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ABSTRACT

A cryogenic measurement system capable of performing on-wafer RF testing of
semiconductor devices and circuits has been developed. This “CryoProbe Station” can wafer-
probe devices and circuits at cryogenic temperatures, thus eliminating the need for wire bonds.
The system operates under vacuum created by a sorption pump. It uses an open cycle cooling
system that can be cooled with either liquid nitrogen or liquid helium. Presently, it can reach
temperatures, as low as 80K and 37K for each of the coolants, respectively. The temperature
can be raised using a heater and it is stabilized to within 0.2K by use of a temperature
controller. The CryoProbe Station features a 1 by 2 inch stage that can hold large circuits and
calibration standards simultaneously. The system is used with a Hewlett Packard 8510C
Automatic Network Analyzer (ANA) to obtain S-parameter data over the frequency range
0.045-26.5 GHz. S-parameter data on HEMT (high electron mobility transistors) devices has
been obtained with this station. With the use of DEEMBED software from NIST, detailed
transmission line studies have been performed. Although the CryoProbe Station is designed for
frequencies up to 26.5 GHz, useful transmission line data has been obtained for frequencies as
high as 40 GHz. The CryoProbe station has also been used with the ATN noise figure

measurement system to perform automatic, temperature dependent noise figure measurements.

INTRODUCTION

The ability to perform microwave tests at cryogenic temperatures is becoming vital.
Many RF devices must operate in low-temperature environments. These environments may be
naturally occurring, such as in space, or, they may be created artificially for technologies such
as, superconductors. In any case, RF circuits and their components, both active and passive,
must be characterized at these temperatures. The resulting data is needed to properly design and
implement cryogenic circuits. This is important, since the characteristics of most microwave
components change significantly with temperature. Fortunately, the changes that occur at low

temperatures are more often for the better.



It is now known that for many RF devices, characteristics such as: fi, fnax and gain

[1,2], and noise figure [3,4] improve at cryogenic temperatures. The main explanation for
this can be found in Figure 1. Figure 1 shows the Hall mobilities for several IlI-V materials.
The mobilities of these materials increase significantly in inverse proportion to temperature.
This means that the speed of devices fabricated from these materials increases at cryogenic

temperatures, which explains the increase in fi and fmax. Higher mobilities also lead to

improvements in noise figure. In addition to basic material improvements at cryogenic
temperatures, there are technologies that absolutely require these temperatures. One such
example is superconductors. But there are also some very high mobility technologies, such as:
indium arsenide (InAs) and indium antimonide (InSb) that also must be used at lower
temperature. Figure 2 shows the intrinsic carrier concentrations of these materials and how
they decrease with temperature. The carrier concentrations of InAs and InSb are exiremely
high at room temperature. These materials, therefore, must be used at cryogenic temperatures
where they will no longer be intrinsically conductive.

In any type of microwave characterization it is advantageous to test the component
directly, without the interference of wire bonds or test fixtures. At cryogenic temperatures this
is particularly true, since certain types of component contact, such as wire bonds, become very
unreliable at low temperatures. A cryogenic probe system not only eliminates the need for wire
bonds and test fixtures, but also easily accommodates calibration at testing temperatures and the
characterization of many components, very quickly, in a single run. There have been several
designs of cryogenic, microwave probe systems [5,6,7,8]. The primary function of these
systems was to test discrete devices. Most do not have sufficient space to test a large circuit
sample and a separate calibration standard substrate [6,7,8]. In addition, most of theses
systems [5,6,7] used either liquid nitrogen or helium as the coolant. In order to be able to use
both, interchangeably, without having to purchase a second coolant transfer line, modifications
must be made to the coolant dewar.

This paper describes a cryogenic microwave probe system that can accommodate large
samples, calibration at testing temperatures and is suitable for either liquid nitrogen or helium
coolants. A full description of the system, including evacuation and cooling times is given. Also

presented is some sample temperature-dependent S-parameter and noise figure data.

SYSTEM DESCRIPTION
A block diagram of the CryoProbe Station system is shown in Figure 3. The system

consists of the CryoProbe station, vacuum pumps, coolant system, and a microscope. A




photograph of the CryoProbe Station and the inside of its chamber are shown in Figures 4a and
4b, respectively. In order to be able to view the samples in the chamber, windows were put in
the top and front of the chamber. Because of the wide distance from the top window to the sample
stage, an Olympus SZ11 zoom stereo microscope was used to view the samples and position the
probe tips. This microscope has a 73mm depth of focus,with a coaxial illumination system. The
chamber contains the sample stage, cooling head of the refrigerator, temperature sensors and
microwave probes. It was designed to have a low volume so that cooling could be done as quickly
as possible. The dimensions of the sample stage are 1 by 2 inches. This provides sufficient
surface area for the placement of both the calibration standards and the samples, together, on
the stage. The stage was made of a 0.3 inch thick piece of OFHC (oxygen-free, high

conductivity) copper, in order to enhance its thermal conductivity. Silicon temperature
sensors were placed on the sample stage and at the tip of the cooling head. Microwave contact to
the samples is achieved through the use of PicoProbe microwave probes. They were chosen
because of the flexibility of their tips. Although the microwave probes are located inside the
chamber, the probe manipulators are located on the outside in order to reduce the chamber
volume and the complexity of the system. The Thermionics EC Series Precision Manipulators
used have 0.1 mil resolution and can move the probes over the entire area of the sample stage,
using a metal bellows coupling system.

