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ABSTRACT

Two-dimensional (2D) transistors are promising for potential applications in next-generation
semiconductor chips. Owing to the atomically thin thickness of 2D materials, the carrier scattering
from interfacial Coulomb scatterers greatly suppresses the carrier mobility and hampers transistor
performance. However, a feasible method to quantitatively determine relevant Coulomb scattering
parameters from interfacial long-range scatterers is largely lacking. Here, we demonstrate a
method to determine the Coulomb scattering strength and the density of Coulomb scattering
centers in InSe transistors by comprehensively analyzing low-frequency noise and transport
characteristics. Moreover, the relative contribution from long-range and short-range scattering in
the InSe transistors can be distinguished. This method is employed to InSe transistors consisting
of various interfaces as a model system, revealing profound effects of different scattering sources
on the transport characteristics and the low-frequency noise. Quantitatively accessing the
scattering parameters of 2D transistors provides valuable insight into engineering the interfaces of

a wide spectrum of ultrathin-body transistors for high-performance electronics.

KEYWORDS: electron scattering, 2D materials, Coulomb scattering strength, low-frequency

noise, indium selenide, interfacial Coulomb scatterers, 2D transistors



MANUSCRIPT TEXT
Introduction

Ultrathin-body field-effect transistors (FETs), including silicon-on-insulator (SOI)-FETs and
Fin-FETs, exhibit a small gate screening length and have effectively facilitated the continuation of
miniaturization to sub-10-nm technology.! To achieve shorter gate lengths, alternative
technologies to further reduce the channel thickness are required."> 2 In particular, the dangling-
bond-free surface and atomic-scale thickness of two-dimensional (2D) materials make them
promising for downscaling dimensions for further miniaturization of microelectronics.> As the
channel thickness of 2D transistors is decreased, the charge carriers are greatly scattered by the
interfacial Coulomb scatterers, resulting in significant mobility degradation.** The Coulomb
scattering is further intensified in 2D transistors when their channel approaches atomically thin
thickness. Thus, in-depth knowledge of the Coulomb scattering parameters is crucial for designing
high-performance 2D transistors. Previous studies regarding Coulomb scattering have
demonstrated reduced Coulomb scattering effects and enhanced mobility via interface
engineering,'® dielectric modification, and layer thickness control.!'"!*> However, a quantitative
understanding of the interaction strength between charge carriers and Coulomb scatterers at
interfaces, as well as the density of these long-range scattering centers, is still lacking. This
knowledge gap indicates that a suitable method to directly probe these Coulomb scattering
parameters is essential.

In this work, we report a unique method to determine the Coulomb scattering strength and the
density of Coulomb scattering centers of 2D transistors. Our method relies on low-frequency 1/f
noise, where f is the frequency, and electrical transport measurements without any assumptions.

We apply this method to study InSe FETs with various interfaces as a model system to elucidate



the effect of Coulomb scatterers on the electrical transport and 1/f noise characteristics. Ohmic
contact and high-quality electrical properties are realized in the InSe FETs, allowing us to
explicitly study the transport characteristics of the semiconducting channel. Our method can be
widely applied to various defect- and interface-engineered low-dimensional systems!* !° to obtain
quantitative knowledge of these microscopic interfacial characteristics.

We fabricated InSe FETs with hexamethyldisilazane (HMDS)-treated SiO2/Si, a hexagonal
boron nitride (h-BN) interlayer, and a native SiO2/Si substrate, which are designated samples A,
B, and C, respectively. Figure 1a shows a schematic of our InSe FETs. The inset of Figure la
shows an optical micrograph of a typical InSe FET with the h-BN interlayer. The topology of the
InSe devices was characterized by atomic force microscopy (AFM), where an AFM image of
sample B is shown in Supporting Information S1. The thickness of our InSe channels is
approximately 18—-30 nm. The channel thickness of InSe transistors is selected by optimizing the
carrier mobility. The InSe transistors with the channel thickness of approximately 10 nm is found
to exhibit high carrier density, resulting greater efficiency to screening Coulomb impurities from
the adjacent interfaces. Similar thickness dependence of the performance of 2D transistors has
been studied in literature.* On the other hand, the chosen channel thickness of InSe transistors is
thin enough to allow us to probe and study the effect of carrier scatterers at the interfaces. Thee
relevant parameters of the three InSe FETs studied in this work are listed in Supporting
Information S2. The circuit for the electrical transport and low-frequency noise measurements is
depicted in Figure la. Notably, the source-drain current (/;) and frequency-dependent current

