27°K.

The gain and noise temperature of a MGF 1412 at four temperatures
between 300°K and 14°K is shown in Fig. 9; DC parameters for the same

device are given in Table II. As the amplifier is cooled, the gain
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Fig. 9 - Noise-temperature and gain vs. frequency for the Mitsubishi
MGF 1412 transistor at several physical temperatures. This is a direct
copy of the on-line output of an automated measuring system utilizing
an Hewlett-Packard 9845 computer. The results are first plotted on a
CRT and then can be copied on a thermal printer. Tabulated below the
plot are noise source off temperature, noise source on temperature,
average amplifier noise temperature between markers at 4.4 and 4.9

GHz, lowest noise and its frequency, and lowest and highest gain be-
tween marker frequencies.
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increases by 2.0dB. This is less than the 3.0dB increase of g, because
of internal negative feedback (which stabilizes the gain against g,
changes) and possibly because of a reduction in parallel output resis-
tance. As the noise temperature decreases, the bandwidth for a given
increase in noise temperature increases, ?ut there is very little other
change in frequency response of either gain or noise temperature.

A complete comparison of noise theory and experiment requires the
measurement of four noise parameters of the device. There are many sets
of four parameters which can be compared. The set which is most directly
measured is the minimum noise teﬁperature, Tmin’ the optimum source im-
pedance, R

opt

the measured data in Fig. 10 of noise temperature, Tn’ as a function of

+ iX

opt? and the noise conductance, 8y These relate to

source impedance, R + jX, by,

2 2
R - R + -
T =T +T g ° [C opt) X Xopt) ]
n min o n R (10)
o, L
where To = 290°K .
The values of R, Ropt’ X, Xopt and g, are dependent upon the choice

of reference plane between device and source but Tn and Tmin are not for
a lossless coupling circuit. Values for two reference planes defined in
Fig. 11 are presented in Table III. The first and fifth columns are for a

reference plane at the gate-lead case interface of the packaged device;

the second and sixth columns are for the GASFET chip and thus the effects

1 1In this paper T, = 290°K independent of ambient temperature which will
be denoted as t*T,. Several papers in this field normalize quantities
which are not functions of temperature to ambient temperature (using the
symbol Ty), producing a normalized quantity which is a function of temper-
ature and confusing the reader.
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Fig. 10 - Noise temperature vs. frequency for various source resistances
and Mitsubishi MGF 1412 GASFET at 300°K (top) and 12°K (bottom, note
change in temperature scale). Device bias was V, =5, I, = 10mA at

ds d
both temperatures.
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of case capacitance and gate bonding wire inductance have been removed.
These '"'chip" columns should be compared with the theoretical columns

which will be discussed in V.

C. Impedance Measurements

The noise theory to be discussed in the next section expresses the
four noise parameters in terms of material parameters, DC bias values,
device dimensions, and the equivalent circuit elements Rm, Ri’ R, g,

S m

and C__, shown in Fig. 11. The values of R + R, =R , R, and g_, all
gs m i g’ s m

measured at DC, are given in Table II. The capacitance, C + ng, was

gs
measured at 1-MHz as a function of Vgs with a precision capacitance bridge
[35]; a value of 0.75pF was obtained at the low-noise bias of V s = -1.1
volts. This includes case capacitance, which was then removed by measuring
a defective device with the gate bonding wire lifted off the chip; a value
of 0.25pF was obtained for the case capacitance.

