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1/f electronic noise is a conductance fluctuation, expressed in terms of a mobility “w-noise” by Hooge and
Kleinpenning. Understanding this noise in graphene is key for high-performance electronics. Early investigations
pointed out a deviation from the standard Hooge formula, with the free-carrier density substituted by a constant
density n, ~ 10'> cm~2. Here we investigate hBN-encapsulated graphene transistors where high mobility gives
access to the velocity-saturation regime. We show that a-noise is still accounted for by the Hooge formula on
substituting conductance by differential conductance G, resulting in a bell-shaped dependence of flicker noise
with bias voltage. The same analysis holds in the Zener regime at even larger bias, with two main differences.
The first one is a strong enhancement of the Hooge parameter reflecting the hundred-times larger coupling
of interband excitations to the hyperbolic phonon-polariton (HPhP) modes of the midinfrared Reststrahlen (RS)
bands of hBN, which is supported by microwave noise thermometry measurements. The second is an exponential

suppression of this coupling at large fields, which we attribute to decoherence effects. The phenomenology of
1/f noise in graphene supports a quantum-coherent bremsstrahlung interpretation of «-noise.

DOI: 10.1103/PhysRevB.107.L161104

I. INTRODUCTION

Flicker (1/f) noise is a type of noise that dominates the
spectral density at low frequencies. Ubiquitous in condensed
matter and quantum conductors [1], it has also been mea-
sured in a large variety of systems ranging from biology
[2] to economics [3], including nanofluidics [4]. In electron-
ics, flicker noise is a conductance fluctuation revealed as
an excess low-frequency current noise, of spectral density
S; = CI*/f, superimposed on the Johnson-Nyquist thermal
noise Sy, = 4GkgT at finite bias current /. Despite almost
a century of research, its origin remains controversial. In
semiconductors, 1/f noise is usually well described using
the McWorther model relying on carrier number fluctuations
due to defect traps [5,6]. Alternative mechanisms based on
carrier-number-fluctuations or mobility-fluctuations were pro-
posed [7]. As pointed out by Hooge and Kleinpenning [8],
the noise amplitude C is a bulk effect that can be conve-
niently expressed in terms of a mobility noise, called @-noise,
with an intensive Hooge parameter oy = NC, where N is
the number of carriers participating to the conductance. Mea-
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surements in both metals [9] and semiconductors [10] have
yielded a quasi-universal Hooge parameter ag; ~ 2-5x1073.
A leading interpretation of the «-noise relies on a distri-
bution of two-level fluctuators that locally and elastically
modulate electronic transmission [10,11]. An alternative in-
terpretation, based on a quantum theory proposed by Handel
[12,13], points to an infrared (IR) bremsstrahlung origin
which leads to a 1/f noise spectrum with a universal oy =
200/ = 4.6x1073 in the quantum-coherent regime, where
oo = 1/137 is the vacuum fine-structure constant that controls
light-matter coupling. This interpretation puts the emphasis on
an inelastic origin of conductance noise; a critical discussion
can be found in Refs. [14,15]. These contrasted interpretations
take root in the ambivalent nature of conductivity, which is
both a momentum relaxation coefficient oy (t) = (J/E)(t) and
an energy relaxation parameter in the Joule power density
or(t) = (P/EZ)(t). Whereas o1 = 0, on average, they may
differ in their time dependencies due to different scattering
mechanisms and times.

Graphene is an attractive platform for flicker noise in-
vestigation because of the tunability of the charge carrier
density and polarity. It also presents strong potential for
electronics [16] for which flicker noise is an important per-
formance limit [17]. Most experiments so far were carried
out at low to moderate bias in diffusive low-mobility SiO,-
supported graphene transistors, with a 1/f corner frequency

