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Conditions for enhanced shot noise in field-effect transistors
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We demonstrate that it is possible to observe enhanced shot noise in field-effect transistors, i.e., a cur-
rent noise spectral density S > Spoisson, Where Spoisson = 291 1s the so-called “shot noise” spectral density
associated to a Poissonian process of electrons traversing the channel. Whereas the effects responsible
for shot-noise suppression have been broadly investigated, here we unveil the mechanism and the condi-
tions leading to an enhancement of shot noise in field-effect transistors biased in the subthreshold or weak
inversion regime, that have particular relevance in the case of short-channel metal-oxide-semiconductor
field-effect transistors. The effect is due to the interplay between carrier backscattering in the channel and
Coulomb repulsion among carriers. We evaluate quantitatively the effect with a semianalytical model for
different types of transistors, and find a characteristic shape of the Fano factor F = S/Spoisson as @ function
of gate bias, that enables us to look for the signature of this effect in experiments.
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I. INTRODUCTION

The distinctive character of semiconductor technology
is the relentless miniaturization of transistors and the expo-
nential increase of their integration density. This implies
that transistors are operated at progressively lower volt-
ages and currents, enabling the use of low-power electronic
systems in mobile, wearable, and implantable applications.
It also implies an increasing impact of noise on circuit
performance and a higher sensitivity of noise behavior to
localized phenomena causing fluctuations, such as single-
electron trapping [1].

Indeed, the so-called shot noise—associated to the ran-
dom fluctuations of the current flow due to the discrete
nature of charge—is a rich source of information on
electron-electron interaction, and therefore has attracted
the interest of scientists in the field of mesoscopic physics
[2—6] in silicon transistors [7—11] and in carbon-based
electron devices [12—16].

Shot noise is one of the main noise sources in short-
channel field-effect transistors (FETs) [8,17—19], as it is
produced as carriers cross the potential barrier in the chan-
nel in their path from source to drain. If carriers do not
interact with each other, barrier crossings are not corre-
lated and their collective behavior can be described by a

Poissonian process: in this case and if crossings are prac-
tically only in one direction (e.g., from source to drain),
the current noise spectral density S is equal to Spoisson =
2ql, where [ is the average channel current and ¢ is
the elementary charge. If we reduce the drain-to-source
voltage approaching an equilibrium condition, crossings
become bidirectional and the current-noise spectral density
approaches the thermal noise Syerma = 4k7G, where k is
Boltzmann’s constant, 7 is the absolute temperature, and G
is the channel conductance at equilibrium. This is also the
reason why shot noise is more relevant for short-channel
transistors, where longitudinal electric fields tend to be typ-
ically higher and crossings are essentially unidirectional
through the potential barrier close to the source.

Deviations from a Poissonian shot noise can occur if
correlations are introduced in carrier channel crossings, for
example, because of electrostatic forces among carriers or
because of Pauli exclusion principle. Both phenomena can
be influenced by scattering events in the channel.

For this reason, shot noise is a key source of information
of electron-electron correlations in semiconductor devices.
The relevant figure of merit in this case is the so-called
Fano factor, F', which is defined as

S S
F = - (1)
SPOisson 2611
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reported in a variety of electron devices and mesoscopic
structures [2—6,8—17,20-22].

If F > 1 we have enhanced or super-Poissonian shot
noise, meaning that carrier crossings are positively corre-
lated, i.e., we have carrier bunching. Shot-noise enhance-
ment was predicted and experimentally verified as a result
of the interplay between electrostatic repulsion and the par-
ticular shape of the density of states in resonant tunneling
diodes biased in the negative differential resistance region
[2,3,20,21] and predicted in field-effect transistors in the
presence of band-to-band tunneling [12].

Here, we present another mechanism for the enhance-
ment of shot noise in general (thermionic) field-effect
transistors, as a consequence of the interplay between
electron-electron Coulomb repulsion and of electron scat-
tering in the channel. Such a mechanism occurs when FETs
are biased in subthreshold or in weak inversion, and can
be particularly evident in short-channel transistors, where
transport is determined by the potential barrier near the
source, and in the case of low contact resistance.

