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Abstract

Two-dimensional heterostructure field-effect transistors (2D-HFETSs) with one—dimensional
electrical contacts to atomically thin channel have recently shown great device performance,
such as reduced contact resistance, leading to ballistic transport and enhanced carrier mobility.
While a number of low-frequency noise studies exist on bare graphene devices supported on
silicon dioxide gate insulators with surface contacts, such studies in heterostructure devices
comprised of epitaxial graphene on hexagonal boron nitride with edge-contacts is extremely
limited. In this letter, we present a systematic, temperature-dependent study of electrical trans-
port and low-frequency noise in edge—contacted high mobility HFET with single atomic layer
graphene channel encapsulated by hexagonal boron nitride (hBN) and demonstrate ultra-low
noise with Hooge parameter of ~ 107>. By combining measurements and modelling based on
underlying microscopic scattering mechanisms caused by charge carriers and phonons, we di-
rectly correlate the high-performance, temperature-dependent transport behavior of this device
with the noise characteristics. Our study provides a pathway towards engineering low noise
graphene-based high performance 2D-FETs with one-dimensional edge contacts for applica-

tions such as digital electronics and chemical/biological sensing.

Keywords: hBN-Graphene-hBN heterostructure FET, Edge-contacted FET, Remote Interfacial

Phonon, 1/f Noise, High mobility FET



Introduction

Owing to its unique electronic properties such as linear dispersion and zero band gap, graphene has
been a subject of immense study over the past one and a half decades. ! Graphene’s exceptional
physical attributes, namely its high carrier mobility and high thermal conductivity, make it a very
attractive material system for electronic devices such as field-effect transistors (FETs) and sensors.
Because the performance of FETs and other electronic devices is limited ultimately by carrier
scattering, understanding the mechanisms behind scattering is essential for improving device per-
formance and reliability. While charge carriers in a single layer graphene channel has been always
prone to scattering from oxide dielectrics such as SiO;, graphene on hexagonal Boron-Nitride
forms epitaxial interface and has shown outstanding transport properties such as observation of
high mobilities.®

Low-frequency electronic noise, in combination with transport measurements, can be used for
fundamental studies for identifying scattering mechanisms. They are also being increasingly used
as a device metric for new materials and new designs in emerging electronic devices. In semi-
conductor devices, low-frequency noise (LFN) demonstarting mobility fluctuations, often follows
Hooge’s empirical formula o = (S;/1?)(Nf7), where S; is the noise power spectral density, /
is the drain current, N is the total number of charge carriers that participate in the transport, f
is the frequency, ¥ is an exponent with ¥~ 1 for most of the FETs and o is the Hooge param-
eter.” Several research groups have reported LFN (1/f) in single and multilayer graphene chan-
nel FETs,% !4 with the most common noise studies performed on FETs fabricated on Si0,.310
Research shows that for pristine high quality graphene (such as those from Highly Oriented Py-
rolytic Graphite), which has essentially the absence of structural defects, the carriers in the channel

generally experience scattering from extrinsic sources such as charge impurities from the sub-
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strate and surface, phonons from within the graphene, and remote interfacial phonons
from the substrate. '3 Suspended graphene devices with room-temperature mobilities approaching
2x10° cm?/V-s 1418 are appealing for electronics but are challenging to fabricate and structurally

fragile. High mobility graphene FETs fabricated on and encapsulated by hexagonal boron nitride



(hBN) have exhibited mobility values of 1.4 x10° cm?/V-s at room temperature® and have become
a topic of high research interest. Further studies on FETs with graphene on hBN (hBN/Graphene)
and encapsulated graphene (hBN/Graphene/hBN) heterostructure show that the noise in these de-
vices is substantially reduced compared to devices fabricated on SiO, dielectrics.?!*?> A recent
study on engineered graphene FET device with edge contacted and hBN encapsulation and with
introduction of an Mo$S; active screening layer has shown ultra-low noise at room temperature. 23
High quality electrical contacts to 2D-FET channel has become critical for the device performance
leading to many potential applications, among which 1D edge—contacts to 2D heterostructure along
the edges of the stack have shown lower contact resistance and superior transport properties includ-
ing ballistic transport at low temperatures.?* However, the microscopic origin of low frequency
noise and its correlation to electrical transport in these 1D edge—contacted 2D FETs has not been
explored but possesses an important question to fundamentally understand. In this letter we study

the impact of various scattering mechanisms on electrical transport and low frequency noise in

these novel edge—contacted devices.