©2023 American Physical Society
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in the sub-MHz range [18,19]. Flicker noise was character-
ized by a weakly doping-dependent flicker amplitude A =
(fS;/IHLW € [1077,107%] um? [16], where L and W the
length and width of the graphene channel. This quasi-doping-
independent value for graphene violates the Hooge empirical
formula where A = ay/n, with n the carrier density (con-
sidering independent electrons), but points to substituting n
by an unknown constant density n, in a collective picture.
Some reports also point to a flicker noise dip at charge neu-
trality [19,20], but charge neutrality corresponds to a nonlocal
mesoscopic regime that deviates from standard local-transport
a-noise conditions. The same occurs under intense magnetic
fields, with a field-induced noise reduction [21], leading to a
full suppression enforced by conductance quantization [22]. A
deviation from the above A = Cte diffusive graphene flicker
noise was reported in moderate-mobility suspended samples,
where a noise reduction was observed [23].

The high-mobility hBN-encapsulated graphene transistors
investigated in the present work constitute a test bed for
a-noise as we study it in an extended electric-field range
with different scattering and relaxation mechanisms upon in-
creasing bias. In the perspective of testing the bremsstrahlung
interpretation, the use of hBN-encapsulates is an additional
asset, as hBN not only provides a superior mobility [24], but
also a very characteristic midinfrared (MIR) near-field elec-
tromagnetic environment [25,26], with its two Reststrahlen
(RS) bands, 22; = 95-100 meV and 72;; = 170-200 meV.
Recent experiments indeed showed that the hyperbolic light
of these RS bands strongly couples to graphene electronic
transport [27-29]. The three electronic transport regimes ob-
served in increasing bias are (i) the mobility-limited Drude
regime at low field, (ii) the velocity saturation regime for
E 2 Eq = vsa/W0) where vgy is the phonon-limited satu-
ration velocity and Eg, the saturation field, and finally (iii)
the interband Zener regime characterized by a doping and
bias-independent differential conductivity 0. Based on com-
bined transport, flicker, and thermal noise characterization in
a series of high-quality samples, we show that (i) the standard
analysis of flicker noise in graphene can be consistently ex-
tended to the nonlinear saturation regime and (ii) the interband
Zener contribution can be accounted for by introducing a
semi-empirical formula in the spirit of the bremsstrahlung
interpretation, accounting for the enhanced electromagnetic
coupling of interband excitations and decoherence effects.

II. SAMPLE DESCRIPTION AND NOISE MEASUREMENTS

We use a series of ten hBN-encapsulated graphene transis-
tors, of a large size (L, W) = 4 — 25 um and low edge-contact
resistance R,., exhibiting large mobility p= 2—15 m?/Vs, satu-
ration velocity vg = 0.2-0.8vp, and Zener conductivity oy =
0.1-1 mS, as described in Supplementary Material Table-SI-1
[30]. They map a broad range of hBN dielectric thickness
tgN = 50-160 nm and a variety of gating: (IR reflecting)
Au bottom-gates, (IR absorbing) graphite bottom-gates, and
SiO;,-insulated Si backgates. We also use two different hBN
grades: the high-pressure high-temperature (HPHT) from Na-
tional Institute for Materials Sciences (NIMS) [31], and the
polymer-derived ceramic (PDC) from Lyon [32,33] which
behave differently. All devices are embedded in coplanar

waveguides for the room-temperature probe-station measure-
ment of DC transport, sub-MHz flicker noise, and microwave
thermal noise [see Fig. 1(a)]. High-mobility transistors sus-
tain large saturation currents (~1 mA/um), rejecting the 1/f
noise corner frequency in the low GHz range and allow-
ing a double-check of the flicker noise with the GHz noise
spectra.

Current noise is analyzed with a modified Hooge formula
S; = C(GV)?/f, obtained by substituting the total current [
by the differential current GV to account for nonlinear trans-
port [17]. Here V is the channel drain-source voltage, G =
d1/dV = [neu(E) 4+ oz]W/L is the differential conductance
where w(E) = w(0)/(1+E /Esat)2 is the optical phonon-
limited mobility. We apply the biasing procedure described
in Ref. [27] to correct for drain-gating effect, ensuring quasi-
homogeneous doping and electric fields and rejecting drain
pinch-off effect, such as was investigated in Ref. [34]. Low-
frequency noise characterization is enriched by thermal noise
measurements, performed in the flicker-free [27] microwave
(1-10 GHz) band. This allows estimating the electronic tem-
perature 7y and the thermal conductivity dP/dTy (P =
VI/LW is the areal Joule power) to the hBN substrate which
turns on in the Zener regime [29].

