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Where Does the Current Flow in Two-Dimensional Layered Systems?

Saptarshi Das™ and Joerg Appenzeller

Birck Nanotechnology Center & Department of ECE, Purdue University, West Lafayette 47907, Indiana, United States

ABSTRACT: In this Letter, we map for the first time the current distribution
among the individual layers of multilayer two-dimensional systems. Our
findings suggest that in a multilayer MoS, field-effect transistor the “HOT-
SPOT” of the current flow migrates dynamically between the layers as a
function of the applied back gate bias and manifests itself in a rather unusual
“contact resistance” that cannot be explained using the conventional models
for metal-to-semiconductor contacts. To interpret this unique contact
resistance, extracted from a channel length scaling study, we employed a
resistor network model based on Thomas—Fermi charge screening and
interlayer coupling. By modeling our experimental data we have found that the
charge screening length for MoS, is rather large (4ys, = 7 nm) and translates

into a current distribution in multilayer MoS, systems, which is distinctly

“HOT-SPOT™

different from the current distribution in multilayer graphene (4

graphene

= 0.6

nm). In particular, our experimental results allow us to retrieve for the first time fundamental information about the carrier
transport in two-dimensional layered systems that will likely play an important role in the implementation of future electronics

components but that have not been evaluated in the past.
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wo-dimensional layered materials like graphene, h-BN,

topological insulators, and more recently the family of
transition metal dichalcogenides like MoS, and WSe, have
started to reveal unique transport related and structural features
that may become useful in future generations of nanoelectronic
devices and circuits."™'® It is therefore important to further
evaluate the true intrinsic potential of these novel low-
dimensional systems by understanding their core physical
properties. In one of our previous articles, we already
demonstrated how to connect MoS, to the “outside world”
using optimized three-dimensional metal contacts."* Critical
insights into other device aspects, like the dependence of the
“effective” field-effect mobility on the layer thickness, were
recently published.'” In this context, a resistor network model
based on Thomas—Fermi charge screening and interlayer
coupling has been successfully employed to describe various
scaling aspects of multilayer MoS,. Also, in this earlier study we
noticed a remarkable difference between graphene and MoS,,
that is, that both the coupling between layers and charge
screening from layer to layer is vastly different. The work
presented here extends our understanding of the interlayer
resistance and charge screening length through a detailed
channel length and gate voltage dependent study. In particular
our experimental results hint at a fundamental difference
between materials like graphene where transport occurs
through p_-orbitals while d-electrons are involved in forming
the relevant bands in the case of MoS,.

In addition to the above-mentioned unique intrinsic
properties, low-dimensional materials offer in general excellent
electrostatic control owing to their inherently thin body. The
same reason that makes Fin-FETs'®'® and Tri-Gates™* > the

-4 ACS Publications  © 2013 American Chemical Society

3396

device structures for ultimately scaled complementary metal—
oxide—semiconductors (CMOS), that is, a channel that
confines the electron motion without harming the respective
transport properties, makes dichalcogenides potentially an ideal
choice for ultrasmall FETs. Moreover, the substantial bandgap
prevents direct tunneling from the source to the drain, another
limiting factor when it comes to device scaling.**** The final
verdict about the usefulness of the dichalcogenides for high-
performance applications will likely depend on whether the
current drive capabilities can rival silicon devices at the end. To
this extent, the work presented here elucidates how device
characteristics, and in particular current through the device is
distributed among the individual layers by analyzing various
resistance contributions in multilayer MoS, FETs.

One of the most neglected aspects in the context of device
applications is the so-called “contact resistance”. Often it is
argued that contact resistance effects can be eliminated by
means of four-terminal measurements and that contacts are an
extrinsic engineering problem that can be ignored for the sake
of studying fundamental material properties and physical
phenomena. In reality however, contact effects are limiting
the current flow through the device and often impact four-
terminal measurements substantially since voltage probes
frequently change the potential landscape in low-dimensional
systems and are thus not truly “non-invasive”.”> Moreover,
when current flows nonuniformly through a layered structure
(as will be discussed here), in addition to the metal to

Received: May 19, 2013
Revised:  June 14, 2013
Published: June 26, 2013

dx.doi.org/10.1021/nl401831u | Nano Lett. 2013, 13, 3396—3402


pubs.acs.org/NanoLett

Nano Letters

semiconductor interface, interlayer resistance contributions
have to be considered. In this case the potential difference
from a four-terminal measurement is not a valid measure of the
intrinsic mobility of the material since both the carrier
concentration and the mobility becomes spatially dependent;
that is, they change with the respective layer number. All of
those facts ultimately mask the intrinsic properties of novel
layered materials like dichalcogenides and demand a
fundamentally different approach to gain insight into the
transport properties of this material class.

