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Electrical Control of Spin-Injection Using Mixed
Dimensional van der Waals Heterostructures
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Abstract—We demonstrate that van der Waals heterostructures
based on CrI3, MoS2 and a 3D semiconductor source may allow for
all electrical control of spin polarized carrier injection into MoS2.
We demonstrate this possibility using a simple resonant tunneling
device structure and model it using the transfer matrix method.
Our results show that electrically controlled spin polarized carrier
injection is theoretically possible at low device bias.

Index Terms—2D materials, CrI3, MoS2, InxGa1-xN, GaN,
mixed dimensional structures, spin-polarization, van der waals
heterostructures.

I. INTRODUCTION

THE control of spin polarized carrier injection is of great
importance to the fields of spintronics and valleytronics,

which seek to use the spin of carriers as an additional degree
of freedom in device design. Effective control over the spin of
carriers in a device can lead to a variety of useful device applica-
tions such as nonvolatile memory and quantum computing [1],
[2]. Having good control over the initial spin of carriers is an im-
portant part of practical quantum computing with 2D materials.
Transition metal dichalcogenides (TMDCs) especially can take
advantage of spin-polarized carriers since carriers of different
spins populate different valleys within their conduction band.
Therefore, researching spin-injection and control into TMDCs is
of great practical importance in the application of TMDC based
devices. One of the most popular approaches to spin injection
and control in TMDCs is that of Magnetic Tunnel Junctions
(MTJs) using different magnetic metal contacts [3], [4]. How-
ever, a major problem with this method is conductivity mismatch
which results in poor spin injection [5], [6]. Spin polarized
light is another method of spin-injection [7] which although
effective at creating significant populations of spin polarized
carriers in TMDCs, is impractical in terms of device design
and implementation. Finally, there is proximity spin filtering
[8] where a 2D magnetic material such as CrI3 is placed on top
of a TMDC to lift the valley degeneracy of the TMDC layer and
create a net spin-polarized carrier population. However, both
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proximity spin filtering and MTJs have the same problem with
requiring external magnetic fields to change carrier selection.

To get around these limitations, we propose a Resonant
Tunneling Device (RTD) to control the injection of spin po-
larized carriers. This method of spin injection was previously
proposed, developed and tested in Zn1-xMnxSe based structures
in [9] and [10]. A similar concept was employed in [11] using
Zn1-x-yMnyCdxSe instead of Zn1-xMnxSe. In our proposed
device, we intend to use a 2D/3D van der Waals (vdW) het-
erostructure to overcome the limitations traditionally associated
with spin dependent RTDs. One way in which we intend to
improve upon spin dependent RTDs is to use CrI3, a novel 2D
magnetic material, as the well material. The unique properties
of layered 2D materials in conjunction with the well understood
physics of bulk semiconductors allow us to conceive of and
simulate a device which can select the spin of carriers using all
electric means.

II. DEVICE CONCEPT

Our proposed spin RTD consists of six parts, a bulk semi-
conductor source, one or two barrier layers, a magnetic well
material, a TMDC drain, an insulator and finally a back-gate
material made of either metal or highly doped semiconductor. A
simplified diagram of the electronic structure of the device can
be seen in Fig. 1. It should be noted that in Fig. 1, the conduction
band of MoS2 is represented with the Γ-point value of the MoS2

band structure instead of the conduction band minimum (CBM).
This is done to maintain momentum conservation for the carriers
as they move from the 3D semiconductor source to the TMDC
layer. The limiting factor in the design of spin-RTDs is the
magnetic well material. This was one of the major problems
with spin-RTDs which used Zn1-xMnxSe since the difference in
the energy of spin polarized carriers within the well of the RTD
was not large enough to create highly spin-polarized currents.

The spin splitting in Zn1-xMnxSe was expected to be on the
order of 0.02 eV [9], [10] which means that the well could not
effectively filter out one spin state from another, as both spin
polarizations had similar probabilities of tunneling through the
structure due to the closeness of their resonant states within the
well. Using a combination of new device concepts, 2D/3D het-
erostructures, in conjunction with novel 2D magnetic materials,
CrI3, it may be possible to overcome some of the limitations of
spin RTDs.

