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Low-frequency noise in nanowires
Daniel M. Fleetwood

40 years of research on low-frequency (LF) noise and random-telegraph noise (RTN) in metallic and semi-
conducting nanowires (NWs) demonstrate the importance of defects and impurities to each system. The
fluctuating interference of electrons in the local environment of a mobile bulk defect or impurity can lead
to LF noise, RTN, and device-to-device variations in metallic and semiconducting NWs. Scattering
centers leading to mobility fluctuations in semiconducting NWs include random dopant atoms and bulk
defect clusters. Effective energy distributions for the relevant defects and impurities can be obtained from
noise versus temperature measurements in conjunction with the Dutta—Horn model of LF noise for both
metallic and semiconducting NWs. In semiconducting NWs configured as metal-oxide-semiconductor
field-effect transistors, fluctuations in carrier number due to charge exchange with border traps, such as
oxygen vacancies and/or their complexes with hydrogen in adjacent or surrounding dielectrics, often

rsc.li/nanoscale

I. Introduction

Size and scale matter. The transitions from -classical to
quantum regimes and bulk to surface-dominated responses
have been intense areas of study over the last century. In
recent decades, metallic and semiconducting nanowires (NWs)
have enabled investigations of a wide range of phenomena

Department of Electrical and Computer Engineering, Vanderbilt University,
Nashville, TN 37235, USA. E-mail: dan.fleetwood@vanderbilt.edu

Dan  Fleetwood received his
Ph.D. from Purdue University in
1984. He joined Sandia National
Laboratories in 1984 and was
named a Distinguished Member
of Technical Staff in 1990. Dan
Jjoined Vanderbilt University as a
Professor of Electrical Engineering
in 1999. From 2003-2020 he
chaired Vanderbilt’'s ~ EECS
Department; since 2009 he has
been appointed Olin H. Landreth
Chair in Engineering. He received
the 2009 IEEE Nuclear and
Plasma Sciences Merit Award, and is a Fellow of IEEE, AAAS, and
the American Physical Society. His research interests include radi-
ation effects on microelectronics, low-frequency noise, and defects in
microelectronic materials and devices.

Daniel M. Fleetwood

This journal is © The Royal Society of Chemistry 2023

dominate or add to bulk noise sources.

including Anderson localization, electron-electron inter-
actions, and quantum-mechanical decoherence;'”>* magnet-
ism, including Aharonov-Bohm oscillations and the Kondo
effect;"'®>*73% superconductivity, macroscopic quantum tun-
nelling, and Majorana bound states;**>° and low-frequency
noise, random-telegraph noise, and universal conductance
fluctuations.>*””

When pioneering experimental studies of localization and
electron-electron interactions were performed on metallic
NWs fabricated via substrate step methods in 1979-1982,>°
the semiconductor industry was transitioning from the micron
to the submicron scale.”®®" For several decades, typical metal-
oxide-semiconductor field-effect transistor (MOSFET) channel
dimensions were several orders of magnitude larger than
mesoscale and nanoscale NWs.>>'*?° As microelectronic fab-
rication techniques advanced, NW fabrication techniques
evolved from substrate step and templating methods to state-
of-the-art lithography capable of producing nanostructures in
volume and integrating semiconductor NWs into architectures
that facilitate fabrication and measurement,’%1%20:71-77,81,82

This paper reviews the evolution of low-frequency (LF) and
random-telegraph noise (RTN) in metallic and semiconducting
NWs over the last ~40 years. Defects and impurities are critical
to the noise of each system. Metal NWs are passive devices;
semiconducting NWs typically are built as active devices. The
noise of semiconducting NWs is especially important to future
analog integrated circuits (ICs), since LF noise and RTN often
limit their accuracy and precision.>>®%6¢81

This review is organized as follows. Section II presents an
overview of LF noise and RTN in metals and semiconductor
devices. The Dutta-Horn model of thermally-activated 1/f
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noise, where f is the frequency, and the number fluctuation
model of LF noise in MOSFETs are emphasized.’>®%7%7¢
LF noise and RTN of metallic NWs are discussed in Section III;
representative results for semiconducting NWs with Si and III-
V semiconductor channels are shown in Section IV. Bulk
noise persists over large volumes in metallic Nws.>"7183
Fluctuations due to single defects become increasingly
common in highly  scaled devices of each
type.'°3738:66.74777,81-90 mhege results illustrate the diversity of
mechanisms that can lead to conductivity fluctuations in
metallic and semiconducting NWs.

II. Overview of low-frequency noise

IL.A. Metals. Metallic nanowires are resistors; any resistive
system exhibits noise. Thermal noise in a resistor of any size,
shape, material, or composition results from the Brownian
motion of charge and has voltage-noise power spectral density
Sy, (in units of V> Hz™") of

Sy, = 4kTR. (1)

Here T is the absolute temperature, k is Boltzmann’s constant,
and R is the resistance.”>*®°"°> When current I is passed
through a resistor, there is often “excess noise,” after thermal
noise Sy, is subtracted, with power-spectral density Sy approxi-
mately proportional to 1/f. For an ohmic system, Sy/V* = Sy/I> =
Sgr/R%; V is the voltage and Sy and Sy are the respective current-
noise and resistance-noise power spectral densities.>*®® L
frequency noise in metals is often parameterized by Hooge’s
empirical formula,>>%¢9379°

OW-

S (2)
V2 Ncf
Here yy is a dimensionless figure of merit proportional to
noise magnitude and N is the number of channel carriers.
For a metal, it is usually assumed that Nc & N,, where N, is
the number of atoms.>"*>%°

Fig. 1 shows a room-temperature LF noise spectrum for a
first-generation sputtered-platinum NW fabricated using sub-
strate step lithography via the process sequence shown sche-
matically in Fig. 2.>”%" NWs fabricated via substrate step
lithography are poly-crystalline, with grain sizes less than wire
diameters.>” >'%2%5175% The noise magnitude of the NW in
Fig. 1 increases as 1/f "~ over nearly five decades in frequency.
The Hooge parameter at f= 1 Hz is yy = 3 x 10™%, a typical
value for sputtered Pt wires and thin films.>"”"**°” The 1/N =~
1/N, dependence of the noise magnitude in eqn (2) presumes
a bulk origin for the fluctuations.