When exploring the transport in multilayer MoS,, and here
in particular the extrinsic resistance through a channel length
dependent study, we uncovered a rather unusual scaling trend
as a function of the applied gate bias that cannot be explained
within the conventional model for Schottky barrier contacts. In
fact, our experimental findings suggest that at different back
gate biases the centroid of the current distribution—referred to
in the following as the “HOT-SPOT”—migrates dynamically
within the interlayers and as such gives rise to an unusual trend
in the effective contact resistance. As will be described in more
detail using a resistor network model based on Thomas—Fermi
charge screening and interlayer coupling, this effective contact
resistance is mainly determined by the effective interlayer
resistance that comprises the various interlayer resistors
involved in the current transport under the respective gate
voltage conditions.

We first experimentally evaluate the current distribution in a
stack of 8 nm thick MoS, which consists of approximately 13
monolayers. Since the current in the individual layers cannot be
measured directly, we have devised an alternate route to map
the current distribution—namely, a channel length scaling
study which will be discussed in detail in the following. Figure
la shows a scanning electron microscopy (SEM) image of a
back gated multilayer MoS, FET with channel lengths ranging
from 500 to S0 nm located on a 20 nm thin film of SiO, with

Figure 1. (a) SEM image and (b) 3-D cartoon of an 8 nm thick MoS,
back gated FET with different channel lengths.
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highly doped Si as the substrate. Figure 1b displays the device
structure schematically. A metal stack of Sc/Ni (30 nm/20 nm)
was used to create the source/drain contacts employing
electron beam lithography. The width of the contact bars is
300 nm. The use of scandium as the source/drain contact metal
is a result of a former study by us'* that indicated that this low
work function material allows for excellent electron injection
into the channel. Our earlier findings indicate in particular that
the metal-to-MoS, contact exhibits a small Schottky barrier
height of around 30 meV and therefore results in a contact
resistance value of about 650 Q-um for an oxide thickness of 20
nm. The contact resistance value associated with the Sc-to-
MoS, Schottky barrier has been calculated using Wentzel—
Kramers—Brillouin (WKB) approximation for a triangular
Schottky barrier. The choice of a 20 nm thin SiO, as the
back gate oxide is motivated by the fact that better carrier
injection is enabled through a thinner Schottky barrier in this
case. Moreover, gate electrostatics are significantly improved for
thinner oxides—20 nm SiO, allows for more than 15 times
stronger gate control of the MoS, channel if compared with the
commonly used 300 nm SiO, substrate. Lastly, short channel
effects are suppressed more effectively through scaling of the
gate oxide.”?

Figure 2a and b shows the output characteristics of 8 nm
thick MoS, transistors with channel lengths of 500 nm and 100
nm, respectively. First, we extract the total resistance (R) of
the MoS, stack in the linear region of the device output
characteristics (from the slope of the Ipg versus Vpg at small
Vps values). We notice that the values of the R, for a gate
overdrive voltage Vg — Vi = 1.0 V (Vg being the gate bias
and Vi being the threshold voltage which describes the onset
of charge accumulation in the channel) are 82.2 kQ-ym and
204 kQ-um for the 500 nm and 100 nm long devices,
respectively. In the diffusive transport regime, the intrinsic
channel resistance should scale linearly with the channel length
in the ON state (Vg — Vg > 0) of the device operation.
However, the extracted total resistance (R,,,) numbers
strongly suggest that an additional resistance contribution
exists in the devices. Generally this additional resistance arises
due to contact effects and here in particular Schottky barriers at
the source/drain metal interface. To extract the magnitude of
the total contact resistance (R oy,c), we utilize the plots in
Figure 2c. We define the total resistance (Rioy) of the MoS,
stack as the sum of the total in-plane layer resistance (R,ayer)
and the contact resistance (R ). Since Ryyyer scales linearly
with the channel length while R ., is assumed to be constant
as a function of the channel length, the intercept of the R,
versus channel length (Lcy) curves with the y-axis in Figure 2c
can be interpreted as R ... The magnitude of R . Was
found to be ~10 kQ-um for Vigg — Vg = 1.0 V and ~S kQ-um
for Vg — Vry = 4.0 V. However, as we have argued earlier, the
contact resistance value associated with the Sc-to-MoS,
Schottky barrier is only 0.65 kQ-um and as such cannot
account for this additional resistance. Moreover, R ... shows a
strong dependence on the applied gate bias. The contact
resistance due to Schottky barriers on the other hand exhibits
only a very weak dependence on the gate bias in the device on-
state. This is due to the fact that for sufficiently large voltages
beyond threshold the energy band movement in the channel of
the transistor almost stops. Therefore, neither the effective
Schottky barrier height nor the effective tunneling distance
through the triangular Schottky barrier changes. The above
argument implies that the effective contact resistance we