Figure 1(a) shows typical current-voltage curves measured
in the representative transistor “GrS5.” They show the suc-
cessive low-bias linear ohmic behavior, the velocity-saturation
regime for V > Vg >~ 0.25 V, and finally the interband Zener
regime. The saturation of intraband current can be consistently
attributed to the scattering of electrons by the optical phonons
of the lower RS band of hBN [27]. The Zener regime is
accompanied by the onset of energy relaxation by optical
phonons of the upper RS band of hBN [27,28]. Its main
signature is electron cooling that is observed in the noise
temperature [inset of Fig. 3(c)] by a decrease of the
temperature-field slope that can even turn to a temperature
drop with bias in bilayer graphene [29].

As illustrated in Fig. SI-3, the differential conductivity is
accurately fitted using the sum of saturation (o) and Zener
(07) contributions [27,35] o (E) = ne% + o0z, where
u(0) the low-bias mobility, n the carrier density, andE =V/L.
We disregard Zener tunneling suppression due to Pauli block-
ing at low field [27,29], as it involves minute corrections to the
intraband conductivity and noise. From these fits we extract
DC transport parameters w(0), Eg, OF vgy and o7 that are listed
in Table SI-1.

For each bias and doping, we measure the current noise
in the f = [0.1-1] MHz band, as shown in Fig. 1(b). Flicker
noise corresponds to plateaus fS;(f) =a+ bf, where a is
the amplitude of flicker noise and b measures the instrumen-
tal background noise. The amplitude a has an asymmetric
bell-shaped bias dependence [Fig. 1(c)], and a strong doping
dependence fS; o« n> (which is confirmed by the repre-
sentation of the doping-independent velocity flicker noise
S, = S;/n?e?W? in Fig. SI-5). The noise amplitude A =
fS;/(GV)> (WL) is plotted in the inset of Fig. 1(c). Its
low-bias extrapolate A ~ 10~7 um? is consistent with dif-
fusive graphene values [16]. At high bias we observe an
amplitude suppression, with A following an exponential de-
pendence A o< e £/Er| with a characteristic electric field
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FIG. 1. DC transport and flicker noise in the high-mobility graphene transistor GRSS. (a) Current-voltage curves for doping n =
[0-1.3]10"2 cm™2. (b) Noise spectra in increasing bias at n = 0.6 10'> cm~2. Dashed lines are linear fits of fS;(f) = a + bf of the data.

Noise falls down below 0.2 MHz due to instrumental response. (c) Bell-shaped dependence of a versus V for n = [0-0.8]10'% cm

—2: inset

shows a semi-log plot of A = £S;/(GV )>LW for same doping values indicating an exponential decay of A with bias.

II1. HIGH-BIAS NOISE ANALYSIS

We start our analysis by focusing on the velocity saturation
regime, which is exemplified in the sample “Lyon1” where the
Zener contribution to transport is minimized to oz ~ 0.1 mS
(Table SI-1), as deduced from the fitting of the differential
conductance in Fig. 2(a) data. Consistently, noise thermome-
try [Fig. 2(a), inset] shows little fingerprint of Zener cooling,
as opposed to other samples where a prominent breakout of
the Ty (E') dependence signals its ignition (see Supplementary
Material Figs. SI-6). The origin of Zener transport suppres-
sion in “Lyonl1” is discussed below. Importantly, the velocity
flicker noise in Fig. 2(b) reduces to its velocity-saturation
contribution S LW = Av> = A[u(E)E)?, which is entirely
determined by the differential mobility w(E):