Several key experiments in the late 1970s through mid-
1980s demonstrate the crucial roles of defects and impurities
in LF noise in metals.>>>>66:83:9%.987103 One defect with a single
characteristic scattering or transition time 7 leads to RTN with
a Lorentzian spectrum that falls off as 1/f* at frequencies above
1/7 and is constant at frequencies below 1/7.3%0%06:9%1047106 Ay
example is shown for a ZnO NW in Section ILB. If instead the
noise results from multiple defects having a distribution of
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Fig. 1 Excess voltage-noise power spectral density Sy as a function of
frequency f for a Pt nanowire (NW) fabricated via substrate step lithogra-
phy. The Johnson (thermal) noise background has been subtracted. The
size and voltage normalized noise, SyN/V,? is shown on the right-h and
y-axis, with N = Na. Reproduced from ref. 51 with permission. Copyright
1983 The American Physical Society.
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Fig. 2 Schematic illustration of substrate step lithography. (a) Metal is
deposited onto the unmasked portion of a glass slide. (b) The masking
metal is removed via argon ion milling, leaving behind (c) a step in the
substrate. (d) Step 1: metal is deposited at an angle favoring step filling.
Step 2: without breaking vacuum, argon ion milling removes all metal
except that shadowed by the step, leaving (e) a nanowire. Adapted from
ref. 5 with permission. Copyright 1979 The American Physical Society.

characteristic times D(z), and if D(r) ~ 1/z for times 7, < 7 < 7,
then the integrated noise,

Sy = CJ [D(7)/ (14 w’c*)]dz (3)
is proportional to ~1/f for 1/z, < f < 1/7,.°>0%9%104105
Here w = 2xnf and C is a frequency-independent parameter that
is proportional to the noise magnitude. If the noise results
from a random, thermally activated process, as is often the
case,52,66,95,104,107 then

7 = 10e"/* (4)

where 7, is the characteristic time and E is the activation
energy. When D(E) is nearly constant in the range kT In(z,/70) <
E < kTIn(z,/70), the condition that D(z) is proportional to ~1/z
is satisfied, and 1/f noise is observed.>>°>'°*1% This follows
directly from the solution of eqn (3), with an exchange of vari-
ables (z, E).'*41°

This journal is © The Royal Society of Chemistry 2023
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Dutta and Horn extended this approach to show that, if the
noise is caused by a random thermally activated process that is
not approximately constant in energy, but changes in the dis-
tribution occur slowly with respect to k7, the frequency and

temperature dependences of the noise are correlated
. 52,55,66,95
via:
1 Jln Sv(T)
T)=1- -1 5
(@, T) In(wro) < aInT ’ (5)
where a = — dIn Sy/dInf. When the measured frequency and

temperature dependences of the noise follow eqn (5), the
effective defect-energy distribution D(E,) can be estimated

¢ .52,55,66,73,95
via:mmmvm

[
D(Ey) o< —Sy(w, T). 6
(Fo) o< - Sv(@, ) (6)
The energy that corresponds to a given temperature in a plot
of Sy vs. T can be estimated to first order vig:*>°%%107

Ey = —kT In (wry). (7)

Fig. 3 shows normalized noise as a function of temperature
for Pt NWs similar to those in Fig. 1.°° The energy scale
inferred from eqn (7) is shown on the upper x-axis, assuming
7o ~ 107" s, a typical value for metals.>>°>> The noise of the
two wires differs by less than a factor of 2 up to ~300 K, with
more significant differences at higher temperatures and ener-
gies.”® Additional studies of the temperature dependence of
the noise of metallic NWs are shown in Section IIL

For thin metal films and NWs, variations in scattering rates
caused by defect and/or impurity motion and/or the reconfi-
guration of bulk defect complexes often are dominant sources
of 1/f noise.’>>>°*%%% In most cases, the noise is due to the
fluctuating interference of electrons in the local environment
of a moving defect or impurity.”>®® At low temperatures, the
noise may also be due to universal conductance fluctuations

E,=-kT In (wt,) (eV)
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Fig. 3 Normalized noise magnitude vs. temperature for two Pt NWs.
The energy Eo that corresponds to the temperature T via eqn (7) is
shown on the upper x-axis, assuming 7o ~ 10™** Hz. Adapted from ref.
96 with permission. Copyright 1987 American Institute of Physics.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

(UCF), in which the motion of one strong scattering center
leads to conductance fluctuations of order ¢*/h, where g is the
magnitude of the electron charge and % is Planck’s
constant.'>®> Examples are shown in Section IIL

IL.B. Semiconductor devices. Semiconducting nanowires are
often fabricated in a MOSFET configuration.>®”* This passi-
vates the NW surface and facilitates charge control. The
MOSFET structure typically includes significant densities of
charge traps in adjacent or surrounding dielectrics (Fig. 4).
The LF noise of semiconductor NWs in a MOSFET configur-
ation usually is caused by similar processes that lead to noise
in planar MOSFETs or FinFETs. These are fluctuations in
carrier number due to carrier trapping and emission, and/or
trap activation and passivation, and fluctuations in carrier
mobility due to time-dependent variations in carrier scattering
rates,>>%9379%1077115 The inherently small volumes and large
surface-to-volume ratios of NWs can lead to enhanced 1/f
noise magnitudes and RTN, compared with devices of larger
dimension, as illustrated in Section IV.>*77*

When contact noise is controlled effectively during device
fabrication, near-interfacial oxide traps (border traps) can lead
to LF noise and RTN in MOSFETSs,*®°%73,7476.77,90,1077124 1, the
Si MOS literature, particularly before the early 1990s, these
defects are often erroneously called interface traps (or
states)."™>''® This term should be applied only to defects at
the interface that are in rapid communication with the
channel, typically on ~ps time scales for Si MOS
devices.®® 790107, 113,116-119,125,126 11y contrast, charge exchange
times for border traps of relevance to LF noise measurements
typically are ms to s (or longer) in Si MOS
devices. '3 11O1BINI2 Note that, for wide band-gap (WBG)
semiconductors, e.g., SiC and GaN, separating effects of inter-
face and border traps on device response and/or LF noise is
more challenging than for Si, Ge, GaAs, and other narrow gap
semiconductors, due to the significant overlap between time
constants for deep interface traps and border traps in WBG
deViCeS.55’66'113’116’118'123’126’127

Fig. 4 schematically illustrates an nMOS transistor biased
in inversion. For constant drain current Ins and gate bias Vgs

EC

traps
\\ = - Ei
........ ; SA—
av, Ey

Fig. 4 Schematic band diagram for an nMOS transistor biased in inver-
sion. Reproduced from ref. 112 with permission. Copyright 1991 Institute
of Electrical and Electronics Engineers.
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in the linear region of MOS operation, fluctuations in trapped
charge density and occupancy 8Q; have an effect that is equi-

valent to fluctuations in gate voltage §Vgg:”>1 %112
el 0N,
SVGS = Qt =q t. (8)
COX COX

Cox = €oxltox 1S the oxide capacitance per unit area, g, is the
insulator dielectric constant, ¢, is the gate insulator thickness,
and N is the areal trap density. Fluctuations in dVgs lead to

fluctuations in drain voltage Vpg:”8 11
dVps = —— ——0Vs. 9)
OlIps OVgs

0lIps/0Vgs = gm is the transconductance and (0Vpg/dlps) ' ~
0Ips/0Vps is the output conductance. In terms of 8N, this
becomes:”3108:112

qVps

OVpg = —————
P Cox(Vas — Vrn)

ON. (10)
Vru, Vs, and Vpg are the threshold, gate, and drain voltages,
respectively. In the linear mode of transistor operation, where
the device can be treated as a gated resistor, the areal density

of carriers in the channel n, is approximately”®°*2+110:111

__ Cox(Vas — Vu)

ne (11)

q
Again, when individual defects dominate device
response, RTN and Lorentzian power spectra are

as shown for a ZnO NW in
Fig. 5. RTN is shown in the inset; the resulting power spectrum
has a 1/f° corner frequency of ~18 Hz for a NW measured in
vacuum at a temperature of 4.2 K.%*

For RTN due to one or a few prominent border traps, the
expected change in drain current Ins in the linear mode of

55,56,59,62,66,88,95,104-106
observed,>%°6:59,62,66,88,95,

V=8V;V =2V
g ds

4.2K:; 5x10 ® torr }
f

120 Rt
Time (s)

10° 10’ 10° 10°
f (Hz)
Fig. 5 Lorentzian noise power spectrum for a ZnO NW exhibiting
random telegraph noise, RTN, at a temperature of 4.2 K. The corner fre-

quency f. is ~18 Hz. The inset plots current vs. time. Reproduced from
ref. 62 with permission. Copyright 2007 American Institute of Physics.
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device operation in a simple number-fluctuation model
(neglecting mobility fluctuations) is:”®*1%11

AL DS

Ips

1
SO (12)
NC ACQX(VGS - VTH)

Here A is the cross-sectional area of the channel. For cases in
which RTN magnitudes exceed the level of eqn (12) by a sig-
nificant amount, mobility fluctuations also must be con-
sidered, as discussed below.”®!10:111,115

When more than a few defects are active on the time scales
of the measurements, 1/f noise is observed.’>®%7384112 The
excess drain-voltage noise power spectral density Sy, can be
related via eqn (10) to fluctuations in the trapped charge
density in the near-interfacial dielectric:”*%%112

ZV 2
TS su(f,T).