CrI3 is a recently isolated 2D magnetic material which has
been shown experimentally to behave ferromagnetically (FM) in
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Fig. 1. Band diagram of the double h-BN barrier spin-RTD at -0.25 V drain

and 15 V gate. Equations (7)-(12) are used in calculating the movement of the
conduction bands.

the monolayer limit and anti-ferromagnetically (AFM) in multi-
layers [12]. CrI3 has been reported to have an exchange-induced
energy gap of up to 0.136 eV [13], which indicates that carriers
of different spin polarizations can have their energy differ by
up to 0.136 eV in the presence of CrI3. This is almost an order
of magnitude larger than the energy splitting experienced by
carriers in previously studied magnetic RTD materials [9]–[11].
In our proposed device, we only use a single layer of CrI3 due
to multiple layers of CrI3 having AFM alignment, which would
require an external magnetic field to operate. Alternatively, other
2D magnetic materials could be used, which have FM ordering in
their layered stacks such as CrBr3 [14], [15], therefore allowing
for a wider well structure. The barriers of our proposed RTD
are made of hexagonal Boron Nitride (h-BN), which act to
protect the CrI3 from oxidation as well as extremely tall and
thin tunneling barriers for the RTD. The source and drain of
the device would be constructed using InxGa1-xN and MoS2

respectively. This means that the device would take advantage
of some of the useful properties of 2D/3D heterostructures which
have recently been experimentally demonstrated [16]–[19].

Our expectation that resonant tunneling can occur in 2D/3D
heterostructures is based on recent work in understanding the
nature of electrostatically gated contacts with TMDCs [20]–
[22]. In all these papers, the authors either assume, or determine
through DFT calculations, that the carriers which dominate
the tunneling current in metal/insulator/TMDC structures are
carriers which travel perpendicular to the 2D/3D interface. In
other words, carriers which are traveling vertically through the
structure and into the TMDC layer are the ones responsible for
most of the observed current in a gated metal/insulator/TMDC
system. Furthermore, these authors can fit their I-V data with
theories which are effectively modified versions of Schottky
barrier tunneling [20], [21]. Therefore, this suggests that clas-
sic tunneling theory can be effectively applied to the study

of gated metal/insulator/TMDC devices. Since these classic
theories of tunneling through Schottky barriers are similar in
their assumptions to theories of resonant tunneling, it does not
seem unreasonable to assume that classic resonant tunneling
is possible in 2D/3D heterostructures. In fact, the potential of
layered vdW heterostructures to form RTDs has also been noted
previously [23] and has been experimentally demonstrated by
others [24], [25].

In a spin RTD, the depth of the well changes based on the
spin polarization of the incident carrier. This spin dependence
is due to the magnetic nature of the well material and results
in an energy splitting between spin-up, | ↑〉, and spin-down,
| ↓〉, states. The difference in energy between | ↑〉 and | ↓〉 in
the magnetic material is the exchange-induced energy gap and
will be referred to as Eex. For example, if the carrier is | ↑〉
when it enters the well, the depth of the well will either be
increased or decreased by Eex/2 depending on if the spin is
aligned or anti-aligned with the magnetic well layer, thus there
are two sets of resonant tunneling energies. The goal of our
device design is to make it possible to select the spin of the
carrier which is preferentially transmitted. Selecting spin can be
done by changing the electron affinity of the source, applying a
drain bias, changing the electrostatic gate bias or a combination
of all three.