:|2

It is characterized by a quadratic low-bias onset fSg LW =
A[(0)E]?, consistent with standard Hooge law fS;LW =
A(D?, a peak fSq W = Avfa[/16 at E = Eg, and a high-bias
tail fSe W = Avszat(Esat /E)?. The orange and brown dashed
lines in Fig. 2(b) are examples of theoretical fits with Eq. (1)
forthe n = 0.7 and n = 1.1 10'?> cm~2 data. The quasiscaling
observed here (and in Figs. SI-5) relies on the weak doping
dependence of vy [hence Egy = vy /u(0), W(0) being doping
independent]. From the n = 7.10'' cm~? data we deduce A ~
6.4 1077 um?, which is consistent with diffusive-graphene lit-
erature [16]. Setting A = 2cg/mn, in an IR bremsstrahlung
spirit, we infer ny ~ 0.7 10'? cm~2.

We now turn to the more general case where a significant
Zener contribution is observed at high field, in both the DC
transport (Fig. SI-4) and in the noise thermometry (Fig. SI-6
and Fig. 3, insets). We rely on a two-fluid expression of

E/Esat

(1 + E/Ex)? M

FSeulW = Axv2, [

current noise

FSIVILW = (GeV )*A + (GZV )*Be™ "™, 2)

generalizing Eq. (1) by the inclusion of a Zener term of ampli-
tude Be~"/V». As conductance Gz (V) = Cst., the exponential
high-bias drop-off factor, with a cutoff voltage V, (and field
E\), is necessary to avoid a divergence of noise and match the
experimental exponential decay in Fig. 1(c), inset. Note that
the parameter A introduced here refers to the sole intraband
noise, in opposition to the rough estimate of A in Fig. 1(c)
that stems from the total noise: both definitions coincide in
the low-bias extrapolate where interband noise is negligi-
ble. The noise fitting procedure is detailed in Supplementary
Material Sec. I. In a first step we fit the S;(V) data with
Eq. (2) using A, B, and V, as independent parameters, where
we find A(n) ~ Cst., Vo (n) ~ Cst. and B(n) x n?. Combined
to Gy o n, it suggests a doping-independent velocity noise
Sy(n) = S;(n)/(neW y*.

Using the ansatz A = 2a/mwna, where the density n, is
on the order of the out-of-equilibrium electron-hole pair den-
sity induced by Zener tunneling and hyperbolic cooling [27],
we introduce a “Zener mobility” p; = oz/ena and a “Zener
velocity” vz = uzE,. Velocity noise rewrites

—E/E,
)

FSuLW = Alpgu(E)ET? +B [u ETe A3)

2
where B"— =~ Cst. ~ 100 A over the sample series. We notice

that a— = 96, where oy and o, = e /4neoehBthp ~
0.70 are the fine-structure constants of vacuum and hBN-
encapsulated graphene, respectively (taking e;pn = 3.4 [33]).

2
Consequently, we set for definiteness ilé =2% — 150 to
n 2

rewrite velocity noise in a two-parameter two-fluid expression

BnA ~

L161104-3
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FIG. 2. DC transport and flicker noise in the graphene transistor “Lyonl.” (a) Current-voltage and noise thermometry (inset) curves
for doping n = [0.6-1.4]10'> cm~2, (b) Quasiscaling of the velocity flicker noise fS,LW (E) as a function of electric field E = V/L.
The representative n = 0.7 10'> cm™2 (or n = 1.1 10'> cm™2) data are well fitted by Eq. (1) with A = 6.4 107 um? and vy = 0.82 vy (or

A =4.610"7 um? and vy, = 0.65 vp).

Sy = Ssat + Szener

E/Eq T

2
—E/2Eq
(1+ E/Eq)? ¢ ] ‘

“

The Zener contribution also has a bell-shaped bias depen-
dence (brackets), with a E? low-bias dependence, a peak
fSzenerlW = 4%‘5Av% /e* at E =2E,, and an exponential
tail. The two contributions have similar peak amplitudes for

To E
S, LW = Avfm[ + =—2Av; [—

20[0 EA

/ ;To’(f ~ 36, with peak positions shifted by a

factor of 2 for Egy ~ E in such a way that Szeqer prominently

-1
vsal/vZ ~ 8e

affects the high-field tail of the flicker noise, when S, ac-
counts for the flicker noise onset.