The above DC resistances and 1-MHz capacitances, together with a
skin effect correction to Rm and an estimate of Ri’ will be used in the
comparison of theoretical and measured noise parameters. Attempts were
made to determine Rm + Ri and CgS by microwave S-parameter measurements,
to be described next, but the results were variable and more confidence
is placed in the low frequency measurements. The skin-depth of aluminum
at 5 GHz is 1.2um which should be compared with the gate metallization
thickness of 0.7um, The DC value of Rg is 2.7 ohms and its value at 5 GHz
is estimated to be 5 ohms; this estimate is partially influenced by the
S-parameter results which gave 4.3 to 12.7 ohms. The gate-charging resis-

tance, Ri’ is estimated to be 1 ohm by noting that RS and R, have values

d
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of 2.3 and 2.1 ohms and Ri occurs over a length somewhat shorter than
RS and Rd' It should be noted that Ri is of second order importance to
the noise results but the fact that Rm is determined by subtracting Ri
from the measured Rg is of somewhat greater importance. The final value
of Rm is 4 ¥ 2 ohms and this error value limits the accuracy of compari-
son of noise theory and experiment.

The S-parameters of a packaged device were measured from 2 to 18
GHz on computer-corrected automatic network-analyzers at two organiza-
tions [36, 37] with different test fixtures and calibration procedures;
a third set of S-parameters is reported on the MGF 1402 data sheet. The
input capacitance at 2 GHz determined from each of the three S-parameter
sets was within .06pF of the 1-MHz capacitance measurement. However,
above 8 GHz the measured S-parameters diverge, probably due to reference
plane definition problems. The COMPACT program [54] was used to optimize
circuit elements to give a minimum weighted mean-square error between
circuit and measured S-parameters in the 2 to 10 GHz range. Some of the
elements determined in this way have large variability dependent upon
the data set used and details of the fitting procedure. As a relevant
example, the value of Rg changed from 12.7 ohms to 7.8 ohms dependent
upon whether Rs was fixed at 2.3 ohms or allowed to vary in the optimi-
zation procedure (which gave RS = 1.0 ohm). Using S-parameters measured
with a different analyzer gave Rg = 6.7 and 5.4 for RS fixed and variable,
respectively.

The reasons for the variability of the Rg value are its small resis-
tance relative to the reactance of CgS and also the strong dependence of

the input resistance upon the small feedback elements C LS, and Rs'

gd’
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Our conclusion is that it is very difficult to determine R_ from S-
parameter measurements at normal bias values; a careful measurement of

Sll with VdS = 0 (and hence &y = 0 and no feedback effects) may be more

successful.
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Figure 11 - Equivalent circuit of amplifier input circuit and Mitsubishi MGF
1412 transistor. The element values are based upon DC resistance measurements,
1-MHz capacitance measurements, and three sets of S-parameters measured in dif-
ferent test fixtures. The resistance, Rj, cannot be separated from R, by these
measurements since the reactance of Cgq is so high; the value of R; is an esti-
mate. The error values are conservative estimates based upon analysis of all
the data.

- 28 -



V. NOISE THEORY

A. Summary of Present GASFET Noise Theory

A comprehensive paper covering the history, DC and small-signal
properties, and an exhaustive but not conclusive treatment of noise in
microwave GASFET's was written in 1975 by Pucel, Haus, and Statz [28 ].
The noise treatment includes the induced gate noise mechanism of Van der
Ziel [38], the hot-electron effects introduced by Bachtold [39 ], and
presents as new, the mechanism of high-field diffusion noise due to di-
pole layers drifting through the saturated-velocity portion of the chan-
nel. This latter mechanism along with the thermal noise of parasitic
resistances, Rm and RS, in the input circuit was found to be the dominant
source of noise in modern, short-gate-length GASFETs at room temperature.

The above paper predicts the correct dependence of noise upon drain
current and, by adjustment of a material parameter, D, which describes
the diffusion noise but is not accurately known from other theory or ex-
periments, a good fit to measured 4 GHz data is presented. However,
the theory does not agree with experimental data at the low end of the
microwave sﬁectrum (<3 GHz) where a linear dependence of noise tempera-
ture upon frequency is predicted but not observed. It was suggested
that this noise may be due to traps at the channel-substrate interface
but devices with a buffer layer such as the NEC 244 also show the excess
low-frequency noise [40 ]. The temperature dependence of the low micro-
wave frequency noise also does not agree with the trap assumption [41 ].

