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Development of Accurate On-Wafer,
Cryogenic Characterization Techniques

J. Laskar, J. J. Bautista, M. Nishimoto, M. Hamai, and R. Lai

Abstract— Significant advances in the development of high electron
mobility field-effect transistors (HEMT’s) have resulted in cryogenic, low-
noise amplifiers (LNA’s) whose noise temperatures are within an order
of magnitude of the quantum noise limit (h1//k). Further advances in
HEMT technology at cryogenic temperatures may eventually lead to
the replacement of maser and superconducting-insulator-superconducting
(SIS) front-ends in the 1-100 GHz frequency band. Key to identification
of the best HEMT’s and optimization of cryogenic LNA’s is accurate and
repeatable device measurements at cryogenic temperatures. A cryogenic
on-wafer noise and scattering parameter measurement system has been
developed to provide a syst
ematic investigation of HEMT noise characteristics. In addition. an
improved parameter extraction technique has been developed to help
understand the relationship between device structure and LNA perfor-
mance.

I. INTRODUCTION

As the demands for high performance satellite transmit/receive
components increase. researchers have looked for viable alternatives
to increase signal to noise margins at higher frequencies. Notable
results have included the development of cryogenic low-noise am-
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plifiers at X- and Ka-bands [1]. [2] and the development of hybrid
high temperature superconductor and semiconductor components [3).
The improvement of high performance satellite links and the need
for high performance light satellites has provided the impetus for
continued development and understanding of cryogenic microwave
components. A critical element 1n the application of this technology
is the development of a robust on-wafer characterization techmique
at cryogenic temperatures.

In recent years, significant progress has been made in the devel-
opment of cryogenic, on-wafer probing systems [4]-[10]. The major
shortcoming of previous efforts has been the lack of a repeatable
and accurate system yielding results comparable to room temperature
systems.

In this paper. we report a quantitative investigation in the accuracy
of on-wafer cryogenic noise and S-parameter measurements. Results
shown in this paper include:

1) demonstration of two-tier cryogenic calibrations;

2) study of the effect of temperature on calibration repeatability;

3) development of improved parameter extraction techniques for
cryogenic temperatures;

4) investigation of room temperature noise techniques applied at
cryogenic temperatures:

5) initial results of an on-chip cryogenic noise technique.

II. CRYOGENIC-PROBE MEASUREMENT SYSTEM

A variety of test fixtures have been used [4]-[9] to evaluate HEMT
performance from 300 K to 15 K. Most of these fixtures are similar
to the one developed by Liechti and Larrick [10], a microwave test
fixture that could be immersed in liquid nitrogen. To date, it has been
difficult to make broad band scattering (S)-parameter measurements
in such an environment due to the limited accuracy of the full two-port
calibrations.

The cryogenic microwave system in this work uses coplanar
waveguide probes in a vacuum station coupled to a vector network
analyzer for scattering parameter measurements, and a noise and test
set with a noise system for microwave noise parameter measurements.
The microwave measurement system currently under development
incorporates measurement tools originally developed for the first
system in 1989 [11]. [12]. The cryogenic probe measurement system
contains ports for RF cables, thermometers, vacuum pumps, dry
nitrogen backfill lines, coplanar probes with manipulators, and a
closed-cycle refrigerator cold bead. The probe body rests on a copper
block attached to a fiberglass post. The fiberglass reduces the thermal
load and copper braiding from the cold head thermally anchors the
probe to the 12 K cold station assuring sample temperatures of
12-20 K. The mechanical and thermal stability of the wafer stage is
established by supporting it on fiberglass posts above the cold head
and thermally anchoring it to the cold station with flexible copper
braids.

The most important feature of this design is the incorporation of a
closed-cycle helium refrigeration syster. The first successful designs
of on-wafer cryogenic systems used open-cycle cooling to reduce
start up costs and avoid mechanical vibrations. However, for long
term temperature stability, a closed-cycle helium source provides the
optimum solution. Decoupling and damping of the vibrations from
the cold head to the probe station is accomplished with a bellows
and vibration mount. This system allows small-signal microwave
measurements from DC to 40 GHz over a physical temperature range
of 16-300 K. Since the microwave hardware is insulated by vacuum
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Fig. 1. Relative error between two successive S-Parameter measurements
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Fig. 2. Effect of sample temperature variation on worst case vector error
using a two-tier LRM calibrations. The first calibration is performed at 24 K
and subsequent calibrations are performed at higher temperatures.

there is no frost buildup or large thermal gradients, resulting in a
system that is accurate, reliable and flexible.

