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Abstract— We report wafer characterization of the
S-parameters and microwave noise temperature of discrete
GaAs and GaN HEMTs over a temperature range of 20 — 300 K.
The measured noise temperature (750) exhibits a dependence on
physical temperature that is inconsistent with a constant drain
temperature, with 7,; for the GaAs and GaN devices changing
from ~ 2000 K and ~ 2800 K at room temperature to ~ 700
K and ~ 1800 K at cryogenic temperatures, respectively. The
observed temperature dependence is qualitatively consistent with
that predicted from a theory of drain noise based on real-space
transfer of electrons from the channel to the barrier.
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I. INTRODUCTION

High electron mobility transistors (HEMTs) based on
II-V semiconductors are widely used as cryogenic low noise
amplifiers in scientific applications such as radio astronomy [1]
and quantum computing [2] due to their unparalleled low noise
performance. Therefore, understanding the physical origins
of electronic noise in HEMTs and how to mitigate them is
of importance. The Poszpieszalski model [3] describes the
noise with a generator at the gate of temperature 7T, and
a generator at the drain with noise temperature Ty. Ty is
typically interpreted as the physical temperature of the gate
(Tpn) [4] but Ty is used as a fitting parameter that is around
1-2 orders of magnitude higher than the physical temperature.
The physical mechanism behind 7y and its dependence on
physical temperature remains a topic of debate [4], [5], [6].
The extent to which we can reduce the cryogenic noise of
HEMT LNAs closer to the fundamental quantum limit depends
on our ability to understand and minimize the contribution of
Ty to the overall noise temperature.

In this paper, we report on-wafer measurements of the
DC characteristics, S-parameters, and the noise temperature at
generator impedance of 50 ohms (75p) of discrete GaAs and
GaN HEMTs over temperatures from 20 K to 300 K using
a cryogenic probe station. We extract the small signal and
noise model of the HEMTs at each physical temperature and
various biases, yielding Ty at each condition. We find that the
trend of 75y versus physical temperature is inconsistent with
that expected if Ty is independent of temperature. This finding
constrains the physical origin of drain noise in HEMTs.
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Fig. 1. Schematic of a cryogenic probe station configured for microwave
noise measurements. The cryogenic and room temperature parts are separated
by a radiation shield and stainless steel coaxial cables. (0) 5 dB pads, (1)
M1-0220-P mixer, (2) HMC-T2100, (3) SLP-1000+ Low pass filter, (4)
SLP-550+ Low pass filter, (5) SHP-25+ High pass filter, (6) ZFL-500LN+
Low noise amplifier, (7) ZFL-100H+ Low noise amplifier, (8) ZX73-2500-S
Voltage-controlled attenuator, (9) U8481A USB thermocouple power sensor,
(10) thermal insulation.

II. CRYOGENIC CHARACTERIZATION AND MODELLING

The DC characteristics, the S-parameters and the
microwave noise of GaAs and GAN HEMTs were measured
using a cryogenic probe station (CPS) [7]. A schematic of
the cryogenic probe station in a noise-figure measurement
configuration with a cryogenic attenuator is shown in
Fig. 1. S-parameter and DC measurements require a simpler
configuration in which the attenuators and the pre-amplifiers
are removed. The CPS was configured to operate at variable
sample-stage (chuck) temperature and at DC—40 GHz. A heater
(Ohmite, TCH35 T0220) and a temperature sensor (Lakeshore,
DT-470) were placed on the chuck to enable temperature
control using a Lakeshore 336 temperature controller. The
temperature uniformity of the chuck was measured to be within
1 K of the set temperature. Two devices were characterized:
one GaAs (DO07IH, 4F50, gate length L, = 70 nm) and one
GaN (DO1GH, 2F50, L, = 100 nm) HEMT, both manufactured
by OMMIC (France). An image of a discrete GaAs HEMT
contacted by RF probes is shown in Fig. 2.
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Fig. 2. Microscope image of RF probes landed on a GaAs discrete HEMT.
The HEMT is in common source configuration. The source is grounded though
the Gnd pins of the probes while signal is provided via the S pins to the gate
(left) and drain (right).