dx.doi.org/10.1021/nl401831u | Nano Lett. 2013, 13, 3396—3402
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Figure 2. Output characteristic of (a) 500 nm and (b) 100 nm long and 8 nm thick MoS, back gated field effect transistors with scandium contacts at
room temperature. (c) Total resistance of 13 monolayers of MoS, as a function of channel length for different gate bias conditions and (d) extracted
effective interlayer resistance corresponding to different gate bias conditions. The dotted lines in c are guides to the eyes while the dotted line in d is
a fit to the experimental data using resistive network model described in the text with 4 = 7 nm, Ry, = 2400 Q-um, dy; = 0.6 nm, pt; = 30 cm?/(V s),

and pg, = 800 cm?/(V s).

determined involves resistance components other than the
conventional source/drain Schottky barrier resistances (Rgg).

Based on our study and as will be discussed in greater detail
below, we propose that the additional resistance arises due to
the resistive coupling between the individual layers of a
multilayer two-dimensional system. This resistance is referred
to as the effective interlayer resistance (Ri.,) and comprises
one or more interlayer resistors. Note that these interlayer
resistors are quite different from the intralayer resistors as they
define the current flow in two orthogonal directions. The
intralayer resistors give rise to the true channel resistance while
the interlayer resistors acts as additional access resistors for the
layers which are further apart from the source and the drain
contacts and give rise to the additional contact resistance.
Figure 2d (diamonds) shows the R, as a function of the gate
bias after subtracting the Rgg-value from R ... The strong
dependence of the effective interlayer resistance on the gate
bias clearly indicates that, at different gate bias conditions,
different numbers of interlayer resistors are involved in the
current flow and hence the current distribution among the
layers must be changing.

To map the current distribution quantitatively a resistive
network model including Thomas—Fermi (T-F) charge
sc1'eening26_28 and interlayer coupling as shown in Figure 3
is employed. R, R,, to Ry are the intralayer resistors of each
monolayer, while R, captures the contribution of an interlayer
resistor due to coupling between two consecutive layers. Q; is
the charge in the i-th layer, y; is the mobility of the i-th layer,

3398

Figure 3. A resistor network based on T-F charge screening and
interlayer coupling that describes multilayer two-dimensional systems.

dyp is the distance between two consecutive layers, and N is the
total number of layers. In our model, we assume that the source
and the drain contacts can only inject carriers directly into the
top layer while access to lower layers involves the interlayer

dx.doi.org/10.1021/nl401831u | Nano Lett. 2013, 13, 3396—3402
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Figure 4. (a) Current distribution among the individual layers of a 13 monolayers thick MoS, at different gate bias conditions derived using the
resistor network model. The cartoons show the location of the “HOT-SPOT” and the associated current spread schematically corresponding to two
different gate bias conditions. (b) Monotonic migration of the “HOT-SPOT” toward the top layers and (c) the monotonic decrease of the current

spread as a function of the applied gate bias.

resistors (R,,). A smaller value of R, allows the current to
reach lower layers more readily, while a larger value of Ry,
restricts the current to flow through the top layers. Gating on
the other hand introduces the highest number of charges in the
lowest layer and a decreasing number of charges in the top
layers. This is a direct consequence of the T-F charge screening
described by eq 1 where 4 is the T-F charge screening length.

4. (_M)_e (_M)
Q, o\ H

N

Q =
Z’ ’ (1)

We further assume that independent of the number of layers
(N) the total charge on the gate Qgarg = Cox(Vgs — Vi),
with Coy being the oxide capacitance, will be mirrored by the
total induced charge in the channel region, that is, all layers
involved in current transport. For both, our model and
experiments we have used 20 nm thick SiO, as the back gate
oxide which results in a gate oxide capacitance value of Cox =
1.7 X 107 F/m” Our model also takes into account the impact
of charge impurity scattering from the substrate. As observed in
most (if not all) back-gated transistor geometries, charge
impurity scattering is most significant in the bottom layers close
to the dielectric substrate due to fixed charges in the same. The
above-mentioned T-F charge screening helps to reduce carrier

Q' gate
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scattering in layers further away from the gate oxide interface by
minimizing the substrate impact. The intuitive picture is that
the same exponential decay that we observe for the carrier
concentration in the various layers also describes the decreasing
impact of the Coulomb potential from those charges at the
oxide/channel interface. The mobility of the individual layers
can therefore be modeled using eq 2. A detailed discussion on
the resistor network model and associated assumptions can be

. . . 14,17
found in our earlier articles.”™

wo=py+ (1, — ﬂl)(l - ew(—%)]