III. CALIBRATION CONSIDERATIONS

Two key elements in performing two-port microwave measure-
ments are stability of error terms and accuracy, by establishing
a known electrical reference plane. The measurement accuracy is
directly related to the calibration conditions. Thermal gradients across
the gold plated ceramic probe tips and coax to coplanar transitions
[13] alter the electrical characteristics of the measurement lines. The
process of cooling the sample in the laboratory can also produce
changes in the calibration. The network analyzer typically requires
a new calibration if the ambient laboratory temperature varies by
greater than +1°C. The proximity of the cooled probe system to
the network analyzer can change the ambient environment (both
temperature and humidity). The combined results of these effects
are appreciable errors in cryogenic temperature measurements.

In order to demonstrate that our system errors are stable, we
performed LRM and TRL calibrations an hour apart at both 19 K
and 300 K. Calibrations at each temperature are compared using a
method developed by NIST [14], which demonstrates repeatability
of calibrations. The results, see Fig. 1, show comparable calibration
repeatability at both 19 K and 300 K. The 19 K results compare
favorably with the best room temperature results obtained by NIST
[15].
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Fig. 3. Demonstration of agreement between measured and modeled
S-parameters at cryogenic temperatures. The extracted parameters were
obtained via measurement and not circuit optimization techniques.

In Fig. 2, we demonstrate the effect of temperature upon calibration
stability. In this case, the first calibration is performed at 24 K and
subsequent calibrations are performed at higher temperatures. Since
all calibrations are performed within one hour, the higher error func-
tions observed in Fig. 2 are due to the temperature variation within the
measurement chamber and not drift in the network analyzer. These
results emphasize that to achieve repeatable cryogenic S-parameters
one must:

1) provide a stable thermal environment;
2) perform calibrations at the temperature of interest.

An accurate cryogenic, two-port calibration for S-parameter mea-
surements must satisfy several criteria. At room temperature we can
typically find that return loss in the transmission through standard
should be better than —45 dB and the insertion loss should vary
within 0.1 dB of 0 dB. Next, the calibrated open standard is
found to be within £0.1 dB of 0 dB. Our cryogenic calibrations
satisfy these criteria. A qualitative verification can be performed
by evaluating additional representative elements not used in the
calibration sequence.

The solution to maintaining calibration integrity and achieving
low sample temperatures is to thermally anchor the probe body
and perform cryogenic calibrations. By thermally anchoring the
probe to the cold head at 12 K, the thermal load to the DUT is
minimized. The remaining microwave hardware (connectors, cables
and input to ANA) are thermally isolated via vacuum and stainless
steel hardware. The thermally anchored probe can be calibrated at
specific temperatures during a measurement cycle. This eliminates
the problem of calibration error and allows accurate correlation of
DUT temperature and measured characteristics.

The most accurate and repeatable method of measuring noise
parameters at cryogenic temperatures is to place the impedance
generator within a wavelength of the DUT input. The equivalent
noise temperature of the noise source must also be comparable to the
DUT noise temperature. This approach would require development
of a cryogenic noise generator and noise source.
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TABLE 1
EXTRACTED SMALL-SIGNAL ELEMENT VALUES AT 300 K
AND 16 K Using Mobpiriep Hotr/CoLp FET EXTRACTION

PHEMT 300K 16K
Lg (pH) 28.3 39.4
Ld (pH) 27.2 44.6
Ls (pH) 4.6 3.8
Rg (ohms) 15.3 124
Rd (ohms) 3.4 4.0
Rs (ohms) 0.6 0.8
Cpg (fF) 7.5 6.5
Cpd (fF) 32 122
InP HEMT 300K 16K
Lg (pH) 13.5 23.8
Ld (pH) 45 255
Ls (pH) 0.3 0.2
Rg (ohms) 18.5 46
Rd (chms) 46 1.0
Rs (ohms) 1.2 0.3
Cpg (fF) 1.2 1.1
Cpd (fF) 1.4 1.1
MODIC FET 300K 16K
Lg (pH) 30.6 31.0
Ld (pH) 28.2 38.0
Ls (pH) 1.6 1.1
Rg (ohms) 12.4 9.9
Rd (ohms) 3.2 4.6
Rs (ohms) 0.7 0.9
Cpg (fF) 21.0 19.6
Cpd (tF) 10.0 17.8

