IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 12, DECEMBER 1992

2325

On-Wafer Microwave Measurement Setup for

~ Investigations on HEMT’s and High T
Superconductors at Cryogenic
Temperatures Down to 20 K

Herbert Meschede, Ralf Reuter, Jiirgen Albers, Jérg Kraus, Dirk Peters,
Wolfgang Brockerhoff, Member, IEEE, Franz-Josef Tegude, Member, IEEE,
Michael Bode, Jiirgen Schubert, and Willi Zander

Abstract—In this paper an on-wafer measurement setup for
the microwave characterization of HEMT’s and high 7, super-
conductors at temperatures down to 20 K is presented. Both
S-parameter and noise measurements, can be performed in the
frequency range from 45 MHz to 40 GHz and 2 GHz to 18 GHz,
respectively, using standard calibration techniques and com-
mercial microwave probe tips. Microwave measurements on a
psendomorphic FET and an AlGaAs/GaAs HEMT as well as
investigations on a superconducting filter are presented to dem-
onstrate the efficiency of the developed system.

INTRODUCTION

T LOW tempetatures the enhanced transport prop-

erties of High Electron Mobility Transistors
(HEMT’s) lead to improved dc and RF characteristics [1],
[2]. Therefore these devices are very attractive to realize
monolithic microwave integrated circuits (MMIC’s) for
low temperature operation in satellite communication sys-
tems with very high gain and extremely low noise figure.
An exact small signal analysis of these devices using a
sophisticated on-wafer measurement technique at cryo-
genic temperature is an indispensable tool for the circuit
design.

On-wafer measurement setups to determine the
S-parameters of HEMT devices at temperatures down to
77 K were presented by several authors [3], [4]. How-
ever, for the combination of HEMT devices and high 7,
superconductors, investigations at lower temperatures
have to be carried out. Hence a microwave on-wafer mea-
surement setup at temperatures from 300 K down to 20 K
in the frequency range from 45 MHz up to 40 GHz has
been developed and is presented in the first part of this

paper.
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The electrical length of the coplanar probe tips exhibits
only a small variation with temperature, while the other
electrical properties remain unchanged in the whole tem-
perature range. Therefore only a single room temperature
calibration has to be carried out, which can be corrected
for cryogenic measurements by a simple shift of the ref-
erence plane.

The results of microwave measurements on a pseudo-
morphic FET and for the first time on-wafer noise inves-
tigations of an AlGaAs /GaAs HEMT in dependence on
temperature are presented in the second part of this paper.
The dependencies of the elements of the equivalent circuit
are investigated and discussed as well as the effect of tem-
perature on the gain. Finally measurements of a YBaCuO
filter are shown in order to demonstrate the efficiency of
the developed system even for investigations on super-
conducting components.

MEASUREMENT SETUP

The basic construction of the realized low temperature
on-wafer measurement setup is shown in Fig. 1. In order
to avoid ice formation onto the samples an evacuated
chamber is needed. The vacuum of less than 1072 Pa,
which is necessary to minimize the thermal conductivity
into the vacuum chamber, is provided by a turbo molec-
ular pump in combination with a rough vacuum pump. A
closed cycle helium cooled cryostat (CTI Model 21) is
used for the cold stage of the measurement setup. Since
vibrations of the cryostat could damage the samples and
last but not least the probe tips a special arrangement of
two copper plates, connected with a high flexible copper
cord, is used (Fig. 2).

A conducting silver paste greatly improves the thermal
transition between the sample carrier and the device under
test (DUT). Additionally, a heat shield is used to reduce
the radiation losses. With that a temperature of the DUT
as low as 20 K, after a cool-down time of about 1.5 h, is
achieved. The temperature is measured using a surface
mounted GaAs diode, which detects the temperature on
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Fig. 1. On-wafer measurement setup for cryogenic mesurements in the
millimeter-wave range at temperatures down to 20 K.

Fig. 2.- Arrangement of copper cords and copper pldtes to keep away vi-
brations from the samples.

Fig. 3. Photograph of the measurement setup, showing the vacuum cham-
ber with feedthroughs for microwave cables and positioning of the probe
tips.

the GaAs surface. An additional Si diode, which is inte-

- grated into the upper copper plate determines the temper-

~ature of the sample carrier. The known temperature volt-
age characteristics at a constant current of both diodes are
used to exactly control the temperature up to 350 K.
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Fig. 4. Detail of the measurement setup, showing the micropositioners with
coplanar probe tips and the calibration substrate onto the sample carrier,

Commercial coplanar microwave probe tips are
mounted on micropositioners (SUSS PH 150), which are
adjustable from outside the vacuum chamber via rotary
motion feedthroughs. Microwave semi-rigid cables are
soldered into copper pipes which have been soldered first
into a seal flange of the vacuum chamber. Some more de-
tails of the measurement setup can be determined from the
photographs in Figs. 3 and 4.