Device Fabrication and Experiment

hBN/Graphene/hBN (hBN-G-hBN) devices (length: 6 um, width: 2 um) were fabricated using a
dry transfer method with viscoelastic stamping.?> Our stack consists of a Single Layer Graphene
(SLG) on a =~ 50 nm hBN and encapsulated by ~ 20 nm hBN (Figure 1). One-dimensional (1D)
contacts > were created using electron beam lithography and reactive ion etching, with 5 nm Ti and
80nm Au used as the edge contacted S/D materials. Prior to any measurements, the devices were
annealed at 300°C in a Hy/Ar environment for 3 hours. Figure 1 (a) shows the schematic diagram
of the edge—contacted 2D-HFET device (see Supporting S1 Information for detailed transfer and
fabrication). To confirm the materials stack in our hBN-G-hBN 2D-HFET channel, we analyzed
the structure using cross-sectional transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) combined with electron energy loss spectroscopy (EELS).

Figure 1 (b and c) show cross—sectional LAADF STEM micrographs of the device stack and the



high resolution interface of hBN and Graphene, respectively. Figure 1(d) shows the Raman spec-
trum of the hBN/Graphene/hBN heterostructure using 532 nm excitation source. The spectrum
clearly shows presence of single layer graphene Raman peaks (l,p >> I;) as well as the hBN
primary peak. Figure 1(e) shows the elemental composition revealed by EELS. Clearly, our device
shows heterostructure with atomically aligned and flat layers with stoichiometrically pure channel

material. Next, we performed temperature-dependent transport and noise measurements over the
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Figure 1: (a) A schematic image of the edge contacted hBN/G/hBN 2D-HFET, (b and c) a low
resolution and a high resolution cross—sectional low angle annular dark field scanning transmission
electron microscopy (LAADF STEM) image of the channel, respectively. (d) Raman spectrum of
hBN/Graphene/hBN heterostructure (e) Element mapping by Electron Energy Loss Spectroscopy
(EELS) from inside the red frame on the STEM image.

range of 300K to 80 K. Two Keithley 2400 source measurement units (SMUs) provided the gate
and source-to-drain voltage biases. These SMUs were accompanied by low-pass RC filters to re-
move any spurious noise potentially originating from the SMUs and/or external voltage sources.
The source-to-drain current was fed into a transimpedance amplifier (DL Instruments 1211) and the
output from the amplifier was delivered to an HP-34401 digital multimeter and an HP-3588 A spec-
trum analyzer to obtain current values and the corresponding power spectral density. All electrical

measurements were carried out in a three-terminal device configuration with the heavily doped Si



substrate used as a back gate.

Results and Discussion

Figure 2 (a) shows the measured resistivity (p) as a function of the applied gate voltage with an
offset from the charge neutrality point (CNP) for various temperatures (see supporting informa-
tion S2 for corresponding I;; vs. Vg-Veyp ). The resistivity peaks at the CNP and reduces as the
gate voltage increases on both p—side and n—side, with the highest peak occurring at the lowest
temperature. The temperature-dependent resistivity of our hBN-G-hBN device exhibits behavior
qualitatively similar to that reported for suspended graphene samples.?® Approximately |1 V| be-
yond the CNP, the sample displays a metallic behavior where p increases with temperature. In such
a highly carrier density modulated system, it is important to define the region of interest for 1/f
noise study. Unlike in a traditional FET, where a device is typically probed in its ON state, here
we considered the region with homogeneous 2D charge carrier density. This region is achieved be-
yond a particular overdrive voltage (i.e., |Vg —Vene| > Veng, where Veyg defines a charge residual
region?’), where the resistivity increases with increase in temperature (Figure 2(a)). This metallic
type behavior still provides high carrier mobility even though it arises due to various scattering
mechanisms as will be shown later. This is particularly true for high quality graphene due to it’s
exceptional electronic properties.

The field effect mobility (trg) was extracted for the channel using the expression

gm L

— = 1
CoxXVdsW, M

HFE

where g,, is the transconductance, V; is the drain-source voltage (5.5 mV for these measurements),
L is the channel length, W is the channel width, and C,, is the oxide capacitance per unit area. g,
is calculated by (dl;5/dV,), where I, is the drain-source current and V, is the gate voltage. C,x
is given by (&, /d,y), where &, is the dielectric constant of the gate-dielectric and d,, is the

gate-dielectric thickness. Note that in our back-gated device a thick layer of hBN exists between
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Figure 2: (a) Resistivity vs overdrive voltage characteristics of the hBN-G-hBN device, (b) ex-
tracted mobility vs. gate voltage. The dotted lines depict the boundaries for the residual charge
region in the device. (c) Measured normalized-current noise spectrum as a function of frequency
for different temperatures at a constant gate voltage (Vg — Veyp) of 6.8 V. A solid line with slope=-1
is drawn for visual representation. (d) Obtained values of the slope 7y for various temperatures at
different V, — Veyp values.



the SiO, and the channel. Estimates show that by treating the SiO, and the hBN as two series
capacitors, the equivalent capacitance is set by the SiO,.

For SiO», &, is 3 x 10~ F/m and with d,, = 300nm, C,, = 1 x 10~* F/m?. Figure 2 (b)
shows the carrier mobility for applied gate voltages at different temperatures. The onset of maxi-
mum carrier mobilities is indeed seen at the overdrive voltage corresponding to the crossover from
metallic to non-metallic state of the channel. As the gate voltage increases beyond the charge resid-
ual region, the carrier scattering in the channel gradually increases, leading to a reduced extrinsic
mobility, and saturated channel conductivity (equivalent to the ON state of a conventional FET
device). A peak mobility value of ~ 60,000 cm?/V-s for electrons and ~ 35,000 cm?/V-s for holes
was obtained at room temperature (295 K) with a significant increase to ~ 145,000 cm?/V-s at 80
K for electrons and holes (Figure 2(b)). Such high mobility values of carriers show the outstanding
screening effects by hBN.

Next, the noise measurements were taken for a series of gate voltages. Figure 2 (c) shows
the normalized current noise spectrum density vs frequency over the measured temperature range
for a specific gate voltage of (V, — Venp) of 6.8 V. The device exhibits 1/f noise behavior (the
solid black line for reference). Figure 2 (d) shows the frequency exponent at 100 Hz extracted
at different temperatures and at various gate voltage values. The value of y between 0.8 and 1.1
beyond the residual charge region indicates the validity of LFN in the edge—contacted 2D-HFET
devices, further allowing us to delve into its origin. Prior reports on noise in graphene FETSs
involving graphene-hBN and hBN-G-hBN channels attribute an order of magnitude reduction in
noise due to the screening of charge carriers by hBN from the trap states and surface defects present
in Si0,.2!-*? However, detail study on the scattering and noise mechanisms in high performance
hBN-G-hBN 2D-HFETs are still not well studied. To understand the LFN and its microscopic
origin, we first analyzed the temperature dependent resistivity data in the ON regime, i.e., at |V, —
Vene| > Venr, discussed earlier.

Figure 3 (a) and (b) show the temperature-dependent resistivity for electrons and holes, re-

spectively chosen at selected gate voltages. Such temperature dependent variations of resistivity
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Figure 3: Resistivity as a function of temperature for electrons (a) and for holes (b). The solid lines
depict the fitting in accordance with the calculated p. The Hooge parameter o vs. u for electrons
(c) and for holes (d). The solid lines show the exponential fitting described in the text.



in edge—contacted hBN-G-hBN 2D-HFETs arise from the scattering mechanisms that affect the
mobility (and resistivity) of the FET channel.?* An effective scattering mechanism consisting of
short range and long range scatterers, 1 longitudinal acoustic (LA) phonons and remote interfacial
phonons (RIP) could be responsible for device transport. The device resistivity based on these
mechanisms can be modeled as p = p, + pa + pp, where p, is a V, dependent term, py is the
resistivity contribution due to scattering of carriers from longitudinal acoustic (LA) phonons, and

pg is the resistivity contribution due to scattering of carriers from RIP. p, is given by !3:19:26

_ wD%*gT
4ezhpmv%v§ "

P 2)

where D is the acoustic deformation potential, p,, = 7.6 x 10 8g/ cm’ is the graphene mass
density, v,;, =2 X 10* m/s is the longitudinal phonon velocity, v r=1x 10% m/s is the Fermi veloc-
ity, and 7 and kp are the reduced Planck constant and Boltzmann’s constant, respectively. For pp

we use the expression
B

" sinh[fiwo/ (kgT)]’

pB 3)

which has been used for hBN substrates,?® where @, is the surface phonon frequency of hBN
and i@, = 101.6 meV. Using the above expressions for pg ( which is present above 200 K !8-28.29)
and p, and p4 (in the entire temperature range), p was obtained as a parameterized function of
Ve — Venp. As observed in Figure 3 (a,b) the total resistivity (p) shows a linear dependence on
temperature from 80 K to 200 K. This linear dependence is reminiscent from the resistivity con-
tributions from p, and LA scattering only (see figure S5, red scatter). The nonlinearity in total
resistivity (p) vs V, — Venp as shown in Figure 3 (a,b), on other hand is reminiscent from the
collective contributions from p,, LA scattering and RIP scattering (see figure S5, black scatter).
The V, dependence of p, (temperature independent) has been stated previously, and is attributed
to the residual resistivity arising from short range and long range scattering at low temperature '3
(Supporting information S3). Note that the acoustic deformation potential involved in p4, has been

shown in the supporting information S4.
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In order to understand how the above scattering events will lead to the noise in these 2D-HFET's
with 1D edge—contacts, we performed LFN measurements by monitoring the normalized current
noise spectral density from 2 Hz to 1.25 kHz (Figure 2 (c)). As shown in Figure 2 (d), with y
between 0.8 and 1.1 for the most of the temperature values and for |Vg —Vene| > Venr, one expects

(S1/1%) o< f~Y and (S;/I?) =< N~!, where N is the average charge carrier number in the channel,

leading to Hooge’s relation S;/I> = NoXc_;}y_ The average noise amplitude over all the measured
frequencies
R I S
A= = LA i) ©

both A and oy are dimensionless quantities that are characteristics of the electronic noise in the
device.

Figure 3 (c) and (d) show the obtained oy as a function of urg at f = 100 Hz for various tem-
peratures. In order to understand how the transport signatures relate to the charge carrier scattering
and noise, we analyzed the Hooge parameter vs mobility of electrons and holes. Since, oy is
directly related to noise amplitude A (equation (4)), correlation of oy and u should provide infor-
mation of A as it relates to ¢ and thus the scattering events we discussed previously. We obtained
oy values between 2.41 x 107> and 5.67 x 10~ for holes and between 5 x 10~ and 1.4 x 1073 for
electrons. These represent very small values of oy in graphene devices that are promising for prac-
tical applications. The Hooge parameter could be fitted to mobility following o = C; + CyeC3#
where C1,C, and C3 are fit parameters. The corresponding fitting is shown in Fig. 3 (c and d).
The power law dependence of Hooge parameter on the mobility can also be visualized as a linear
behavior in a log-log plot (Supporting information Fig. S8). In addition to the mobility depen-
dence, the Hooge parameter will also be influenced by the density of trap states (DOTS) with both
mobility and DOTS dependent on temperature. Since our analysis is at [V, — Venyp| > Venyg, wWhere

mobility and trap states are dependent on temperature, the Hooge parameter can be written as:

Oy = f(,LL(Vg,T),Dtmp(E,T)) (5)
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where Dy, (€,T) is the distribution of trap states in energy and temperature. 30 The average Noise

amplitude then becomes,

1
A= N X f(u(Vg,T),Dyrap(€,T)) (6)

This functional dependence of oy on V, and T is deeply connected to crystal lattice, interfaces
between atomic layers, crystal defects as well as interface and trap states and thus makes the
noise amplitude fundamentally complex to characterize. However, under certain conditions such
as at very high V, where 1 does not have a temperature dependence oy can be decoupled into
temperature independent and temperature dependent terms. In a more general case such as ours, at

the onset of the ON state of the device (|V, — Venp| > Vewnr), we have:
1 1 1 1

eff = + + + (7)
Het Hsrs  HrLrs MHiA  HrIP

where Usgs, Urrs, Ura and Ugrrp are individual mobility contributions for short range scattering,
long range scattering, longitudinal acoustic phonon modes and remote interfacial phonon modes,

respectively. Therefore, in our case:

1
A:NXf(.ueff(vgaT),Dtrap(gaT)) ®)

The shape of A vs V, depends on the interplay between above four mentioned scattering
mechanisms. Figure 4 (a-e) shows the measured values of normalised current noise spectrum
vs. Vo —Venp for selected temperature values. Using the parametric values of C,C; and C3 ob-
tained from Figure 3(c and d), mobility (from fitting of p(7")) and number of charge carriers in our
device we obtained the expected A vs V, — Veyp behavior (the solid lines in Figure 4 (a-e)). To
compare our results with the ones reported in the literature, we also present noise spectral density
normalised by device area shown in Supporting Information S6.3!33 Our results show an order

of magnitude lower normalised current noise density. Our edge contacted device presented here

12
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demonstrates lower level of noise due to lower contact resistance as compared to a surface con-
tacted device leading to a higher transfer length and a uniform current injection from 1D contacts
to the channel without current crowding. 343>

The temperature dependent noise amplitude A (see equation 4), for both electrons and holes, has
been shown systematically from room temperatures 295 K down to 80 K. The carriers experience
resistances from three types of scattering i.e., short- and long-range scattering (for convenience,
we group these two types into one, called residual scattering), longitudinal acoustic (LA) phonon
scattering, and remote interfacial phonon (RIP) scattering. We consider each scattering mechanism
to be a different source of noise in the graphene channel. For simplicity, we consider different
temperature ranges and relative strengths of these scatterers therein to decouple the contribution of
each scattering mechanism towards the net noise amplitude. Below 200 K the residual scattering
and LA scattering contribute, whereas above 200 K all of them contribute with LA contribution
being much smaller as compared to the RIP contribution (see Supporting S3 and S5). Note that the
residual scattering is independent of temperature and is responsible for the highest noise resistance
among the three at any given temperature. A two-scatterer problem (both in T < 200 K and in T

> 200 K) with two separate noise sources with resistances R; and R, will provide the total noise

amplitude in the HFET as follows:

_SiX S SRpy XS SR+ Sk,
a=pl ] _onte ®
I Rrot (R1+Ry)

where Sg;,, 1s the total noise spectral density, Sg, and Sg, are the respective noise spectral density
from two scatterers, Ry, is the total resistance and R; and R, are individual resistances.
In the temperature regime between 80 K and 200 K, the rate of change of noise amplitude A

with temperature T can be approximated by (see Supporting S7)

dA  f dSp,

dT — p2 dT (10)

where, f = 100 Hz, p. is the residual resistance at low temperature (T independent) and S,,, is

14



the noise spectral density from longitudinal acoustic phonon contributions only. Similarly, in the
temperature regime between 200 K and 295 K, the rate of change of noise amplitude is given by

(Supporting S7):

% = #% (11)

As T decreases from RT to 200 K for electrons (see Fig. 4), the factor (#) increases rapidly

(T? decreases rapidly). On the other hand, the factor dsj% decreases rapidly (Supporting S5).

Therefore, the noise amplitude A, remains unchanged largely from 295 K to 200 K for electrons

(Fig. 4). A decrease in the magnitude of A in the same temperature range for holes, on the other

hand, is attributed to their higher residual resistivity (p,) compared to the electrons (Supporting
f

S3) leading to a smaller increasing factor (W) (equation 11). In temperature regime between 200

K and 80 K, where the LA scattering dominates over RIP scattering, as the temperature decreases

dSp; 4
dT

(pig) remains constant and ( ) decreases (equation 10), leading to a decrease in A. An absence
of visibly notable decrease in A between 200 K and 80 K might be due to higher p, value in the
hole branch (Supporting S3). The temperature dependence nature of these competing scattering
mechanisms apparently turns the ”V-shaped” noise amplitude at room temperature gradually to a
”A-shaped” one at low temperature. At high overdrive voltages, the carrier concentration saturates
and hence the resistivity values undergo a near saturation.