For this initial investigation of on-wafer noise parameter mea-
surements at cryogenic temperatures only the probe tips are cooled
while the impedance state generator and solid state noise source
(both commercially available) are kept at room temperature {(several
wavelengths away from the DUT). In this configuration the input
losses introduce noise comparable to or greater than the noise of
the device under test (DUT) and reduces the range of available
impedance states. For example, in the frequency range of 2-18
GHz for cryogenic temperatures the worst case noise temperature
error is £25 K, while device noise temperatures are typically under
10 K. Although this configuration does not provide accurate single
frequency noise parameter measurements, it does provide for fast and
efficient broadband (2-18 GHz) on-wafer measurements,

IV. PARAMETER EXTRACTION TECHNIQUES

A variety of HEMT structures have been investigated to determine
the temperature behavior of both the intrinsic and extrinsic device pa-
rameters. The structures investigated include: AlGaAs/GaAs HEMT
(conventional), AlGaAs/InGaAs pseudomorphic HEMT (PHEMT)
and lattice matched InAlAs/InGaAs HEMT (InP HEMT).

An HEMT parasitic model has been developed based upon the
results in [16]-[19]. This model accounts for bias dependent resis-
tances which affect the parasitic resistances (R, R,, and Rq) as
a function of gate-source bias with 1;; = 0 V. The intrinsic and
extrinsic parameters can be extracted using the equations presented
by [16]. conventional Hot/Cold FET techniques and the basic model
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in [19]. One major modification has been the removal of the depletion
capacitance cited in [19] resulting 1n a symmetric parasitic model.

This Hot/Cold FET analysis has been applied to several different
HEMT structures. We demonstrate excellent agreement between
measured and model data at cryogenic temperatures as shown in
Fig. 3. A summary of typical results for the conventional, PHEMT
and InP HEMT are shown in Table I. Table II shows the results
including the small-signal model elements for the InP HEMT at
various temperatures. The InP HEMT shows the greatest variation
with temperature, primarily due to a higher electron mobility. Two of
the most important parameters for extraction are the source resistance,
R,, and inductance. L. These terms must be accurately extracted
since they serve as a feedback term in device operation.

V. MEASUREMENT RESULTS

Scattering parameters were measured from 1-25 GHz, while noise
parameter measurements were attempted from 218 GHz for the same
bias and temperature conditions. For the experimental conditions
all the S-parameters were measured with an error of less than
2% between measured and modeled data. The development of an
accurate HEMT device model allows us to predict the behavior
of I'ope and Ty as a function of frequency. Based upon the
direct measurement of the cryogenic noise parameters, cryogenic S-
parameters and the room temperature device model we can extract a
complete temperature dependent device model. We directly measure
the noise parameters at cryogenic temperatures and correlate with the
predicted performance based upon the model presented in [20]. All
four noise parameters could not be reliably measured for the physical
temperature and frequency spans of interest. In Fig. 4. we demonstrate
the variation of noise temperatures as a function of bias at cryogenic
temperatures. At cryogenic temperatures, however, because of the
lossy input and long electrical distance of the impedance generator
from the device input only the minimum noise temperature was
reliably determined above 8 GHz. For frequencies above 8 GHz the
percentage error in the minimum noise temperature was determined
to be less than 25%. The resulting measurements were then fit to
a straight line. The fitting error varied from 6-11%. Fig. 5 shows
a plot of the measured minimum noise temperature as function of
percentage drain to source saturatton current at 18 GHz at two
physical temperatures, 11 and 16 K. At these two temperatures the
rms error in the minimum noise temperature was £12 K and £6 K,
respectively.

VI. ANALYSIS AND DISCUSSION

The pioneering work of Weinreb and Pospieszalski [21], [22] has
led to the development of HEMT based LNA’s which are the lowest
noise transistor circuits produced to date. These impressive results
have been achieved without the benefit of cryogenic, broad band
noise measurements. Pospieszalski's method relies on dc cryogenic
measurements (g,, and rg;), manufacturer’s or measured room tem-
perature broad band S-parameter data (remaining circuit elements),
and a single frequency cryogenic, noise parameter measurement (I
and T) to determine all of the circut parameters for his empirical
noise model.