@)
Next, we use this resistive network model to describe the
current flow in the multilayer MoS, systems. From a previous
study on the impact of layer thickness on the effective mobility
we had estimated that 4 = 7 nm, R, = 2400 Q-um, dyy = 0.6
nm, y; = 30 cm?/(V s), and p,, = 800 cm*/(V s) for MoS,
systems.”> Here we extend this study to include the
experimental findings on the gate bias and channel length
dependence. Indeed we find that the identical set of parameters
is able to comprehensively describe the multilayer MoS,-system
and current flow in the same. Our findings reveal in particular a
unique distribution of the current flow that had not been
previously noted.

dx.doi.org/10.1021/nl401831u | Nano Lett. 2013, 13, 3396—3402



Nano Letters

Figure 4a shows the current distribution in a stack of 13
monolayers of MoS, at different gate bias conditions. It is
interesting to note that under any given gate bias condition
current flow mainly occurs through the upper layers.
Consequently the layers close to the source and the drain
contacts become the “HOT-SPOT” in this type of stacked
resistance network as shown in the associated cartoons in
Figure 4a. The explanation for this phenomenon lies in the
relatively large values of 4, Ry, and in the significant impact of
the charge impurity scattering that reduces the mobility of the
bottom layers close to the substrate to a considerable extent.
The top layers in a stack like this are less resistive since the
mobility values for the top layers are higher and a large value of
A ensures that the top layers are populated with a considerable
amount of charges. The bottom layers, on the other hand, are
more resistive due to their significantly lower mobility values, in
spite of higher charge population. A large value of interlayer
resistance, at the same time, makes it difficult for the current to
flow into the lower layers and thereby forces the current to
reside in the top layers. As the gate bias is increased, the
resistance of each individual layer decreases monotonically
resulting in a monotonic increase in the corresponding layer
current. The total current in such a system will ultimately be
limited by the effective interlayer resistance. The reader should
note that there exists an optimum layer number for a back
gated multilayer system like this to ensure the highest
performance. A monolayer device will be limited by its low
mobility value while a multilayer device with too many layers
will be limited by the large effective interlayer resistance and
screening of charges resulting in an ever lower carrier
concentration for the upper layers.

Figure 4b shows the monotonic migration of the “HOT-
SPOT” toward the top layers close to the source/drain
contacts, and Figure 4c shows the monotonic decrease of the
current spread for the current distribution in the 8 nm (13
monolayers) thick MoS, stack at different gate bias conditions.
The location of the “HOT-SPOT” is determined as the
centroid of the current distribution by calculating the weighted
average of the current in the individual layers while the current
spread is determined as the standard deviation of the current in
the individual layers (eq 3). As apparent from the green dots in
Figure 4b,c and the associated cartoon on the left-hand side of
Figure 4a, at low gate bias (Vgg = 1.0 V) the “HOT-SPOT” is at
the ninth layer with a current spread of three layers. At this bias
condition the current from the source drives into the “HOT-
SPOT” region through effectively 2—3 interlayer resistors and
then returns back to the drain through a similar number of
interlayer resistors, giving rise to an effective interlayer
resistance of around 10 kQ-um (green dot in Figure 2d).
Note that, because of the finite value of the current spread the
number of interlayer resistors to access the “HOT-SPOT” at
the ninth layer is not exactly 4. Similarly, red dots in Figure 4b,c
and the associated cartoon on the right-hand side of Figure 4a
show that, at large gate bias (Vg = 5.0 V) the “HOT-SPOT” is
close to the 10th layer with a spread of two layers. At this bias
condition the current from the source drives into the “HOT-
SPOT” region through effectively one interlayer resistor and
then returns back to the drain through the other interlayer
resistor giving rise to an effective interlayer resistance of around
5 kQ-um (red dot in Figure 2d). The dotted line in Figure 2d is
a fit to the experimental data using our resistor network model
and the parameter set which was extracted based on our earlier
experiments.”® This simple resistor network model, therefore,
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captures the essence of current transport in a multilayer MoS,
system to a large extent. The reader should note that the
effective interlayer resistance which manifests itself in an
effective contact resistance in a layered system arises from the
current distribution among the individual layers and cannot be
captured by any conventional model that is solely based on a
metal-to-semiconductor contact. Also note that the effective
contact resistance can be eliminated from the device character-
istics if the source/drain contacts can be made such that direct
injection into the lower layers occurs or gating is enabled from

the top.
N.
21 lIi
N
21:111'
current spread SD(i) = \/E(iz) - E(i)z 3)

Last, to show the universal applicability of the resistor network
to other layered systems, we have modeled a multilayer
graphene stack. Consistent with the literature we have assumed
A =0.65 nm, R, = 100 Q-um, dyy = 0.35 nm, ¢, = 5000, and
feo = 10000 cm?/(V s).""®** