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Abstract— Characterization, modeling, and development
of cryo-temperature CMOS technologies (cryo-CMOS) have
significantly progressed to help overcome the interconnec-
tion bottleneck between qubits and the readout interface
in quantum computers. Nevertheless, available compact
models still fail to predict the deviation of 1/f noise from
the expected linear scaling with temperature (T), referred to
as “excess 1/f noise,” observed at cryogenic temperatures.
In addition, 1/f noise represents one of the main limiting
factors for the decoherence time of qubits. In this article,
we extensively characterize low-frequency noise on com-
mercial 28-nm CMOS and on research-grade Ge-channel
MOSFETs at temperatures ranging from 370 K down to 4 K.
Our investigations exclude electron heating and bulk dielec-
tric defects as possible causes of the excess 1/f noise at
low temperatures. We show further evidence for a strong
correlation between the excess 1/f noise and the saturation
of the subthreshold swing (SS) observed at low temper-
atures. The most plausible cause of the excess noise is
found in band tail states in the channel acting as additional
capture/emission centers at cryogenic temperatures.

Index Terms—1/f noise, cryo-CMOS, MOSFET, quantum
computing, traps.

|. INTRODUCTION

UANTUM computers represent a promising disruptive
technology able to solve algorithms that are computa-
tionally unfeasible on classical computers (e.g., prime number
factorization) [1]. Implementing a system with thousands of
logical qubits would greatly advance fields such as cryptog-
raphy, artificial intelligence, and physics simulations [2], [3],
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[4]. In most applications, the qubits operate at temperatures
of a few mK, while the control electronics are placed outside
the cryostat and operate at room temperature. In such an
implementation, long wires between qubits and the control
electronics increase the latency, noise, and complexity of the
system. Wiring is thus a major bottleneck in realizing quantum
computers with many qubits [5]. Significant improvements
could be obtained by placing the qubit control electronics
in a chamber at 4 K next to the quantum processor. CMOS
technology is the preferred candidate for this task due to its
excellent performance, availability, and low cost [6]. However,
requirements for controlling numerous qubits are stringent,
especially in terms of power consumption and noise [7]. Sev-
eral cryo-CMOS qubit controllers have been demonstrated [8],
yet more accurate noise characterization and modeling at low
temperatures are needed to further improve their performance.
Moreover, 1/f noise is one of the limiting factors for the
decoherence time of qubits [9], [10]. Identifying the origin of
the 1/f noise at cryogenic temperatures in MOSFETs could
eventually lead to improved decoherence times in qubits.
A better understanding of the 1/f noise at low temperatures
is thus fundamental for both cryo-CMOS and qubits.

Based on carrier number fluctuations (CNFs) with correlated
mobility fluctuations (MFs) [11], the expression for the input-
referred 1/f drain current noise (Syg = Siq/g2) is

2
_ gkTNer 1. (1 + QI_D)
WLCLo f gm

where Npr is the volumetric gate dielectric trap density per
unit energy, g, is the transconductance, Ip is the drain
current, Cox is the gate capacitance per unit area, f is the
frequency, o is the exponent of wentzel-kramers—brillouin
(WKB) tunneling probability for a rectangular barrier, Q is
a parameter related to MF, and W and L are the width and
length of the channel, respectively. Equation (1) predicts a
linear temperature scaling when CNF dominate (Q/p /g, < 1),
while noise measurements on a single device [12], [13] and
the noise figure of circuits operating at 4 K [8] show that the
noise is significantly higher than this prediction. Currently,
the behavior of 1/f noise at low temperatures is not explained
by any available 1/f noise model. Moreover, there is a lack of
extensive noise characterization data at cryogenic temperatures
needed to develop dependable and accurate noise models.

Sve (1)
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In this article, we measure commercial 28-nm CMOS
devices and research-grade Ge MOSFETs down to cryogenic
temperatures, and we critically analyze many possible causes
of this excess noise at low temperatures. The article proceeds
as follows. Section II introduces the experimental setup and
the measurement conditions, while Section III presents the
experimental results and discussion. Finally, Section IV sum-
marizes the main outcomes.

[l. EXPERIMENTAL SETUP

DC and noise measurements from 370 K down to 4 K were
performed with a Lakeshore CRX-4 K cryogenic probe station
and a Keysight E4727A noise analyzer.

