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Abstract

A scaling law is demonstrated in the conductivity of gated two-dimensional (2D) materials with
tunable concentrations of ionized impurity scatterers. Experimental data is shown to collapse onto
a single 2D conductivity scaling (2DCS) curve when the mobility is scaled by r, the relative
impurity-induced scattering, and the gate voltage is shifted by V5, a consequence of
impurity-induced doping. This 2DCS analysis is demonstrated first in an encapsulated 2D black
phosphorus multilayer at T = 100K with charge trap densities programmed by a gate bias upon
cooldown, and next in a Bi,Se; 2D monolayer at room temperature exposed to varying
concentrations of gas adsorbates. The observed scaling can be explained using a conductivity
model with screened ionized impurity scatterers. The slope of the r vs. V plot defines a

disorder-charge specific scattering rate I'y = dr/dV; equivalent to a scattering strength per unit
impurity charge density: I'; > 0 indicates a preponderance of positively charged impurities with
I'; < 0 for negatively charged. This 2DCS analysis is expected to be applicable in arbitrary 2D
materials systems with tunable impurity density, which will advance 2D materials characterization

and improve performance of 2D sensors and transistors.

Since the advent of graphene as a two-dimensional
(2D) material, many other promising layered 2D
materials have been introduced and intensively stud-
ied, inspiring novel applications in electronics includ-
ing thin-film transistors and chemical-gas sensing
[1-8]. For example, black phosphorus (BP) is one
of the prominent 2D materials of recent interest
for transistor applications, with its relatively high
mobility, large in-plane anisotropy and tunable dir-
ect bandgap [9-13], finding applications in gas sens-
ing [14] as well as infrared emission [15]. A second
example, exfoliated Bi,Ses, is a topological insulator
in bulk form, but becomes a narrow-gap semicon-
ductor in its 2D form [16] and shows promise for gas
sensing given its recently demonstrated air stability
[6, 17, 18]. Due to the large surface-area-to-volume

© 2022 IOP Publishing Ltd

ratio, the physical properties of 2D materials are
significantly affected by the disorder potential of
the surrounding environment. And whereas disorder
needs to be minimized in high-mobility transist-
ors, disorder serves as an indicator of the type and
amount of surface absorbates in sensors. In either
case, disorder needs to be properly characterized,
given the large number of possible scattering sources
that includes substrate roughness, exposure to resid-
ual chemicals during cleaning [19-21], metal doping
[22, 23], encapsulation [24, 25] and surface function-
alization [26, 27].

Ionized impurities, in particular, present a two-
fold effect on the mobility of 2D materials. On the one
hand, the Coulomb scattering from the ions reduces
the mobility, where the amount of the Coulomb
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Figure 1. Device structure and hysteretic behavior of the gate voltage sweep. (a) Schematic illustration of the device structure. The
BP flake is exfoliated onto a heavily p-doped Si/SiO, substrate. Ni/Au contacts are deposited on the BP flake. After intentional
oxidization, Al O3 is deposited to encapsulate the sample to prevent further oxidization. (b) Microscopic image of a typical
sample. (c) Room temperature gate voltage sweep of a typical sample, showing clear hysteretic behavior. (d) After the sample is
cooled down to T1, = 152 K, the gate voltage sweep is measured again, which shows the hysteresis being suppressed at low
temperature. At Ty = 100 K, the hysteresis diminishes completely. Panel (d) inset show a diagram of the bias cooling process
where the sample is first biased at room temperature to the bias cooling voltage Vgc, then the sample is cooled down to T under
this Vgc, and finally, the voltage is withdrawn after Ty is reached (yellow). The gate voltage is subsequently swept at low
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scattering is proportional to the density and charge
of ionized traps. On the other hand, the constraint of
charge neutrality correlates the density of ions with
the density of free carriers, which, in turn, further
increases or decreases the amount of disorder screen-
ing to either enhance or suppress mobility depending
on the sign of the ionic charge relative to that of the
free carriers.

