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ABSTRACT

Significant advances in the development of
HEMT technology have resulted in high
performance cryogenic, LNAs whose noise
temperatures are within an order of magnitude
of the quantum noise limit (hn/k). Key to the
identification of optimum HEMT structures at
cryogenic temperatures is the development of
on-wafer noise and device parameter extraction
techniques.

INTRODUCTION

The noise and gain of HEMT devices have
steadily improved as the technology is
developed and commercialized for room
temperature applications. In order to
successfully develop ultra-low noise, cryogenic
HEMTs one must develop an accurate,
repeatable data base of on-wafer cryogenic
noise results coupled with detailed parameter
extraction techniques.

A cryogenic on-wafer noise and scattering
parameter measurement has been developed [1]
to provide a systematic 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 performance.

EXPERIMENTAL TECHNIQUE

Over the past several years the development
of a complete on-wafer cryogenic microwave
measurement system has been driven primarily
by: (1) a need for greater understanding of the
device physics in advanced high speed transistor
technologies and (2) the continued advancement

of cryogenic, LNA technology with noise
temperature less than five times the quantum
limit for ground and space-based applications.

Though on-wafer S-parameter measurement{
systems have been implemented to various
degrees of success by several groups, no
comprehensive or convincing results have been
presented for on-wafer, cryogenic noise results
[2 - 4]. For the most accurate and repeatable
noise parameter measurements at cryogenic
temperatures the impedance generator and noise
source must be within a wavelength of the DUT
input. In addition, the equivalent noise
temperature of the noise source must also be
comparable to the DUT noise temperature. Irl
this investigation, only the microwave probe
heads are cooled and are interfaced with
commercially available solid state noise sourco
and impedance generator. Although this
configuration does not provide the most
accurate single frequency data, it does provide a
technique for rapid extraction of the noise
performance versus temperature. The noise
calibration must pass all the S-parameter
calibration criteria and accurately measure the
minimum noise temperature (Tfin) and the
associated gain (GA) of a 10 dB attenuator. Our
experiments are repeatable to within k 590 for
the attenuator at a variety of temperatures.

PARAMETER EXTRACTION
TECHNIQUES

A variety of HEMT structures have been
investigated to determine the temperature
behavior of both the intrinsic and extrinsic
device parameters. The structures investigated
include: AIGaAs/GaAs HEMT (conventional),
AIGaAs/InGaAs pseudomorphic HEM’T
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(PHEMT) and lattice matched InAIAs/InGaAs
HEMT (InP HEMT).

A HEMT parasitic model has been
developed, see Fig. 1, based upon the results in
[5 - 8]. This model accounts for bias dependent
resistances which affect the parasitic resistances
(k RF and Rd) m a function of gate-source
bias with Vds=Ov. The intrinsic and extrinsic
parameters can be extracted using the equations
presented by [5], conventional Hot/Cold FET
techniques and the basic model in [8]. One
major modification has been the removal of the
depletion capacitance cited in [8] resulting in 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. 2. A summary of
typical results for the conventional PHEMT and
InP HEMT are shown in Table L 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, Rs, and
inductance, Ls. These terms must be accurately
extracted since they serve as a feedback term in
device operation.

CRYOGENIC,ON-WAFERNOISE
RESULTS

The development of an accurate HEMT
device model allows us to predict the behavior
of Gopt and T~n 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
dependant device model. We directly measure
the noise parameters at low temperatures and
correlate with the predicted performance based
upon the model presented in [9]. All four noise
parameters could not be reliably measured for
the physical temperature and frequency spans of
interest. A plot comparing the measured and
modeled GoPt values at room temperature is
shown in Fig. 3., while Fig. 4. shows the
correlation of noise temperatures for measured
and modeled values at cryogenic temperatures.

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.

Future development of a cooled noise and
impedance generator, integrated with the
cryogenic, microwave probe will be capable of
performing broadband scattering and noise
parameter measurements. This integrated probe
approach should circumvent the limitations
posed by the present 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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Uakdd ExtractedSmall-signal element values at 300Kand 16K using modified
Hot/Cold FET extraction.

300K 16K 300K 16K 300K 16K

PHEMT lnP HEMT MODIC
2x80 FET60

Lg (PI-!) 28.3 39.4 13.5 23.8 30.6 31.0
Ld (PH) 27.2 44.6 4.5 25.5 28.2 38.0
Ls (PH) 4.6 3.8 0.3 0.2 1.6 1.1

Rgj(ohms) 15.3 12.4 18.5 4.6 12.4 9.9
Rd (ohms) 3.4 4.0 4.6 1.0 3.2 4.6
Rs (ohms) 0.6 0.8 1.2 0.3 0.7 0.9
Cpg (fF) 7.5 6.5 1.2 1.1 21.0 19.6
Cnd (fF) 3.2 12.2 1.4 1.1 10.0 17.8

Source Gate Draii

Fig. 1 Schematic model for HEMT parasitic element extraction
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Fig. 2 Measured and modeled S-parameters for AIGaAs/InGaAs I?HEMT
structure biased at 100% Idss at a temperature of 16K. The model element values
are determined using a modified Hot/Cold FET extraction technique with no
optimization of para-meters.
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Fig. 3 Comparison of measured (2-18GHz)

and modeled ropt (2-40GHz) frorn for
PHEMT at room temperature.

Per cent Ddn-Source Saturation Current

Fig. 4 Measured and Modeled values of
T~~ at a frequency of 18 GHz at llK and

16K.
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