For the Pospieszalski noise model [20], the measured noise param-
eters are required to determine I, the equivalent drain temperature
associated with gq,. and the equivalent gate temperature T, associated
with 745 and as an additional check on the intrinsic element values.
Pospieszalski [23] found, that for a variety of different HEMT and
FET devices T, was equal to the ambient temperature for I, less
than 20 mA. Ty on the other hand is strongly dependent on I4s
and within measurement error a single function may describe its
dependence for all devices. (At room temperature using on-wafer
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TABLE 1I
EXTRACTED ELEMENTS FOR THE DIFFERENT PHYSICAL TEMPERATURES AND BIAS SETTINGS

Tesos Igee. Ly, Ly, Ly, Ry, Ry, Rey Casy Cyav Cgsy Gmv Ry BRgey Re Ty, Tmnl/fs

% mA pH pH pH o 0 0 fF

f ms 0 O O K K/GHs

Tonys = 11K
15 29 4 15 4 850 38 100 17.20 2290 7650 39.70 576,70 1.00 580 234 0123
25 47 4 15 4 46 38 100 1740 2220 8430 5030 45000 100 580 373 0.15
50 96 4 15 4 47 35 100 1730 2160 9140 6500 37000 100 5850 750 0.196
7 149 4 15 4 67 30 100 1880 2120 9220 7200 34420 070 4.70 1158 0.212
100 187 4 15 4 60 30 100 19.00 1972 103.00 72.00 331.80 150 8.50 1451 0.202
Tonys = 16 K
153 24 4 15 4 60 30 200 1880 31.10 6860 3625 589.00 200 7.00 201 0.147
25 39 4 15 4 60 30 100 17.00 31.00 71.00 4530 48000 200 6.00 316 0.157
50 84 4 15 4 60 20 100 1790 3040 78.70 60.90 368.00 200 5.00 663 0.195
7% 127 4 15 4 60 3.0 100 1570 30.10 8080 6850 34480 200 600 994 0.247
100 164 4 15 4 60 30 230 1760 2550 12360 67.00 303.00 200 7.30 1279 0.515
Tonys = 36 K
15 25 4 15 4 6.0 3.0 227 2225 2477 7219 3507 62575 11.21 1648 229 0.381
25 41 4 15 4 60 30 227 2142 2441 80.78 4744 46976 7.92 13.19 352 0403
50 83 4 15 4 60 3.0 227 2188 2339 90224 6456 352.77 600 1127 675 0.500
75 125 4 15 4 6.0 3.0 227 1547 29.67 9021 7460 20841 550 10.77 9099 0.547
100 164 4 15 4 6.0 3.0 227 1691 2456 13361 6691 30399 5.50 10.77 1299 1.021
Tonys = 49K
15 22 4 15 4 6.0 30 227 21.83 2493 7219 3542 526.80 10.88 16.15 218 0.464
25 37 4 15 4 60 30 227 2151 2439 7192 4740 46831 7.20 1247 334 0.398
50 75 4 15 4 60 30 227 2188 2339 9224 64.56 352.77 6.00 11.27 627 0.562
7 111 4 15 4 6.0 30 227 2065 23.06 9651 7277 324.14 6.00 11.27 904 0.654
100 158 4 15 4 6.0 30 227 2169 1745 13763 66.24 31541 6.00 11.27 1266 1.229
Tphys = 300K
15 27 4 15 4 6.0 31 340 1710 1950 6960 28.13 79800 200 850 508 1.2583
25 46 4 15 4 60 30 490 1930 1833 8360 4036 56000 200 990 654 1.533
50 91 4 15 4 60 1.5 340 18.70 18.02 90.00 5100 46490 200 6.90 1001 1480
s 138 4 15 4 60 30 350 1840 1741 96.60 57.90 417.70 2.00 850 1363 1.912
100 184 4 15 4 60 196 370 1824 17.05 101.60 6040 39830 2.00 768 1717 2104

noise and scattering parameters from 4-18 GHz Pospieszalski used
measured and modeled values for the intrinsic Rop¢ and T using
a least squares fit to arrive at values of Ty and T.)