III. SIMULATION SETUP

The first step in simulating the band alignment of the various
materials in the spin RTD is to determine their initial relative
position when there is no applied drain or gate bias. In [21]
this was done by comparing the electron affinities of the dif-
ferent materials. This works well for metals but if the source
is a semiconductor, such as InxGa1-xN, it is more reasonable
to determine the initial band alignment between materials by
comparing Fermi-levels. For the devices under consideration,
we will assume that the semiconductor source is degenerately
n-type doped and for simplicity that the Fermi-level is set
equal to the conduction band minimum of the source. It has
been shown experimentally that it is possible to dope group
III-nitrides heavily, or even degenerately, n-type using either
silicon or germanium as donors in [26]–[29]. For example, in
[26] the Fermi-level of n-type GaN was found to vary from
133.9 meV below the CB to 153.3 meV above the CB with
Si doping concentrations ranging from 0.01× 1018cm−3 to
23× 1018cm−3. Even higher doping concentrations using Ge
were demonstrated in [27]–[29] and therefore it is reasonable to
assume that moving the Fermi-level to the conduction band edge
should be experimentally feasible. Furthermore, since we will
only be using InxGa1-xN with an indium composition of 11%,
it should be possible to use same doping to achieve a similar
result [30]. Since the bulk semiconductor in either case will be
degenerately doped, we will further assume that the Fermi-level
in the source does not change and that the Fermi-level in the
TMDC layer is equal to that of the source layer when the system
is at thermal equilibrium.

As charge is transferred from the degenerately doped 3D semi-
conductor to the 2D TMDC, an electric field is created due to the
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ionized dopants in the 3D source and the build-up of electrons
in the TMDC drain layer. Using the depletion approximation
and treating the source and TMDC layers as parallel plates
in a capacitor, the electric field across the insulating resonant
tunneling layers (RTLs) can be calculated using (1).

⇀

E = − q

2ε0εRTL
(nsource −NTMD) (1)

In (1), q is the charge of the carrier, ε0 is the dielectric
permittivity of vacuum, εRTL is the effective dielectric constant
of the RTLs, nsource is the ionized dopant concentration in
the source layer at equilibrium while NTMD is the number of
carriers added to the TMDC layer from the source. NTMD is a
consequence of the depletion approximation applied to a 2D/3D
heterostructure. For the Fermi-level in the TMDC layer to be
brought into thermal equilibrium with that of the source, carriers
must be transferred from the source material to the TMDC layer.
Since all the carriers added to the TMDC layer come from the
source in our model, at equilibrium we have a charge balance
between the source (InxGa1-xN /GaN) and the drain (TMDC),
nsource = −NTMD. We also expect NTMD to be equal to the
difference in carrier concentration in the TMDC layer before
and after contact with the 3D semiconductor as expressed by
(2).

NTMD = nTMD (EC , EFs)− nTMD (ECi, EFi) (2)

Where nTMD(EC , EFs) is the number of carriers (electrons)
expressed in carriers per cm2 for a given conduction band energy
(EC) and the Fermi-level of the source (EFs). It is assumed
that the final position of the Fermi-level in the TMDC drain
will be equal to that of the source at thermal equilibrium.
nTMD(ECi, EFi) is the same as nTMD(EC , EFs) except ECi

and EFi are the intrinsic, or starting, values of the TMDC
conduction band energy and Fermi-level. The equations for
nTMD come from [31] and is defined using (3)-(5).

n (EC , EF ) = g2D kBT ln

[
1 + Exp

(
[EF − EC ]

kBT

)]

(3)

p (EC , EF ) = g2D kBT ln

×
[
1 + Exp

(− [EF − (EC − Eg)]

kBT

)]

(4)

nTMD (EC , EF ) = n (EC , EF )− p (EC , EF ) (5)

In (3) and (4) which go into (5),T is the temperature in Kelvin,
kB is Boltzmann’s constant and g2D is the 2D density of states
which can be written down in (6).

g2D = gsgvme/2π�
2 (6)

Where in (6) gs is the spin-degeneracy of the TMDC and gv
is the valley degeneracy. In our case both are equal to 2 during
device operation. Using (1) and (2), the built-in potential for
electrons over the RTLs can be calculated as follows:

Fig. 2. Double h-BN barrier spin-RTD device structure. The CrI3 layer is
assumed to be magnetically polarized in the +y direction. The single h-BN
barrier device structure is the same but with the h-BN layer between the CrI3
and MoS2 layers removed. The gate voltage, Vgate, drops over the top Al2O3

gate dielectric layer and the MoS2 monolayer. The drain bias, Vdrain, is the
applied bias measured between the InxGa1-xN/GaN layer and the MoS2 layer.