In this Letter, a two-dimensional conductivity
scaling (2DCS) analysis is proposed that can be gen-
eralized for any 2D material systems with tunable
impurity density. The analysis is applied here in two
case studies: a BP multilayer and a Bi,Se; mono-
layer flake, whereby different concentrations of ion-
ized impurity scatterers are configured in the same
device, and the free charge carrier density further
tuned via the field effect with a back-gate. The exper-
imental gate-dependent conductivity curves for each
sample are observed to collapse onto a single dis-
tinctive conductivity curve upon scaling the conduct-
ivity by a factor r and simultaneously shifting the
gate bias by V; for different impurity concentrations.
This scaled conductivity versus gate bias characteristic
extends over a far larger range of gate voltages than is
normally accessible in a single sample, allowing one
to access and distinguish a broader range of mobility-
limiting regimes, such as ionized impurity scattering

or interface scattering. The slope of the 2DCS scal-
ing parameter plot, which we call the disorder charge
specific scattering rate I'y = dr/dV, gives a measure
of the scattering strength per unit density of signed
impurity charge, and identifies the ionized impurities
as predominantly negatively charged (acceptor-like)
I'; < 0 or positively charged (donor-like) I'; > 0.
We first consider the gated BP device with
intentional surface oxidization, in which the ion-
ized impurity concentration can be tunably con-
trolled via bias cooling. The BP sample is fabricated
by micromechanically exfoliating BP flakes onto a
degenerately doped Si wafer with a 300 nm thermal
SiO; film (figure 1(a)). The sample (BP thickness
d=13 nm) is intentionally exposed to the ambient
air with 75% relative humidity for 12 h, then encap-
sulated with 10 nm Al,Os deposited by atomic layer
deposition to protect the top surface from further
oxidization after the deposition of electrodes of Ni/Au
10/40 nm [24]. The surface oxidization intention-
ally introduces deep charge traps near the conducting
channel of the sample. The microscopic image of a
typical sample is shown in figure 1(b). Room temper-
ature conductivity versus gate voltage sweep of typ-
ical device shows a large hysteresis loop in figure 1(c)
which is known to arise in gated systems which pos-
sess deep charge traps, making the sample’s room
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Figure 2. Raw transport data from the BP sample at T;, = 100K (top row) and the corresponding scaled transport curves (bottom
row). Dependence of (a) conductivity o, (b) carrier concentration p, and (c) mobility p vs. gate voltage V; for different bias
cooldown voltages Vpc. Dependence of (d) scaled conductivity oy, (e) unscaled carrier concentration py, and (f) scaled mobility
to vs. shifted gate voltage Vg + V;. The horizontal lines in panel (d) show the shifted ranges of the raw conductivity o data
indicating large overlaps between the shifted curves. In panel (e), the calculated hole density (black solid line) agrees with the data
with degeneracy crossover indicated by the arrow at e = Ey. In panel (f), the calculated mobility (black solid line) explains the
main features of the data, combining ionized impurity scattering (dashed line) with interface roughness scattering. The kink at

Vg + Vs = —20 V is an artifact of the diverging power law interface roughness scattering, indicated by the arrow at £ = 0. The
2DCS parameters r vs. Vs are summarized in panel (d) inset, where the sloped black lines indicate the disorder charge specific
scattering rate I'y = dr/dV;. T’y = 0 indicates scattering that is insensitive to doping by remote ionized impurities, namely
interface roughness scattering (I.R.). Positive I'; > 0 indicates donor-like positively ionized impurity scattering (L.1.). The
confidence interval, when larger than the symbol size, is shown as horizontal and vertical error bars.

