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ABSTRACT

The quantum Hall effect (QHE) has enhanced accessibility to measure and disseminate electrical units, owed in part to the recently redefined
International System of Units in 2019. Graphene remains one of the preferred options to realize the ohm despite the limitations of high
magnetic fields to produce a robust QHE. Topological insulators, on the other hand, show promise in providing quantized resistance via the
quantum anomalous Hall effect, a phenomenon that removes the need for magnetic fields during operation. To optimize future devices for
metrological applications, it is important to gain a better understanding of magnetically doped topological insulators like Cr-doped bismuth
antimony telluride. The application of differential conductivity space analyses offers a more sensitive way to analyze the data and distinguish
between 2D and 3D transport behaviors. This is particularly important in thin films, where the transition between 2D and 3D behavior can
be subtle. The ability to confidently determine the dimensionality of the transport is crucial for selecting appropriate theoretical models for
future device optimization. Furthermore, this work identifies variable range hopping as the dominant transport mechanism in the 2D regime
using a rigorous statistical analysis (via the Bayes factor). These elements assist in the understanding of microscopic processes that govern
charge transport in these materials.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0278373
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Magnetically doped topological insulators (MTIs) offer access
to the quantum anomalous Hall effect (QAHE), a phenomenon that
corresponds to time-reversal symmetry breaking and the presence
of an energy gap that can harbor topological surface states.' In the
context of physics and metrology, these robust QAHE states have
the potential to replace the modern usage of the corresponding inte-
ger quantum Hall effect plateaus in graphene-based technology on
the merits that the QAHE does not require ongoing operation of

a magnetic field to provide quantized resistance. Historically, real-
izing the unit of electrical resistance (the ohm) with graphene has
been made more user-friendly by means of simplifying equipment
infrastructure and increasing device shelf-life." "

One avenue for substantially reducing equipment infrastruc-
ture needs is to implement a resistance standard that can operate
without an electromagnet.'*'® Though this may be possible with
systems such as chromium doped bismuth antimony telluride,'”'*
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there are still various physical behaviors that need to be incorpo-
rated more efficiently in future devices, most pertinently in the realm
of quantum transport. As with conventional quantum Hall physics,
one metric that can reveal QAHE transition behavior is the conduc-
tivity, which frequently manifests itself as a dissipationless current
closely associated with the two quantization conditions oy, = é*lh
and o = 0. Therefore, any metrics that can more efficiently deter-
mine device behavior, namely to distinguish between 2D and 3D
transport regimes and identify the dominant transport mechanisms,
would be of utmost utility in the metrological application of these
material systems.

In this work, such metrics are introduced after collecting resis-
tivity measurements and conducting analyses of the conductivity
space of the h/e* (v = 1) transition in Cro12(Big26Sbos2)2Tes (where
eﬂz = Rk ~ 25.8 kQ). The conductivity isothermal curve behavior is
determined by means of analyzing transport data as a function of
temperature, gate voltage, and magnetic field. An inspection of the
differential conductivities shows that the devices exhibit strong char-
acteristics of a 2D transport regime driven by conventional variable
range hopping, and this model is further supported by a rigor-
ous statistical analysis via Bayes factor comparison. Such analyses
may be applied to any QAHE-exhibiting system, even when results
may not be globally applicable to all topological insulators. With
more efficient methods of understanding observed electrical behav-
iors and mechanisms of transport, MTI-based devices could be more
optimally fabricated or grown, allowing one to pursue metrological
applications related to the quantum ampere.'” '

The MTI material used herein was grown in a PerkinElmer
ultra-high-vacuum molecular beam epitaxy system.”””’ Six quintu-
ple layers of high-quality single-crystalline Cr-doped (BixSb1—x)2Te3
film [where x = 0.26, to obtain Cry.12(Bio.26Sbo.s2)2Tes] were grown
on a semi-insulating GaAs (111)B substrate after a pre-anneal step
of 630°C in a Te-rich environment to remove native oxides, with
the final resulting film measuring ~6 nm in thickness. During
the growth process, the GaAs substrate temperature was main-
tained at 200°C with the Bi, Sb, Te, and Cr sources all evap-
orating nearly simultaneously. The material thickness was moni-
tored by reflection high-energy electron diffraction, and once the
growth was complete, the sample was removed from the cham-
ber and coated with a layer of polymethyl methacrylate for surface
protection.