q VRTL =
q2tRTL

2ε0εRTL
(2 [nTMD (EC , EFs)

−nTMD (ECi, EFi)]) (7)

Equation (7) needs to be constrained since it is possible
to obtain any value of qVRTL by varying EC . Therefore, we
constrain the amount of band bending in the TMDC layer due to
charge transfer by requiring that the vacuum level be continuous
from the source, across the RTLs and into the TMDC drain. This
condition is enforced by (8) and (9), similar to the conditions
used in [21].

q VRTL = EC − χTMD (8)

Since (8) and (7) are equal, we use them to obtain an equation
for EC which is given as (9).

EC − χTMD − q2tRTL

2ε0εRTL
(2 [nTMD (EC , EFs)

−nTMD (ECi, EFi)]) = 0 (9)

Equation (9) is solved numerically and the resulting value of
EC is referred to asEC0, which will be used as a reference value
later when calculating the effects of gate and drain bias. EC0 is
also fed back into (8) to determine VRTL,0 which is the built-in
voltage for electrons traversing the RTLs.

Next, we consider the effects of the applied drain and gate
biases on the band structure of the device. We assume that the
conduction band of the source is completely flat regardless of
applied drain and gate bias due to degeneracy. When a drain
bias, Vdrain, is applied to the device, the voltage-drop over the
RTLs will be equal to Vdrain. This is because of the way in
which we have setup our device, as can be seen in Fig. 2. Since
the drain voltage is measured with respect to the source and the
TMDC layer, the voltage-drop over the RTLs must be equal to
Vdrain. This in turn means that the conduction band position of
the TMDC layer adjacent to the RTLs must be moved by qVdrain

from its starting position of EC0. Therefore, the voltage over the
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RTLs when a drain bias is applied is given by (10).

q VRTL = qVRTL,0 + qVdrain (10)

There is also a voltage drop over the TMDC layer itself.
Following the same method as described in [20], we will treat
the TMDC layer as a thick plate with a uniform charge density
and assume complete screening of the back-gate charge by the
TMDC layer. In later calculations we will approximate the band
bending of the TMDC layer as linear as was done in [20]. Using
these assumptions, it is possible to derive (11) and (12) which
describe the voltage drop over the TMDC layer (VTMD) in
terms of qVRTL and qVgate, where Vgate is the gate bias of
the device and represents the total voltage drop over the TMDC
and oxide layers. A full derivation of (11) and (12) is presented
in Appendix A. Equation (11) describes the voltage drop over
the TMDC layer if qVRTL > 0 and (12) describes the voltage
drop if qVRTL ≤ 0.

q VTMD = qVRTL

(
εRTLtTMD

2εTMDtRTL

)

−
(
qVgate+qVRTL

(
εRTLtTMD

2εTMDtRTL

))(
1+

2εTMDtOxide

εOxidetTMD

)−1

(11)

q VTMD = qVRTL

(
εRTLtTMD

εTMDtRTL

)

−
(
qVgate + qVRTL

(
εRTL

tRTL

)(
tTMD

εTMD
+

tOxide

εOxide

))

(
1 +

2εTMDtOxide

εOxidetTMD

)−1

(12)

In (11) and (12) tRTL, tTMD and tOxide represent the total
thickness of the resonant tunneling layers, the TMDC layer and
the oxide layers respectively. εOxide is the relative dielectric
permittivity of the oxide layer while εRTL is the effective
dielectric permittivity of the RTLs. It should also be noted
that in our simulations qVgate will be positive while qVRTL

will be negative. This is because qVgate is measured with a
positive test charge while qVRTL is measured with a negative
test charge. Further explanation of the sign conventions, as well
as a derivation, for (11) and (12) is given in Appendix A.

The procedure for calculating the band structure of our device
using (8)-(12) is straightforward. First, qVRTL,0 is calculated
using (8) and (9), then qVRTL is calculated using (10) based
on qVdrain. Next, the voltage-drop over the TMDC layer itself
is calculated using (11) or (12) depending on the previously
calculated value of qVRTL. These steps can be repeated as
needed for any combination of qVdrain and qVgate.