noise power spectral density (PSD) S, (f) are measured simultaneously, enabling quantitative

determination of each parameter and their correlation.
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Figure 1. (a) Schematic of an InSe FET with the electrical circuit for transport characteristic and
1/f noise measurements. Inset: optical micrograph of a typical InSe FET with the h-BN interlayer.
(b) Field-effect mobility ppg of sample A as a function of AV at four different T'. (c) Normalized
noise S;,/ 1,% as a function of frequency for sample A at various V; and T =130 K. The dashed
line indicates a 1/f relation and is a guide to the eye. (d) ( fS; d) as a function of 1,2 for sample A

at T =170 and 210 K. The solid lines are the linear fits to the data. Inset: I; versus V; of sample

A at different T. The solid lines are the linear fits to the data.



The transfer characteristics (I as a function of gate voltage V) of samples A, B, and C reveal
n-type behavior, as shown in Supporting Information S3. Figure 1b shows the field-effect mobility
Ure = GmL/CoxVaW of sample A as a function of AV, =V, — V;, where g,, = dl;/dV, is the
transconductance, L (W) is the length (width) of the InSe channel, C,, is the specific gate
capacitance, V; is the source-drain voltage, and V; is the threshold voltage. To reflect the transition
from weak to strong inversion, we used the match-point method'® 7 to determine the threshold

voltage V; (Supporting Information S3). For a small AV, ppg increases with AV, which can be

attributed to the increased charge carrier (electron) density and stronger Coulomb screening effect

as the carrier density (n) increases. upg saturates at larger AV, when the Coulomb scattering rate

decreases and is overtaken by short-range scattering and electron-phonon scattering, which are not

affected by the electron screening effect. ppp increases with decreasing temperature (T) for AV, >

7 V, validating the intrinsic behavior of InSe at high n, which is consistent with our previous

observation. '8
Figure lc shows the normalized noise S,/ 1,% as a function of frequency for sample A at
different V; and T =130 K. §;, exhibits a power law §;, o f~F, with B = 1.0 + 0.1 in the range

of f = 0.06 — 10 Hz. The noise data for all InSe FETs at different T show the same 1/f behavior.

All measured S; , values are larger than the background noise by at least one order of magnitude
to ensure reliable noise data from the InSe FETs instead of from extrinsic sources. The background
noise in our system mostly originates from the Johnson-Nyquist noise and the noise of the current
preamplifier.'” We then calculated the average (fS,,), where (fS;,) = (XX, fiS;,:)/N.*° with i
and N denoting the index and number of discrete data points of the measured S, (f), respectively.

Figure 1d shows ( fS; d) as a function of I;* for sample A at T =170 and 210 K, indicating that



( S d) « I;%. Moreover, the inset of Figure 1d shows the output curve, indicating ohmic behavior
I; = V4 /R for T ranging from 90 to 210 K.'® Consequently, the resistance fluctuations SR of our
InSe FETSs lead to current fluctuations 61y = (—6R/R)I; with an applied V4, yielding S;, « 1,°
when considering the definition S;, o (& 1;)?. Therefore, the observed linear relation of ( fS; d) as
a function of I, confirms that (i) our InSe FETs exhibit ohmic behavior, (ii) the noise originates

from intrinsic resistance fluctuations,?! and (iii) no extra resistance fluctuations are activated by

the bias voltage.
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Figure 2. (a) Schematic showing the trap states, static Coulomb scatterers, and short-range

scatterers in an InSe FET. The blue gradient color represents the electron density, signifying a

higher electron density near the Si back gate. (b) ( fS; d)l/z /gm as a function of I,/ g, for sample
A at different T'. Inset: ( fS; d)1/2 /9m as a function of I;/g,, for a small I;/g,, range to show the

large variation in (fS,d)l/Z/gm. (c) Comparison of (fS,d)l/z/Id, Scnr and sqyp as a function of
14/ gm for sample A. (d) Extracted a as a function of AV, for sample A at 130 K in a double

logarithmic plot. The corresponding I;/g,, values are indicated on the top x-axis. The solid line

is a fit to the power law dependence a « Al v,

We now discuss a method to quantitatively determine the strength of carrier scattering from
interfacial Coulomb scatterers (@) and the area density of interfacial trap states (i.e., surface traps)

22,23 where e is the electronic

at the Fermi energy (ng). Here, a is defined as pc g ~* = aeng,
charge, n, is the area density of trapped charges at interfaces, and i 5, is the mobility limited by
these traps. The Coulomb scattering strength a is proportional to the scattering rate of carriers
from unit Coulomb scatterers, which is derived by using Fermi’s golden rule. It is assumed that a
is an average Coulomb scattering strength for interfacial Coulomb scatterers, thus the total
scattering rate of carriers is proportional to ang; based on the Matthiessen's rule. To derive a from
the noise analysis, we employed the carrier number fluctuation—correlated mobility fluctuation
(CNF-CMF) model,** 23 which has been applied to understand the low-frequency resistance noise

29, 30

in 2D semiconductor devices.?*?® Neither Hooge mobility fluctuations nor carrier number

31, 32

fluctuations are applicable to the low-frequency noise in our InSe FETs (Supporting

Information S4), suggesting the validity of the CNF-CMF mechanism. The schematic in Figure 2a



depicts major charge scattering sources, including trap states, static Coulomb, and short-range
scatterers. The trapping/detrapping processes of charge carriers cause not only carrier number
fluctuations but also correlated mobility fluctuations. Under an applied V4, both the carrier number
and correlated mobility fluctuations contribute to the fluctuations in I;. Assuming that the
trapping/detrapping processes of charge carriers are governed by the quantum tunneling process,

the normalized current noise PSD can be written as>>

Sy I 2 mz
4= Sy, (14 QeprCor 22) 225 (1)

Idz Im

where Svep = e?kgTNy /LWC,,*f is the PSD of the flat-band voltage noise, and ky is

Boltzmann’s constant. The first and second terms in parentheses on the right-hand side correspond
to CNF and CMF terms, respectively.
We now quantitatively evaluate the @ and Ng; values in InSe FETs by employing the CNF-CMF

model. For comparison with experimental data, we rewrite Eq. (1) as (fS; d)l/ 2)gm =
1/2 ) ) 1/2

(fSVfb) (1 + aplerrCox Id/gm), designated as Eq. (1A). Figure 2b shows <f51d> /gm as a

function of I/ g, for sample A. For I/ g > 10 V, (S, d)1/2 / gm linearly increases with I/ g,

suggesting that au, is a constant of I/ g, in this regime. Importantly, the linear dependence of

(fs, d)1/z /Gm on 1/ gy, at high 1;/g,, allows us to determine the Ny value, which can be

1/2
extracted from the intercept (fSVfb) =(eszTNst/LWCox2)1/2 of the linear fitting.

Moreover, we can rewrite Eq. (1) to obtain the square root of the normalized measured noise PSD,

1 1/2 ) 1/2
<fSId)2/Id = (fSVfb) Ua/gm)™" + (fSVfb) AlerrCox = Scnr T Scmrs (2



1/2 1/2 .
where Scyp = (fSVfb) (I3/gm)™ and scyp = (fSVfb) apesrCox (2A) are the mnoise

caused by CNFs and CMFs, respectively. Ng;, and thus s.yr, can be extracted from the data,

1
followed by the determination of sy based on sgyr = (fS;,)? /14 — scyp- Figure 2¢ compares
1
(fS; d)i/ I, Scyr and seyp as a function of 1;/g,,, indicating that the sqpr noise significantly

contributes to the measured noise (fS, d)% /15. We can now extract the Coulomb scattering strength
a according to Eq. 2A, which is one of the central goals of this work. The determination of both
a and Ny, in this method does not require any assumptions, as the remaining parameters can be
determined from the 1/f noise and transport measurements.

Figure 2d shows the extracted a as a function of AV, for sample A atT =130 K in a double
logarithmic plot, exhibiting a monotonically decreasing trend with increasing AV, . The AV
dependence of a can be characterized into two distinct regimes: At low AV, (A1, < 30V, regime
I), a rapidly decreases with AV,. At high AV, (AV, > 30V, regime II), the AV, dependence of a
becomes relatively weak. Notably, a varies by four orders of magnitude with AV, ranging from ~
1V to~ 80 V. In regime I, the carrier density increases with increasing V;, leading to enhanced
Coulomb screening and a rapid decrease in a with I(g.34 a follows the power law a < AI/;,_3'3 for
3 V< AV, <30V. In previous reports, a power law of a@ « n™" was assumed to describe the

2428 where v =~ 1.2-1.6 and v = 0.9 were reported for MoTe>**

carrier density dependence of «,
and WSz devices,? respectively. The comparatively large exponent of 3.3 indicates a very strong

screening effect, which may be qualitatively understood in terms of a significantly induced

electron density in InSe**> compared with other 2D semiconductors. To further discuss the rapid

decrease in a with increasing AV,, we plot ( fS; d)l/z /Gm in the small I;/g,, range (inset of

10



Figure 2b). « is inferred to drastically decrease with increasing I/ g,, to overtake the trend of pzg

(Supporting Information SS5), further supporting the very large AV, dependence in regime I. In
regime II, @ weakly decreases with AV, compared with the trend in regime I and gradually

saturates, which may be ascribed to saturation of the screening effect from Coulomb scatters in

this regime.
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Figure 3. (a) Comparison of a as a function of AV for samples A, B, and C at T =130 K. Sample
B exhibits very small Coulomb scattering in InSe FETs with the h-BN interlayer. Inset: N; as a

function of T for samples A, B, and C. (b) Schematics illustrating the distribution of the trap states
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and their relative distance r to the charge carriers in the InSe channel for samples A, B, and C. The
blue gradient color represents the electron density, signifying a higher electron density near the Si

back gate. (c) Comparison of the field-effect mobility ppg as a function of AV for samples A, B,
and C at T =130 K. (d) Area-normalized noise PSD (fS, d)LW/ I,* as a function of AV, for
samples A, B, and C at T =130 K. Inset: comparison of the (fS,d)LW/Id2 of sample A and the

scaled noise PSD of sample C at T =130 K.

Having established the method to determine a and Ng;, we now apply it to elucidate the effect
of the interfacial properties of the InSe FETs by comparing the Coulomb scattering parameters of
samples A, B, and C. Figure 3a compares the measured a values for samples A, B, and C at 130
K, which all exhibit similar behavior as those for sample A, as discussed in Figure 2d. The a values

for samples A and C are comparable for the range of all measured AV . a characterizes the

Coulomb scattering rate, and thus, a « V% according to Fermi’s golden rule, where V, is the
Coulomb potential that depends on the carrier density and the distance between the charge carrier
and the interfacial impurity (). For samples A and C, the major trap sites reside at the InSe/Si02
interface, as depicted in Figure 3b; thus, V; is similar in the two samples. Therefore, the AV
dependences of a for these two samples being comparable is reasonable.

Remarkably, the a determined for sample B is smaller than that for samples A and C by four
orders of magnitude at AV, = 0, indicating very small Coulomb scattering for the InSe FETs with
the h-BN interlayer. As depicted in Figure 3b, the distance r for samples A and C can be assumed
to be on the order of 0.1 nm by noting that the interaction between the InSe channel and the
substrate is governed by the van der Waal force®® and that the dominant carriers are induced

adjacent to the InSe/SiO: interface under an applied V,.*” In contrast, while the bottom InSe

12



interface of sample B is pristine, polydimethylsiloxane (PDMS) residue can be present on the top
InSe interface,’ suggesting that the r in sample B can be approximated by the thickness of the InSe

channel, which is on the order of 10 nm (Supporting Information S1). At AV; = 0,n = 0, and the

1r=1 where g, is the

Coulomb screening effect is negligible; the Coulomb potential is V, « &,~
dielectric constant. For sample B, r is larger than that for samples A and C by two orders of
magnitude. Therefore, we can estimate that the @ for sample B is smaller than that for samples A
and C by four orders of magnitude, which is in reasonable agreement with the experimental data.

Importantly, clean InSe/h-BN interfaces adjacent to the dominant carriers are achieved, which has
a profound effect on reducing a. Furthermore, the AV, dependence of a at low AV of sample B is
much weaker than that of samples A and C. Considering that the n near the top InSe interface is
low and that the Coulomb screening of the scatterers at this interface is much weaker, a likely
exhibits a small variation with AV.

The inset of Figure 3a shows Ng; as a function of T for samples A, B, and C. The average N; of
sample A (HMDS-treated SiO2) is on the order of 101 eV-! cm™ and is smaller than that of sample
C (intrinsic SiO2) by two orders of magnitude. Because the HMDS-treated SiO: yields a
hydrophobic surface that greatly reduces the number of adsorbates,*® the large difference in N,
suggests that the trap states may be attributed to the water molecules absorbed at the InSe/SiO2
interface. This ascription of trap states is in line with previous reports for single-crystal pentacene
FETs* and MoS2 FETs.*’ As a comparison, a high Ny, on the order of 101! — 1013 eV-! cm™ was
commonly observed in MoTe2 and MoS: devices when the surface of substrates was not
pretreated,?* 262 indicating the importance of the hydrophobic surface treatment. The Ny, ~
1 x 102 eV-! cm™ for sample B is high, which may originate from the PDMS residue on the top

InSe interface.’

13



Figure 3¢ compares ppg as a function of AV, for samples A, B, and C. The ugg of sample C
increases as AV increases and saturates when AV, > 20V, showing a trend similar to that for
sample A, as discussed in Figure 1b. Moreover, the ygg of sample A is higher than that of sample
C, which can be accounted for by a lower interfacial density of static Coulomb scatters in sample
A caused by surface treatment (Supporting Information S2), considering that a is comparable in
these two samples. Sample B exhibits higher ury than samples A and C, which is consistent with
the lower value of a. Interestingly, the puyy in sample B is high despite its large N, indicating the
dominant role of the long-range Coulomb scattering strength « in determining pgg. The ppg of

sample B monotonically decreases with AV, revealing different behavior compared with samples
A and C. Because a is very small in sample B, Coulomb scattering can be overtaken by other
scattering mechanisms. The atypical behavior of the pry of sample B may be attributed to surface
roughness scattering,*! which becomes stronger with increasing number of induced carriers,
resulting in ppp decreasing with increasing AVj.

We now discuss the noise properties of the InSe FETs by further examining the associated Ng;

and a. Figure 3d shows the area-normalized noise PSD ( S d)LW/ 1, for samples A, B, and C.

The normalized noise PSD of sample A is smaller than that of sample C by approximately two
orders of magnitude. This difference can be understood by referring to Eq. (1): the a values are
comparable for samples A and C, as shown in Figure 3a, while the Ny, values in sample A are
smaller than those in sample C by approximately two orders of magnitude. Additionally, we scale
the normalized noise PSD of sample C by the Ng; ratio, as shown in the inset of Figure 3d. The
scaled data of sample C collapse onto those of sample A, suggesting the validity of our analysis.
Therefore, the largely suppressed noise in sample A can be attributed to a great reduction in Ng;

due to the HMDS treatment. In addition, by comparing the area-normalized noise of the three

14



samples, the trap centers are inferred to be located at interfaces instead of in the bulk of the InSe
channel (Supporting Information S6).