Figure 3 compares velocity flicker noise data at the repre-
sentative doping n = 6.10'" cm~? for six devices of the series.
As seen in the figure, the bias dependencies generally deviate
from the velocity-saturation bell shape of Fig. 2(b) described
by Eq. (1). Figure 3 also shows fits (orange lines) with the
two-fluid Eq. (4), using nx and E, as the only free parameters.
The velocity-saturation (green lines) and Zener (red lines)
components are displayed in each panel. A good agreement
with the two-fluid model is observed with, however, some
deviations at extremely high bias in few devices [see, e.g.,
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FIG. 3. Velocity flicker noise fS,LW for six typical devices at a representative doping n = 6 10'! cm~2 (dots), and their fits with Eqgs. (1)
and (4) for the two-fluid model. Green (red) lines correspond to the saturation (Zener) contribution, orange lines are their sum. Successive
panels correspond to devices of increasing mobility u= 4 — 15m?/Vs (Table SI-1). Insets show for each device the noise temperature Ty as
function of bias and doping measured in the f = [1-10] GHz range, as detailed in the Supplementary Material Fig. SI-6.
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(b) Zener-flicker amplitude v2 as function of the thermal resistance dTy/dP to the hBN substrate in the Zener interband regime.

Fig. 3(b), with a high-bias noise tail at a nonzero value due to
an unknown additional spurious mechanism. The Zener con-
tribution is tiny in the “Lyonl” device [Fig. 3(a)], justifying
the analysis of Fig. 2(b) in terms of the only saturation con-
tribution. A similar trend is observed in “Lyon2” [Fig. 3(d)],
which is made with the same PDC-grade hBN [32]. Other
devices, fabricated with HPHT-grade hBN [31], exhibit more
prominent cooling in the Zener regime (see Fig. 3, insets). In
these devices, single-fluid fits are unable to map the observed
field dependencies, justifying our “two-fluid” analysis (further
confirmed by the comparable amplitudes of the two contri-
butions). As expected, the saturation contribution is mostly
responsible for the onset of flicker noise at low bias. The Zener
contribution becomes significant at larger bias, with a peak at
2E, > Eg, explaining the slower decrease of flicker noise at
high bias.

IV. TWO-FLUID INTERPRETATION

We now discuss the sample-dependent parameters A (or
na) and E,, which are listed in Table SI1. We obtain A €
[2-711077 um? [light-blue domain in Fig. 4(a)], correspond-
ing to na € [0.7-2.3]110'2 cm~2. These values, obtained in a
broad 1 (0) € [2—-15] m?/Vs mobility range, confirm the liter-
ature data A € [1077-107%] um? for diffusive SiO,-supported
graphene, suggesting that A is essentially impurity-scattering
insensitive. The similarity of flicker noise amplitude A in the
impurity-dominated (linear low-mobility) and OP-dominated
(nonlinear high-mobility) scattering regimes, reflects its uni-
versal character. The characteristic field for the Zener term
En =75+25mV/um is quite similar along the device se-
ries. It can be converted into a Zener junction length A =
Jhvp/eE,x = 100 & 15 nm, which shows a reduced disper-
sion compared to the quite spread values of the Zener
conductivity oz € [0.1-1] mS.

The light-blue np domain in Fig. 4(a) can be expressed
in terms of an energy range A = v /mna relying on the
massless dispersion of graphene. In doing so we find that

A €Ay, Ay] =[0.09-0.17] eV is actually bounded by the
lower and upper RS bands of hBN. These two energies being
associated [27] to momentum and energy relaxations, respec-
tively, it suggests that flicker noise in high-mobility graphene
maps the ambivalent nature of conductance as an admixture
of momentum and energy relaxations parameters.