Our method for calculating the tunneling probability for spin-
polarized carriers is to use the well-established Transfer Matrix
Method (TMM) with our calculated device band-structure. We
based our TMM off of [32]–[34] and checked our code by
reproducing the double barrier tunneling probability and cur-
rent density vs. voltage (J-V) characteristics simulated in [32].
Equation (13) is used to calculate the J-V characteristics of our

proposed device and is modified from [32], [35].

J =
qmTMDkBT

2π2�3
×

∞∫
0

T (E) ln

[
1 + Exp ([EFs − E] / [kBT ])

1 + Exp ([EFs − E − q (VRTL + VTMD)] / [kBT ])

]
dE

(13)

In (13), we have replaced Va in [32], [35] with VRTL +
VTMD, because the total voltage drop experienced by a carrier
moving from the semiconductor source all the way into the
TMDC layer is VRTL + VTMD instead of simply the applied
drain bias (qVRTL). T (E) is the probability of tunneling, or
transmission coefficient, with respect to the energy of the carrier
measured relative to the conduction band of the source. Using
(13) in conjunction with the TMM and (8)-(12) to calculate
T (E), the spin-polarized current through our proposed device
can be calculated.

Few-layer CrI3 was determined to have an effective carrier
mass of 13.18 me, and an electron affinity of approximately 4.3
eV based off of data from [36]. From [36], we also determined
the exchange energy, Eex, to be 0.07 eV. This is a far lower
value of Eex than what was reported in [13], [37], [38]. Details
of our I-V analysis of the data from [36] and how we arrived at
our reported values of me, χ and Eex for CrI3 can be found in
Appendix B. The relative permittivity of CrI3 is taken as 1.8 and
comes from [12], [39].

In our device design, the semiconductor source is InxGa1-xN,
the properties of which are reported with χ ranging from 4-5.6
eV and the effective mass ranging from 0.2-0.05 me [40]. The
equations describing how the electron affinity and effective mass
change with Indium composition are given in [40]. For h-BN, an
electron affinity of approximately 2 eV and an effective mass of
0.26 me are used in our calculations and come from [41]–[44].
The relative dielectric permittivity of h-BN is taken as 3.29 [45].
The effective dielectric constant for the RTLs (εRTL) can be
calculated using (21) in Appendix A. For the double h-BN barrier
device shown in Fig. 1, εRTL = 2.28. If we remove the second
h-BN layer in Fig. 1 then we have the single barrier device which
has a slightly different effective dielectric constant of εRTL=
2.08. The insulating layer for the back-gate in our device is
Al2O3 which has a relative dielectric permittivity of 9 [46]. The
position of the Al2O3 conduction band in Fig. 1 was based on
its electron affinity which was determined in [47].

The electron affinity of MoS2 is assumed to be 4.5 eV, which is
a compromise value based on [48] and [49]. However, as carriers
move from the CBM of the InxGa1-xN layer, which is at the
Γ-point of the InxGa1-xN Brillouin Zone (BZ), they do not have
time to scatter and so end up at the Γ-point of the MoS2 band
structure. It is possible that the carriers could scatter through
the RTLs in order to reach the K-point (and thus CBM) of the
MoS2 layer, but in our calculations this possibility is ignored.
Therefore, our tunneling and current density calculations are
likely to underestimate both the probability of carrier tunneling
as well as the total current density since we ignore scattering.
In order to reflect that the carriers are tunneling into the Γ-point
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Fig. 3. Current density (kA/cm2) vs. Applied Drain Bias (Volts) for the double
h-BN barrier spin-RTD with 30V gate. CrI3 is polarized in the +y direction
meaning | ↑〉 carriers would be preferred without resonant tunneling.

of the MoS2, we must know the energy difference between the
K-point and Γ-point in MoS2 as well as the effective mass at the
Γ-point. Using the results from Materials Cloud [50], we get a
difference in energy between the K-point andΓ-point of 1.12 eV
and therefore an estimated Γ-point electron affinity of 3.38 eV
for MoS2. The effective mass of MoS2 at the Γ-point is taken to
be 0.76 me based on DFT calculations in [51].