In the next section, we briefly discuss our device model,
considering a thin-film transistor, without loss of gener-
ality. In Sec. III we present our shot noise model and
discuss the different contributions leading to shot-noise
enhancement and suppression. In Sec. IV we analyze the
dependence of the Fano factor on the physical transistor
parameters, in Sec. V we examine the case of a silicon
metal-oxide-semiconductor FET and in Sec. VI we draw
our conclusion. We report the derivation details in the
Appendix.

I1. TRANSISTOR MODEL

The considered thin-film transistor structure is illus-
trated in Fig. 1. A film of thickness 7y, and width W,
deposited on an insulating substrate, acts as the transistor
body, containing the channel. A top gate of length Lg is
capacitively coupled to the channel through an insulator
of thickness #,x and relative dielectric permittivity €., and
modulates the height of the potential barrier in the chan-
nel and therefore the current between drain and source.
The transport direction is denoted by x, while the con-
finement direction of channel film is denoted by y. The

X

thin film

e~
substrate
FIG. 1. [Illustration of the considered thin-film field-effect
transistor.

transistor model is described in detail in Ref. [23]. Here
we briefly described it and for simplicity we only take into
account the lowest two-dimensional subband induced by
the vertical confinement of the film. Only small quantita-
tive deviations are obtained if we include a larger number
of subbands [23,24].

The electrostatics of the device is modeled within a top-
of-the-barrier approximation [25]. Accordingly, the depen-
dence of the potential ¥ at the channel peak (i.e., the top
of the channel barrier) on the gate voltage is described
by means of the geometrical capacitance per unit area
between the gate and the channel Coy = €p€ox/fox, Where €
is the vacuum permittivity, and ¢, can also be corrected in
order to include the effects of quantum confinement in the
channel. The energy Ec of the bottom of the lowest two-
dimensional subband in the channel peak can be expressed
as [26]

qns
Cox’

Ec=—q + Vis) = —qVas + (2)
where 7, is the electron density per unit area at the channel
peak, Vs is the voltage applied between gate and source,
and Veg is the flat-band voltage. The previous equation
assumes that the capacitances associated to the source and
drain contacts are negligible with respect to the geometri-
cal gate capacitance, i.e., that ¥ does not depend on the
drain voltage.

The electron density is computed by combining the car-
rier fluxes coming from the source and drain contacts,
according to the formula [27]:

ng = %/ dE Dyp O(E —Ec)[Q—-T) fs +T/l,
3)

where 7 is the transmission probability of electrons over
the channel barrier, ®(F) is the Heaviside function. the
Fermi-Dirac distributions of the source and drain contacts
are fs and fp, respectively, defined as

Jfs =f (E — E¥s) 4)
Jfo =f(E — Ers + qVps), Q)

where Erg is the Fermi level of the source contact, Vpg is
the voltage applied between the drain and source contacts,
and f(E) = 1/(1 + e E/HT),

Under the assumption of elastic transport, the current is
computed by means of the Landauer formula [27],

I = i/ dE M(E)(fs — )T, (6)
mh J_o

where 7 is the transmission probability in the channel,
M (E) the number of modes in the channel at energy £ and
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is independent of the band profile in the channel. In the
case in which a parabolic band approximation is used in
the channel, M (£) reduces to [27]

7h
M(E) = WT(UX)Dzn O(E — E¢), (7)
where D;,p is the 2D density of states and (vy) is the
average injection velocity of electrons along the transport
direction, given by

m* 2 [2(E - Eo)
Dyp =& (vx) = P Tc’ 3

where g, = 1 is the valley degeneracy, m* is the isotropic
effective mass, and % the reduced Planck constant.
The transmission probability is assumed of the form [25]

_
T= A ©)

where (A) is the mean free path averaged over direction
and energy [28], and [, is the so-called critical length,
which accounts for the dependence of the effective width
of the barrier on Vgs and Vps [29]. For further details
on the derivation of the model, the reader is referred to
Refs. [23,28].

III. SHOT-NOISE MODEL

First we introduce the concept of shot-noise power spec-
tral density, S, and how it is related to the mean current, /.
Let us start from the general expression of Eq. (6) and for
now we do not consider the particular assumptions of our
model regarding the mode distributions, transmission, etc.
We rewrite the equation considering the individual trans-
port modes, i.e., as a sum running on energy and—;for each
energy—as a sum on the corresponding transversal modes:

+oo M(EiEC)
I = Alll"rEO ﬁ Z Z ij(fS,i _fD,i), (10)
i=—00
where E; = iAE. We note that Eq. (10) can be rewritten as
7= 1im Zp, (11)
T—>00 T

where N is the mean number of carriers passing through
the transistor in a time interval T = wh/AE. Further-
more, current fluctuations can be expressed in terms of
fluctuations in the number of electrons:

51 = lim Lsn, (12)

T—>00 T
where with “§¢” we denotes the fluctuation of the generical
quantity “¢,” i.e., the variations with respect to the aver-
age. Following the derivation proposed by Van Der Ziel

[30], we can express the shot-noise power spectral density
at zero frequency as

SN
§— 26ﬂvar( )

M(EL.E,
var [5 o Zj_(l Ty (fs, _fD,i)]

= 2ql
e SO T (s — fo)

, (13)

where var() denotes the variance. Finally, we return to
the integral formulation of the equations. In doing so, let
us assume that the occupation factors of different modes
are uncorrelated. This implies that the variance of the
energy series that we see in Eq. (13) becomes the series
of variances. The final expression reads

% dE M(E) - Var[S(Tfs _ TfD)]
ffooo dE M(E) - T (fs — fp)

A. Shot noise in the absence of electrostatic interaction

We can first consider the case in which we do not take
into account the fluctuations of the electrostatic potential,
i.e., 7 is independent of the occupation of modes in the
channel. Let us denote by /, the corresponding current and
by Sy the noise spectral density. This is the case of the
well-known result first obtained by Lesovik [31] and gen-
eralized by Biittiker [32], and predicts a Fano factor always
smaller than unity due to Pauli exclusion.

From Egs. (6)~(8), considering parabolic bands, we
obtain

8Iy = oz/o dn 7 8[Tfs — Th). (15)

We have defined o = gWvrkTDyp//7 and n = (E —
Ec)/kT, where v = /2kT/qmm* is the thermal velocity.
From Eq. (14) we can obtain the current noise power spec-
tral density at zero frequency Sy in the famous work by
Markus Biittiker [32]:

So = 2qu /000 dn ﬁvar[5(7ﬁ, - TfD)]

— 2qa /0 dn AT —f) + Th(l —fo)

+T( =D —m)?), (16)
According to Eq. (16), a Poissonian regime is approached
only for fs, fp < 1, namely when the correlations induced
by the Pauli exclusion principle are negligible and the
electron distribution approximately follows the Maxwell-
Boltzmann statistics.
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B. Shot noise in the presence of electrostatic
interaction

We introduce the electrostatic fluctuations following
Ref. [7]. Here, we also take into account that the transmis-
sion probability is not either zero or one, as assumed in the
purely ballistic model of Ref. [7]. When the electrostatic
potential fluctuations are taken into account, 6/ becomes

51:0{/(; dn /1 8[Tfs — T fp]

Tfs 1ol

+a5EC/0 dn 1 (17)

From Egs. (2) and (3), we can relate 6 E¢ to the fluctuation
of the carrier density ng as

q

SEC:C—OX

éns, (18)

where §n, can be computed from Eq. (3) as

5y = B fo dn 812 = TVfs + Tho]