The fabrication of MTI-based devices began with direct-write
optical photolithography, and each patterning step included the
coating of a hexamethyldisilazane adhesion layer and a Megaposit
SPR 3612 photoresist layer (see Acknowledgments) along with a
pre-exposure bake at 80 °C for 120 s. The photoresist layer was
then exposed to 385 nm LED ultraviolet light with a dose of ~100
mJ/cm” and then developed in a 1:1 solution of Microposit CD-
30:H,O for 35 s. The Hall bar device geometry was defined via argon
ion milling. The electrical contact pads were composed of a 5 nm
Ti adhesion layer and a 90 nm Au layer, both deposited via electron
beam evaporation after a 10 s in situ Ar pre-etch removed surface
impurities. For top gate implementation, a dielectric layer of 1 nm of
Al was deposited as a seed layer. This thin layer was oxidized before
depositing about 40 nm of Al,O3 with atomic layer deposition using
trimethylaluminum and water precursors. Finally, a deposition of
5nm Tiand 80 nm Au completed the top gate.

pubs.aip.org/aip/adv

Test devices were measured in two different setups, the first
being a Bluefors dilution refrigerator from its base temperature
of 10 mK to ~2 K and magnetic field capabilities of up to 14 T
(see Acknowledgments). The second system is a Physical Prop-
erty Measurement System (PPMS) from Quantum Design with the
base temperature of 1.6-400 K and magnetic field up to 14 T
(see Acknowledgments). The JCC-28 sample holder accommodates
shielded wiring that externally connects to a Q-Devil breakout box
for the Bluefors and a custom-made breakout box for the PPMS.
Measurements were collected with a set of lock-in amplifiers for both
systems.

To center the Fermi level within the magnetic exchange gap of
the MTI-based device, the longitudinal resistivity (px, and gener-
ally equal to (w/I) x {|Rk+xx| — |[Rx|}, where w and ! are the width and
length of the device, respectively, and R is the von Klitzing constant
from earlier) was monitored as a function of gate voltage. Optimal
placement, manifesting as a global minimum in the resistance of
a longitudinal pair of electrical contacts, enables the most robust
access to the QAHE. As shown in Figs. 1(a) and 1(b), the device
was fabricated to allow for measuring both longitudinal and Hall
resistances simultaneously using a 50 nA electrical current across
the source and drain terminals. All data were collected by modify-
ing three parameters: (1) gate voltage, which ranged from -0.3 to

150 pm

FIG. 1. (a) An illustration of the device design is shown, with a basic layout of the
measurement configuration. Resistance is measured between longitudinal (px)
and Hall contact pairs (pyx). The gray dotted square highlights the equal spac-
ing between longitudinal and Hall contact pairs, with the device having a width of
150 um. Magnetic field direction is also provided by the indicator in the lower right
corner. (b) An optical image of the device is provided along with a scale bar.
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-8 V to maintain proximity to the magnetic exchange gap, (2) tem-
perature, which was changed in steps of 0.1 K below 1 K, 1 K below
10 K, and 10 K below 100 K, and (3) magnetic field, which was swept
in both directions to fully record hysteresis.

The highest quality device required a gate voltage of about
—-1.9 V to provide a robust QAHE with minimal longitudinal resis-
tance (see the supplementary material). Of the several pairs of
orthogonal contacts, the highest quality pair, determined by the
deviation of the resistance from the nominal value of the v = 1
plateau (~25.8 kQ2), was subsequently used for a more in-depth anal-
ysis of the hysteresis curves present in the magnetic-field-dependent
Hall resistance. Figures 2(a)-2(c) document a series of Hall resis-
tances (R,x) measured as a function of magnetic field for several gate
voltages. The long-dashed lines start at -5 T and increase, and the
short-dotted lines start at 5 T and decrease. These resistances are also

(@) \Y;

ARTICLE pubs.aip.org/aip/adv

measured as a function of temperature, as indicated by the color-
coded gradient (up to 30 K). To obtain a metric for assessing the
persistence of the QAHE state, one may use the change in magnetic
field needed to switch the magnetization (defined as AB). This value
may be extracted where R, intercepts zero, giving an effective width
to the hysteresis loop. Figure 3 discusses this analysis in more depth.

Before discussing the aforementioned metric, one should
observe that high-quality QAHE quantization can withstand slightly
higher temperatures when the gate voltage is near the middle of
the magnetic exchange gap (-1.9 V) than if the gate voltage is not
centered. The hysteresis loops also enclose a smaller area for higher
temperatures. As one drifts farther from the gap [-0.3 V, Fig. 2(c)],
the hysteresis loops’ enclosed areas decrease more rapidly with tem-
perature, and the QAHE plateau begins to lose its flat profile at
higher magnetic fields. Both of the effects are even more exaggerated

T (K)
30.0
9.40
3.00
0.93
0.29
0.10
0.03
0.01
T(K
( )30 0 FIG. 2. Hall resistance is examined as a
: function of magnetic field for both sweep-
9.40 ing directions, where the long-dashed
lines start at —5 T and increase, and
3.00 the short-dotted lines start at 5 T and
decrease. The following gate voltages
0.93 were used: (a) -8V, (b) —1.9 V, and (c)
—0.3 V. In all cases, data for tempera-
029 tures up to 30 K are shown. Panel (a)
0.10 also shows a visualization of the metric
’ AB, which characterizes the gap in mag-
0.03 netic field present when switching the
direction of magnetization in the device.
0.01
T(K)
30.0
9.40
3.00
0.93
0.29
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0.03
0.01
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FIG. 3. (a) The metric AB, as described in Fig. 2(a), is plotted for the same tem-
perature scale to suppose a dual temperature regime picture observed in the
resistance data. The magnetic field values are taken from the point when the Hall
resistance is zero. (b) The Hall resistance values at zero magnetic field are plotted
as a function of temperature on a semi-logarithmic scale. Three gate voltages are
included (-8, —1.9, and —0.3 V in magenta, dark blue, and orange, respectively).
The data support the dual regime picture and exhibit behavior with a common con-
vergence point near 10 K. (c) The longitudinal resistance values are plotted as a
function of temperature on a semi-logarithmic scale using the same gate voltages.
The data show two linear regimes that cross near 0.6 K. (d) Arrhenius fits, shown
as dashed gray curves, using the same gate voltages, are performed to extract
temperature scales for thermal activation of conduction.
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in Fig. 2(a), where the gate voltage of —8 V was used and is farthest
from the gap. By returning to the metric AB, as described in Fig. 2(a),
which is plotted in Fig. 3(a) on a semi-logarithmic temperature scale,
a dual temperature regime emerges. The magnetic field values are
taken from the point when the Hall resistance is zero, and the met-
ric vanishes by about 10 K. This metric also shows two prominent
linear trends (again, on a semi-logarithmic plot) with a crossover
temperature near 0.6 K.

Tracking Ry and Ry, supports this dual regime picture within
which the quality of the quantization takes on different temperature-
dependent behaviors. For instance, by analyzing R, in Fig. 3(b), one
sees that the QAHE retains its flat profile until about 1 K (within
the magnetic exchange gap). Moreover, the point at which Ry van-
ishes, about 10 K, appears to be a common point of convergence
for every gate voltage. The differences in the curve profiles for each
of the gate voltages between about 1 and 10 K may possibly stem
from the varying number of available states in the bands just above
and below the magnetic exchange gap.'"” When one looks carefully
at Fig. 3(c), the dual regime picture is clearer for Ry The first
regime sees a flat Ry, up until a point of inflection or crossover near
0.6 K for the optimal gate voltage, aligned with the observation of
the metric AB. Above that temperature, an exponential trend char-
acterizes the increase of the longitudinal resistance (linear on the
semi-logarithmic plots). A possible third regime, though less defined
in its crossover point, occurs as the temperature approaches 10 K,
where a more asymptotic behavior is exhibited.

To understand if the crossover near 0.6 K corresponds to any
observable changes in the device’s conductivity, two pairs of R.x and
Ry resistance data were collected as a function of magnetic field in
both sweeping directions. Many traditional works focused on the
quantum Hall effect (QHE) have used conductivity space to learn
more about transitions in the material.”* " Therefore, this approach
was taken for this material system. To calculate o, and oy, for
transforming resistivity data, the following equations were used:

Pxx
Oxx = —3 3

2
Pxx + Pyx

“Pyx
2 2
Pxx t Pyx

o

and oy =

The longitudinal conductivity allows one to gain insight into
the effect of thermal activation via Arrhenius fitting, as performed
in Fig. 3(d) via oxx =a + beTo/T, Here, a and b are constants and
To characterizes a temperature scale on which the effects of ther-
mal activation are expected to be observable and significant on the
conductivity.” In the same figure, gray dashed curves are used to
superimpose the fits on the data and allow for the extraction of three
temperature scales depending on the gate voltage. For the optimal
gate voltage (1.9 V), the relevant scale, Ty, is about 1.57 K. The
behavior of the other two values of Ty, that is, 0.68 and 1.36 K for
-8 and —0.3 V, respectively, behaves in a similar manner to those
reported in similar work.” In short, the parameter Ty increases
until the optimal gate voltage and then begins decreasing again. This
observation highlights the sensitivity of the robustness of oy, for
MTI-based devices for modest changes in gate voltage.