It should also be noted that detailed calculations carried out by
[52] have shown that tunneling through the Γ-point is preferred
at low applied bias in MoS2. Although the authors of [52] were
studying the operation of an MTJ made of alternating layers of
VSe2 and MoS2, their detailed calculations lend credibility to
our assumption that the carriers in a vdW heterostructure will
preferentially tunnel through the Γ-point.

The thickness of the TMDC and CrI3 layers are both assumed
to be 0.7 nm in thickness [38], [48], while the h-BN and Al2O3

layers are assumed to be 0.3 nm and 10 nm thick respectively
[46], [53]. For the fabrication of the device described in Fig. 2,
interested readers can refer to papers such as [54].

The electrostatic gating of CrI3 can potentially change the
value of Eex according to experimental results [55], [56]. We
estimate that the Eex can decrease by approximately 20% with
an increase in the applied gate voltage of 30 Volts, based on
[55], [57]. Although significant, this decrease does not invalidate
the proposed device, and it simply requires that the device be
operated at a higher drain bias and a lower gate voltage. It should
also be noted that the Eex value we use is lower than that of other
authors [13].

IV. SIMULATION RESULTS

Our first set of results are for the double h-BN barrier device.
In this device, shown in Fig. 1 and Fig. 3, the h-BN layers serve
to create sharp well defined resonant tunneling states by making
the resonant tunneling well extremely narrow with high barriers.
By making the resonant tunneling states narrower in terms of
energy, it is possible to have much more highly spin polarized
currents. We have also selected the electron affinity of the source
as 4.1 eV by choosing the source to be In0.11Ga0.89N. From

Fig. 4. Current density (kA/cm2) vs. Applied Drain Bias (Volts) for the single
h-BN barrier spin-RTD with 30V gate and 20V gate. CrI3 is polarized in
the +y direction meaning | ↑〉 carriers would be preferred without resonant
tunneling.

Fig. 3, it is obvious that the resulting spin-polarized currents are
highly spin-polarized with almost no overlap between different
resonant spin currents.

If we remove the second h-BN layer seen in Fig. 1. from our
device, then we obtain the results shown in Fig. 4. In Fig. 4,
the single barrier device has far higher current density at lower
applied drain bias when compared to the double-barrier device.
Also, in Fig. 4 the first current peak is | ↓〉, which means that our
proposed device can preferentially inject minority carriers into
the TMDC layer with an appropriate gate voltage. If the gate
voltage is lower, then | ↓〉 carriers are unable to tunnel from the
nitride layer into the TMDC due to insufficient conduction band
bending in the TMDC layer. The change in the J-V characteris-
tics is seen in Fig. 4 for currents at 20Vgate.

From Fig. 4, it can be seen that the proposed device can
theoretically switch between injecting | ↓〉 and | ↑〉 polarized
carriers into MoS2 by varying the gate voltage. Although this
method of spin-injection is likely to be less efficient than a
standard MTJ for injecting the majority spin state, it does
demonstrate another possible advantage of this device concept.
This switching occurs in our simulated J-V data as the gate
voltage bends the conduction band of the MoS2 downwards
over the width of the MoS2 layer. In a real device, the effect
of the back-gate would likely not be as dramatic, but it would
still affect the measured current density as shown by [20] and
[21]. Another important observation about our simulated tunnel
currents is that they are extremely narrow and that the results
are most accurate at low applied drain bias.

V. CONCLUSION

From our calculations, it is clear that a spin-RTD with the
ability to select the polarization of carriers through all electric
means is theoretically possible. Furthermore, based on Figs. 3
& 4, it should be possible to use resonant tunneling to select
minority spin-polarized carriers over majority spin-polarized
carriers in either of the devices proposed. Advantages of our
proposed device over previous spin-RTDs [9]–[11], which used
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thin films of magnetic semiconductors and had operation tem-
peratures within the range of 1.3K to 8K, include larger spin
splitting, higher operating temperature, and better control over
the spin polarization of carriers. Our proposed device is also
unique in that it allows for an all-electrical control of spin
injection into monolayer MoS2 and could potentially be ex-
tended to other TMDCs. The proposed spin-RTD can be used
in quantum computing and other low-temperature applications
such as spintronics and valleytronics, and as such the low Curie
temperature of single-layer CrI3 is not an issue.