We measured foundry 28-nm bulk MOSFETs with ultralow
Vr and different areas. Ge-channel MOSFETs with W
10 um and L = 1 um fabricated at imec [14] extend the
analysis to alternative channel materials.

Great care has been taken to ensure a stable tempera-
ture during the noise characterization and to avoid any drift
of the contact resistance. The same gate voltage overdrive
(Vov = Vg — Vr, where V7 is extrapolated from the linear
Ip — Vg curve at the point of maximum g, [15]) was kept
across different temperatures when measuring noise above the
threshold to maintain the same inversion condition. On the
other hand, we kept the same drain current when measuring
in the subthreshold.

In this section, we first present the DC, AC, and noise
characterization across temperatures of the devices introduced
in Section II. After that, we extensively discuss possible causes
of excess 1/f noise. Finally, we investigate the correlation
between 1/f noise and band tail states.

RESULTS AND DISCUSSION

A. DC and AC Characterization

The transfer characteristics, transconductance, and gate
capacitance of MOSFETs in 28-nm technology with W =
1 yum and L = 0.5 um from 370 K down to 4 K have
been reported in [16]. Fig. 1 shows the temperature trends
of Iy, (defined as Ip at Vgs = 0.9 V and Vg = 20 mV),
gmmax, |Ig|, and |Vr|. The Ioy current and the maximum
transconductance g, max increase at decreasing temperatures,
while Fig. 1(c) shows that |/s]| is essentially unvaried with
T. The |Vr| increases by approximately 150-200 mV when
going from 300 to 4 K. As shown in [16], the gate capacitance
of these devices does not vary when going from 295 K down
to 4 K. Therefore, the value of Cox does not introduce any
additional temperature dependence in the Sy, [see (1)].

B. Temperature Scaling of 1/f Noise

To analyze how the noise scales with temperature, we fit Sy,
measured at Vy; = 20 mV with a dedicated 1/f curve for each
temperature; this is motivated by the fact that low-frequency
noise in large-area devices exhibits an essentially 1/f depen-
dence in the explored frequency range (10 Hz to 10 kHz).
In the CNF model, Sy,-f has no dependence on /p, while in
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Fig. 1. Plotof (a) lon, (b) gmmax. (€) I/al, and (d) | V7| against temperature
for the 28-nm technology nMOS and pMOS.
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Fig. 2. Plotof Syg - f(solid) and (In/9,m)? trend (dashed) as a function of
Ip for the 28-nm technology (a) nMOS and (b) pMOS at T = 300 K and
T = 4 K. Each point corresponds to a | Voy | that goes from 0 to 0.6 V with
a 0.1V step. At low Ip (low V4y), CNFs dominate the noise, while MFs
dominate at high Ip (high Voy); see (1).

the MF model it has a (Ip/g.)* dependence [see (1)]. Fig. 2
shows Sye-f versus Ip for T = 300 K and T = 4 K, and
for |V,y| ranging from O to 0.6 V with a 0.1 V step (both
nMOS and pMOS). As one can see, at low Ip (small Vi)
CNF describe the noise better, especially in the nMOS, while
at high Ip (large Vi), MF dominate. Notice that the dominant
mechanism (CNF or MF) for a given V,, is the same at
T=300Kand T =4 K.
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Fig. 4. Plot of Syg - f/T as a function of Vo for the 28-nm technology
(a) nMOS and (b) pMOS at different temperatures and Vg4s = 20 mV.
Notice that S,q - f/ T increases at decreasing temperatures, contrary to
the prediction of (1).

Fig. 3 compares Sy, measured at 300 and 4 K on the 28-nm
technology MOSFETs at V,, = 0 V where CNF dominate.
The noise at 4 K is higher than at 300 K; therefore, Sy,
does not scale linearly with 7 as predicted by the commonly
used model of (1). We examine the temperature dependence
of Syg at different V,, for a more comprehensive analysis.
If the 1/f noise scales with 7, one should obtain the same
value of Syg- f/T across different temperatures for a given Vy.
Fig. 4 reveals clearly that at low temperatures, the curves do
not longer overlap (as they instead do at temperatures above
100 K) for neither n- and p-MOSFETSs, and an excess 1/f
noise of approximately two orders of magnitude appears at
4 K compared to room temperature. In addition, the excess
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Fig. 5. Plotof Syg-f/ T versus temperature at | Voy| = 0.4 V for the 28-nm
technology nMOS and pMOS. S,q scales as T [in accordance with (1)]
down to approximately 100 K. Below that, the S g has an unexpected
increase.
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Fig. 6. Comparison between the SS extracted at Ip ~ 10 nA for the