A recent work by Graffeuil [42 ] attributes the low frequency noise to
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frequency dependence of hot-electron noise and also matches experimental
data without invoking the high field diffusion noise which is dominant
to the Pucel et al. theory.

The four noise parameters Tmin’ Rbpt’ Xopt’ and gn define the noise
properties of any linear two-port and all other noise parameters can be
derived from them. Other noise parameters which appear in GASFET noise
theory are the noise resistances, Rn and rn, and correlation impedance,
Rc + ch. Here, Rn is proportional to the total mean square noise vol-
tage in series with the device input, and r is proportional to the
portion of this noise voltage which is uncorrelated with the current
noise represented by g, (It should be remarked that the symbol Rn is
used to represent a noise voltage source that is not in series with the
input but is called the "input noise resistance" in some papers [38, 41].)

The following relations between these quantities can be easily derived

using the definitions given by Rothe and Dahlke [43 ],

_ 2
Ry 7 ganoptI (11)
T .
R = min 1 (12)
¢ T 2g - Rb t
o n P
X, = Xo¢ (13)
_ 2 2
'n T gn(R'opt Rc) (14)
. T .
r = “min (R _ _min 1 (15)
n T opt T 4g
o o n

The experimental results of the previous section will be compared

with the Pucel et al. theory and also with the empirical equations of
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Fukui which are based upon fitting noise data to Bell Telephone Labor-

atory GASFETs at 1.8 GHz [44]. The theoretical results for the four noise

arameters, T ., R X i mo ir ea e-
P > Thin, Rope® Zopt? and g,> which are st directly measur

able are expressed in terms of intermediate parameters, r and Rc, as

follows [28 ]:

_ 2

g, = Kg/nggS (16)
r = t(Rm +R) + Kr/gm (17)

R = R +R + KR, (18)
Cc m S c 1

R - ®+r/g)? (19)
opt c n gn

Xopt = KCIXgSI (20)

T .o = 2T, (R, + Ropt) (21)

where t is the ratio of device physical temperature to 290°K, ng <0

is the reactance of the gate-to-source capacitance, and the three K's
are noise coefficients which are given in [28 ] as functions of bias,
device dimensions, and material parameters. Kg is proportional to the
squared magnitude of the equivalent current source in the input circuit
and represents the induced gate circuit noise current as well as the cor-
related* current needed to represent noise in the drain circuit. The

uncorrelated noise resistance, rn, contains a first term due to thermal

* The words correlated and uncorrelated can refer to correlation be-
tween voltage and current sources in a Rothe-Dalke noise representation
or to correlation between gate current noise and drain current noise;
an asterisk (%) will be used when the latter is meant.
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noise in Rm + Rs (and hence proportional to t as suggested in [28 ])
and a second term which, through Kr is a measure of the noise voltage
necessary to represent uncorrelated* drain current noise.

It is important to note that the K noise coefficients are indepen-
dent of frequency except for the possible frequency dependence of mater-
ial parameters (high field diffusion coefficient, D, saturated velocity,
VS, hot-electron noise coefficient, §, and mobility, u). The noise co-
efficients are convenient for describing the measured noise performance
of a device but threé other coefficients P, R, and C are more directly
related to the noise generation mechanisms. The mean-square drain cur-
rent noise is proportional to P and the mean-square gate current noise
is proportional to R; the correlation* coefficient between these two is
C. The relations between the coefficients are given in [28] and are re-

peated below in an algebraically simplified form:

R, = R+P- 2¢ \/RP (23)

KK, = P-CYRP (24)
2

KK = RP (1-C (25)