— (13)
Cox?(Vas — Vu)

Sv, (f? T) =
Thus, in the number fluctuation model of low frequency
noise, Sy, is proportional to 1/Nc,. This contrasts with eqn (2),
in which Sy, is proportional to 1/Ng.”*?***11%1 The ability to
modify N within a given device for MOS transistors provides
information on the nature of the fluctuations not often avail-
able for metals.!>>7¢9379%:110.111 1hdeed, measurements of LF
noise vs. current and/or voltage, and thus N, are often per-
formed on MOS devices to attempt to differentiate bulk noise
due to fluctuations in carrier scattering rates from surface
noise due to fluctuations in occupancy of border
traps.”>*" 115 However, these tests are open to multiple
interpretations, as discussed below, so additional information
typically is required to determine whether bulk or surface
noise dominates the response of a particular device.’®”*"?8
For simplicity in calculation, it is commonly assumed that
the exchange of charge between the device channel and border
traps occurs via tunneling, and that defects are distributed
approximately uniformly in space within the gate insulator
and in energy within the Si band gap.”*'°*"''*> With these sim-
plifying assumptions, fluctuations in the density of traps N

lead to a power-spectral density Sy,:">!*%!*?
Sn (f, T) = M (14)
NV Aln(ry fr)f

In this case N, = Dg(E¢) is the effective number of border traps
per unit energy and area at the Fermi level E, and 7; and 7, are
minimum and maximum tunneling times. Combining eqn
(13) and (14) yields a first-order expression that relates Sy, to
Dgr(E;) in the linear mode of transistor response:”*"%%112

¢*Vps?kTDgr(Ex)
S Va —

- 2 . (15)
Cox?(Vgs — Vru) Aln(zy /71)f

Hence, when MOS 1/f noise is due primarily to border traps,
Dgr is an effective relative  noise
magnitude.66’93’113_115’117’118

In a first-order number fluctuation model, SId/Id2 is pro-
portional to (gm/Is)* in both linear and saturation modes of
transistor operation.''""'**'2° Electric fields are stronger and

measure  of

This journal is © The Royal Society of Chemistry 2023
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less uniform in saturation than in the linear mode. Thus, devi-
ations from nominal response often are observed as voltage
and current increase in a MOS transistor, particularly when
surface roughness scattering, mobility fluctuations, spatial
variations in trap density, and/or areal variations in trap
density are significant.®®73 111115

Although good agreement between eqn (15) and comp-
lementary methods to estimate border-trap densities in
MOSFETs is often observed,®®?%3117:118 caution must be
used when interpreting results because (1) thermally activated
charge exchange is much more common in MOS devices than
purely quantum-mechanical tunneling exchange,®®”%°%13% (2)
border-trap energy distributions are often non-uniform in
space and/or energy,®®°%197128:1317134 a4 (3) bulk defects and
impurities in the device channel also contribute to 1/f noise
and/or RTN in some MOS devices.”7%7077:110,111,130,135,136

The Hooge model is often applied to semiconductor
devices in an effort to analyze noise due to mobility
fluctuations,>>®®23795 111114137 Hawever, the Hooge model as
formulated in 1969 and updated in 1978 attributes the noise
to lattice scattering.”***'*” The lack of a theoretical foun-
dation, internal inconsistencies, and crucial roles for defects
and impurities in the 1/f noise of microelectronic devices and
materials argue persuasively against Hooge mobility fluctu-
ations as the origin of noise in metals or semiconductor
devices.>> 00768695128 Aq 3 result, the Hooge parameter as
defined in eqn (2) is not as useful in comparisons of the rela-
tive noise levels of semiconducting devices as it is for

metals 55,66,93-95,114
Correlated mobility fluctuation (CMF) models are
often wused to analyze LF noise in semiconductor

devices.”®110:111,115:135,136 1 the CMF model, simultaneous
changes in charge state and strength of scattering of channel
carriers by border traps are inferred to lead to enhanced LF
noise over simple number fluctuation predictions via eqn (15).
In the CMF model of Hung, et al, for example, the input-

referred noise power spectral density, Sy, is given
by,110,111,115,135,136 &
_ kqu 2
Sy, (f) = FACo (14 auNc)” Der(Egn)- (16)

Here y is a tunneling parameter that characterizes attenuation
of the electron wave function in the oxide, « is a carrier-defect
scattering coefficient, u is the effective carrier mobility, N is
the channel carrier density per unit area, and Ey, is the quasi-
Fermi level.

It can be challenging to interpret eqn (16) physically. As
noted above, charge exchange between the channel and border
traps is rarely due to pure tunneling. Moreover, when this
charge exchange occurs at capture and emission rates accessi-
ble to typical LF noise measurements, the Coulomb interaction
between channel carriers and border traps is often too weak to
lead to the enhanced scattering in eqn (16), compared with
eqn (15), and/or increased RTN, compared with eqn (12), as
discussed in Section IV.”®1011L113,130:135 1¢ g more likely that

This journal is © The Royal Society of Chemistry 2023
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the enhanced 1/f noise or RTN in these cases is caused by (1)
fluctuations in scattering rates caused by random dopants, (2)
changes in charge state or configuration of bulk defect clusters
in the device channel, and/or (3) fluctuating concentrations of
interface traps caused by hydrogen-mediated interface-trap
activation and passivation.”®””13814% Thege are fruitful areas
for future study.

Values of Dgr often depend strongly on temperature, con-
sistent with the critical role that thermally activated processes
play in the LF noise of MOS and other semiconductor devices.
Much work over the last ~40 years has demonstrated that the
temperature dependence of the noise of semiconductor
devices is often described well by the Dutta-Horn model of 1/f
noise,®¢7%90,9%,107,1327134,1457130 pio 6 shows an example of the
degree of agreement that is often observed, in this case for a
SiGe pMOSFET.'*?