Flicker noise correlation to energy relaxation is even more
obvious in the Zener contribution, which is characterized
by a large amplitude and the characteristic velocity vz =
ozEr/ena in Eq. (4). The semi-log plot v%(dTN/dP) in
Fig. 4(b) indeed shows a strong decrease of the Zener flicker
amplitude with the thermal resistance to the hBN substrate,
confirming the trend observed on sample “Lyonl.” The re-
duced Zener cooling in the two “Lyon” devices is attributed to
the larger hBN structural disorder obtained through the PDC
route. The hBN structural quality is indeed essential to ensure
free propagation of hyperbolic phonon polaritons (HPhP) in
the hBN bulk; their strong backscattering/damping in PDC-
hBN devices is likely to suppress the MIR electromagnetic
coupling, implying lower Zener conductivity and radiative
cooling, resulting in a smaller Zener flicker noise.

We now interpret the Zener term in Eq. (4). It is char-
acterized by a large coupling constant o, ~ 100x g that is
affected by a field reduction factor e £/Er with a nearly
sample-independent characteristic field E, >~ 75 mV /um. We
can convert it to an energy scale ey = «/ehvpE), = 7 meV,
and length A = hivg /g5 = 100 nm of Zener tunneling. In this
interpretation, €5 and A are the characteristic energy and
length of coherent tunneling, which are limited by inelastic
HPhP scattering. They control the Hooge parameter age /5
in a quantum-coherent bremsstrahlung interpretation [13]. Be-
sides, note that the quantum-incoherent theory of flicker noise
involves a reduction factor v2/c?> < 1 (c the speed of light)
with respect to the coherent one oy = 2a/m [13]. Further
insight requires a comprehensive theoretical approach, in-
cluding geometrical antenna effects in free-light and HPhP
emissions, which is beyond the scope of this experimental
report.
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V. CONCLUSION

The conclusion of our experimental report of «-noise
in hBN-encapsulated graphene is twofold. First, we gener-
alize the Hooge formula for nonlinear intraband transport
by substituting the total current / with the differential cur-
rent GV. We give an interpretation of the graphene constant
flicker noise prefactor in terms of a scattering density na,
defined by an effective energy A interpolating between the
elastic-scattering A and the inelastic-scattering A, energies.
Second, we extend the Hooge formula to include the Zener
transport contribution at high field. We propose a compact
formula, in the spirit of the bremsstrahlung interpretation of
flicker noise, with a strongly enhanced interband amplitude
reflecting the large coupling of graphene electron-hole pairs
to near-field HPhPs of hBN [29]. The graphene case cor-
responds to the collective strongly inelastic variant, where
IR bremsstrahlung constitutes the main energy-relaxation
mechanism in the Zener regime with ay ~ o, ~ 1. The su-
perposition of the two terms in the two-fluid «-noise analysis
accounts for the observed field dependencies in a series
of graphene transistors with varied IR environments. Ex-
periment indicates that the interband coupling constant is
affected by an exponential suppression factor accounting for
decoherence effects in the HPhP coupling. Our observations
that (i) intraband Hooge parameter approaches the Handel
limit o jnwra = 20t0/7, (ii) interband parameter is strongly

enhanced by a factor of 100, (iii) is sensitive to decoherence
effects via the exp(—E /E, ) factor, and (iv) and the correla-
tion of flicker noise with thermal conductance to the hBN
substrate, constitute four qualitative indications supporting
the quantum-coherent bremsstrahlung interpretation of flicker
noise. In addition, this interpretation naturally explains the
ubiquitous scatter in flicker data by the variability in the IR
environment. In a broader perspective, our work promotes
flicker noise, in complement to DC transport and noise ther-
mometry, as a powerful semi-quantitative tool to decipher the
physical mechanisms at stake in graphene transistors under
extreme bias. Flicker noise is also important for modern quan-
tum technologies, as 1/f noise is considered as an important
source of decoherence [36].

Data are available on a Zenodo repository at Ref. [37].
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