A[2 = T)fs + T/l
dE¢ ’

o0
+poEc [ dn (19)
0
where 8 = gkTD,p /2. From Egs. (18) and (19), we obtain

_ B dn 812 = Tfs + Tf)

SE - — 20
¢ — B [ dn LC=DAHTRI” 20)
o 47 EC
positive correlation negative correlation
A
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FIG. 2. Illustration of positive and negative correlation
between the motion of two electrons injected by the source con-
tact. When electron 1 impinges on the barrier, the latter rises
(dashed red curve) entailing a higher reflection probability for
the subsequent electron 2. If electron 1 is reflected, the motion
directions of the two electrons tend to be positively correlated.
Otherwise, a negative correlation tends to be established.

which, replaced in Eq. (17) and after rearranging, results in
o0
0
+y(s+o)+rA =D —fn)}

(2]

In the previous equation, y collects the terms that do not
fluctuate, and is defined by

ATfs—T/pl
1 BJy dn i R
C—T)fs+T/p]
\/ﬁcox _ﬂfo d’l It BZ(S;JF ol

y = (22)

Equation (21) allows us to compute the total power spec-
tral density S. The detailed derivation is reported in the
Appendix: we find that S can be written as the sum of three
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FIG. 3. (a) Total Fano factor and some representative partial

sums of the contributions Fy, F, and Fp. (b) Same as panel (a),
but enforcing 7 = 1.
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terms:

S =80+ Sx + Sp, (23)
where S is provided in Eq. (16), and the terms Sy and Sp
account for the fluctuation of the electrostatic potential and
have the following expressions:

Sy = 2qa/0 dnﬁ[(yz +2yT)fs(1 = f5)
+(r*-2yT)n( —fD)], (24)
Sp = 2qa / dnn(1—T) [wzfs(l —fs) = v*fo(l —fo)
0

+(y* =2v)T (fs _fD)2:|-
(25)

In order to discuss an intuitive physical interpretation of
Sy and Sp, we refer to the transport picture in Fig. 2. When
an electron (1) impinges on the potential barrier in the
channel, a subsequent electron (2) sees a higher potential
barrier, due to electrostatic repulsion, and therefore experi-
ences a higher reflection probability. However, the sign of
the correlation of the motion of the two electrons depends

on the fact that the first electron is actually transmitted or
backscattered. There are two cases:

(1) If the first electron is transmitted (Fig. 2, right), the
fluctuation of the barrier induces a negative correlation
with the next electron.

(2) Ifthe first electron is backscattered (Fig. 2, left), the
fluctuation of the barrier positively correlates the motion
of the electrons.

In a high-transmission regime, when events of the for-
mer case are more probable, negative correlations are
more common and we should expect sub-Poissonian shot
noise. In a low-transmission regime, when events of the
latter case are more probable, positive correlations are
more common and we should expect super-Poissonian shot
noise.

Considering Eqs. (24) and (25), we notice that Sp van-
ishes for 7 approaching 1, which corresponds to the
situation in which the electron motion tends to be always
negatively correlated. In these conditions, only the term
Sn survives. We can therefore interpret Sy as originating
uniquely from negative correlations, while tracing back
Sp to the positive ones. Our simulations corroborate this
hypothesis, since Sy and Sp show a definite and opposite
sign: the former is always lesser or equal to zero, while the
latter is always greater or equal to zero.
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FIG. 4.

(a) Fano factor as a function of Vg for different channel lengths L¢y,. (b) Transmission 7 as a function of Vg for different

values of L. (¢) Transfer characteristics / — Vg as a function of Vs for different channel lengths Lgy. (d) Fano factor for Lg, = 10
nm together with some representative partial sums of the different contributions Fy, Fi, and Fp. (¢) Fano factor as a function of
Vs for different values of the channel mobility w. (f) Transmission 7 as a function of Vg for different values of w. In all figures

Vps=1V.
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According to Eq. (23), the Fano factor can be expanded
as the sum of three contributions:

F =Fy+ Fx+ Fbp, (26)
where
S S S
F0=—0, Fy=-—N, Fp=—1,
2q1 2ql 2ql

IV. CASE OF A CONDUCTIVE OXIDE THIN-FILM
FET

Without loss of generality, we first consider a conduc-
tive oxide thin-film FET, the same for which the pre-
sented transistor model has been derived [23,33]. The
channel material is La-BaSnO; with m* = 0.42 mo and
electron mobility ;1 = 42 cm? V™! s7!; Vpg = 1 V. Other
simulation parameters are Lg, >~ 300 nm, W >~ 1 pm,
tox = 23 nm;

Figure 3(a) shows the Fano factor in the transistor as
a function of Vgs. To clearly illustrate the effect of each
contribution, Fy, Fy + Fx, and Fy + Fp are also shown. In
agreement with the previous discussion, the plot highlights
that the terms Fy and Fy are associated to a suppression of
the Fano factor, while the term Fp tends to enhance it above
unity. The overall behavior of ' depends on the relative
weight of the single contributions. In this respect, it is use-
ful to compare the case of Fig. 3(a), where Fp dominates,
with that in Fig. 3(b), obtained by purposely setting 7 = 1
for £ > E¢ and for any Vgs. In this condition, Fp = 0 and
the Fano factor is always suppressed.

A. Dependence on the device parameters

As observed in the previous section, an increase in the
transmission probability through the channel can lead to
a transition of the Fano factor from enhancement to sup-
pression. To explore further the possibility of a crossover
between super-Poissonian and sub-Poissonian regime as
the gate voltage is varied, we investigate the dependence of
the Fano factor on the physical and geometrical parameters
of the transistor.

Figures 4(a) and 4(b) show the transfer characteristics
of the device and the Fano factor as a function of Vg for
different channel lengths in the range from L., = 10 nm to
Ly = 1 wm. The Fano factor exhibits a super-Poissonian
peak at gate voltages close to the threshold voltage, which
becomes higher and narrower as L, decreases. Moreover,
for L., = 10 nm a transition from super-Poissonian to sub-
Poissonian regime is clearly visible at Vgs ~ —2.65 V.
This behavior can be explained with the help of panels (c)
and (d) of Fig. 4.

The former reports the transmission as a function of
Vs and L., and shows that it is an increasing function of
Vs and a decreasing function of L¢,. Figure 4(d) resolves

the Fano factor for L., = 10 nm into the sum of different
contributions. The Fano factor peak originates from the
competition between the term Fy + Fyn, which decreases
as 7 increases, and Fp, which has a sudden increase as
Vs reaches the threshold voltage [see Fig. 4(d)]. For
Ley = 10 nm, 7 reaches large enough values on the con-
sidered Vgs range to sufficiently suppress Fp and induce
the crossover between super- and sub-Poissonian regimes.

The same considerations apply to Fig. 4(e), that reports
the Fano factor as a function of Vgs for channel mobil-
ity in the range from p =10 cm? V7! s7! to u=
1000 cm? V~! s, As shown in Fig. 4(f), the transmis-
sion is an increasing function of v and a crossover between
the super- and sub-Poissonian regimes is observed for u =
1000 cm? V—! 571,

The influence of the bias voltage Vps is explored in
Figs. 5(a) and 5(b), that compare the results obtained for
Vbs = 1 Vand Vps = 4 V. Figure 5(b) shows that increas-
ing Vps entails a systematic increase of the transmission
at each Vs. This behavior results from a decrease of the
critical length /. [28], which, according to Eq. (9),

(a) \ \

[ ___VD5:1V,LCh:2O nm i
L w=42cm?/Vs |
1.6 Vos =4 V, Ly =20 nm H
[ w=142cm?/Vs i
L .. \Vbs=1V,u=500cm?/Vs ||
S 14; Ley = 300 nm Il
] T Vbs =4 V, u =500 cm?/Vs ||
LrIE - Len =300 nm i
o L i
Q L i
LrIE 1.2j ...... 1
O e =
L L L Ll ]
—6 —4 —2 0 2
Ves (V)
(b) 10 ‘ .
08|