Comparative studies of LF noise, radiation response, and
bias-temperature instabilities (e.g., Fig. 7 and 8), often sup-
ported by first principles calculations, show that O vacancies
and/or complexes with hydrogen can lead to LF noise and
RTN in MOSFETs with SiO, or high-K gate dielectrics in a
variety of semiconductor technologies and transistor
arChiteCtureS.66’73'74'90’107’109’112_114’120'122'123’132_134'145’150_153
For nMOSFETS, O vacancies in the strained region of the MOS
gate oxide near the channel interface are close enough in
energy to the Fermi level to contribute to 1/f noise, as illus-
trated in Fig. 7(a).?®7>197 133134 Inferred defect-energy distri-
butions for FinFETs with high-K gate dielectrics are shown in
Fig. 7(b) before and after devices were subjected to bias-temp-
erature stress and then irradiated to 2 Mrad(SiO,).">* The
increase in LF noise for these and similar devices correlates
strongly with O vacancy densities,'0%!12114 1311547156 pop
PMOS transistors, density-functional calculations suggest that
LF noise and RTN are due to O vacancies complexed with

12 T T T T T T — 1.5
Siy,, Ge,,,, WL = 1um/470nm, from IMEC ia
N Heat with 0 V stress e [
o 10+ u —m—measured o |- 1.3
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- . L 1.2
@ = F1.1 N
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F1.0 o
z s
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'7° 44 0.8 =
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\>.<— -\.\. .l.l .\..II.- " i
3 24 wan" - 0.6
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Fig. 6 Noise magnitude (left y-axis) and measured and predicted values
of a = —0InSy/dInf vs. temperature (right y-axis) for a SiGe pMOSFET
with SiO,/HfO, gate dielectric. Predicted a values are derived from the
Sy, vs. T curve measured before bias-temperature stress, using eqgn (5) of
the text. Reproduced from ref. 133 with permission. Copyright 2016
Institute of Electrical and Electronics Engineers.
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Fig. 7 (a) Schematic diagram of dimer (unrelaxed) O vacancy energy

levels in bulk and near-interfacial SiO,. Band narrowing and near-inter-
facial strain reduce O vacancy energies, facilitating electron capture.
Electron capture relieves strain, increasing the energy, and favoring
emission. Reproduced from ref. 107 with permission. Copyright 107
Institute of Electrical and Electronics Engineers. (b) Normalized 1/f noise
(left y-axis) and effective border-trap density from eqn (15) (right y-axis)
vs. temperature for nMOS transistors with SiO,/HfO, gate dielectrics
before and after bias-temperature stress at 353 K and 10 keV X-ray
irradiation to 2 Mrad(SiO5). The energy scale on the upper x-axis is from
egn (7). Reproduced from ref. 154 with permission. Copyright 2023
Institute of Electrical and Electronics Engineers.

Q-0 P g’ "R
e o« (b)p

Fig. 8 Oxygen vacancy complexes with hydrogen that are hole traps
during negative-bias-temperature stress, and border traps leading to LF
noise and RTN in pMOS transistors: (a) hydrogen bridge — when
charged, the central hydrogen atom (small silver ball) is bonded to both
Si atoms (large yellow balls), and (b) hydroxyl E’ center — when charged,
a bridging O atom (medium red ball) attaches to a H atom. Reproduced
from ref. 157 with permission. Copyright 2014 Institute of Electrical and
Electronics Engineers.

hydrogen, e.g., in a hydrogen bridge configuration, as in
Fig. 8(a), or hydroxyl E' configuration, as in Fig. 8(b).”>%">71>8

The LF noise of MOS devices with 2D materials (e.g., gra-
phene, MoS,, BP) as channels typically is dominated by border
traps with defect energy distributions similar to those in
Fig. 7(b). However, traps at the 2D material surface can intro-

12180 | Nanoscale, 2023, 15, 12175-12192

View Article Online

Nanoscale

duce sources of scattering-induced noise, RTN, instability,
and/or part-to-part variations that can be much larger than
observed in Si MOS transistors.”>'?11341387165 ging]ly, carbon
nanotube transistors (CNTs) can show a wide range of
responses, including giant LF noise if surfaces are unpassi-
vated or if mesh percolation significantly affects transport,
border-trap related noise due to charge exchange between the
CNT and adjacent oxides, and/or bulk LF noise.'®®"'73
Knowing the microstructures of the defects that lead to LF
noise and RTN enables process improvements to device
response. In older technologies, limiting post-gate-oxidation
annealing temperature to ~875 °C to avoid oxygen out-
diffusion from SiO, and minimizing hydrogen to reduce inter-
face-trap formation can lead to reduced LF noise and
enhanced radiation tolerance.®®737107,109,112,114,132,174,175 15y
newer, highly scaled technologies, defect-passivation treat-
ments such as high-pressure annealing in hydrogen or deuter-
ium have been effective in reducing LF noise and RTN."7*7°

II1. Metallic nanowires

As thin-film and NW dimensions shrink, volume vs. surface
scaling becomes an increasingly significant issue. However,
Fig. 9 shows that, for more than six orders of magnitude in
volume, an approximate ~1/N, dependence is observed for the
noise of Pt thin films and NWs.”>”* Hence, bulk fluctuations
dominate the LF noise.’® This result was confirmed and
extended by Zimmerman, et al.,®* for Cr films with thicknesses
from 8-260 nm.

6°
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(h>| >|()“._ N
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Fig. 9 SyN/V? at 295 K and f = 10 Hz for Pt NWs fabricated by substrate
step lithography (solid black circles); mechanically scribed, sputtered Pt
films (open circles); and mechanically scribed, thermally evaporated Cu
films (large, blue box). Lines are proportional to 1/N'-0%%2 Results are
compared with Ru (length L = 10 pum and 50 pm; red triangles) and Cu
resistors fabricated at imec (small red box). Adapted from ref. 71 with
permission. Copyright 2019 American Institute of Physics.
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One naturally may wonder how the noise of structures pre-
pared by substrate step lithography and mechanical scribing
in Fig. 1, 3, and 7 compares with that of devices prepared via
state-of-the-art lithography. To address this point, Fig. 9 also
includes results for Ru (a Pt group metal) and Cu metal lines
fabricated by imec in a modern CMOS fabrication facility”
and early 1980s results for mechanically scribed Cu metal
films.®” Noise magnitudes are remarkably similar for Pt NWs
and Ru resistors of similar dimensions, and for scribed and
patterned Cu resistors when scaled for differences in volume.
The relatively modest decreases in normalized noise for imec-
fabricated Ru and Cu resistors are due simply to the reduced
concentrations of defects and impurities in metal lines fabri-
cated via modern lithography than in the sputtered Pt NWs
and Pt and Cu films fabricated via the first-generation tech-
niques of Fig. 1-3.”*

Giordano discovered in 1980 that as-processed, highly dis-
ordered AuPd films showed larger increases in resistance at
low temperatures as a result of enhanced carrier localization
and/or electron-electron interactions than films of lower resis-
tivity and reduced disorder; these results are shown in Fig. 10.”
This finding inspired a later experiment in which a series of
systematic annealing treatments on disordered AuPd NWs
were performed to test the degree to which eqn (5) is satis-
fied.>® The results of this study are summarized in Fig. 11.
Remarkably close agreement is observed between the experi-
mental results and the predictions of eqn (5) through three
measurement and annealing cycles. In Fig. 11(a) the slope of
the Sy vs. T curve is maximum between ~200 K and ~300 K in
an as-processed AuPd NW. This corresponds to the maximum
value of @ = —d1n Sy/d Infin Fig. 11(b), consistent with eqn (5).
When the resistivity of the NW and the noise magnitude are
reduced in Fig. 11(a) as a result of in situ heating (curves A and
B) or baking in an external oven (between curves B and C),
changes in the frequency dependence of the noise again
closely follow predictions based on eqn (5). These results
clearly show the validity and utility of the Dutta-Horn model
Of 1an0ise.52’55’66’73’95