B. Comparison of Experimental Results With Theory
The experimental results and theory are compared in Tables III and
IV. The theoretical values are obtained using the measured values of
g and I from Table II and R,, R , R, and C__ from Fig. 11 (rather
m s i’ "m’ s gs
than values which could have been computed from device dimensions, and

material parameters). The device channel thickness, a = 0.10um, and



TABLE III

Measured and Theoretical 4.9 GHz Noise Parameters

of Mitsubishi MGF 1412 at 300°K and 20°K

Expt Expt Pucel Fukui Expt Expt Pucel
Pkg Chip Theory | Formula | Pkg Chip Theory
Symbol [300°K | 300°K | 300°K 300°K 20°K 20°K 20°K
T . 9113 9113 72 151 2512 25+2 16
min
opt 20%2 63%6 74 22 151 4713 41
opt
= =X, 555 | 10119 | 119 42 58t5 | 107%10 104
/g, 100*%20| 205%40| 668 727 370%30 | 800+100| 1800
R 34t3 | eot18| 29 3.1 | 10%2 | 17%3 6.9
Tn 3.8t.6| 15%3 | 8.2 -38 0.6%.2 | 2.6%1 0.9
R —415 | -31415] 8.1 167 0.9% |-13t10 | 7.9
TABLE IV

Experimental and Theoretical Noise
Coefficients of MGF 1412 at 300°K and 20°K

Expt Theory | Expt Theory
Qty | 300°k | 300°k | 20°% | 20°k
X 1 o0.80 | 0.27 |o0.33 | o0.15
Ke J1.55 | 1.83 | 1.65 | 1.60
% 1 o.36 .072 | 0.13 .03
P | 2.50 .98 | 1.02 | 0.403

0. 64 .26 | 0.27 | 0.082
c 10.893 | 0.961 | 0.917| 0.935

- 33 -




doping density, N = 2.9 x 1017, were determined from the DC measure-
ments. The gate length, L = 0.7um, was measured; this value is also re-

ported in [34]. The material parameter values are those used in [28]

(= 35cm2/sec, § = 1.2, ES = 2.9kv/cm, v, = 1.3 x 107cm/sec, and
By = 4500cm2/V -sec). The device was operated Vds = 5v, Id = 10mA, and
VgS = -1.081 at 300°K and -1.123 at 20°K; these values gave minimum

noise at both temperatures. It is, of course, the experimental values
corrected to the chip reference plane which should be compared with
theoretical results, which do not include package parasitics.

The last column of Table III gives the theoretical results of Pucel
et al. modified in the following way for application at 20°K.

1) The thermal noise in the parasitic resistances, Rm + Rs’ has
been reduced by the factor t = 20/290 in (17). This reduces Tmin from
72°K to 40°K.

2) The transconductance, g has been replaced by the 20°K mea-
sured value (an increase of .043 to .062) and the saturation velocity,
Vs and saturation field, Es’ have been increased by 1.32 as deduced
from the measured DC parameter changes. This further reduces Tmin from
40°K to 26.5°K.

3) Thermal noise within the channel has been reduced by multiply-~
ing the Pucel factors Po, Ro, and So used to calculate the K noise
coefficients, by t; this brings Tmin to 15.7°K.

4) As points of additional theoretical interest, if t is made
equal to zero both for the external and internal thermal noise, T ., re-

min

duces from 15.7°K to 11.2°K; i.e., the theoretical coefficient of noise
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temperature vs. physical temperature- is 0.22°K per °K at cryogenic
temperatures. Also, if D = 0 (no high-field diffusion noise) Tmin =
5.0°K. Thus at 20°K and at the experimental bias value which gives
lowest noise temperature, approximately 1/3 of the total noise is con-
tributed by each of the mechanisms of thermal, high-field diffusion,
and hot-electron noise. This is conceptually only a rough approximation
since the noise contributions to Tmin are not additive; at each step
above (i.e., £t = 0 or D = 0) the source impedance has a new optimum
which changes the contributions from remaining noise mechanisms. Per-
haps a more meaningful comparison would be for Tn at a fixed source im-
impedance.