28-nm technology nMOS and pMOS with W =1 um and L = 0.5 um
at different temperatures and the Boltzmann limit. We found that the SS
starts saturating around T = 100 K.

noise observed in Fig. 4 is present for all the Vi, values,
indicating that the excess 1/f noise shows up in both CNF and
MF regimes. Therefore, the excess noise is independent of the
noise mechanism (CNF or MF) dominating the 1/f noise.

Focusing the analysis on |V,,| = 0.4 V in Fig. 5, we see that
the noise scales with 7' down to approximately 100 K. Below
that 7, there is a significant increase not predicted by (1).
Notice that the subthreshold swing (SS) saturates around
100 K as well (Fig. 6), consistently with [17], suggesting a
strong correlation between this phenomenon and the excess
1/f noise.

Fig. 7 confirms the area scaling of the noise amplitude at
4 K by plotting Sy, - WL of devices with different areas at
[Vovl| = 0.1 V. The S,, - WL partly overlap, suggesting that
the same defects are contributing to the noise. The Sy, of
small-area devices is missing some noise contributions when
compared to Sy, of large-area devices as the number of defects
in each device starts to become countable.

C. Investigating the Origin of the Excess Noise

Several physical mechanisms are possible candidates to
explain this excess 1/f noise. Since this effect is observed
on a single-channel device in the linear region with low
dissipated power (Pgiss < 3 W), self-heating can be safely
excluded [18].

The linear T-scaling of (1) originates from the integral
fj;o fr(1 — fr)dE7 [19], where fr is the near-equilibrium
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colored area under the curves represents the integral and is equal to kT.

occupation function of the dielectric traps. Assuming that fr
is described by a Fermi function with Fermi level Ep, the
integral above is the area under a bell-shaped function centered
at E; = Ep (Fig. 8). The value of this integral is at most equal
to kT but never larger than that. Therefore, it cannot predict
the excess noise observed in Figs. 3—5. However, notice that
the T going into fr represents the electron temperature,
which can be higher than the lattice and ambient temperatures
as electrons gain kinetic energy drifting along the channel.
To check whether the electron temperature plays a role in
the observed phenomenon, we remeasured the same curves
of Fig. 4 with an increased Vg5 of 100 mV instead of the
previously used Vys of 20 mV. This voltage range maintains the
FET in the linear region [as required by (1)] while increasing
the lateral electric field in the channel and hence the average
electron energy. As seen in Fig. 9, the Syg - f/T scaling with
temperature (for a fixed V) is essentially independent of V.
Therefore, we can also rule out electron heating as the main
cause behind the excess noise.

At low temperatures, the energy alignment between the
channel Fermi level and dielectric traps could be different
compared to room temperature, even at the same V. If the
dielectric trap distribution in energy is very narrow, a slight
change in the energy alignment could increase Npt seen in (1)
and explain the excess 1/f noise. However, such a huge Npr
change would likely increase trap-assisted tunneling (TAT)
and, therefore, the gate leakage current [20]. As shown in [16]

Fig. 9. Plot of Syg - f/ T versus V,y for the 28-nm technology (a) nMOS
and (b) pMOS at different Vys and two different temperatures. The Syg
does not increase even if Vys is increased by a factor of 5, ruling out
electron heating as the main cause of excess noise.

and Fig. 1(c), I¢ does not increase at low temperatures (it
even slightly decreases for the pMOS). Furthermore, pMOS
and nMOS are sensitive to different dielectric defect ener-
gies [21], [22]; hence, if the excess noise were related to
Ngr, it would likely show different signatures for the two
device types. However, we do not see any notable difference
between the temperature noise scaling of nMOS and pMOS
in Fig. 5. Therefore, we conclude that the excess noise cannot
be attributed to an increased density of active traps in the bulk
of the dielectric at low temperatures.