In order to find the thermally activated trap states and their activation energies, we considered

the Hooge parameter (or the noise amplitude) at large gate voltages where the mobility and the

DOTS dependence on Hooge parameter could be decoupled and one can write

an = f(1(Ve)) X Dyrap(€,T) (12)

If Ae is the activation energies of distribution of trap states, one can rewrite Hooge parameter in

terms

15
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Figure 5: In(oy) vs 1000/T for electron (a) and holes (b) in the device measured at various
Ve — Venp, showing the activation energies of the distributed trap states. (¢ and d) show the trap
states energies as a function of V, — Veyp for electrons and holes, respectively measured from the
conduction band edge and valence band edge. (e) Schematic diagram of the 2D heterostructure
FET with 1D metal contact. (f) The band diagram of the operating device for positive and negative
gate bias with small drain-source bias. (g and h) Distribution of trap states and their density of
states for holes and electrons, respectively

of temperature dependence as follows:

o = Ae~Ae/keT (13)

Figure. 5 (a, b) show plots of /n oy vs. 1/T for various overdrive voltages (inclusing low
(Vg — Venp) values) for electrons and holes respectively, with various slopes corresponding to the
activation energies of trap states. In Fig. 5 (c, d) we plot the extracted activation energies vs.
(Vg — Venp) for electrons and holes, respectively. Therefore, the trap states are situated within
20 meV below the conduction band edge for electrons and within 10 meV above the valence
band edge. Indeed, this is reasonable, given a recent prediction of band gap opening of ~ 120
meV between the valence and conduction bands in hBN—G-hBN heterostructures.>® Based on the
above analysis, a schematic band diagram of the hBN-G-hBN 2D-HFET working device with S/D
edge—contacts is shown on in Fig. 5 (e and f). Fig. 5 (g and h) shows the schematic band diagram,
distribution of shallow trap states within the energy gap and the density of trap states with their

temperature dependence near the conduction band edge and valence band edge, respectively.

Conclusion

To summarize, we have demonstrated a systematic temperature dependent measurements of low
frequency noise in two-dimensional hexagonal boron nitride/ single layer graphene/hexagonal
boron nitride heterostructure FET devices with one-dimensional metal contacts. The study was set

by showing high performance device quality of our FETs with mobilities of 60,000 cm?/V.s for
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electrons and 35,000 cm? /V.s for holes, respectively, at room temperatures and 145,000 cm? /V.s
for electrons and holes at low temperature (80 K). We have shown very low 1/f noise in these
devices with characteristic Hooge parameter approaching = 107, a value recommended by semi-
conductor industry for future high performance silicon nanoelectronic devices. By systematically
studying the temperature dependent transport and noise characteristics in these devices, we have
developed a noise model on mobility fluctuation by fundamentally correlating it to the underlying
microscopic scattering mechanisms such as short range scattering, long range scattering, longitudi-
nal acoustic scattering, and remote interfacial scattering. We have used the temperature dependent
noise measurements to extract the energy of shallow electron and hole trap states within 20 meV
energies from respective band edges, a study that could be utilized for future noise engineering.
Our study paves the way for developing strategies for further designing of high-performance and
ultra-low two-dimensional heterostructure FET devices with one-dimensional edge-contacts that
could find applications in a number of domains such as digital electronics and chemical/biological

sensing.
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Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org

Device Fabrication; Drain-source current vs Vg-Veyp; Residual resistance extraction; Deforma-
tion Potential extraction; LA and RIP resistivity extraction; Noise Spectral density normalized by
device area; Derivations for rate of change of noise amplitude A with Temperature; Power law

dependence of Hooge parameter with mobility (Log-log plot)
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