Several authors [41, 42, 53] find the hot-electron noise coeffi-
cient, §, to be a strong function of temperature but this is primarily
because the non-thermal portion of the hot electron noise has been nor-
malized to ambient temperature (see footnote 1). Our results suggest

that a convenient form for the electron temperature, Te, is:

T, =T [t+ f(E) ] (26)

where To = 290°K (and cancels out in the noise figure expression) and
£(E) is the non-thermal noise dependent upon electric field but only
weakly dependent upon temperature. For the last column of Table III,
f(E) = G(E/ES)3 has been used with § = 1.2 and Es = 3800 volts/cm (com-
pared to ES = 2900 volts/cm at 300°K). A better fit to experimental

data would be achieved if either § were higher or ES lower at 20°K. Ex-
perimental evidence for the increase of f(E) by a factor of 2.5 at cryo-

genic temperatures is contained in our own unpublished measurements on
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millimeter-wave GaAs mixer diodes and also in the measurements of Keen
[55].

Further insight into the noise temperature limitation at cryogenic
temperatures can be gained by examining an approximate form of the mini-

mum noise temperature equation,

T . =2T - \/K * wC . \/t(Rm + Rs)
min o g gs EEm——
gm

(26)

éMNJHN

which is valid for KgRi/XéS <<t(R.m + R,S)gm + Kr; this approximation
produces V107 error for the MGF 1412 data. At room temperature the
first term under the large radical is dominant and Kr is

not important; the noise voltage generator in the input circuit is domi-
nated by the thermal noise of R.m + Rs' At cryogenic temperatures where

t ~ 0 the second term, Kr/gi, becomes dominant (even though 8n has in-

creased) and the noise temperature is limited by the amount of non-thermal

noise coupled into the gate circuit and uncorrelated * with the drain cur-
rent noise. The coefficient, Kr’ is proportional to 1 - C2 where C, the
correlation* coefficient, is near 1 and thus small changes in C are likely
to have large effects on the cryogenic noise temperature; this will not be
true at room temperature. The larger variabiliﬁy of the cryogenic noise
temperature from one device to another may be due to this effect.

The agreement between experimental results and the theory of Pucel,

Haus, and Statz for values of T R ., and X is good at both 300°K
m opt opt

in?
and 20°K - especially if the error range for Rm is considered. Other
samples of the MGF 1412 gave a lower noise temperature at 20°K (as low

as 15°K) than the particular device which was evaluated in detail; this
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would improve the agreement with theory. The agreement with the theory
is marred by a factor of ~3 disagreement in the value of g, It is not
known at present whether this is an experimental artifact or a failure of
the theory. The value of g, was determined from the noise temperature
vs. source resistance characteristic but it was also checked, with good
agreement, by measuring the noise-temperature bandwidth of the data of
Fig. 10. The discrepancy in &, leads to an even larger discrepancy in
the correlation resistance, Rc’ which depends, thru (12), on the differ-
ence between l/gn and Rbpt' The negative value of R,

which results from the measurements is physically possible (it only means
the input voltage and current noise sources have a negative real part in
their correlation coefficient) but is certainly in disagreement with the
theory.

The experimental values of the K coefficients in Table IV were ob-
tained by solving (16) - (21) in terms of the measured noise parameters.
The coefficients P, R, and C were then obtained by solving (23) thru (25)
by an iteration method. The discrepancy between experimental and
theoretical Rc and g, further propagate into discrepancies in the noise
coefficients. In addition, the experimental value of Kr at 300°K is sub-
ject to large error because the measured data is insensitive to Kr due
to the dominance of thermal noise.