Incomplete ionization of the bulk doping could also induce
additional fluctuations in the drain current at low temperatures.
However, the foundry 28-nm pMOS and nMOS feature differ-
ent bulk doping concentrations [23]. In particular, the nMOS
channel doping concentration is one order of magnitude higher
than the pMOS one, while we do not see this remarkable
asymmetry in the excess noise behavior of Fig. 5. We can
thus rule out incomplete ionization of bulk doping as the main
source of 1/f excess noise.

To check whether the excess 1/f noise is related to the
channel material, we repeat the noise measurements of Fig. 4
on Ge-channel MOSFETs. Fig. 10 shows that the excess
noise appears at a similar temperature also in Ge MOSFETs.
Consequently, the excess 1/f noise is not related to a particular
channel material.

D. Relationship Between Band Tail States and 1/f Noise

As stated above, both the excess 1/f noise and the saturation
of SS appear below 100 K. SS saturation is attributed to
disorder-induced states (i.e., states created by interrupted crys-
talline periodicity, surface roughness, impurities, strain, etc.)
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with energies close to the conduction/valence bands of the
channel. These so-called band tail states are often modeled
with an exponentially decaying distribution in energy [17].
To comply with the observed trends of Figs. 5 and 10, the
amount of band tail states that act as traps would need to
increase at cryogenic temperatures. As sketched in Fig. 11,
our measurements suggest that band tail states start to behave
as traps at cryogenic temperatures. The definition adopted
to distinguish “transport” and “trap” states is based on their
occupation kinetics. Thus, a state is a trap if its occupancy
fluctuates with a frequency low enough to be inside the
noise measurement window (in our case 10 Hz—10 kHz). This
behavior could be related to the temperature dependence of the
hopping mechanism in band tail states [24]. The relationship
between band tail states and excess noise is also suggested
by [12] where a correlation is observed between SS saturation
and an increase in 1/f noise at low T by varying the surface
crystal orientation (hence, the surface density of Si atoms and
thus of band tail states).

To check if these states can be responsible for the 1/f noise
at cryogenic temperatures, we calculate Sy, for the CNF region
according to the following expression [25], [26]:

_ 7 4fr(1— fr)e
= WLCE // 1+ Q2rfr)? NprK(2) dErdz  (2)

where z is the direction perpendicular to the channel and
7 is the trapping/de-trapping time implemented according to
the nonradiative multiphonon (NMP) model with correction
for cryogenic temperatures [23], [27]. Notice that 7 increases
exponentially with z due to electron tunneling from the

TABLE |
MAIN PARAMETERS USED TO CALCULATE Syg WITH (2). THE
PARAMETERS USED TO COMPUTE T IN (2)
ARE FROM [23] AND [27]

Parameter Value in Eq. 2
Cos 2.10~2 F/m?
W-L 0.5 um?

EC — EF 1 meV
Npr in SiO, 5-101 cm? eVT
Npr in HfO, 1-10" cm™ eVT

Ny, (Band tail states) | 1-10%° cm™ eV'!
o, (Band tail states) 5 nm
o (Band tail states) 5 meV

channel into the dielectric. When the traps are in the channel,
there is no electron tunneling barrier to reach the defects and
therefore 7 is smaller compared to the case of dielectric traps.
The K(z) term takes into account the electrostatic charge
scaling between the trapped charge and the channel charge.
It is equal to 1 when considering traps inside the channel
(such as the band tail states), while it assumes a more complex
form for dielectric traps in a gate-stack with an interlayer
(see Table I in [25]). Considering an nMOS, we attempt to
reproduce the effect of band tail states in the noise by inserting
a trap distribution in the silicon channel with an exponential
distribution in energy and space