Finally, we discuss the density of interfacial Coulomb scatterers n. and the mobility associated
with different scattering mechanisms given that « is determined. The mobility corresponding to
Coulomb scattering pi. can be written as*?

et = aleng. (3)

The factor @’ in Eq. (3) corresponds to both static and dynamic Coulomb scatterers, while the a in
Eq. (1) is only associated with the trap states. In this work, we presume that both static and dynamic
Coulomb scatterers reside at the same interface, resulting in the same a value for both scattering

sources, and thus, o’ ~ a. The effective mobility p.rs ~ ppg and can be expressed as

1 1 1 1 1
U T e E )
HUFE Herf Uc HUs Hph

where p; and p,p, are the mobilities corresponding to short-range scattering and electron-phonon
scattering, respectively. Because at low AV, where electron screening is weak, Coulomb scattering

is strong and dominant,’ we can assume pips~! = u-"1 in this regime. We then estimate n. at low

AV, based on Eq. (3), yielding n values of 1.4 X 10'° and 3.0 X 10 cm™ for samples A and C
atT = 130 K, respectively. With the extracted n¢, we can then calculate the AV, dependence of
uc "1 based on Eq. (3). Figure 4a compares uFE(AI(g) and uc(AV,) for sample A at 130 K. For
AVy > 5V, upg increases slower and deviates from the trend of u¢. This suppression of ugg can
be qualitatively understood because when Coulomb scattering is strongly screened at higher AV,
other scattering mechanisms, i.e., short-range scattering (1;~1) and phonon scattering (,uph_l),

become dominant in the regime.

15



Q
o
(]

10°g 800
£ sample A T=130K
4L T=130K —~ 2 I
107 ® 300 >
: = & 600 Y
2 10%k e &
T b & oo = =
§ 102k T, 200 "2 400
~ E S S8
S E = = L
10"k = ¥ n
T +, o ¥
u O ue| | X 100 = 200} A
oL \ ~
10 % (@) Hy ~
F 4V (V)
10—1 L 1 L 1 L 0 L | ) | L | 0 1 L 1
0 10 20 30 50 100 150 200 A B
4V (V) T (K) sample

Figure 4. (a) Comparison of pizz and . as a function of AV} for sample A at T =130 K. The area
density of interfacial Coulomb scatterers n. is estimated in a regime dominated by Coulomb
scattering. (b) T dependence of the mobility limited by the short-range and phonon scattering

(ps™ + /,tph_l)_l of sample A at AV, = 30 V. Inset: plot of ps™" + pp, ™ as a function of AV

at different T for sample A. (c) Comparison of (,us‘1 + ,uph_l)_l for samples A, B, and C at

T =130 K. Sample B exhibits the highest mobility corresponding to the fewest short-range

scattering centers at interface compared with samples A and C.

To further distinguish the contributions from different scattering mechanisms, we subtracted
pe~* from ppg =t according to Eq. (4). The inset of Figure 4b plots ps™! 4 pp, " as a function of
AVy at various T for sample A. For a given T, us~t + ,uph_l slightly decreases with n, which may
be attributed to the screening of the remote interfacial phonon scattering at large n.*>* u,~1 +
,uph‘l saturates for AV, > 30V due to weakening electron screening. When T decreases from

210 K to 90 K, s~ + ,uph_l decreases by a factor of approximately 5. Figure 4b plots the T

16



dependence of the mobility corresponding to the short-range and electron-phonon scattering
(us™ + ,uph_l)_l at AV, =30V. (u,~t + ,uph_l)_1 increases with decreasing T because the

. . 1 _1\1
electron-phonon scattering rate is suppressed. (ys + Upn ) approaches a constant value at

lower T as electron-phonon scattering becomes negligible, enabling determination of the mobility

for short-range scattering. Figure 4c compares the (/,ts_1 + ,uph_l)_l for samples A, B, and C at
130 K. The assumption that the u,, and p; corresponding to the bulk short-range scatterers are

comparable in these devices is reasonable, considering the same measured T and source bulk
-1
crystal. Therefore, the value of (us_l + ,uph‘l) reflects the number of short-range scatterers at

the interfaces for these samples. Sample B exhibits the highest (/,ts_1 + ,uph_l)_l, which can be
attributed to fewer short-range scattering centers at InSe/h-BN interface compared with that of
InSe/Si0: interface.