The agreement between the experimental results and the empirical
equations of Fukui [44] is poor. This may be due to the fact that Fukui's
equations are derived from measurements at 1.8 GHz where the low frequency
noise generation mechanism has a large effect; thus the formula predicts

a higher than observed noise temperature at 4.9 GHz. It may also be true
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that some other variables in the transistor fabrication (such as the
doping profile near the substrate interface or gate metallization thick-
ness) effect the equations. It should be noted that the Fukui noise
parameter equations require the values of 8n and CgS at zero gate bias;
thus the measured zero bias values of .098 mhos and 0.75 pf have been

used in Table III.
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VI. EXAMPLES OF CRYOGENIC GASFET AMPLIFIERS

Several models of GASFET amplifiers for the 5 GHz frequency range
and for use at 20°K have been designed. All use 1.75 mm-square packaged
GASFET's (usually the Mitsubishi MGF 1412) gold-plated copper (for ther-
mal conductivity and solderability) metal parts (except for some brass
contact tabs), and microstrip transmission lines with teflon-coated
fibre-glass dielectric tAS ]. In order to avoid large thermal stresses
and mechanical failures, tight and rigid connections are avoided. Metal-
lized ceramic substrates are also avoided because of possible cracking
of the ceramic or metal-film solder-joints after repeated temperature
cycling.

All amplifiers utilize an external DC power regulator which auto-
matically adjusts the gate voltage to maintain a set drain current. This
requires one TLO75BCM quad-operational amplifier chip per GASFET stage

and provides buffered monitoring of V

ds? Id’ and Vgs' As shown in Fig. 6

bias protection circuitry is included in the microwave chassis. The

IN821 voltage-reference zener-diode utilized for gate protection contains
a diode which prevents forward conduction of the zener diode and thus al-
lows the GASFET gate to be forward biased for testing; the zener-diode
limits negative gate bias to approximately -6 volts. Both the IN821 and

IN4099 diodes have sharper zener characteristics at 20°K than at 300°K.

A. Single-Stage Basic Amplifier
A single-stage amplifier, for use as a second-stage following a

cooled-paramp first-stage, was required for the front-ends of the Very

- 39 -



Large Array radio telescope [46 ]. The unit need not be optimized for
minimum noise as the first stage gain is 15dB. However, it must have a
gain which is flat within }0.5dB over the 4.5 to 5 GHz range, an output
return loss 210dB, and must be highly reliable since 54 units are re-
quired in the 27-element, dual-polarization array. An input match is
not required since the input will be connected thru a short cable to the
5-port circulator of the paramp.

A photograph of the amplifier and some of the key parts is shown
in Fig. 12. Utilizing a thermostatically-controlled hot plate, joints
are soldered as follows: a) GASFET source leads to mounting stud with
pure indium solder [47 ] (for good thermal conductivity) and a flux [48],
b) chip capacitors to chassis with silver-alloy flux—cofe solder [49],
and c) zener-diodes and connector ground with low-temperature solder [50].
Other components are then soldered to the chip-capacitors with silver-
alloy solder and a small soldering iron.

The input and output A/4 transformers are 4.1lmm wide x 11.2mm long
x 0.75mm thick microwave circuit board [45 ] and are held in place
through slotted holes with 2-56 nylon screws. The slotted holes allow
the transformer position relative to the GASFET to be adjusted to tune
the center frequency of operation. Brass tabs under each nylon screw
make connections to the SMA input and output connectors and also to the
GASFET gate and source leads. Two layers of .02mm thick polyester tape
[51 ] are placed between each connector tab and the transmission line to
form a DC blocking capacitor. Bias voltage for both gate and drain is

fed through coils formed of 3 turns of 0.2mm diameter phosphor-bronze

- 40 -



Fig. 12 - Single-stage basic amplifier; scale on photograph is in units

of mm.

mounting stud, and text for construction details.

See Fig. 6 for schematic, Fig. 14 for close-up of transistor
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Fig. 13 - Noise-temperature, gain, and output return loss for single-
stage basic amplifier at a temperature of 20°K.

- 41



wire wound with 1.25mm inner diameter; these have high impedance rela-
tive to the circuit and are not critical.