In the CryoProbe station, cryogenic temperatures are achieved by first evacuating the
sample chamber, after which a cryogen is used to cool the stage. This cryogen is either liquid
nitrogen or helium. Vacuum is created within the CryoProbe station by the use of two pumps. A
mechanical pump is used to rough down the chamber of the station to 200 mTorr. This is
accomplished in approximately 7 minutes. At this point the mechanical pump is turned off and
the sorption pump takes over. Evacuation to 5 mTorr is reached after an additional 13 minutes.
The pressure within the chamber reaches its minimum value of less than 3 mTorr in a total
time of 43 minutes. Pressure is monitored by a 917 Pirani vacuum gauge from MKS
instruments.

After a vacuum of 5 mTorr is reached, the coolant is introduced. An open cycle cryogenic
cooling system was used, as opposed to a closed cycle system, in order to minimize noise and
vibrations. Vibration reduction is particularly important in an environment that supports
wafer probing. This system consists of the Heli-tran LT-3B refrigerator and the LT-3-110
flexible transfer line, manufactured by APD Cryogenics Inc. The refrigerator is inserted into
the back of the CryoProbe station and attached underneath the sample stage. It is used without
radiation sheilding. The flow rate of the coolant is monitored by an APD Cryogenics flow meter.



The cooling times for both liquid nitrogen and helium are shown in Figure 5. The minimum
temperatures reached are 80K and 37K for nitrogen and helium coolants, respectively. The
overall cooling time for liquid nitrogen is only a little over 30 minutes. In order to be able to
use the same flexible transfer line to transfer both the liquid nitrogen and the liquid helium,
modifications had to be made to the liquid nitrogen dewar. Since the manifolds used for liquid
helium and nitrogen are different, the liquid nitrogen dewar had to be fitted with a liquid helium
manifold.

in addition to the temperatures previously mentioned, the CryoProbe station can also be
stabilized at higher temperatures. Once the system has been cooled, a Lakeshore DRC-91C
temperature controller is used to heat the chamber to the desired temperature. At lower
temperatures, the temperature can be stabilized to within 0.2 K. For temperatures closer to
room temperature, stabilization becomes more and more difficult and the settings on the

temperature controller must be adjusted accordingly.

MEASUREMENT EXAMPLES
Because of the large size of the stage in the CryoProbe station, many types of devices and
circuits can be accommodated. Measurements have been performed on FET devices and
transmission lines. When measuring the performance of 0.1 um gate-length pseudomorphic
Ing.52Alp.48As/INyGay.xAs (X=0.85 and 0.95) MODFETSs, an improvement in f; of over 33%

occurred at 77K as compared to room temperature [9]. Coplanar Waveguide (CPW)
transmission lines were characterized in terms of their attenuation constant, as a function of
geometry, frequency and resistivity. To perform this study, the CryoProbe system was used
with an HP 8510C ANA and DEEMBED software from NIST [10]. It was discovered that for
transmission lines on silicon, GaAs and diamond substrates, there was at least a 0.25 dB/cm
improvement in attenuation at 77K [11].

Using the CryoProbe station with Automatic Testing and Networking (ATN) Inc.’s NP5
noise figure system enabled temperature dependent noise figure data to be obtained for a
pseudomorphic HEMT structure. It was necessary to minimize the electrical distance between
the CryoProbe station and the tuner of the noise figure system, so that range of impedance
magnitudes would not be too restricted due to extra line loss. If this was not done, the
measurements on devices requiring a large source reflection coefficient for optimum noise
figure would be less accurate. Noise figure measurements were performed with this system and
a Hewlett Packard 8970B noise figure meter. The ATN system uses an electronically adjusted

tuner incorporating PIN diodes to provide up to 241 repeatable impedance states and radial



coverage of the Smith chart. A calibration step is performed which determines the amount of
noise injected from port one with different impedance settings. Available gain, as opposed to
insertion gain, is calculated by measuring the device’s output reflection coefficient in another
calibration step. Second stage noise, or system noise figure, is accounted for in the normal
fashion [12]. A simple guide describing the underlying theory of the system is available [13].
The HEMT structure that was analyzed is shown in Figure 6. This material was grown by
Spire Corporation using Metal-Organic Chemical Vapor Deposition (MOCVD) and the subsequent
HEMT devices were fabricated by Texas Instruments [14]. The devices had the following
features: 0.25um gate lengths, 0.75um gate widths, approximately 300 mS/mm dc
transconductance (gm), and cut-off frequency (ft) of 35 GHz. Figure 7 shows a typical graph of

the minimum noise figure measured for these devices, when they were biased for minimum
noise figure, at both room and cryogenic temperatures. This is a single side band measurement.
At higher frequencies, there is a significant improvement in the noise figure at 77K. In
addition, the slope of the noise figure curves decrease from 0.09278 at room temperature to
0.0669 at 77K. This indicates that at cryogenic temperatures, this device’s noise figure

becomes less frequency dependent.

SUMMARY
A microwave, CryoProbe station has been developed that is capable of testing devices and
circuits. The station can accommodate both large samples and separate calibration standards
simultaneously. When liquid nitrogen is used, the system is ready to perform measurements in
just over an hour after the evacuation begins. Cryogenic temperatures are created in a vacuum
using either liquid nitrogen or helium. The system can easily be connected to an ANA and noise
figure test equipment, to perform automated, temperature dependent measurements.
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Figure 1.—Hall mobilities of some 11I-V compounds. Figure 2.—Intrinsic carrier concentration for some III-V
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Figure 3.—The CryoProbe Station System.
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