Ideally for low noise device studies and circuit modeling it is
preferable to have both broadband measured noise and scattering
parameters. Since only the measured minimum noise temperatures
were obtained, only the predicted and measured noise temperatures
as a function of drain currents (Izs) at 18 GHz for a variety of
different temperatures are compared. The predicted minimum noise

temperature is calculated using Pospieszalski’s expression

271'ng5 v gds"'tTgTd
Troin = g
m

1181

for the minimum noise temperature. The small signal circuit elements
are those extracted from the measured s-parameters while T is the
device physical temperature and Ty is estimated from the results in

[23].
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For single frequency measurements at 18 GHz the worst case error
for the measured minimum noise temperature 1s +25 K and +15
K for the calculated model value. That there is agreement with the
cryogenic resulis indicates that a closer examination with a more ac-
curate and reliable method of cryogenic noise parameter measurement
and smali-signal element extraction technique is absolutely necessary.
Toward this goal we have begun development of a coolable noise and
impedance generator, integrated with the cryogenic, microwave probe
for broadband scattering and noise parameter measurements.

VII. CONCLUSION

The feasibility of cryogenic, broadband on-wafer scattering and
noise parameter measurements for the systematic investigation of
HEMT noise characteristics has been demonstrated. In addition,
an improved parameter extraction technique has been developed to
help understand the relationship between device structure and LNA
performance.

Comparison of measured and modeled I, at 11 K and 16 K at 18 GHz.

Future development of a coolable notse and impedance generator,
integrated with the cryogenic, microwave probe will be capable of
performing broadband scattering and noise parameter measurements.
The development of a cryogenic probe tip integrated with a cryogenic
noise and impedance generator capable of performing both scattering
and noise parameter measurements will circumvent the limitations
posed by the current characterization techniques. An integrated probe
will enhance the fundamental study of noise sources in solid state
technology and lead to improved cost and performance benefits for
HEMT cryogenic technology.
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Radial Mode Matching Analysis
of Ridged Circular Waveguides

Uma Balaji and Ruediger Vahldieck

Abstract——In this paper a radial mode matching analysis is presented to
calculate rigorously the TE and TM mode propagation in single- double-,
triple-, and quadruple-ridged circular waveguide structures. The ridges
have been cut radially in all the cases. Results are presented for variations
of the ridge depth and ridge thickness and are compared to results from
finite element analysis. Furthermore, for the first time, the characteristic
impedance of the double and quadruple-ridged circular waveguides have
been calculated using the power-voltage definition.

1. INTRODUCTION

Various numerical techniques have been applied in the past to
solve the eigenvalue problem of single- [1], double- [2]-[4], triple-
{51, [6], and quadruple-ridged [4], [7], [8] circular waveguides with
ridges of uniform thickness or ridges that are radially cut. Most
of the above work is based on the discretization of the space or
space and time to solve the Helmholtz equation. To avoid memory
consurning space discretization techniques, a radial mode matching
method has been developed [14] for the analysis of single- and
double-ridged circular waveguides. The method is extended here to
triple- and quadruple-ridged circular waveguides. In order to avoid
mixed coordinate systems which occur when rectangular ridges are
utilized in a cylindrical waveguide, the ridges are assumed to be
conically shaped [10]. Mechanically, they are as simple to fabricate
as the more traditional rectangular ridges. The approach developed in
the following is rigorous and can be applied to symmetrical as well
as asymmetrical structures,

II. THEORY

1) Eigenvalue Problem: To start with we first consider the cross
section of the single-ridged circular waveguide of Fig. 1(a) and (b).
The double- and quadruple-ridged circular waveguide can be easily
derived from the following theory by considering electric wall (ew)
and magnetic wall (mw) symmetry. The eigenvalues of the orthogonal
dominant modes and higher order modes of such a structure can be
obtained from the solution of the Helmholtz equation in cylindrical
coordinates.

Solving the Helmholtz equation in each homogeneous subregion
and considering the boundary condition. the potential function for
regions 1 and 2 for TE modes can be written as follows:

( 31 sin n¢ r = 1for mw
1) _ =
v = Z AnTn(kep) {cos ng 1 = 0for ew @
N2 ,
W = 3" CulHP (kb)) B (kep)
— HY (kb)Y H® (kep)]
mr
COos l(¢—9) r=1, 3andl——mf0rmw
cos (¢ — @) r=0andl= _”9 for ew.
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