Moving forward with the full conductivity space analysis, when
one combines the geometrical features of the device design with the
measurement results, the values of p,  are straightforwardly deter-
minable. Furthermore, an average of the two pairs for the p, . and
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p,. was calculated to symmetrize the data. This analysis, performed
for all applied gate voltages, yielded the conductivity space isother-
mal curves in Figs. 4(a)-4(c), reflecting gate voltages of -8, —1.9, and
—0.3 V, respectively. Two features immediately stand out: (1) a dim-
pled feature that forms in the isotherm below a certain temperature
and (2) a general contraction and expansion along the vertical of the
isotherms as a function of temperature, with the optimal gate volt-
age [(b)] exhibiting the greatest compression and strongest dimple
formation.

(@)

1.0+

(e?/h)

XX

-1 -0.5 0 0.5 1 0.01

1.0+

—~
(2]
-~

1.0+

(€3/h)

F0.5¢ o4 G, 1 0.29

FIG. 4. Conductivity space isothermal curves were calculated based on resistivity
values for the device exhibited between —5 and 5 T and at temperatures between
10 mK and 30 K. The long-dashed lines represent datasets that begin at =5 T and
increase, whereas the short-dotted lines represent datasets that begin at 5 T and
decrease. The following gate voltages were used: (a) -8, (b) —1.9, and (c) —0.3 V.
The most immediate observations show two features: (1) a dimpled feature that
forms in the isotherm below a certain temperature and (2) a general contraction
and expansion along the vertical of the isotherms as a function of temperature, with
the optimal gate voltage [(b)] exhibiting the greatest compression and strongest
dimple formation.

ARTICLE pubs.aip.org/aip/adv

Most of the isothermal curves in Fig. 4 follow an elliptical shape
not unlike those associated with semicircular domain boundaries
typically seen in gallium arsenide, graphene and, more recently, in
MTI-based devices.”” ** As mentioned earlier, it appears that as tem-
perature decreases, the elliptical shape of an isothermal curve flattens
until a crossover point, below which a dimple forms in the center of
the curve. The dimple sharpens as the temperature gets to the lowest
value of ~10 mK. As seen in vanadium-doped MTI-based devices,*
the ideal case scenario would show this dimple sharpening into a
cusp, reflecting the 2D nature of the material system."’

The 6 nm thickness of this chromium-doped MTI-based device
should comfortably classify it within the 2D picture reported by Ref.
42 rather than the 3D axion insulator behavior seen in thicker films
(films that exhibit axion insulation can be as thin as 9 nm). In this
case, due to the lack of sharp cusp normally expected,”’ one can-
not yet confidently treat the transport behaviors as 2D. To resolve
this issue, one may analyze how the isothermal curves deform with
temperature and then compare this overall behavior with that of a
different MTI-based device or material system.

To get a more pronounced representation of the deforming,
a method for better revealing subtle changes in isothermal curve
shapes was used; namely, by taking the first derivative of the plots,
‘i‘:—:. When processing the data, 100-point adjacent averaging was
applied to obtain a smoother function for differentiation. An exam-
ple of this analysis is shown in Figs. 5(a) and 5(b) for the optimal gate
voltage of —1.9 V. From these derivatives, one may define a metric
for mathematically determining when the dimple feature vanishes,
namely “A,” or the relative vertical measure of the two local extrema.
This metric will be important for comparing this material system to
another to help justify the use of 2D transport models and also may
allow one to neglect issues arising from any 3D representation of the
material system.

For simpler viewing of the data in Figs. 5(a) and 5(b), the
magnetic field sweeps are separated as (a) beginning at -5 T and
increasing and (b) beginning at 5 T and decreasing. Furthermore,
a subset of the temperature scale is selected since A remains zero
above 1 K. For each of the three gate voltages used in previous fig-
ures, A can be seen plotted against temperature in Figs. 5(c) and
5(d). One notable observation, as indicated by the solid light blue
region up to ~0.2 K, involves a clear separation of two temperature
ranges where A either remains stable (below 0.2 K) or commences
its decrease to zero (between 0.2 and 0.8 K), or the threshold value
at which dimpled features arise.