— Er — E
Ngr = Ny exp(Z ZO) exp( r C) 3)
o; OF

if z<zp and Er<Ec, and Ngr = 0 otherwise. Ny is the surface
(z = zp) concentration at the band edge, E¢ is conduction
band energy, and zo and z are the positions of the Si/SiO,
interface and of the band tail state, respectively, in the direction
perpendicular to the channel. We first check the effect of band
tail states on Syg by using (3) into Npr without inserting any
dielectric trap. In this way, we highlight the contribution of
band tail states to Syg. This is shown in Fig. 12(a), where
Syg calculated with (2) at 300 and 4 K with only band tail
states into Nt is compared to the measurements of Fig. 3(a).
These states induce very low noise at 300 K because their
occupation kinetics are fast and we only observe the flat part of
a Lorentzian spectrum in the 10 Hz—10 kHz frequency range.
On the other hand, the fluctuations of band tail states show
up as 1/f noise at cryogenic temperatures with an amplitude
compatible with the measurements. Let us now insert also
dielectric traps in addition to the band tail states into Npr.
Fig. 12(b) shows that the noise predicted by (2) at cryogenic
temperature is only due to band tail states [same noise spec-
trum of Fig. 12(a)]. On the other hand, inserting dielectric
traps into (2) reproduces the noise measurements of Fig. 3(a)
at 300 K because the effect of dielectric traps dominates above
cryogenic temperatures. This qualitative modeling approach
supports the idea that band tail states can behave as traps at
cryogenic temperatures, although more detailed analyses are
necessary to reproduce all the features of low-temperature 1/f
noise.
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Fig. 13. Plot of the band tail states distribution in the energy. The Fermi NZ
level in inversion and far below the threshold are highlighted by dashed 24010 Lorentzian fit:
red lines. Notice that the amount of band tail states that fluctuate when U)> Sypg = 8.57 - 10*7m
Vg <« V7 is much smaller compared to Vg > Vr.
7=1.75ms
| 1 1 1111 II M
E. RTN Measurements in Subthreshold 10! 102 103
According to the explanation above, devices operating well Frequency [Hz]
below Vr should not have excess noise at cryogenic tem-
Fig. 15.  Plot of S,g versus frequency for a small-area (W = 100 nm

perature since the Fermi level of the channel would not
probe the band tail states (Fig. 13). Unfortunately, measuring
the noise in subthreshold on the large-area devices yields
a noise amplitude comparable to the instrumentation noise
due to the reduction of Sy, with the device area [see (1)].
Therefore, to test this explanation, we identified a small-area
device (W = 100 nm and L = 30 nm) where the random
telegraph noise (RTN) waveform of the same defect is traced
from 4 to 35 K without any increase in AVy = Alp/gn
(Fig. 14), where Alp is the fluctuation of the drain current
from the DC value. The measurements refer to a foundry 28-
nm pMOS at Ip =~ 30 nA (200 mV below the threshold
at 4 K). A similar RTN behavior is reported in [27] where
it is shown that the capture/emission times of traps become
independent of 7 at cryogenic temperatures (in line with
Fig. 14). According to Fig. 4(a), one would expect a different
Syg going from 35 to 4 K also in a small-area device. However,
the 4 and 35 K S, measured at the same bias conditions of the
RTN traces overlap with each other (Fig. 15), consistent with
the hypothesis that we do not probe band tail states when we
are well below V7. Notice that Sy, of these small-area devices

and L = 30 nm) 28-nm technology pMOS at T =4 Kand T = 35 K.
Notice that the two curves overlap and are fitted with a Lorentzian PSD
with 7 = 1.75 ms (average between the T extracted from the traces
in Fig. 14).

do not scale as T, because only a few traps contribute to the
noise, and the integral f_tf: fr(1 — fr)dE7 is replaced by a
sum over discrete states not leading to k7.

IV. CONCLUSION

Noise measurements in a commercial 28-nm technology
in the 370-4 K range show a significant excess 1/f noise
at cryogenic temperatures, which cannot be explained by
conventional noise models. This excess noise is present in
both CNF and MF regimes. Our experiments exclude self-
heating, electron heating, and the interaction with additional
bulk dielectric defects as possible causes. Moreover, mea-
surements of the same behavior on Ge-channel MOSFETs
prove that this effect is not restricted to Si. This phenomenon
strongly correlates with the SS saturation and the presence of
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band tail states that could act as traps at low temperatures.
RTN and spectral noise measurements on small-area devices
further confirm that this excess noise is not present when
the channel Fermi level is not probing the band tail states.
Our experiments thus provide a fundamental understanding
of the abnormal 1/f noise increase observed in MOSFETsS at
cryogenic temperatures and highlight that band tail states could
well be at the origin of the observed excess 1/f noise.
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