temperature performance difficult to characterize due
to transient relaxation [13]. In bulk semiconduct-
ors, this hysteresis would be reminiscent of deep-level
transient spectroscopy (DLTS) [28] where a temper-
ature sweep under pulsed bias would reveal a distri-
bution of activation energies. Here, we introduce an
alternate method of deducing electrostatic informa-
tion about the charge traps whereby the deep traps
are charged at room temperature and then that trap
charge is frozen in place at low temperature.
Gate-bias cooling allows the ionized impurity
density to be controlled. Following standard protocol
as defined in other systems [29-32], at room temper-
ature the sample is held under a fixed gate bias V¢,
allowing the charge trap states near the BP layer to
equilibrate with the local biased chemical potential of
the conducting BP layer. Then the sample is cooled
to low temperature Ty, = 100 K with this fixed bias-
cooling voltage V¢, freezing the trapped charge into
place. The low temperature also eliminates any hyster-
esis, so the bias cooling voltage V¢ can be withdrawn
atlow temperature and the gate bias swept in the pres-
ence of the trapped charge characteristic of that cool-
down voltage, shown in figure 1(d) inset. Transport
properties are then measured as a function of the gate
bias Vg sweep at low temperature. The absence of hys-
teresis in figure 1(d) allows a thorough analysis of
gated conductivity for different charge states of the
traps, allowing the role of the traps themselves to be

electrostatically distinguished in this Letter. This bias
cooling experiment is repeated multiple times for the
same device at different bias cooling voltages Vpc.

With a systematic series of bias-cooling voltages
Ve, the same device can be prepared with con-
trollably different concentrations of ionized scatter-
ers. The corresponding gate-dependent conductivity
curves o can be collected as shown in figure 2(a). The
overall negative slope of conductivity versus gate bias
suggests p-type conduction, as expected. Aside from
that, these curves have quantitatively and qualitatively
different lineshapes, especially comparing curves of
extreme bias-cooling voltages V¢, and at first glance
appear to have little in common. High conductiv-
ities tend to show negative curvature, intermediate
conductivities are approximately linear, and low con-
ductivities have positive curvature versus gate bias
V,. Such a complex set of curves reflects that the
underlying mobility is dominated by different effects
under different cool-down conditions and different
gate biases.

To further separate the carrier density and mobil-
ity from the conductivity, the Hall effect was meas-
ured at a sequence of gate voltages V, for different
bias cooling conditions Vpc. Low-temperature gate-
dependent Hall effect measurements under different
bias-cooling voltages Vpc determined the hole dens-
ities p shown in figure 2(b). The Hall mobility is then
determined from figures 2(a) and (b) by dividing the
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conductivity by the Hall density 4 = o/p, plotted in
figure 2(c). Other than the obvious reduction in hole
density with increasing gate voltage confirming the
p-type behavior in figure 2(b), it is difficult to see
any systematic trend directly in the mobility data in
figure 2(c) anymore than in the original conductivity
plots of figure 2(a).

Careful inspection, however, reveals an interest-
ing pattern that paves the way for further analysis.
First, note that the Vgc =0 curve of o versus V,
in figure 2(a) has its inflection point near V; =0V.
But as V¢ increases, the gate voltage of the inflec-
tion point on the corresponding curve increases. If all
curves with positive V¢ are shifted to the left and
negative V¢ to the right, the inflection points can
be aligned for all cooldowns. Moreover, if these hori-
zontally aligned curves are subsequently scaled ver-
tically, they collapse onto the original Ve = 0 curve,
as shown on figure 2(d). This scaled conductivity
curve, 0¢(Vy), can be expressed in terms of the ith
raw conductivity curve o;(V,), after a gate voltage
shift V,; and a mobility scaling by the factor r; as
follows,

00(Vy) = 1i0i(Vg — Vi), (1)

or equivalently, oo(Vy + Vs ;) = rioi(Vy).

Furthermore, if the same set of gate voltage shifts
V,i are applied to the density data of figure 2(b),
the resulting plot of figure 2(e) shows a similar col-
lapse onto a single curve. Note that density is shif-
ted, only, not scaled. It follows as a consequence that
the Hall mobility will also scale to a single curve as
in figure 2(f) by applying the same set of gate voltage
shifts V;; and scaling factors r;. This empirical ana-
lysis reveals a distinctive behavior of the BP device
that is common across different bias cooling voltages
Ve, with a compelling collapse of both conductivity
and density for the same set of gate shifts V; ;, begging
a microscopic explanation.

The empirically observed bias cooling scal-
ing law for the conductivity can be quantitat-
ively explained with an ionized impurity scattering
model, where charged ions act as both scatterers
that decrease the mobility, and as ionized dopants
that affect the free carrier density and therefore the
screening of the impurity potential [13]. At gate
voltages where charged impurity scattering is the
principal mobility-limiting mechanism [33], the
elastic momentum relaxation time 7 can be writ-
ten out explicitly using the Fermi’s golden rule under
the Thomas-Fermi screening approximation [34].
Assuming an isotropic system with remote ionized
impurities separated by distance d from the con-
ducting channel, the energy-dependent transition
rate can be written following the standard angular
integral [35],

P Letters

r ei*mpnimpm* 2 ee2K(e)sin gd ?
T(e) wh? ?g k(€)sin %FJ + melgp
Nimp

x (1 —cosf)df = o)’ (2)
where ¢ is the majority carrier’s kinetic energy
(e = E — E( for electrons, and € = Ey — E for holes),
is the scattering angle between initial and final states
k) and |k7), & is the dielectric constant, Himp 1s the
sheet density of charged impurities, €], is the effect-
ive charge of each impurity, and gp = m*/(7wh?)
is the 2D density of states of the free carriers. In
the rightmost equation, 1/7(¢) represents the kinetic
energy-dependent scattering rate induced by a unit
density of ionized impurities.

For elastic scattering in 2D, the average mobil-
ity as a function of the Fermi energy j(eg) can then
be determined as a weighted average of the energy-
dependent scattering with the derivative of Fermi
function [35]:

L e h 7(e)e'/?
o) =ty 7O
y [_ afFD(e_eF):| de — ﬂ(GF)7 (3)

Oe

Mimp

with the majority carrier Fermi-Dirac distribution
function fep(e) = (1+e/*7)~1. In the rightmost
equation, [i(ef) represents the average carrier mobil-
ity induced by a unit density of ionized impurities,
which depends only on the Fermi energy eg for a given
temperature. The hole density p for a single subband
can be expressed solely as a function of ep with the
density-of-states integral,

p(EF) = gZD\/Ov fFD(E — 61:)(.'16. (4)

As a consequence, the total conductivity o (€, imp)
can be expressed as a function of only the Fermi
energy and the impurity density,

(et tmg) = pler) LB — T )
Mimp Mimp

where & (eg) is defined as the conductivity for a unit

density of ionized impurities.

From these definitions, a set of concise equations
can be used to describe the sample’s behavior under
different charged impurity states. Note that when the
density 1y, of ionized impurities is reconfigured with
different bias coolings, the electron’s Fermi energy e
also changes due to the constraint of charge neutral-
ity. If the ionized impurity-induced change in dens-
ity for the i bias cooling results in a gate voltage shift
Vs.i» the expression for the Fermi energy will depend
only on the capacitive effect of the gate voltage V,
and this additional voltage shift V; ; in the following
manner,
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6F[pi(vg - Vs,i)] = EF(Vg - Vs,i)~ (6)

Inserting equation (6) into equation (5), one recov-
ers the empirical scaling law in equation (1), exem-
plified in the 2DCS conductivity plot of figure 2(d).
A positive Vy; therefore corresponds to a positive
net change in ionized impurity concentration. Thus
Vs,i > 0 signifies either an increase in donor-like or
decrease in acceptor-like ionized impurity concentra-
tions, or both. Analogous to equation (1), where the
subscript ‘0’ represents the universal curve as exten-
ded from the zero-bias cooldown, the scaling laws for
the hole density and mobility of figures 2(e) and (f),
respectively, map on top of the zero-bias cooling data
as,

Po(Vg) = pi( Vg — Vii), 7)

po(Vg) = ripi( Vg — Vii), (8)

where r; = fimp i/ Mimp,0 can now be understood as the
charged impurity density ratio of the i cooldown
relative to that at zero-bias cooldown. Note that the
scaling factor r is inversely proportional to the ion-
ized impurity density, which is in turn determined by
the bias cooling voltage Vpc. We refer to this method
as the two-dimensional conductivity scaling (2DCS)
analysis.

With the 2DCS analysis justified above, the plots
of figures 2(d)—(f) can reveal more information
about the sample at hand. The easiest way to read
these normalized plots is to assume a zero-bias
cooldown whereby V; =0, allowing the horizontal
axis to simply represent the gate voltage Vg, but
with an expanded range. First, the hole density will
be considered in the plot of figure 2(e) where a
transition is evident between degenerate and non-
degenerate doping. As the normalized gate voltage
Vg + V5 increases from —40 to 40V, the hole dens-
ity decreases linearly at first, then shows upwards
curvature in the rightmost tail. The linear behavior
is expected for a simple capacitive model with degen-
erate hole density, and the transition to an exponen-
tial tail is expected when the hole density becomes
non-degenerate. Applying the analysis of Zhu et al
[36] (see supplementary note 1 (available online
at stacks.iop.org/TDM/9/031002/mmedia)), the pre-
dicted density with gate voltage is plotted with black
solid line in figure 2(e), assuming a constant energy
density of states for the ionized impurity scatterers
of 5.2 x 10°°cm~2 meV~! and a geometric capacit-
ance due to the 300 nm SiO,. The crossover point
ep = Ey is indicated with an arrow, and the overall
curve shows excellent agreement with the data reveal-
ing useful information about the doping degeneracy
that cannot be gleaned without the 2DCS analysis.

The mobility limiting mechanisms can also be
determined from the 2DCS analysis via the scaled
mobility py plot of figure 2(f). There is a clear
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cross-over from V, + Vi < 0 where mobility is largely
independent of gate voltage to Vg + Vi >0 where
mobility decreases with increasing normalized gate
voltage.The dashed line in figure 2(f) represents ion-
ized impurity scattering according to equation (3)
assuming uniformly distributed scatterers of charge
e* = e within d =1 nm of the conducting channel
with a density of #timpo = 6.2 x 10'* cm™2. The free
carrier density p(eg) in the Thomas-Fermi screening
in equation (3) assumes the same gate-dependent car-
rier density as the solid fit curve polep(Vy+ Vi)| =
Po(Vg+ V5) in figure 2(e). Under positive gate bias,
the scaled mobility of figure 2(f) follows the dashed
line suggesting that ionized impurity scattering dom-
inates here. But for V;+ Vi < —20 V, the mobil-
ity deviates further from the ionized impurity curve,
likely due to the interface roughness scattering [33]
with the holes being attracted to the BP/SiO; interface
under negative substrate gate bias. Interface rough-
ness would contribute a mobility term with power-
law dependence on the absolute value of the aver-
age electric field in the BP layer, usg o< |Eetr| . Fol-
lowing Matthiessen’s rule, the total mobility por =
(Himp + 15 )" is plotted with a solid black line in
figure 2(f), fitting the measured data reasonably well
with o =0.8. Note that the the kink indicated by an
arrow at the crossover Vg + Vi = —20V in figure 2(f)
is consequence of the power-law divergence of the
interface roughness scattering when the average elec-
tric field in the BP layer vanishes, e = 0.

This mobility crossover is doubly confirmed in
the 2DCS parametric plot of r vs. V5 in the inset of
figure 2(d). Towards the right of the inset, a posit-
ive voltage shift V5 > 0 is accompanied by an increase
in the scattering strength r. This implies that the
scattering potential increases as the ionized impurity
charge becomes more positive, thus ionized impur-
ities are predominantly donor-like positive charges.
This behavior can be quantified by defining the slope
I'y = dr/dV; as a disorder-charge specific scattering
rate which carries the same sign as the dominant
impurity ions. The predominance of ionized impur-
ity scattering is consistent with the previously iden-
tified mobility regime to the right of figure 2(f) for
Vy+ V>0 (Vpc < 0). On the other hand, in the
figure 2(d) inset for V; < 0, the scattering strength
identified by r appears to be fixed independent of any
change in ionized impurity charge. This zero slope
I'y = 0 suggests mobility dominated by a charge-
neutral scattering mechanism. This is again consistent
with the left side of figure 2(f) where the inter-
face roughness scattering has a significant contribu-
tion. And whereas the standard mobility analysis of
figure 2(f) requires an external magnetic field to col-
lect Hall effect data, the parametric plot of  vs. V can
be generated simply by device operation at different
impurity doses, thereby greatly simplifying mobility
analysis via examination of the slope of this paramet-
ric plot I';. The error analysis in figure 2(d) inset show
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that all but one of the 2DCS parameters have negli-
gible error. As per supplementary note 2, as long as
the gate voltage sweeps clearly deviate from an expo-
nential curve, the 2DCS analysis will be valid.

Another important application of 2D materials
where the 2DCS analysis shows its relevance is in gas
sensing devices. To study ionized impurity potentials
induced by adsorbed gases, gate-dependent conduct-
ivity curves of a monolayer Bi,;Se; sample were invest-
igated. In this case, the disorder potential is tuned by
desorbing or adsorbing different amounts of ambient
gas. Here no Hall effect studies are conducted, but as
described above, the 2DCS analysis can still be applied
to yield insightful results about the nature of the
scattering. The monolayer Bi,Se; on a 300 nm SiO,
substrate was prepared by the evaporative thinning
method [21]. Four parallel Cr/Au 5 nm/50 nm con-
tacts were defined by e-beam lithography and depos-
ited by thermal evaporation. The sample was then put
into a home-built reducing chamber for in-situ elec-
trical measurements. After being annealed in forming
gas (H,:N, = 5:95) at T = 400 K, it was then cooled
down to T=300K and the gate-dependent con-
ductivity was measured at quasi-equilibrium inter-
vals during a gas adsorption sequence, first under
vacuum, and then with forming gas, and finally ambi-
ent air with relative humidity around 25%. The meas-
urement time scale is much faster than the gas adsorp-
tion process, allowing these quasi-equilibrium gate
sweep to characterize the instantaneous state of the
sample.

The conductivity curves under gate voltage sweep
are shown in figure 3(a). In the initialized state after
high temperature desorption, the intrinsic n-type
conduction was observed as evidenced by a positive
slope in the gate-dependent conductivity. The n-type
conductivity was seen to slowly increase on hour-
long time scales as measured from subsequent gate
sweeps taken at later intervals as the sample stayed at
T = 300K in a nominal vacuum. One would expect
that under vacuum any gas adsorbates would slowly
desorb, consistent with this increase in conductance.
After being exposed to the forming gas and then to air,
the conduction showed the opposite effect, changing
from n-type to p-type while the conductivity kept
decreasing significantly with longer exposure time
within the entire exposure process. As with the case of
BP, from the raw data of figure 3(a) alone, it is difficult
to make any definitive conclusions about the system,
since the reduced conduction caused by the forming
gas and air could, in principle, be reducing the mobil-
ity, the carrier density, or both.

Following the 2DCS analysis protocol, the res-
ulting scaled gate-dependent conductivity curve is
shown in figure 3(b). As shown in figure 3(b) inset,
the mobility scaling factor r increases by an order of
magnitude as V, decreases over the entire range. From
the slope of the conductivity curves with gate bias in
figure 3(a), we can tell that the carrier transitions all
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Figure 3. 2DCS analysis for the Bi,Se; sample. (a)
Gate-dependent conductivity curves at room temperature
with different adsorbate conditions. (b) The scaled
conductivity data on a single curve. The 2DCS parameters r
versus V; are shown in panel (b) inset. The confidence
interval, when larger than the symbol size, is shown as
horizontal and vertical error bars. The negative slope is
indicative of acceptor-like adsorbates predominantly
ionized with negative charge. The steep slope for the
specific scattering I'y = dr/dV under air versus the
shallow slope under forming gas and vacuum indicate
different scattering strengths per net charge for different gas
adsorption conditions.

the way from n-type with positive slope do/dV, >
0 to p-type with negative slope do/dV; < 0. Mean-
while, the increase in mobility scaling factor r in the
figure 3(b) inset as the sample goes from vacuum
to ambient gas indicates that the disorder strength
increases under continued exposure to adsorbates,
even after the conduction channel changed to p-type.