In summary, we demonstrated a method to quantitatively extract the Coulomb and short-range
scattering parameters in 2D transistors by combining the low-frequency 1/f noise behavior and
the transfer characteristics. The extracted long-range Coulomb scattering strength of 2D transistors
is found to be a nontrivial function of the carrier density, as opposed to the previous understanding
of a simple power law. We applied our method to study InSe FETs with different interfaces and
obtained comprehensive correlations between the relevant Coulomb scattering parameters. In
particular, InSe FETs with the h-BN interlayer exhibit high mobility and low noise, which can be
attributed to the clean InSe/h-BN interfaces and the very low Coulomb scattering strength
measured. This method can be applied to a wide spectrum of 2D FETs with different channel
materials and various interfaces as well as ultrathin-body FETs to understanding the role of

Coulomb scattering. This in-depth knowledge of the Coulomb scattering strength and its key

17



influences on the transport characteristics and low-frequency noise properties are highly useful for

tailoring the interface and developing high-performance electronics.
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METHODS

2D InSe FETs fabrications. The InSe and hexagonal boron nitride (h-BN) flakes are
mechanically exfoliated onto the Si substrate with a 300-nm-thick SiO2 dielectric layer. The high-
quality InSe crystals are grown by Bridgman method. The mechanical exfoliation of InSe flakes
was performed in ambient condition. We then annealed the InSe samples in a furnace at 300 °C
with Ar 95% and H2 5% forming gas to remove the PDMS residues. The InSe samples were then
loaded into an e-beam evaporation system in high vacuum to deposit the contact metal. To achieve
clean interface, the InSe samples were kept in a vacuum of 1 X 1078 Torr for 15 h before In/Au
(3 nm/80 nm) metallic films was deposited as the electrical contacts at a base pressure of 1 X 1077
Torr. We fabricated three types of samples with different interfaces, including
hexamethyldisilazane (HMDS)-treated SiO2, h-BN interlayer, and intrinsic SiO2/Si substrates. For
the samples with HMDS treatment, ambient adsorbates such as water molecules can be greatly
reduced compared with unprocessed SiO: surface.*® For the samples with an h-BN interlayer, the
exfoliated InSe crystals were transferred onto h-BN flakes, which were pre-exfoliated on a Si02/Si
substrates. Back gate voltage is applied to Si substrates to tune the carrier density in InSe.
Electrical measurements. In the measurement, all InSe devices are enclosed in a sample space of
a cryostat which is immersed in liquid nitrogen. The sample space is filled with helium gas. The
devices are connected by twisted-pair measurement wires to suppress the magnetically induced

current noise originated from the electromagnetic fluctuations in the laboratory environment. The

electrical measurement circuit for transfer characteristic (the drain current /, as a function of gate
voltage 1, ) and low-frequency noise is schematically depicted in Figure 1(a) in the main text. The

gate voltage 77, is applied to the heavily doped (p™) Si substrate. Two sourcemeters (Keithley

6430) are used to apply the 7, and the source-drain voltage V. The drain current as a function of
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time /, (f ) is amplified and converted to voltage by the current preamplifier (Stanford Research

Systems model SR570) and then measured by the dynamic spectrum analyzer (Stanford Research
Systems model SR785). The SR785 probes the signal with a sampling rate of 1024 Hz and
measurement time of 30 s and stored the readings in the buffers.!” A computer fetches the data

from the buffers, divide them by the gain of the SR570 and calculates the source-drain current
noise power spectrum density (PSD) s, (/) using a LabVIEW program. The §, (/) and the 1,
are measured simultaneously. For each v, the §, (/) is measured 10 times and is averaged to

minimize the uncertainty of the noise. The InSe FETs were mounted in a cryostat and cooled with
liquid nitrogen to study the 7" dependence of transport property and low-frequency noise from 300
K to 80 K. The measurement is performed in a helium atmosphere. The sample temperature is

monitored with a calibrated silicon diode thermometer.
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