To gain better insight into the benefits of using the derivatives
on these isothermal curves, additional analyses are conducted in the
supplementary material, mainly by reviewing the case for vanadium-
doped MTI-based devices.*” Two main comparisons emerge: (1)
the trend for A is similar in form to what is reported here for
the chromium-doped material system, and (2) the symmetry of
the isothermal curves with respect to the central dimple or cusp
exists for both systems (and both are classified as 2D by the metrics
of Ref. 42).

To strengthen confidence in the usefulness of the derivatives
as a means to indicate the extent to which an MTI-based device
fits a 2D regime picture, temperature-dependent conductivity data
were analyzed in the same fashion presented here for a vanadium-
doped device with a thickness of 7.3 nm (see the supplementary
material). The characteristics of the isothermal curves reveal the
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FIG. 5. All data from Fig. 3 were differentiated after applying adjacent averaging to enhance the subtle feature of dimple formation within the isothermal curves. Since the
magnetic field sweep direction imposes a minor translation in the data, the sweeps are separated as (a) beginning at —5 T and increasing and (b) beginning at 5 T and
decreasing. A subset of the temperature scale is selected since the metric of interest, A, vanishes above 1 K. (c)—(d) A, defined as the relative vertical measure of the two
local extrema, is calculated from the derivatives as a function of temperature for both magnetic field sweep directions and for three gate voltages. The solid light blue region
up to ~0.2 K indicates the approximate temperature range where A remains stable relative to the range up to 0.8 K.

3D nature of the system, specifically the non-centered positioning
of the dimple/cusp feature with higher temperature and the asym-
metric expansion of one-half of the isothermal curve as temperature
increases (details provided in the supplementary material). The con-
ductivity derivative analysis has thus provided a more efficient and
pronounced way of determining the appropriateness of using 2D or
3D transport models.

Returning to Figs. 5(c) and 5(d), the point at which A begins
to decrease, in the neighborhood of 0.2 K, may be attributable to

thermal activation, variable range hopping, phonon-assisted (field-
driven) hopping, or bootstrap electron heating (BSEH), as described
in Ref. 14. The reason a phenomenon like BSEH is not being consid-
ered is because such a model was used to explain current-dependent
breakdown both in the QAHE and the conventional quantum Hall
effect."*"**! In short, the BSEH model attributes a sharp change in
resistivity to runaway heating of the electron system when the cur-
rent exceeds about 100 nA, prompting this experiment to use electric
currents below that threshold. In addition, at higher temperatures
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like 0.2 K, the breakdown transition due to BSEH is expected to be
smeared out."*

It has been noted that in the neighborhood where A begins to
decrease and approach 0, MTI-based devices may see discrepancies
of 0xx when fit against a thermal activation model, suggesting that
another transport mechanism was required for resolution; thus, any
choice of transport models made here was guided by the physical
characteristics of the system and by evidence of appropriateness in
the literature.'""* Since only surface states can contribute to trans-
port (given that the device is comfortably in the 2D regime), variable
range hopping (VRH) and potentially VRH with field-driven (FD)
hopping may be the most appropriate models to help explain the
trends in longitudinal conductivity at zero-field, and they are both
represented by Eqs. (2) and (3), respectively,

0ux(T) = afxe_(T‘/T)“, (2)
E. T1\%
(L, T) = azxexp[;—y;f - (?1) ] (3)

For Egs. (2) and (3), JXTX is a prefactor with little temperature
dependence compared to the T} constant, or characteristic temper-
ature scale reported for these models, and the constant a is defined
as 1/(1 + d), where d is the number of spatial dimensions,'* noting
that the definition is different than that posed in Ref. 1 for a similar
analysis of VRH. The elementary charge, e, and the orthogonal field
strength while the device exhibits a full QAHE, E,, in Eq. (3) are
part of the term in the exponent meant to incorporate field-driven
(or phonon-assisted) transport. In Fig. 6, data for the longitudinal
conductivities as a function of temperature are plotted along with
the two models per gate voltage. The VRH and VRH+FD models
are shown as a long-dashed curve and a dotted curve, respectively
(and the fit parameters are shown in the supplementary material
and are generally consistent with the literature for chromium-doped
devices'*). Since both models differ for each spatial dimension, the
2D and 3D forms of a were used. The case where a = 1/2 (or 1 spa-
tial dimension) is shown in the supplementary material but is not a
common finding as described in other work."*"”

Even if one focuses on the assumption that the 6 nm thick
devices are purely in the 2D regime, it is not entirely clear which
model is more appropriate, and this lack of clarity has been reported
elsewhere for chromium-doped devices.!* To better understand
which model may statistically describe the data more satisfactorily,
a Bayes factor analysis was also conducted on the two models, "
much of which is reported in the supplementary material. In sum-
mary, the analysis compares the marginal likelihood integral (MLI)
of each model, which is a metric representing the fit of the model
to its corresponding dataset. The Bayes factor is then calculated as
a ratio of the MLIs of the two models being compared. Generally,
when the Bayes factor is greater than 100 (or if the logarithm of
the Bayes factor is much greater than 5), the model of interest (in
this case, the VRH model) is statistically more appropriate than the
alternative model (VRH+FD). Any smaller factor would suggest lit-
tle mathematical justification for utilizing the VRH model (model
of interest). The analysis showed that the logarithm Bayes factor
comparing VRH to VRH+FD is much greater than 5 (for —-1.9 V,
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FIG. 6. Temperature dependent longitudinal conductivity data at zero magnetic
field for each of the three gate voltages are plotted. Zero field is selected to max-
imize focus on thermal contributions to on ohmic variable range hopping (VRH).
After determining the dimensionality via dimple/cusp behavior earlier, the next step
to understanding electrical measurements is to determine the dominant transport
mechanism. Two models are used to fit the data based on VRH and a combination
of VRH and field-driven (FD) hopping, shown as a long-dashed curve and a dotted
curve, respectively. Both models differ for each spatial dimension, with (a) a = 1/4
(or 3 spatial dimensions) and (b) a = 1/3 (or 2 spatial dimensions). The case of a
= 1/2 (or 1 spatial dimension) is shown in the supplementary material but is not a
common finding as described in other work.'**®

it is ~600), strongly supporting the VRH model over the VRH+FD
model.

To better support the notion that the 2D transport is dom-
inated by the VRH model, a secondary analysis is shown in the
supplementary material for temperatures at the extreme end of
the model, namely below 0.8 K. This secondary analysis also sup-
ports this designation. The entire assessment of 2D transport was
enabled and more easily achievable by using A and the derivatives of
conductivity as a proxy for intuiting that the material system was
comfortably in the 2D regime as opposed to the 3D axion insu-
lator regime. Combined with the rigorous Bayes factor statistical
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analysis, these subtle mathematical insights highlight the utility of
characterizing MTI-based devices in conductivity space.

This work described resistivity measurement results and anal-
yses of the conductivity space of the h/e* (v = 1) transition in
Cro.12(Bio26Sbos2)2Tes When measuring a device of relatively simi-
lar composition (Cr-based) but not exactly the same as others in the
recent literature (V-based like Ref. 42), then it is safe to say one can-
not initially be 100 % certain if a 2D or 3D transport model is more
appropriate. This statement is also most reasonable to state even
when the stoichiometries are different within the same dopant class
of material. However, for this particular work, Cr and V dopants are
essentially being compared. Reference 42 was heavily relied upon to
conclude that the system in this work is not purely 3D because the
physics of axion insulators, independent of dopant, prohibits a dim-
ple from forming at the origin, and a dimple forms quite clearly at
lower temperatures for the system in this work.

Therefore, the system is either purely 2D or a hybrid 2D/3D
system. Although it was initially thought, prior to the growth, that
a 6 nm sample would make any device certainly 2D, Fig. 4 shows
behavior that resembles a hybrid device when compared to V-
doped stoichiometries. Specifically, the dimple/cusp did not sharply
return to the origin as with pure 2D systems at similarly cold tem-
peratures. It was then concluded that this discrepancy warranted
investigation in this work, including how to consider the possibility
that we may have a hybrid 2D/3D system despite the 6 nm thick-
ness. To answer the question of whether this material system was
more hybrid or more purely 2D, V-doped data were analyzed in
the supplementary material and found that hybrid systems exhibit
a temperature-dependent asymmetry with their isothermal curves.
Because the main device data did not exhibit that asymmetry with
temperature, one could reasonably estimate that our system was a
pure 2D system. To further support this assertion, the presented
derivatives analysis was used to more easily reveal the different tem-
perature regimes that could reflect different transport mechanisms
exclusive to 2D electron physics. The utilization of Bayes factor anal-
ysis confirmed, with significant statistical backing, that the Variable
Range Hopping model is most appropriate to use for this system.
The knowledge now acquired gives one information that could be
used in a feedback loop with theoretical calculations or different
material growth parameters for future device property optimization.

See the supplementary material for a gate voltage sweep,
an image of example devices, trends in external vanadium-doped
devices, fitting parameter details, and the Bayes factor analysis.
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