Fig. 12 illustrates the significant differences often observed
among temperature-dependent noise magnitudes and inferred
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Fig. 10 Relative resistance vs. temperature for an as-processed, sput-
tered AuPd thin film (“dirty”) with sheet resistance of 100 Q 07! and an
otherwise identical film annealed for 24 h in Ar at 300 °C with sheet re-
sistance of 44 Q 07", Lines are best fits to the data. Reproduced from ref.
7 with permission. Copyright 1980 The American Physical Society.
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Fig.11 (@) y = yu = SYNf/V? at f = 10 Hz and (b) a = —dInSy/oInf as
functions of temperature and sequential annealing for sputtered AuPd
NWs. (a) Open squares (curve A) show the noise of an as-processed
sample with resistivity p(295 K) = 180 + 20 uQ cm. Solid squares show
noise measurements while the sample is annealing in situ. Open and
solid circles [curve B, p(295 K) = 145 + 16 pQ cm] show the noise during
the second series of measurements. Diamonds [curve C, p(295 K) = 124
+ 14 pQ cm] show the noise after the sample was heated to T = 473 K in
an oven outside the cryostat assembly for about an hour. (b) Dashed
curves are predictions of Dutta—Horn model, eqn (5) of the text.
Reproduced from ref. 52 with permission. Copyright 1985 The American
Physical Society.
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Fig. 12 Temperature dependence of the normalized noise of a Pt NW
(blue dashed curve) fabricated by substrate step lithography and Ru
(black squares) and Cu (red squares) metal-line resistors fabricated at
imec. Also shown are comparisons of values of the frequency depen-
dence, a, that were measured (black squares) or predicted by the Dutta—
Horn model of 1/f noise (red circles) for Ru (upper inset) and Cu (lower
inset), showing good agreement. Adapted from ref. 71 with permission.
Copyright 2019 American Institute of Physics.

defect-energy distributions among metallic NWs.>"”"°® The
fully normalized noise of the sputtered Pt NW fabricated via
substrate step lithography in the early 1980s increases monoto-
nically with increasing temperature in Fig. 12, as does the nor-
malized noise of the lithographically defined Cu metal line
fabricated by imec in 2019.”" Although the shapes of the
curves vary, the normalized noise magnitudes differ by less
than a factor of 2 over the full range of measurements. In con-
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trast to the results for Pt and Cu, the normalized noise of the
lithographically defined Ru metal line is approximately con-
stant above 200 K and increases monotonically with decreasing
temperature below 200 K.”' These results illustrate the kinds
of variations that can be observed among the noise magni-
tudes and temperature dependences for metal lines and NWs
due to differences in defect and/or impurity types, concen-
trations, and/or energy distributions,>2:3%:66:71:73:95,96

When NWs are cooled to low temperature, enhanced fluctu-
ations can be observed. Fig. 13(a) shows resistance vs. tempera-
ture measurements from ~5 K to ~70 mK for a Bi NW fabri-
cated via substrate step lithography.”® An increase in resistance
is observed with decreasing temperature due to localization
and electron-electron interactions. As the temperature
decreases, the spread in measurements increases. Fig. 13(b)
shows that this resistance spread is due to random jumps in
resistance that are similar to RTN in semiconductor devices
(e.g., Fig. 5).%3>%76:62:90.106 Charoe trapping does not occur in
metallic NWs owing to the high density of free carriers in the
conduction band, so fluctuations in scattering rates due to
carrier-defect interactions are the most likely origin of the
RTN. Similar resistance fluctuations are shown in Fig. 14(a) for
a Bi film at 70 mK and in Fig. 14(b) for a Pt film at 250 mK.>*
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Fig. 13 (a) Resistance vs. temperature for a Bi wire with L = 60 pm and
diameter d = 46 nm fabricated via substrate step lithography. (b)

Resistance at T = 0.195 K as a function of time for a Bi film with L =
16 pm, width W = 8 pm, and thickness t = 7 nm, fabricated in the same
batch as the wires of (a). The rapid fluctuations with an envelope of
about +10 Q are due to system noise. Large switching events at times of
~1200 s and ~2900 s are characteristic of RTN. Adapted from ref. 53
with permission. Copyright 1987 The American Physical Society.
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Fig. 14 (a) Resistance vs. time at T = 70 mK for an ~8 nm thick Bi film

with L = 10 pm and W = 4 pm. Numbers denote different fluctuators. (b)
Resistance vs. time at 250 mK for a 1 nm thick Pt film with L = 7 pm and
W = 5 pm. Adapted from ref. 54 with permission. Copyright 1987
Institute of Physics.

In 1987 Beutler, Meisenheimer, and Giordano compared
the fluctuations in Fig. 13 and 14 with those predicted by the
theory of universal conductance fluctuations (UCF) by Feng,
Lee, and Stone.'>****%5 UCF theory predicts that the motion
of one strong scattering center leads to conductance fluctu-
ations of order ¢°/h, where h is Planck’s constant.">®° They
find that fluctuations in Fig. 13 and 14 are ~10x larger than
predicted by UCF.

Also in 1987, following the approach of Martin, Pelz and
Clarke showed that the fluctuating interference of electrons in
the local environment of a moving defect or impurity (“local-
interference”) can lead to conductance fluctuations that are
smaller than UCF predictions, and more consistent with the 1/
f noise observed in metals.®>'8%'8! In 1989 Birge et al then
measured low-temperature conductance fluctuations in thin Bi
films that are much smaller than those in Fig. 13 and 14."*?
Fluctuation magnitudes in these films agree well with predic-
tions of the local-interference model of Pelz and Clarke.®>"®>
Taken together, it is likely that the “giant” conductivity fluctu-
ations in Fig. 13 and 14 are most likely due to the stochastic
motions and/or reconfiguration of larger defect and/or
impurity complexes in the bulk of the Bi NWs and
films‘15,53,54,85,86,108

When a magnetic field is applied to a metal wire that exhi-
bits UCF, the theory of Feng, Lee, and Stone predicts a
2x decrease in 1/f noise magnitude from the zero-field
value.">'®'® This 2x reduction is due to a corresponding
decrease in noise-producing transmission channels caused by
magnetization-induced dephasing.'>®>'#371% gpin-orbit coup-
ling is a key consideration in both electron localization and
UCE.>'»8%1837186  Clear evidence of time-dependent UCF
(TDUCF) is shown in Fig. 15(a) for Li, Fig. 15(b) for Ag, and
Fig. 15(c) for AuPd NWs, which vary from low to high spin-orbit
coupling.'®*"¢ In all three cases in Fig. 15, TDUCF is observed
at temperatures low enough to suppress scattering due to local
interference and/or magnetic impurities (if present). At higher
temperatures, a mixture of noise due to TDUCEF, local inter-
ference, and/or magnetic impurities is found, leading to
increases in relative noise magnitudes. These results confirm
the significance of TDUCF in nanowires with lower (Li) or
higher (Ag and AuPd) spin-orbit coupling.'®**%¢

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 Ratios of 1/f noise magnitudes with, Sg(B), and without, Sg(0),
magnetic fields applied to (a) Li (reproduced from ref. 184 with per-
mission; copyright 1997 The American Physical Society), (b) Ag (repro-
duced from ref. 185 with permission; copyright 1999 The American
Physical Society), and (c) AuPd NWs (reproduced from ref. 186 with per-
mission; copyright 2004 The American Physical Society). The 2x
reduction in Sg(B)/Sg(0) at low temperatures is due to universal conduc-
tance fluctuations. At higher temperatures, fluctuations due to local
interference increase values of Sg(B)/Sr(0). The upturn in Sg(B)/Sr(0) in
the inset of (c) is due to process-introduced magnetic impurities.