APPENDIX A

To derive (11) and (12) we must determine the total potential
across the oxide and TMDC layers, Vgate, in our device in terms
of VRTL and Vgate which are known. To do so, we need to know
the how charge is distributed initially between the source and the
TMDC layer and the response of the system when new charges
are added/removed to the gate. These two sets of charges can
have their contribution to Vgate broken into separate potentials
as done in (14).

q Vgate = q (VTMD,0 + VOxide,0 + VTMD,g + VOxide,g)
(14)

VTMD,0 and VOxide,0 are the potentials across the TMDC
and oxide layers when no charge is present on the back-gate,
whileVTMD,g andVOxide,g are the potentials across those layers
due to charges added to back-gate. The form of VTMD,0 and
VOxide,0 depend on the sign of qVRTL. We will first consider
the case of when qVRTL > 0 from an electron’s perspective.
We will assume that there is a uniform negative charge, nTMD,
on the TMDC layer and an equal and opposite charge on the
source, nSource. This is in line with the assumptions made in
Section III. Treating the TMDC layer and the source as thick
charged parallel plates and the RTL as an insulating layer we
can calculate qVRTL and qVTMD,0. qVOxide,0 is zero because
nTMD + nSource = 0.

q VRTL =
q2tRTL

ε0εRTL
nTMD, q VTMD,0 =

q2tTMD

2ε0εTMD
nTMD

(15)
Solving for nTMD in terms of qVRTL we can substitute that

expression into qVTMD,0 and solve for qVTMD,0 in terms of
qVRTL which gives us (16).

qVTMD,0 = qVRTL

(
εRTLtTMD

2εTMDtRTL

)
(16)

Next, we consider what happens if qVRTL ≤ 0. Since we
cannot have a positive charge build up on the TMDC layer
without unreasonable band bending we will instead assume that
all the charge needed to produce qVRTL come from negative
charges on the source. Using the same assumptions as were
used for (15) but with nTMD ≈ 0 we can derive a similar set
of equations for qVTMD,0 and qVOxide,0, which is no longer
zero, in terms of the dielectric constants and nSource. Solving
for nSource in terms of qVRTL and performing some algebra we

arrive at (30).

qVTMD,0 = qVOxide,0

(
tTMDεOxide

tOxideεTMD

)

= qVRTL

(
εRTL

tRTL

)(
tTMD

εTMD

)
(17)

Now that we have expression for qVTMD,0 and qVOxide,0 for
when qVRTL > 0 and qVRTL ≤ 0we can now move onto deriv-
ing expressions for qVTMD,g and qVOxide,g . We will assume that
the TMDC layer completely screens any charges added to the
back-gate, nTMD = −ngate, which is the same as was done
in [20]. Therefore, treating the TMDC and back-gate as thick
uniformly charged plates in a capacitor we get (18).

q VTMD,g = qVOxide,g

(
εOxidetTMD

2εTMDtOxide

)

=
q2tTMD

2ε0εTMD
(nTMD) (18)

Using (18) it is possible to re-write qVOxide,g in terms
of qVTMD,g. Since qVTMD is the sum of qVTMD,0 and
qVTMD,g we now have everything we need in order to solve
for qVTMD in terms of qVRTL and qVgate. It is worth noting
that since q VTMD = qVTMD,0 + qVTMD,g that q VTMD,g =
qVTMD − qVTMD,0, this is an important consideration during
the algebra. Using (14), (16) and (18) for qVRTL > 0 and (14),
(17) and (18) for qVRTL ≤ 0, we can solve for qVTMD in terms
of qVRTL and qVgate. After some algebraic manipulation, this
gives us (11) and (12). Regarding sing conventions, it should be
noted that qVgate is measured with a positive test charge while
qVRTL is measured with a negative one. Therefore, qVgate needs
to be multiplied by -1 to obtain (11) and (12).