A. HEMT Characterization

The S-parameters and DC characteristics of the HEMTs
were measured at temperatures 20-300 K. Fig. 3 and Fig. 4
show the IV curves and S-parameters for the two devices at
40 K, 80 K, 150 K, and 296 K. Vs was kept constant at -0.2
V and -1.2 V for the GaAs and GaN HEMT, respectively.
At a given Vpg, the drain current is observed to increase
with increasing temperature from 40 K to 300 K, consistent
with the observed decrease in threshold voltage with increasing
temperature (-0.23 V to -0.32 V for GaAs and -1.25 V to -1.38
V for GaN from 40 K to 300 K). In Fig. 4 the S-parameters are
plotted at a constant DC bias of Vpg = 0.6 V, Ips = 10 mA
for the GaAs HEMT and Vpg =1.5V, Ips =10 mA for the
GaN HEMT. A weak temperature dependence of S-parameters
on physical temperature is observed.

The microwave noise temperature (759) was measured
in the range 3-16 GHz using the Y-factor method with
a cryogenic attenuator [8]. At each temperature, 759 was
measured for Vg, = 04 V, 0.6 V, and 0.8 V for the GaAs
and 0.5V, 1.0 V, and 1.5 V for the GaN HEMT. For each
Vps, Ips was varied from 5 mA to 20 mA by adjusting
Vys- Fig. 5 shows the frequency dependence of T5q at various
physical temperatures and constant Vs = 0.6 V, Ipg =10 mA
for GaAs (a) and Vg, = 1.5V, Ips =10 mA for GaN (b). In
Fig. 6, T5q versus Ipg is shown for various temperatures with
constant Vpg = 0.6 V for GaAs and 1.5 V for GaN, at 12
GHz. The dominant contribution to the total uncertainty in 75
was found to be that of the insertion loss (IL), ~ 0.1 dB, in
the path from noise source to the device. These uncertainties,
in addition to the power-meter uncertainty, were propagated
through the computation of the Y-factor to determine §75.

B. Cryogenic Modelling

A fifteen element small-signal model (SSM) identical to
that described in [9] was extracted at each temperature and
bias. The extrinsic parasitic elements and the intrinsic device
elements were extracted based on cold FET measurements and
direct extraction as described in [9], [10], [11]. The above
intrinsic values were used as the initial values for the following
tuning and optimization. These parameters were tuned in
Keysight Advance Design System (ADS) to decrease the
residual between the simulated and measured S-parameters.
Additionally, simulated annealing, quasi-Newton optimization
and the least-square error function were used to further
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Fig. 3. Measured I-V curves at constant Vs of (a) -0.2 V for GaAs and (b)
-1.2 V for GaN at various physical temperatures.

Fig. 4. Measured S-parameters at Vpgs = 0.6 V, Ips =10 mA for (a) GaAs
and Vps = 1.5V, Ipg =10 mA (b) GaN HEMTs from 1-18 GHz at various
physical temperatures.

decrease the residual to less than 0.01 dB. Both the tuning
and optimization were restricted to within 10% of the initial
values, and the specific values do not alter the findings
regarding the microwave noise figure. Typical 40 K small
signal conductances g,, and gqs were ~ 850 mS/mm and ~ 95
mS/mm for GaAs; and ~ 670 mS/mm and ~ 50 mS/mm for
GaN, respectively.

Once the SSM parameters were obtained, the noise model
was generated automatically in ADS by ascribing a thermal
noise source to the resistive elements. The gate temperature,
T,, was fixed to Ty, while the drain temperature, T;;, was
determined by fitting the modeled and measured 7T5q. Fig. 7
shows the extracted T, versus Ipg and physical temperature
at constant Vpgs = 0.6 V and Vpg = 1.5 V, respectively.
The error bars for T; were determined by calculating Ty for
the minimum and maximum values of Ty, within the error
bars and were found to range from ~ £150 K to ~ £400 K
depending on physical temperature and d759. We observe a
linear dependence of T; on Ipg in this bias regime for both
GaAs and GaN devices. This trend is consistent with those
reported previously [2], [4]. The predicted 7,,;,, was calculated
to be ~ 2.5 K for GaAs and ~ 15 K for GaN at 12 GHz.