While defects and impurities are critical to the LF noise
and RTN of metallic NWs, it is usually not possible to identify
their microstructures.>®>#**° As an exception, mobile hydro-
gen has been identified as a scattering impurity in Pd films by
Zimmerman and Webb.?® Also, Fig. 16 and 17 show conduc-
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Fig. 16 (a) Resistance at five temperatures for a RuO, NW with length
L = 1.5 pm and diameter d = 67 nm. Data at 6.0 K, 3.0 K, 2.0 K, and
0.26 K are offset by 10 Q, 20 Q, 30 @, and 40 Q, respectively, for clarity.
(b) Conductance variation 8G = G — (G) vs. time at 0.26 K. (c) Scanning
electron microscope (SEM) image of lithographically defined NW.
Reproduced from ref. 65 with permission. Copyright 2011 American
Institute of Physics.
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Fig.17 (a) Sy vs. f and T for an IrO, NW with L = 0.9 pm and d =

147 nm; (fSy) vs. V2 is shown in the inset. (b) y = SyN.f/V? vs. T for IrO,
NWs from 1.7 K to 350 K. The inset is a SEM image of a NW. Dimensions
are L = 1.9 pm, d = 143 nm (solid black squares); L = 1.0 pm, d = 123 nm
(solid red circles); L = 0.75 pm, d = 125 nm (solid green triangles); and
L =0.9 um, d = 147 nm (open blue diamonds). Reproduced from ref. 75
with permission. Copyright 2023 American Institute of Physics.

tivity fluctuations and LF noise in lithographically defined
RuO, and IrO, NWs, respectively. In each case, the LF noise
and RTN are attributed to TDUCF caused by mobile defects
and/or impurities in the NWs, with oxygen vacancies a likely
source in each case.®>”> The normalized noise magnitudes for
the IrO, NWs in Fig. 17 are 1-2 orders of magnitude higher
than those of the Pt, Ru, and Cu NWs in Fig. 1, 3, 9, and 12.
This suggests a higher defect density, mobility, and/or scatter-
ing cross-section for the IrO, NWs in Fig. 17 than for Pt, Ru,
and Cu NWs.

As illustrated in Fig. 18, significant RTN can also be found
in metallic nanobridges, which are essentially short, tapered
NWs.>7?88789 The conductivity fluctuations are dominated by
the restriction at the base of the lithographically defined nano-
bridge in Fig. 18(a). Ralls et al verified the crystallinity of
these Cu nanobridges,>” but still find significant RTN at room
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Fig. 18 (a) Schematic diagram of Cu nanobridge and (b) resistance vs.
time snapshots (0.2 s each) at 300 K, illustrating the time evolution of
defect-induced scattering in these structures at room temperature.
Reproduced from ref. 57 with permission. Copyright 1989 The American
Physical Society.

temperature, as shown in Fig. 18(b). These results demonstrate
that, even in the absence of grain boundaries, large conduc-
tivity fluctuations can be found in metallic NWs and other
nanoscale structures.’”*®%”%% Ralls and Buhrman discuss the
resulting fluctuations in terms of a “defect glass,” in which the
two-level fluctuations observed in Fig. 18(b) result from slow,
stochastic transitions of the system from one configurational
state to another.>® These results show that, while defects and
impurities can enhance 1/f noise and RTN in metallic NWs,
significant noise due to fluctuations in scattering rates can
occur even in clean, highly ordered nano-systems at room
temperature.>”>® The universality of these scattering processes
helps explain why LF noise is observed in so many different
types of materials and devices.>>>7>8:66:95

IV. Semiconducting nanowires

Ralls, et al., showed in 1984 that MOS transistors at the ~1 pm
scale exhibit RTN at cryogenic temperatures due to the alternat-
ing capture and emission of electrons at a single, prominent
oxide trap. Heating the device and decreasing the gate voltage
closer to V4, increased the number of active defects, leading to
1/f noise.®* Kirton and Uren provide a thorough review of the
intense activity that followed this initial report in the late
1980s.°° It is therefore no surprise that, with continuing
Moore’s Law scaling of MOS structures, semiconducting NWs
with much smaller dimensions exhibit LF noise and RTN in
proportions that vary with device geometry, channel and insula-
tor materials, defect concentrations, bias, temperature, etc.>*”*
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Fig. 19 shows LF noise measurements for a GaAs NW with
AlGaAs insulating layer and PtPd Schottky wrap gate.®* For
many of the NWs, LF noise spectra are similar to the red curve
for the L = 60 nm device in Fig. 19(a). An inverse-area depen-
dence is observed for the noise magnitude, consistent with
number-fluctuation noise via eqn (15).** This result shows that
contact noise is not significant in these devices.®*®*'8718% 1
some cases, e.g., the blue and green curves for larger devices
in Fig. 19(a), generation-recombination (G-R) noise is
observed. The G-R noise correlates with gate leakage,
suggesting that individual defects in AlGaAs are contributing
Lorentzian noise at frequencies above 100-300 Hz.*! A likely
candidate for the responsible defect is the DX center, a well-
known electron trap in AlGaAs, which is most often an isolated
Sl donor.64,1897191

RTN and LF noise are observed in InGaAs NW MOSFETs
with gate dielectrics of 0.5 nm Al,03/4.0 nm LaAlO; in
Fig. 20(a) and (b) and with a 3.5 nm AlL,O; gate oxide in
Fig. 20(c).” The RTN in Fig. 20(a) and the higher-noise device
in Fig. 20(c) are attributed to number fluctuations due to dis-
crete charge trapping in the gate oxide; the 1/f noise in the
lower-noise device in Fig. 20(c) is attributed to mobility fluctu-
ations.®” The device is operating in the subthreshold regime of
device operation in Fig. 20(a), in which small perturbations in
surface potential due to charge capture and emission can lead
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Fig. 19 (a) Current noise power-spectral densities of Schottky wrap-

gate (WPG) GaAs/AlGaAs NW transistors with W = 250 nm and varying L.
(b) Top view and schematic cross-section. Adapted from ref. 64 with
permission. Copyright 2011 Institute of Physics.
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Fig. 20 (a) RTN at Vps = 50 mV for InGaAs NW MOSFET with geometry
illustrated schematically in (b). The gate dielectric of the device in (a) is
0.5 nm AlO3/4 nm LaAlOs. (c) Normalized noise power spectral density
vs. frequency for two InGaAs NW MOSFETs with 3.5 nm Al,Oz dielec-
trics: one showing RTN and the other showing LF noise. Adapted from
ref. 67 with permission. Copyright 2015 Institute of Electrical and
Electronics Engineers.
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to significant changes in current. About a 7% change in current
is observed for each discrete trapping or emission event in
Fig. 20(a). The mobility-fluctuation noise of the devices of Fig. 20
is analyzed by the authors within the framework of the Hooge
mobility fluctuation model.*” However, as noted in Section II, the
Hooge model does not correctly characterize or parameterize the
noise of semiconductor devices,’>®%7¢9%128132192 ¢ g therefore
more likely that the noise of these NWs is due to a mixture of
number fluctuations (eqn (8)-(16))"*'**"* and mobility fluctu-
ations due to carrier scattering by defects and/or impurity atoms
within NW channels, e.g., as described by the local interference
model of Pelz and Clarke.?*'8%'8