5 N ottt L .

& 0.6 -
Y] [ )
e r ___VDSZIV,LC;,:2O nm B
2 [ w=142cm?/Vs 1
C 04 _VDS:4 V, Ly =20 nm |
= [ w=42cm?/Vs N
L _._Vs=1V,p=500cm?/Vs ]
r Len =300 nm B
0.2 | _ Vbs=4 V,p=500cm?/Vs | |
Ley =300 nm -
L. | | I 1
—6 -4 -2 0 2

Ves (V)
FIG. 5. (a)Fano factor as a function of Vgg at L., = 20 nm and

at u = 500 cm? V~! s7!, for different values of Vps. (b) Trans-
mission 7 as a function of Vg for the same sets of parameters
asin (a).
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FIG. 6. Total Fano factor and the representative partial sums
of the contributions, F, Fyn, and Fp, as a function of Vg, for
Vps =0.5V.

translates to an increase of the transmission. As a conse-
quence, the crossover between the two noise regimes can
be observed at larger L, and lower mobilities.

V. CASE OF A SILICON
METAL-OXIDE-SEMICONDUCTOR FET

In order to check whether this behavior can be observed
also in a standard silicon metal-oxide-semiconductor FET
(MOSFET), we simulated the Fano factor in the 130-nm
complementary MOS technology. In order to take into
account quantum confinement effects, electrons in the tran-
sistor channel were modeled as a two-dimensional gas with
isotropic effective mass [34]. The self-consistent model
adopted is essentially identical to the one described in
Sec. II. We consider the following device parameters, typ-
ical for a 130-nm process: L¢y, = 120 nm, W = 10 pm,
tox = 2 nm,; the effective mass is m* = 0.19 my, the elec-
tron mobility u = 300 cm?* V™! s, Rc = 100  wm.

To obtain results more directly comparable to mea-
surements, the contribution of the thermal noise due to
the contact resistances has been included in the spectral
density used to compute the Fano factor.

Figure 6 shows the behavior of the Fano factor as a func-
tion of Vs as well as the different contributions £y, Fy,

and Fp. While the effect of the thermal noise associated to
|

the contact resistances is expected to weaken and partly
hide the super-Poissonian noise, our simulations sug-
gest that a crossover between super- and sub-Poissonian
regimes can be observed.

VI. CONCLUSION

We investigated shot noise in field-effect transistors,
considering the correlations induced by the interplay
between a finite backscattering probability in the channel
and electrostatic interaction among carriers.

We have proposed a mechanism that is additional to the
effect of Pauli exclusion [31,32] and the effect of electro-
static interaction due to fluctuations in mode occupation
[17]. Remarkably, this effect can lead to an enhance-
ment of shot noise, that should be observed also at room
temperature in conventional MOSFETS, in conditions of
subthreshold or weak inversion operation and if contact
resistances are sufficiently small.

Let us highlight the fact that the approximations intro-
duced by our transport model serve the purpose of obtain-
ing simple expressions, but do not limit our conclusions.
For example, in the case of tunneling or of nonparabolic
band structure, we expect a different expression for the
transmission probability, that however does not affect our
physical insight and the observation of the proposed effect.
Analogously, a large contact resistance would multiply the
noise spectral density by a partition factor smaller than
one, leading to a Fano factor below unity, however we
believe the signature peak of the Fano factor in subthresh-
old conditions shown in Fig. 6 would still be observed.
The effect of contact resistance can also be removed by
using four-probe measurement techniques [35]. Finally, we
do not expect phonons to influence the presence of the
crossover, since the super-Poissonian regime is particu-
larly evident in the subthreshold operation region, when
electron-phonon scattering is negligible.
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APPENDIX

In order to evaluate the power spectral density S of the current noise, we need to calculate the variance of the argument

of the integral in Eq. (21). We find

S = 2qo /(;Oodﬁ ﬁvar[S[T(fs —fo) +yv(fs+/o)+vd=T)(fs _fD)]:|

= 2qu / dn /n var(Py + Px + Pp),
0

(AT)
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where

Py =8[T (fs — fo)],
Px = yi[(fs + /o)
Pp = y8[(1 —T)(fs — fo)l.