CALIBRATION OF THE MEASUREMENT SETUP

The thermal resistance of the coplanar probe tips is very
high due to their ceramic substrate and the small contact
pads. For this reason the temperature of the probe tips
remain at close to room temperature and only small vari-
ations of the reference plane can be expected at cryogenic
temperatures.

In order to characterize the phase shift of the probe tips,
the reflection coefficient of a short was measured. Fig. 5
shows the phase shift at the reference plane after a stan-
dard one port calibration at 300 K in dependence on fre-
quency for different temperatures. A linear increase of the
phase shift with frequency can be observed for all tem-
peratures. At 20 K the absolute value of the phase shift is
higher than the corresponding value at 250 K, but lower
than the value at 100 K. In dependence on temperature
the phase shift achieves its highest value at temperatures
of about 100 K (cf. Fig. 6).

Since the magnitude of the reflection coefficient ex-
hibitg negligible variations with temperature, only the ref-
erence plane needs to be changed for exact measurements
at low temperatures. :

The reliability of the room temperature calibration for
low temperature measurements is proved using the reflec-
tion coefficent of a transmission line on the Cascade LRM
calibration substrate. For an open passive transmission
line the frequency dependence of the reflection coefficient
shows a phase shift, which depends on the length of the
line and a magnitude of less than unity with a slight at-
tenuation.

Fig. 7 shows the measured reflection coefficient of the

 line at room temperature and 20 K in the frequency range
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Fig. 5. Phase shift of the probe tips in dependence on frequency for dif-
ferent temperatures, determined by measurements on a short at the refer-
ence plane after calibration at room temperature.
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Fig. 6. Phase shift of the probe tips in dependence on temperature for dif-
ferent frequencies determined by measurements on a short at the reference.

plane after calibration at room temperature.

_ Fig. 7. Reflection coeflicient of an open transmission line on the Cascade
LRM substrate at 20 K and 300 K using a corrected room temperature
calibration for the cryogenic measurement

from 45 MHz up to 40 GHz. For this measurements a one
port calibration was done at 300 K, which has been cor-
rected for the measurement at 20 K. At low temperature

a phase shift of only 10° can be observed at 40 GHz. This
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small phase shift may be explained by the electrical length
of the transmission line, which is changed at the cryo-
genic temperature due to a variation of the effective per-
mittivity and the mechanical length. The magnitude of the
reflection coefficient at 20 K is nearly unity in the whole

-frequency range due to the reduced loss of the line.

RF MEASUREMENTS ON A PseupoMorpHIC HEMT AT
CRYOGENIC TEMPERATURES

RF measurements were performed on an Al, Ga; _ As/
In,Ga, _,As /GaAs pseudomorphic HEMT with a 10 nm
channel layer and an In-content of 25%, initially opti-
mized for room temperature operation. A sheet carrier
concentration of about 1.8 - 10'> cm™2 at 300 K is pro-
vided by a 3 - 10'® cm~? homogeneously doped AlGaAs
layer with an Al-content of 25%. The gate length of about
0.55 um is fabricated by optical contact lithography and
consists of 8 gate-fingers with a total gate-width of
240 pm [5].

Fig. 8 shows the S- parameters of the device at T =
20 K and T = 300 K in the frequency range from 45 MHz
up to 40 GHz under illumination with a halogen lamp.
The drain-source voltage and the gate-source voltage are
Vps = 1.5 Vand Vg = —0.2 V, respectively. At low
temperature and constant bias voltages the device exhibits
a slightly reduced drain current of about Ip 20K =
29.3 mA (Ip 300x. = 33 mA).

The characteristics of the S-parameters in the dark are
strongly differ from the illuminated curves, due to deep
traps in the buffer layer and photo induced currents in the

channel [6]-[8]. This behavior requires further investi- .

gations, which would exceed the aim of this work. There-
fore an analysis of the light sensitivity will be given in
future work.

The small signal equivalent circuit of the device at 300
K and 20 K has been calculated from hot and cold mea-
surements [9] in a very good agreement. Table I gives a
comparison of the most important elements. The in-
creased output capacitance C, at 20 K leads to a strong
phase shift of the output reflection coeflicient S,;. At low
frequencies the magnitude of S,, at 20 K is slightly. re-
duced, since the output resistance R, at this temperature
is smaller than its room temperature value. The backward
transmission S;, at the cryogenic temperature is much
smaller, but exhibits a pronounced phase shift due to both,
the increased C,; and gate-drain capacitance C,y. At low
temperaturés in the dark the phase shifts of Sy, and 5, are
strongly reduced. Therefore the increased capacitances
may- be related to traps and photo conductivity as men-
tioned. above.