The Hooge mobility model is similarly used to interpret the
LF noise observed in the Si NW MOSFETs of Fig. 21, primarily
because the gate-voltage dependence of the noise follows eqn
(2) instead of eqn (15) in the subthreshold region of
device operation in Fig. 20(a).®* As noted above, deviations
from an inverse (Vgs - VTH)2 dependence can occur
for a several reasons in MOS devices, e.g., strongly varying
spatial or energy distributions of defects, as often
found‘66,73,90,107,1177124,128,154,192 NOise Vs. temperature
measurements usually are required to determine if this is the
case.>>%6739095 I the absence of such variation in defect
spatial or energy distribution, carrier scattering by defects and/
or impurity atoms within the NW channels is the most likely
origin for the “excess” LF noise above that expected from
number fluctuations in the subthreshold region of device oper-
ation in Flg. 21[3).55’66’86’95’180'181

Fig. 22 shows RTN for a vertical InAs/InGaAsSb/GaSb NW
tunnel FET with a 20 nm InAs channel diameter® and Al,O,/
HfO, gate dielectric, and Fig. 23 shows RTN for a silicon NW
on a silicon-on-insulator (SOI) wafer with a SiO, gate dielec-
tric.>® The “giant” RTN observed in each case is far too large to
be caused by simple charge exchange between the NW channel
and traps in the gate dielectric.’®*®”® Moreover, the scattering
effectiveness of charged border traps decreases strongly with

L=90nm,<110>
L=130nm,<110>
L=1800m,<110>
7 L=90nm,<010>

107

Fig. 21 (a) Average normalized drain—current spectral density at [Vps| =
50 mV and f = 10 Hz vs. drain current Ips for n-type (solid symbols) and
p-type (open symbols) Si NW transistors with SiO, gate dielectric thick-
ness of 4 nm and effective radius of ~40 nm, as shown schematically in
(b). The noise data of 90 nm n- and p-type SNWTs in the (110) direction
are compared with lines of (constant x (gm//ps)?) in the inset. Adapted
from ref. 63 with permission. Copyright 2009 Institute of Electrical and
Electronics Engineers.
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Fig. 22 (a) RTN at a temperature of 150 K in a vertical InAs/InGaAsSb/
GaSb NW tunnel FET with a 20 nm InAs channel diameter and Al,Os/
HfO, gate dielectric with effective oxide thickness of 1.4 nm. (b)
Histograms of current values measured in the higher conductivity (gold)
and lower conductivity (blue) states of the device, corresponding to the
respective arrows in (a). Adapted from ref. 69 with permission. Copyright
2017 American Chemical Society.
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Fig. 23 (a) RTN for a silicon NW on a silicon-on-insulator (SOI) wafer
with length of 200 nm and width of 30 nm with SiO, gate oxide thick-
ness of 24 nm. Vgs = 0.5V, Vps = —6 mV. (b) Top view of NW. Adapted
from ref. 59 with permission. Copyright 2006 Springer.

distance between the channel and the trap.>®®®7%'*® Thus,
fluctuations in scattering rates caused by random dopant
atoms in the NW channel and/or changes in charge state or
configuration of bulk defect clusters in the NW channel are
much more likely causes of the giant RTN observed in the
NWs of Fig. 22 and 23.°%%%7%13914% The fluctuating activation
and passivation of interface traps may also play a role in the
LF noise of devices in Si MOS devices in which there are simul-
taneously high densities of dangling Si bonds and high con-
centrations of hydrogen at the SiO, interface.”®"**'%* This is
an area of active current investigation.”®

Nanosheets are essentially flattened and stacked versions of
NWs being considered for next-generation Si MOS
technologies.””®' The noise of gate-all-around devices with Si
nanosheet channels and high-K gate dielectrics is shown in
Fig. 24. LF noise due to number fluctuations is observed,”?
most likely because each measured device consists of 22 fins
in parallel with two stacked nanosheets per fin. Hence, mul-
tiple defects and/or impurities are contributing to the noise.
The normalized noise of the devices of Fig. 24 is comparable
to or less than that of other advanced MOS technologies, indi-
cating relatively low concentrations of border traps in the gate
dielectrics and/or bulk defects in the nanosheets.”>"**'%® In
studies by Hellenbrand, et al, border traps also are found to
be primarily responsible for the LF noise of III-V NWs, tunnel
FETs, and planar MOSFETs.'?7'%%

Fig. 25 summarizes results from detailed evaluations of
RTN before total-ionizing-dose irradiation of gate-all-around

Nanoscale, 2023,15, 12175-12192 | 12185
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Fig. 24 (a) Schematic diagrams of gate-all-around GAA nFETs with two
vertically stacked Si nanosheets. (b) Drain current noise power spectral
density (left y-axis) and normalized power spectral density (right y-axis)
as a function of frequency for a 15 nm nanosheet width device at
different gate voltages. Adapted from ref. 72 with permission. Copyright
2020 Institute of Electrical and Electronics Engineers.
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Fig. 25 Gate-to-threshold voltage dependence of Ips at 295 K for a
GAA NW nFET with L ~ 25 nm, 8 nm diameter, and 1.8 nm HfO,/1 nm
gate dielectric; a transmission-electron-microscope image of the struc-
ture is shown in (b). Vps = 50 mV; Vgt = Vgs — V. Note that each value
of Vgt has a different y-axis scale. Adapted from ref. 74 with permission.
Copyright 2021 Institute of Electrical and Electronics Engineers.

(GAA) Si MOS NW transistors with high-K dielectrics. Each
device contains four fins and two NWs.”* As the gate voltage
and/or device temperature is varied, LF noise with or without
RTN is observed, depending on the gate voltage. Fig. 25 shows
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significant RTN at room temperature, especially for Vgr =
Vas — Vra at 0.2 V and 0.3 V. Primarily 1/f noise is observed for
Vor = 0.1 Vand Vgr = 0.6 V. Using a hidden Markov model and
measured ratios of capture and emission times, it is inferred that
only a few prominent defects lead to the observed RTN in
Fig. 25.7%'992%" Under the conventional assumption that these
RTN are due to charge exchange with border traps in a standard
number fluctuation model, estimates of trap locations were
inferred, with defects identified in both the near-interfacial SiO,
and the HfO, layer of the dielectric stack.”* However, in at least
some cases, this typical interpretation”*'**°" may not be com-
plete or correct,”>”” as we now discuss.