To derive an expression for εRTL, we first treat the source
and TMDC layers as parallel plates with arbitrary charge den-
sities σSource and σTMD respectively. Next, we write down an
expression for the total potential drop over the RTL (19)

VRTL = nthBN

(
σSource + σTMD

2εhBN

)

+ tCrI3

(
σSource + σTMD

2εCrI3

)
(19)

Where n is the number of h-BN layers in the device. We then
substitute in an effective dielectric with a relative permittivity of
εRTL in place of the h-BN and CrI3 layers. This gives us (20).

VRTL = (nthBN + tCrI3)

(
σSource + σTMD

2εRTL

)
(20)

Setting these two equations equal and solving for εRTL we
get (21).

εRTL =
(nthBN + tCrI3) εCrI3εhBN

(nthBN εCrI3 + tCrI3εhBN )
(21)

The results of (21) for the double barrier device (n = 2)
is εRTL = 2.28 and for the single barrier device (n = 1) is
εRTL = 2.08.
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APPENDIX B

We preformed our own analysis of the IV data from [36] to
determine relevant properties of CrI3 such as Eex, me, and χ.
DFT calculations performed in [58], [59] showed me ranges
from 5 me to 27 me for CrI3. Although we don’t expect DFT
calculations to perfectly predict the true effective mass of CrI3,
we do expect them to be accurate to within an order of magnitude.
Therefore, we decided to perform our own analysis to determine
Eex, me, and χ. Our analysis of the IV data from [36] centered
around the Fowler-Nordheim (FN) tunneling regime, similar to
the analysis done in [13], [37], [38] but we used Simmon’s theory
of tunneling [60] instead of the FN equations.

In the CrI3 device, the tunneling layers are treated as having al-
ternating barrier heights based on their magnetic alignment, and
such device concepts have been discussed previously [57]. To
analyze the I-V data using [60], we plotted 1/V vs. ln(J/V 2).
which is a linear relationship (at high drain bias) and thus easy
to fit.

We chose what voltage range to fit based on visual inspection.
Carrying out this procedure for the 2-layer and 4-layer devices
in [36], we were able to obtain a set of fit values. From these
fit values, it was possible to determine the carrier effective
mass and spin-dependent barrier heights from the data. 3-layer
devices were not been included in the analysis, because it was not
possible to determine their barrier alignments for the AFM case
from the I-V data. However, for 2-layer and 4-layer CrI3 devices
the FM/AFM ordering was obvious due to symmetry. When
fitting the data, constraints were placed on the effective mass and
the FM/AFM barrier heights such as ϕAFM > ϕFM , ϕAFM >
0, ϕAFM 〈0.25, ϕFM 〉0, me〈50, me〉0.

These restrictions prevented the fitting process from produc-
ing unrealistic values of the effective mass and barrier heights.
We obtained an effective mass of 13.1812me, an AFM barrier
height of 0.1812 eV and a FM barrier height of 0.1504 eV .
Recalling thatϕAFM is the average of the minority and majority
barrier heights [60] then it is possible to extract the minority bar-
rier height by solving ϕAFM = 0.5(ϕ|↑〉 + ϕ|↓〉). Doing so, we
obtain a value of0.2192 eV forϕ|↓〉. This lets us calculate theEex

as ϕ|↑〉 − ϕ|↓〉 that gives 0.06883 eV which we approximated as
0.07 eV.

Based on the bandgap of CrI3 and its estimated electron
affinity, we assumed this effective mass must be that of the
electron. The estimated electron affinity of CrI3 ranges from
4.3 eV [61] to 4.48 eV in [62]. In [38], a bandgap of 1.2 eV
was determined by photoluminescence. Since graphene has a
work function between 4.5 eV and 4.56 eV [44], [63] and our
ϕAFM = 0.1812 eV , then an electron affinity of 4.3 eV seems
reasonable and would seem to imply electron tunneling in the
devices.
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