III. DEPENDENCE OF DRAIN TEMPERATURE ON PHYSICAL
TEMPERATURE

Fig. 8 shows the measured T5g versus physical temperature
at 12 GHz and Vpg = 0.6 V, Ips = 10 mA for GaAs
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Fig. 5. Tsq versus frequency at various physical temperatures and constant
Vps = 0.6V, Ipg =10 mA for (a) GaAs and Vpg =15V, Ipgs =10 mA
for (b) GaN.
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Fig. 6. T50 versus Ipg at Vpg = 0.6 V for (a) GaAs and Vpg =1.5V for
(b) GaN at various physical temperatures and constant frequency of 12 GHz.

and Vps = 1.5V, Ips = 10 mA for GaN. Two GaAs
devices from the same reticle were measured and yielded
near-identical results. In addition, the predicted 75y versus
physical temperature using the extracted SSM assuming Ty
is fixed at its room temperature value is shown. The simulated
and measured noise temperature are observed to decrease with
decreasing Ty, for both devices, but the simulations predict a
weaker trend with 7T}, than the measurements.

The discrepancy between the measured and predicted T5¢
can be explained if 7;; depends on physical temperature. The
extracted Ty versus Tj;, is shown in Figs. 8c and 8d. The
Ty for both devices decreases with temperature, but the trend
for the GaAs HEMT is more pronounced compared to that of
the GaN HEMT. A dependence of T,; on physical temperature
has been reported previously [9], [12]. However, a systematic
study of Ty across a wide range of temperatures, biases, and
III-V materials has not been reported, making it difficult to
interpret the origin of drain noise in terms of a physics-based
mechanism.
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Fig. 7. Drain temperature T versus Ipg at constant Vpg = 0.6 V for (a)
GaAs and Vpg = 1.5 V for (b) GaN at various physical temperatures.
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Fig. 8. Measured T5o versus physical temperature T}, (circular marker and
solid line) and predicted T50 versus T}, using extracted SSM at each T},
and assuming constant Tz at the 300 K value (red diamonds and dashed line)
for (a) GaAs and (b) GaN HEMTs. Fitted Ty from measured T5¢ versus Tpy,
for (c) GaAs and (d) GaN. The Vpg and Ipg were fixed at Vpg =0.6 V
and Ipg =10 mA in (a), (c) and at 1.5 V and 10 mA in (b), (d). In (a) and
(c), Tso and T} versus T}, are shown for an additional GaAs device from
the same wafer reticle (blue crosses). One data set was shifted to the left by
5 K to make the two data sets discernible.

Recently, a theory of drain noise based on real-space
transfer of electrons from the channel to the barrier was
reported [5]. In this theory, drain noise is a type of partition
noise owing to the dissimilar mobilities of the channel and
barrier. Because physical temperature affects the number of
electrons that are energetic enough to thermionically emit into
the barrier, the theory predicts T;; may exhibit a temperature
dependence as shown in Fig. 3 of [5]. Comparing that figure
and Fig. 8, we observe qualitative agreement, suggesting that
the measured T,; versus T} is compatible with this theory
of drain noise. The weaker dependence of T, for the GaN
device could also be accounted for in this theory as GaN
heterojunctions exhibit a larger conduction band offset that
thus inhibits real-space transfer processes. A more quantitative
comparison is the topic of future work.

IV. CONCLUSION

We have measured the on-wafer I-V characteristics, S
parameters, and microwave noise temperature of discrete GaAs
and GaN HEMTs using a cryogenic probe station. The drain
temperature exhibits a dependence on physical temperature,
decreasing from ~ 2000 £+ 400 K to ~ 700 + 150 K and
from ~ 2800 £ 400 K to ~ 1800 &£ 150 K for the GaAs
and GaN HEMT, respectively. These trends are qualitatively
consistent with the physical origin of drain noise as arising
from real-space transfer of electrons from the channel to the
barrier.
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