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ABSTRACT

A broadband noise measurement system is newly
developed and demonstrated at temperatures between 3 K
and 300K. Using the system, wideband noise
spectroscopy (WBNS) from 20 kHz to 500 MHz is carried
out for the first time, revealing that shot noise is the
dominant white noise down to 3 K. The paper also suggests,
by means of WBNS, the possibility of extracting the
baseline noise characteristics, which do not include the
noise component that varies a great deal from device to
device.
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I. INTRODUCTION

Cryogenic and cold electronics are of intense interest
for its potential use for quantum computing and high-
performance computing [1,2]. At present, peripheral RF
circuits for controlling the quantum processor operating in
a millikelvin (mK) chamber lie outside the cryogenic
chamber and are connected via many long RF cables.
However, in a practically useful quantum computers, the
number of qubits is expected to be more than a million. A
promising approach is to locate the RF circuits in a 4 K
chamber that encloses the mK chamber. Technically, this
requires us to develop cryogenic RF circuits, where device
noise models will be essential.

We reported broadband in-situ noise characterization of
MOSFETs in temperature range from 7T = 300 K to 120 K
at EDTM 2021 [3]. The lowest temperature of 120 K was
dictated by the carrier freeze-out in bipolar transistors used
in the low-noise amplifier (LNA). In this paper, we
demonstrate a cryogenic noise measurement system
capable of going down to 3 K.

II. NOISE MEASUREMENT SYSTEM DEVELOPMENT

Fig. 1 shows (a) the cryogenic part and (b) a schematic
of the noise measurement system developed. The system
consists of a main board with a cryo-LNA and a replaceable
device-under-test (DUT) board with three pins for
connection. A DUT from a semiconductor foundry is
mounted on it by flip-chip bonding. We characterized
MOSFETs with gate lengths (Lg) of 120 and 180 nm,
exhibiting similar tendencies. Results from the MOSFET
with L, =180 nm will be presented in this paper. The
system configuration is similar to that in [3,4], except that
an external auxiliary amplifier is used for reducing the
power consumption of the main board.

In order to compose the cryo-LNA, we screened various
passive and active components for temperature stability
between 300 K and 3 K. Microwave techniques were
applied to design and characterize the cryo-LNA.

A Si diode located close (~1 cm) to the DUT board was
used to sense the ambient temperature. The gain of the cryo-
LNA is shown in Fig. 2(a), demonstrating fairly stable
characteristics over the target temperature (3—300 K) and
frequency (20 kHz—-500 MHz) ranges. The input-referred
voltage noise of the cryo-LNA plus the auxiliary amplifier
improves as the temperature is lowered (Fig. 2(b)), but it
gradually bottoms out below 30K due to the power
consumption of the LNA (65mW) at an ambient

temperature of 4 K (near the DUT). Temperature of the
LNA seems to remain higher in the cryogenic environment.

Extensive characterization of the system components
was performed for precise DUT noise measurements,
including cables, connectors, parasitics on the main and the
DUT boards. Once the calibration is complete by going
through several cooling cycles, the DUT noise can be
measured in a single cooling cycle.

ITII. Dc CHARACTERISTICS OF MOSFETS

Fig. 3 shows (a) I3-V; and (b) subthreshold swing (SS)
of a MOSFET with L, =180 nm and a gate width of W,
=10 pm. At temperatures below 50 K, SS bottoms out due
to the band tail at the Si/SiO» interface [5].

In this paper, we mainly focus on the linear region of
MOSFETs, in which both 1/f (flicker) noise and white
noise are observable, and, in addition, the effect of self-
heating is not significant [6]. V; of 0.8V was chosen,
corresponding to strong inversion, where, as the
temperature decreases, I; increases as shown Fig. 3, due
to the higher drift mobility for electrons.

IV. MOSFET NOISE CHARACTERIZATION

A. Pure Thermal Noise

As was reported experimentally in [4], MOSFETs
ideally generate only thermal noise under a zero drain bias
(V3 =0V). Fig. 4(a) shows the drain current noise spectral
density, Siq, as a function of frequency f, exhibiting white
noise that decreases as T decreases. The averaged Sig
from 200 kHz to 50 MHz are shown in Fig. 4(b) versus T
together with the theoretical thermal noise intensity
4kgT /Rpyr , where Rpyr is the DUT resistance at
V4 =0 V. The results demonstrate that the new system has
been precisely calibrated over the wide temperature range.
B. Transition from 1/f Noise to White Noise

Fig. 5(a) shows S4 at V; =0.8V with V4 ranging
from 0 to 0.2V at 300K, demonstrating that the
predominant noise clearly changes from 1/f noise to white
noise as f becomes higher. S;q4 at 5K (Fig. 5(b))
behaves similarly, except that Sjy in the low-frequency
(LF) region is larger than at 300 K, and that white noise
depends greatly on V4. Random telegraph noise (RTN) is
observed at V43 = 0.2V in Fig. 5(b), as a bump around
1 MHz. Since RTN results from a stochastic process
involving carrier traps, it presents a major challenge for
predictive noise modeling [7]. Under the measurement
condition of the linear region, S;q above 100 MHz is flat
and can be treated as measured white noise S, if RTN
does not appear there (> 100 MHz).