At 20 K and low frequencies the forward transmission
551 is much higher than the corresponding room temper-
ature value and indicates the improved transconductance
g, and the slightly reduced source resistance Rs. By using
a sensitivity analysis of the equlvalent circuit it can be
shown that the large output capacitance is also responsible
for the strong variation of the real part of the input reflec-
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Fig. 8. S-parameters of the pseudomorphic HEMT at 20 K and 300 K in
the frequency range from 40 MHz t0 40 GHz; Vps = 1.5V, Vgg = —0.2
Vi Ip ok = 29.3 MA, Ip 500k = 33 mA.

TABLE 1
MosT IMPORTANT ELEMENTS OF THE EQUIVALENT CIRCUIT, CALCULATED
FROM MEASURED S-PARAMETERS AT 7 = 300 K aAND 7 = 20 K

T =300 K T =20K

Re/9 0.9 0.4
C,./DF ~ 0.28 0.34
C,a/fF 64 90
8/ mSmm ™! 549 767
Rs/Q 2.6 ) : 2.2
R,/Q : 134 99
C,/pF 0.064 0.38

tion coefficient S;; at 20 K. As a result of the calculation
of the equivalent circuit the gate-resistance R drops from
about 0.9 © at 300 K to about 0.4 Q at 20 K due to the
reduced resistance of the gold metallization. The in-
creased gate-source capacitance C,, at 20 K can be ex-
plained by the improved confinement of the electrons in
the channel at cryogenic temperatures.

Fig. 9 represents the effect of the temperature on the
maximum extrinsic transit frequency f7, which has been
extrapolated from the current gain A, of the device. At
each temperature measurements were performed at a large
number of different bias points. From these data the max-
imum value of f; was chosen. So, the value of about
54 GHz at 20 K demonstrates the improved transport
properties of the pseudomorphic FET at low tempera-
tures. The intrinsic f;, which can be calculated from the
elements of the equivalent circuit using (1), increases from
about 61 GHz at 300 K to 68 GHz at 20 K. Since the value
at 20 K is much cleser to the extrinsic value, this indicates
the reduced parasitic elements at cryogenic temperatures.

8m

fr= 27 (Cyy + Cy)

(D
Even more, the improved transconductance and the re-
duced parasitic elements of the device at cryogenic tem-
peratures result in a strong increase of the cut-off fre-
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Fig. 9. Maximum of the extrinsic transit frequency f; in dependence on
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Fig. 10. Cut-off frequency calculated from the unilateral gain U in de-
pendence on gate-source voltage at different temperatures; Vps = 2 V.

quency f..., which is calculated from the unilateral power
gain U.

U= 1821 /812 — 112
2k = |81 /81l — 2+ Re {851 /812}
k: stability factor 2)

Although the increase of the transit frequency is only
about 25%, the unilateral power gain can be significantly
improved at cryogenic temperatures (Fig. 10). In depen-
dence on the gate-source voltage, f... increases from
120 GHz at 300 K up to 195 GHz at 20 K. Even at 77 K
a considerable improvement of the cut-off frequency to a
value of about 150 GHz is achieved.

NoISE MEASUREMENTS ON A AlGaAs/GaAs HEMT

The noise measurement setup consists of an. ATN NP5
noise figure system, a HP 8970 noise figure meter and a
HP 8971 down converter. In order to place the input
matching network of the NP5 very close to the device un-
der test it is installed into the evacuated chamber (cf. Fig.
4). Since the temperature of the electronic tuner is kept
constant by its internal heater and the probe tips remain
at close to room temperature no additional temperature



MESCHEDE et al.: ON-WAFER MICROWAVE MEASUREMENT SETUP

: l Ip ‘6~1'1m
, ? . =
% . . /D/'
=~ - ]
g ) 4 300K ’/t/u/(
o
‘g1 3
g - K ¢
02 4 ° 6 8 10 12 14 16 18
frequency f / GHz —
Fig. 11. Minimum noise figure NFy, iﬁ dependence on frequency at
T=20Kand T=300K; Ip = 0.1 - [,.
20
18 i Tp =010,
; 12
1 16 \ \ - RS A S—
% 14 b\
4 12
O 1 Sa e
, § 20K
e 8 ¢ 4 o o s
g 4 30‘(})\1‘(3\°\°\n\¢
e
0 j i i i
2 4 6 8 .10 12 14 - 16 18
frequency f / GHz —»
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sate

_ measurement of the tuner is needed. The noise source and
the output matching network of the NP5 system are lo-
cated outside the vacuum chamber. As well as the cali-
bration of the network analyzer the calibration of the noise
measurement system can be done at room temperature,
which has been verified by measuring a transmission line
on the calibration substrate. ;