As per our general 2DCS arguments, this
disorder-charge specific scattering rate I'; shown with
negatively sloped black lines in the r vs. V parameter
plot (figure 3(b) inset) corresponds to acceptor-like
disorder: an increased number of impurities corres-
ponds to an increasing hole (decreasing electron)
concentration. While the sign of the specific scat-
tering I'; shows the charge type of the dominant
impurities, the magnitude of the slope I'; is indicat-
ive of the ionized impurity species. For cases where
the sample is under vacuum or forming gas where
Vs> —10V, the specific scattering I'; has a small
negative value, indicating that large changes in the
impurity-induced doping result in small changes in
the mobility. Conversely, when the sample is exposed
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to air, V; < —10V, the specific scattering I'; takes a
large negative value.

The scenario for gas sensing is different from that
of bias cooling, because multiple gas species may or
may not all have the same sign and magnitude of
effective charge e*. Density functional theory pre-
dicts typical charge transfer values for common gas
molecules to span both positive and negative values
around —0.6e < e* < —0.6¢, and the sign and amp-
litude of the charge transfer is very much depend-
ent on the exact chemistry of the interface material
[37-40]. Equation (3) then is modified according to
Mathiessen’s rule with an impurity contribution for
each gas species:

1 o Mimp, 1

_ Mimp,2 9
i)~ fin(er) ©)

finer)

so that the mobility decreases as each new species of
ionized impurity is added. However, note that the
voltage shift V; in equation (6) will also be modified
once multiple species of impurities are involved:

er[pi(Vg — Vg,li) - ngz) )] = er(Vg = Vg,li) B ngz) s
(10)

and positively charged impurities e* > 0 will contrib-
ute a positive V; and negatively charged e* < 0 a neg-
ative V;. For example, in a simplified scenario with
two species of adsorbed gases with opposite charge
N;i and N, then the conductivity magnitude varies
as the sum of the impurity densities r ~ NB' +N,.,
whereas the voltage shift will have competing positive
and negative contributions Vy ~ N — N, . A large
amplitude of the specific scattering |I'y| = |dr/d V|
can therefore result from dopant compensation since
the total number of impurities may be large leading
to a large scattering parameter r in the numerator,
whereas the net impurity charge may be small lead-
ing to small Vj shifts in the denominator. Note that a
large I, is observed in figure 3(b) inset at large neg-
ative V; in the presence of air, where the gases O, and
water vapor are present. Such observations highlight
the utility of the 2DCS method to identify traits of
the adsorbed scatterers, helping to address the long-
standing cross-sensitivity issue of distinguishing dif-
ferent gases in gas sensing 2D devices [7].

In conclusion, the proposed 2DCS method can
characterize scattering in 2D materials when the scat-
tering potential consists of a tunable concentration
of ionized impurity scatterers, such as charge traps
or gas adsorbates. From the analysis presented here,
one can extract a 2DCS scaled conductivity curve and
deduce a 2DCS parameter plot of the scaling para-
meter r versus the shift V. Examination of trends in
these two parameters allows one to separate relative
contributions to the mobility through the slope of this
plot, defined as the disorder charge specific scatter-
ing rate Iy = dr/dV;. This parameter reveals whether
the dominant impurities are acceptor-like (I'; < 0) or
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donor-like (I'; > 0), and even quantify relative levels
of scattering strength per unit impurity charge and/or
compensation. The characteristic conductivity curve
00(Vg + V) allows one to determine the conductivity
for a broad range of impurity doping and gate voltage
biases. The proposed 2DCS analysis will be useful for
analyzing gate-tunable 2D materials which undergo
oxidation, annealing, and surface doping such as for
gas sensors and will provide a diagnostic test for com-
paring differently prepared samples to aid in device
optimization. Following the analysis outlined in this
Letter, one would also be able to expand the same
principle demonstrated here on a single device and
consider an impurity dosage study for 2D materials,
or calibrate 2D gas sensors to differentiate multiple
gas species from their 2DCS fingerprint, for example.
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