C. Wideband Noise Spectroscopy

—MOSFET Fingerprinting—

We carried out wideband noise spectroscopy (WBNS),
which conventionally is carried out at lower frequencies
and is referred to as low-frequency noise spectroscopy
(LFNS) [8]. Our cryo-LNA approach enabled us to extend
this methodology to the high-frequency (HF) white noise
region for the first time.
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Fig. 6 shows WBNS for V, = 0.8V with V43 =0.1V.
Several sets of temperature-dependent peaks, originating
from RTN, are clearly observed as fingerprints of
individual traps in the MOSFET. Such data are often used
to estimate the activation energy of carrier traps [8]. As T
increases, an S;q peak shifts to higher f because the
trapping/detrapping probability increases. Note that a set of
Sia peaks associated with particular RTN appear only in a
limited temperature range for a given f. This allows us to
find a temperature range in which the effect of RTN
disappears. By taking advantage of this, baselines (brown
dot-dashed) for S, (at f =200 MHz) are drawn in Fig. 6.
Similar approach can also be applied to the LF region, in
which case the vertical axis should be S;q, instead as it is
more suitable for extraction of 1/f noise baselines.

D. White Noise Evaluation

Fig. 7 shows measured S;q at 100 MHz, which can be
regarded as white noise S, (if RTN does not appear), as a
function of V4 at three different temperatures (T = 300,
100, and 5 K). As can be seen from Fig. 6, RTN is less
influential at 100 MHz for these temperatures. Also plotted
in Fig.7 are thermal noise Sy, (green), full-shot noise
2qly (orange), and the sum of these (blue). Sy, intersects
2qly at Vg cross = 2kgT/q [4], indicating that thermal
noise dominates under low Vy (< 2kgT/q) and shot noise
becomes dominant otherwise. The values of Vj g5 at
T =300, 100, and 5 K are 52, 17, and 0.8 mV, respectively.
The intersections from measurement are denoted by the red
arrows in Fig.7. Note that as T decreases, shot noise
dominates regardless of the value of Vy because Vg cross
approaches 0 V. In addition, S,, for high V4 does not
decrease because Sy @300K < 2ql;@5 K under the
strong inversion.

E. Fano Factor

The shot noise originates primarily from -carriers
crossing the potential barrier near the source [9]. Fano
factor (or shot noise suppression factor) F is the ratio of
Sw to full shot noise and satisfies 0 < F <1. F is
calculated from a formula suitable for measurement-based
evaluation [10]: F = S,,/(2qlq + Sw) . As V; and Vg
increase, F decreases owing to barrier lowering at the
source [9]. We found inthe T range from 300 to 120 K [4],
that F gradually decreased as T decreased.

By using S;q at 100 MHz shown in Fig. 7, F values
at 300, 100, and 4 K were evaluated for V; =0.8 V with
V4=0.1V, and are 0.44, 0.36, and 0.29, respectively. The
decrease in F down to 4K were observed, being
consistent with the previous report [4].

V. GUIDELINES FOR VARIABLE-T NOISE
MODELING

Lastly, we consider a possible use for WBNS. As
discussed in Sec. IV-C, RTN, which appears at certain f
and T randomly from device to device, is one of the most
formidable problems in noise modeling. Fig. 8
schematically illustrates LF and HF noise baselines. By
using WBNS, some temperature ranges in which RTN does
not show up can be found. This could enable us to extract
baselines for 1/f noise and white noise versus T.

There are many proposed S;q,(f) formulas for LF 1/f
noise [11]. Note that the effect of temperature change on

the RTN-free baseline is only to shift S;q,(f) vertically,
which nicely gives additional constraints on baseline
modeling.

For white noise in the HF region, under the usually
satisfied condition of Sy, < 2qlj,

Sw(T) = 2q14(T) X F(T) (D
as shown in Fig. 8. The use of (1) would be suitable for HF
baselines, where F would be a fitting parameter and
would play a role of a transfer function between dc and
noise properties. A stochastic model for RTN [7] needs to
be considered separately on top of it.

VI. CONCLUSION

We  have  demonstrated  broadband  noise
characterization of MOSFETs using the noise measurement
systemat T = 3 Kto300Kand f = 20 kHzto 500 MHz.
The wide and fine temperature coverage allowed us to
perform WBNS and is effective for noise modeling based
on device physics. Although further analyses with data
fitting are necessary, we proposed the concept of noise
baseline extraction. We believe our approach is beneficial
to cryogenic electronics that interface with future large-
scale quantum processors.
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Fig. 1 (a) Broadband cryogenic device noise measurement
system. A DUT is mounted by flip-chip bonding on the
replaceable DUT board. (b) Schematic diagram of the system.
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Fig. 2 (a) Gain of the cryo-LNA as a function of f, showing
reasonable flatness and thermal stability. (b) Input-referred
voltage decreases as temperature decreases down to 30 K
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Fig. 7 Measured Sy at 100 MHz, full shot noise (2qly), and
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the upper limit of white noise at 100 MHz if RTN did not exist.
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shot noise. The red arrows delineate the border Vg .. at
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Fig. 8 Extracting RTN-independent device noise models for
given bias voltages V, and V. In the low-frequency region, a
1/f noise model is to be applied, while F can be a fitting
parameter in the high-frequency region (> 100 MHz).

Normalized Sy, is used for

1/f noise analysis. Stochastic RTN

that varies from device to device are to be treated separately.
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