Table 1 summarizes predicted and observed RTN magni-
tudes for the data of Fig. 25; predictions use the simple
number fluctuation model of eqn (12) without mobility
fluctuations.”®*%™! At Vgr = 0.2-0.3 V, where RTN are most
active, Table 1 shows that ratios of observed magnitudes of
current fluctuations are up to ~2.5x larger than expectations
based on the number fluctuation model of eqn (12). This
demonstrates the importance of mobility fluctuations in the
RTN of these devices.”®’”11%!11 At these voltages, the strength
of scattering needed to account for the RTN magnitudes is
much greater than likely from remote Coulomb scattering
from border traps.>%¢%7%77:138

These results suggest that the RTN of the Si NW MOSFETs
of Fig. 25 are caused by a mixture of border traps in the high-K
dielectric, bulk defects in the NW channels, and interface
traps.””®”7 The responsible bulk defects may be random
dopant atoms and/or defect clusters.”*”%77:139144 por interface
traps to contribute to LF noise and/or RTN, the rate-limiting
step is more likely to be hydrogen-mediated defect activation
and passivation, which can occur on ms to s time scales, than
charge capture and emission, which typically occur on ps time
scales for interface traps.”®

Fig. 26 and 27 show the evolution of the LF noise vs. fre-
quency and temperature for as-processed and irradiated
devices. Consistent with the results in Fig. 25, spectral slopes
range from ~1/f (no RTN) to ~1/f> (significant RTN).”* Inferred
defect-energy distributions from the Dutta-Horn model of LF
noise®®® are shown in Fig. 26(b) and 27(b). Some active
defects in as-processed devices are passivated during
irradiation, some defects are newly activated via irradiation,
and other defects are remarkably stable through the full
irradiation and measurement sequence.”*””

Table 1 Predicted and Observed Current Fluctuation Magnitudes for
the Silicon NWs of Fig. 25. Data are from Gorchichko, et al.”* Predictions
are from the Number Fluctuation Model (NMF) using eqn (12) of the text

Var  1/Nc(10°)NMF  Alpg/Ips (107%)

ne
(10”2 cecm™) (V) prediction measured (Alos /1os)
1/N¢

2.2+0.1 0.10 9.0%0.5 8.0+1.0 0.90 + 0.15
4.3+£0.2 0.20 4.5+0.25 8.5+1.0 1.9+0.3
6.5+£0.4 0.30 3.0£0.2 7.5+x1.0 2.5+0.3
8.6+0.4 040 2.3z%0.1 2.8£0.3 1.2+0.2
11+ 0.5 0.50 1.8%0.1 2.8+0.3 1.6 +0.3
13+0.5 0.60 1.5+0.1 1.9+0.3 1.25+0.25

This journal is © The Royal Society of Chemistry 2023
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Fig. 26 (a) Frequency and temperature dependences of Sy, at f =
1-400 Hz and T = 90-300 K and (b) temperature dependence of the
normalized noise at f = 10 and 100 Hz for the as-processed GAA NW
nFETs of Fig. 25. Noise measurements were performed at Vgr = 0.4 V
and Vg4 = 50 mV. When significant RTN is observed, the normalized noise
at 10 Hz significantly exceeds that at 100 Hz. Adapted from ref. 74 with
permission. Copyright 2021 Institute of Electrical and Electronics
Engineers.

That border traps primarily lead to 1/f noise and bulk
defects evidently lead to large RTN in the Si MOS NWs of
Fig. 25-27 is the reverse of the trend inferred for early-gene-
ration InGaAs NWs in Fig. 20. There RTN was attributed to
border traps and LF noise was attributed to fluctuations in
carrier scattering rates due to bulk defects.®” This trend rever-
sal may result from improvements in NW fabrication over the
last ~10 years.

Finally, Fig. 28 shows that, when the NWs of Fig. 25-27 are
operated under conditions for which large RTN is not

observed, the slope of the gate-voltage dependence,
B = 73;27‘5,2‘;, is generally close to 2, as expected from eqn (15)

for noise caused primarily by border traps with approximately
uniform energy and spatial distributions.>>*®°® Hence, neither
quantum confinement, series resistance, nor trap-trap inter-
action effects appear to be significantly affecting the LF noise
of these NWs.>°>?% Instead, the results of Fig. 26 and 27 are
consistent with previous studies on planar MOSFETSs
and FinFETs with SiO, and/or high-K gate dielectrics (e.g.,
Fig. 7 and 8) for which O vacancies and complexes with
hydrogen most likely lead to the observed 1/f
noise.66,73,74,90,107,109,1127114,1207123,1317134,1457147,2047210

The wide range of noise magnitudes and frequency depen-
dences observed in Fig. 25-28 strongly suggest that the noise
of analog ICs built using semiconducting NWs may be quite
challenging to model with confidence as a function of operat-

This journal is © The Royal Society of Chemistry 2023
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Fig. 27 (a) Frequency and temperature dependences of Sy, at f =
1-400 Hz and T = 90-300 K and (b) temperature dependence of nor-
malized Sy, at f = 10 and 100 Hz for GAA NW nFETs of Fig. 25 and 26
irradiated to 2 Mrad(SiO,) and annealed for 1 h at Vg5 = 0.5 V. Noise
measurements were performed at Vgr = 0.4 V and V4 = 50 mV. When
significant RTN is observed, the normalized noise at 10 Hz significantly
exceeds that at 100 Hz. Adapted from ref. 74 with permission. Copyright
2021 Institute of Electrical and Electronics Engineers.
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Fig. 28 Gate-voltage dependence of Sy, at Vps = 30 mV, 50 mV, and
100 mV for as-processed (closed symbols, solid lines) and irradiated
(open symbols, dashed lines) GAA NW nFETs. The device was irradiated
to 1 Mrad(SiO,) with 10 keV X-rays at Vs = 0.5 V. Reproduced from ref.
74 with permission. Copyright 2021 Institute of Electrical and
Electronics Engineers.

211217 yntil these issues are

ing voltage and temperature.
resolved, users will have difficulty in assessing and assuring
the accuracy and precision of systems relying on NWs or simi-
larly scaled MOS devices.®' These manufacturability and
reliability issues must be addressed before high-volume appli-
cation of NW-based ICs is possible in critical commercial,

defense, space, and scientific applications.>'*>'”
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V. Conclusions

Defects and impurities play critical roles in the LF noise of
metallic and semiconducting NWs. Effective defect-energy dis-
tributions can be obtained from noise versus temperature
measurements in conjunction with the Dutta-Horn model of
1/f noise. For metallic NWs, fluctuations in scattering rates
caused by defect and/or impurity motion and/or reconfigura-
tion of a bulk defect complex are often the dominant sources
of LF noise and RTN. With few exceptions, the nature of these
defects and impurities are unknown.

The capture and emission of carriers by border traps in
adjacent or surrounding dielectrics often dominate LF noise
and RTN for NWs in MOSFET configurations. Comparative
studies of device performance, reliability, and radiation
response, often supported by first principles calculations,
enable identification of border traps leading to LF noise in
semiconductor NWs and other MOS devices passivated with
SiO, and/or high-K dielectric layers. In particular, oxygen
vacancies and/or their complexes with hydrogen can lead to LF
noise and/or RTN. Defect-passivation treatments such as high-
pressure annealing in hydrogen or deuterium have been
effective in reducing LF noise and RTN in semiconductor
devices. Bulk defects and/or impurities also can contribute sig-
nificantly to the LF noise, RTN, and device-to-device variations
of semiconducting NWs. Reducing defect densities and varia-
bility in response are therefore crucial steps to enable high-
volume manufacturing of ICs relying on NWs for critical terres-
trial and space applications.
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