The completed amplifier is tuned by sliding the transformers and
slightly bending gate and drain leads. The drain is tuned for maximum
output return loss (>20dB) at band center and the gate is tuned for flat-
gain. This will result in a minimum noise frequency, fmin’ 600 MHz
above the gain center frequency, fo’ as shown in Fig. 13. This offset

is predicted by the noise theory. For a source impedance consisting of
an inductor in series with the source resistance, fO/fP = {E;, assuming
the drain circuit is broad-band compared to the gate circuit. (Neither
of these assumptions is quite true for this amplifier.) This offset may

be removed with source-inductance feedback as is described next.

B. Single-Stage Feedback Amplifier

A small modification of the previously described amplifier results
in a unit with little frequency offset between peak gain and minimum
noise temperature. The modification, described in Fig. 14, is to in-
crease the source lead inductance by widening the GASFET mounting stud
and also bending small loops in the source leads. This change has little
direct effect upon noise temperature but the input circuit can now be

tuned to a lower resonant frequency (4.25 GHz with V., = 0, 4.70 GHz with

d
Vd = 4.4) giving both optimum noise and maximum gain at 4.75 GHz. The
gain and noise temperature of this amplifier, cascaded with the amplifier
of the previous section, is shown in Fig. 15; cooled isolators are included

at the input and between the two amplifiers. Output return loss is >10dB

from 4.5 to 5 GHz without an output isolator.
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Fig. 14 - Transistor mounting studs for feedback (left) and basic (right)

amplifiers. Scale

is in mm.
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Fig. 15 - Gain and noise temperature of cascade of isolator, feedback
amplifier, isolator, and basic amplifier, all at 12°K.

Noise tempera-

ture is 20°K over a 500 MHz bandwidth and <25°K over a 800 MHz frequen-

cy range. Output return loss is >10db from 4.5 to 5.1 GHz.
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The use of source lead inductance to improve input match for a
n1.5 GHz amplifier has been previously described [5 , 52]. At 5 GHz
the situation is more complex because of effects of gate to drain capa-
citance and increased sensitivity of noise temperature to the reactance
of the driving source. The FET source lead inductance, Ls’ produces an

effective impedance, Zpps added in series with the input to the gate,

_ mS . 1 27
FB C 1+ yd/y1

where Y4 is the transistor output admittance for g, = 0 and Y1 is the
load admittance presented to the transistor. For the amplifier under

consideration Yy is adjusted so z is primarily capacitive, the input

FB

resonant frequency is increased, and the noise-gain frequency offset is

reduced to zero. At this value of Y3 the output is also matched (but Y1
*

# ¥4 since Yq is for &, = 0) but the input is not matched. In the next

section a two-stage amplifier, matched by feedback, will be described.

C. Two-Stage, Feedback, Narrow-Band, Amplifier

An amplifier was constructed by combining in one case the single-
stage feedback amplifier and the single-stage basic amplifier previously
described. (With the exception that input and output A/4 transformer
width was 6mm; interstage A/2 line was 4.lmm wide.) The amplifier was
then tuned at the desired frequency of operation, 5.0 GHz, for minimum
noise by adjusting input inductance and for maximum input return loss

by adjustment of first-stage source lead inductance and drain inductance.
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In this case, the feedback is used to achieve input match, z is pri-

FB
marily resistive, and little attention was paid to the gain vs. frequency
response as the application was narrow-band. The resulting gain, noise

temperature, and input return loss at 300°K and 20°K are shown in Fig. 16.
The results are flawed by the decrease in input return loss at 20°K; this

is probably due to the change in & effecting z Another version of

FB®
this amplifier was used with an input cooled-isolator to achieve input
match and a noise temperature of 17°K at 5.0 GHz.