The rightmost side of Eq. (A1) can be developed as

2qa / dn /n var(Py + Py + Pp) =
0

o0
= 2q«a / dn /n [Var(Pp) + var(Py) + var(Py) + 2 cov(Pp, PN) + 2 cov(Pp, Py) + ZCOV(PN,PO)]
0

=So + Sx + Sp,

where var() denotes the variance, cov() the covariance and
So = an/ dn /n var(Py),
0
o
Sy = an/ dn /n [Var(PN) + 2cov(P0,PN)],
0

Sp = an/ dn /1 [Var(Pp) + 2 cov(Pp, Py) + 2 cov(Pp,PN)].
0

(A2)

(A3)

(A4)

So is the shot-noise spectral density obtained when Coulomb interactions are disregarded. Its expression in Eq. (A2)
directly leads to Eq. (16) of the main text. Sp is the sum of all the terms involving a 1 — 7 factor, and therefore vanishing

for 7 approaching unity. Finally, Sy is the sum of all the remaining terms.
The expressions of Sy and Sp in Eq. (A4) can be further developed as follows:

Sx = 2qa fo " S [Var(PN) 12 cov(Po,pN)]
= 2q0 [y 7 {valy s 4 )] + 2er[T (s — oy s + )]
= 2qa /0 N dn Jn {yz[var(fs) + var(fp) + 2 cov(fs, /p) |
+ 2y [eor[TAA] + cor[Thufo] — cor{ Thous] - cov[TfD,fD]]}

= 2qa /0 T an Vi [PLE0 - 1)+ — )]+ 2 TR o) — o —f)]
Sp = 2qa /O ” dn /n [var(Pp) + 2 cov(Pp, Py) + 2 cov(Pp, Px) |
= 2q0 [ dn i [varly (1 = T8 —)] + 2e0v]7 (1 =TI —o). T — o]
+ 20y (1 = T)(s — fo, v s + )] |

= 2qa /Ooo dn /1 {yz[var[(l — T)fs] +var[(1 = Tfp] —2cov[(1 = T)fs, (1 — T)fD]}

024037-8
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+2y [cov[TfS, (1 =T)f9)] = cov[Tfs, 1 = T)fp] + cov[Tfp, (1 — T)fp] — cov[Tfp, (1 — ’T)fs]}

+ 2y? [cov[fs, (1 = T)fs] = cov[fs, (1 = T)fp] + cov[fp, (1 = T)fs] — cov[fp, (1 — T)fD]“

- 2qa/0 dn 0 {y2[(1 ~ DA =)+ (1 =D —fo) + T = D)(fs — fp)* |+

- 2T =TI = + 2720 = DR =) ~fot1 -]}

(AT)

where in both equations we have dropped all the terms proportional to the covariance between independent variables.
After rearranging the terms, the final expressions in Egs. (A5) and (A6) coincide with the left side of Egs. (24) and (25)

of the main text.

1. Thermal noise limit

Let us consider the limit of Eq. (23) as the system approaches equilibrium conditions, namely for Vpg — 0. In this
limit, fs >~ fp = f, y vanishes and the power spectral density becomes

[ < 277 (1= 1)] = 4T,

(A8)

2 WurD
S - 4 L2012
27
where
, ol ¢*WurDyp
Geq = lim =
Vps—0 3Vps 2w

Can a2 Tra- )
0

is the differential conductance of the transistor channel for V'pg — 0. Therefore, at equilibrium, S correctly reduces to the

thermal noise power spectral density [36].
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