- The investigated Alj 35Gag ¢sAs /GaAs HEMT consists

of 2 35 nm 2 - 10'® cm™* doped AlGaAs layer on a

500 nm GaAs buffer. By using a 5 nm spacer between the
dopant layer and the channel, the device was optimized
for low temperature operation. A T-gate structure with a
gate width of 300 um, a gate length of about 1.1 um and
a drain-source spacing of 4 um was chosen to demonstrate
the strong influence of the parasitic resistances on the
noise behavior. ,

Fig. 11 shows the minimum noise figure NF,,;, of the
device at 300 K and 20 K in dependence on frequency.
Since the saturation current I, and the threshold voltage
V; are strongly dependent on the temperature, due to the
drastically improved transport properties, the drain cur-
rent was kept constant to a value of 0.1 -+ I, (Lsar, 300k =
40 mA, I, 20x = 55 mA), which is commonly used for
minimum noise operation [10]. The drain-source voltage
was 2 V for all measuréments. At room temperature the
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noise figure is strongly dependent on frequency and rises
to about 3 dB at 18 GHz, whereas at low temperatures the
minimum noise figure is nearly constant in the investi-
gated frequency range. The associated gain G, is about
5 dB higher at 20 K (cf. Fig. 12), which is caused by the
reduced parasitic resistances. In this manner their thermal
noise contribution is negligible at cryogenic tempera-
tures. Thus the remaining noise mechanisms are related
to the intrinsic FET, only. As can be seen in Fig. 13 for
temperatures below 120 K the drain current has no effect
on the noise behavior, while at room temperature a strong
dependence on the drain current is observed, which may
be related to the DX center in the AlGaAs dopant layer

[7], [11].

MEASUREMENTS ON A SUPERCONDUCTING FILTER

For this investigation a coplanar interdigitated band-

 pass filter was fabricated from a high 7, superconducting

YBaCuO film on a LaAlO; substrate using laser ablation
[12]. The patterning was performed by. standard photo-
lithography-and wet etching with EDTA. Au contact pads
were evaporated onto the YBaCuO film with a thin chro-
mium interlayer to increase the adhesion of the gold layer.
Fig. 14 shows the layout of the realized filter {13]. The -
coupling of the six A\ /4 lines results in a bandpass filter

. characteristic with a calculated center frequency and

bandwidth of about 6.5 GHz and 1 GHz, respectively.

In order to demonstrate the high dynamic range of the
measurement setup, which is up to 70 dB at the reference
plane, the effect of temperature on the A /2 resonance of
the filter has been investigated. '

The measured transmission of the filter around the \ /2
resonance is in a good agreement to the calculated values
(cf. Fig. 15), but strongly dependent on frequency and
temperature. At a frequency of about 9 GHz a highest
attenuation of —56 dB is measured at a temperature close
to the critical temperature. The unexpected decrease of
this peak at lower temperatures is supposed to be caused
by the Cr layer, forming a Schottky : contact to the
YBaCuO layer.
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Fig. 14. Layout of the interdigitated bandpass filter, made from a super-
conducting YBaCuO layer on a LaAlQ; substrate.
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Fig. 15. Magntude of the transmission S5, of the superconducting filter in
dependence on frequency at different temperatures.

With decreasing the temperature a frequency shift to
higher values is observed due to inhomogenities in the
YBaCuO layer and a slightly reduced permittivity of the
substrate [14].

CONCLUSIONS

A cryogenic on-wafer measurement setup with high dy-
namic range for the characterization of semiconductor de-
vices and superconductor components has been intro-
duced, which allows an exact small signal analysis of the
investigated devices at temperatures down to 20 K in the
frequency range up to 40 GHz. Measurements on a pseu-
domorphic HEMT with a gate-length of 0.55 ym and noise
measurements on an AlGaAs/GaAs HEMT have been
carried out as well as investigations on a superconducting
filter and demonstrate the efficiency of the developed sys-
tem.

Though the investigated pseudomorphic HEMT is not
optimized for low temperature operation, the device ex-
hibits an improved microwave performance at low tem-
peratures. While the extrinsic transit frequency of the
transistor increases from about 43 GHz at room temper-
ature to 54 GHz at 20 K the cut-off frequency of the uni-
lateral gain rises from 120 GHz up to 195 GHz.
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At low temperatures the investigated AlGaAs/GaAs
HEMT exhibits a very small noise figure compared to the
room temperature values. Since the influence of the par-
asitic resistances is negligible at low temperatures only
the noise contribution of the intrinsic FET is determined.

The effect of temperature on a superconducting band-
pass filter, made from a YBaCuO layer on a LaAlO; sub-
stratc was investigated. The strong dependence on tem-
perature and frequency of the N /2 resonance of the filter
shows the high dynamic range of the measurement setup.
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