It is particularly desirable for cryogenic GASFET amplifiers to
achieve match by feedback (or perhaps by a balanced configuration) since
ferrite devices usually do not function well at both room and cryogenic
temperatures. Our goal has been to construct an amplifier which is wide-
band, matched, performs well at both room and cryogenic temperatures, and
hence does not utilize ferrite isolators. All of the above characteris-

tics have not yet been achieved in a single unit; work will continue in

this direction.

- 45 -



T INP

.|RET

DB
140K
IOOK
60K
20K

4.0 6.0

Fig. 16 - Noise temperature, gain, and input return loss for two-stage,
feedback narrow-band amplifier described in VI(C) at 20°K and 300°K.
Output return loss at 5.0 GHz was 17db at 20°K and 25db at 300°K.

- 46 -



VII. CONCLUSIONS

A1l of the questions posed in the introduction have not been ans-
wered and in some cases the answers are "hints" based on insufficient
data; more work, both experimental and theoretical, is needed. Some

conclusions that may be ventured are as follows:

A. Thermal

1) At temperatures above 15°K there is no fundamental problem
in the cooling of a FET but attention must be paid to the fact that
materials have vastly different thermal conductivity at cryogenic tem—
peratures. In particular alumina, Kovar, and epoxy (whether silver-
loaded or not) become near-insulators.

2) At temperatures below 15°K the thérmal conductivity between
the FET channel and the chip is greatly reduced due to boundary scatter-

ing of phonons and little can be done to alleviate this problem.

B. DC Characteristics and Material Properties

1) Changes in pinch-off voltage, barrier potential, and linear
resistances within the FET have been found, experimentally, to be small
(see Fig. 3 and Table II) in the range 300°K to 20°K. This implies
that the changes in carrier density and mobility are small.

2) As the temperature was reduced from 300°K to 20°K, saturation
current increased by 30% to 50% for the FETs of 3 manufacturers (see Fig.
3). This implies that the saturation velocity increases as the device
is cooled; the differences between devices are due to either different

doping density or some other constituent of the GaAs.
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3) For the same 3 devices the output resistance decreased from

30% to 2007% upon cooling; this has not been explained.

C. Small-Signal Characteristics

Transconductance increased by the same factor as saturation cur-
rent and this causes an increase in RF gain that is somewhat smaller due
to negative feedback and a concurrent decrease in output resistance.
There is little other change in the gain vs. frequency characteristic

(see Fig. 9).

D. Noise

1) The noise temperature improvement factor for cooling from
300°K to 20°K varies from 3 to 5 for the 6 types of transistors tested
at 5 GHz (see Fig. 8). It is not known why the improvement factor
varies; more detailed investigation is needed of devices with small im-
provement factors. The variation may be due to the stronger dependence
of noise temperature upon the gate-drain noise correlation coefficient,
C, at cryogenic temperatures.

2) The results for one device, the Mitsubishi MGF 1412, correlate
fairly well with the noise theory of Pucel, Haus, and Statz [28] both
at 300°K and 20°K. The noise improvement is due to the reduction in
thermal noise of the channel and parasitic resistances and the increase
in transconductance. The non-thermal noise power (hot-electron and

high-field diffusion noise) may remain constant or increase at cryogenic
temperature; the experimental data is of insufficient accuracy and con-
tent to make this judgement. A study of noise variation with bias has

not been performed and would be a valuable test of the theory.
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E. Amplifiers

1) An amplifier has been constructed with performance close to
that of the best cooled paramps at 5 GHz (see Fig. 15).

2) It appears feasible, at least for narrow-bandwidths (v2%) at
5 GHz, to design unbalanced amplifiers which are matched by feedback
rather than ferrite devices’and operate well at all temperatures from
300°K to 20°K (see Fig. 16).

3) The reliability of amplifiers constructed with the techniques
described in VI has been excellent. At the time of this writing, 15 of
the basic amplifiers have been constructed and subjected to a total of

over forty 300°K to 20°K temperature cycles with no failures.
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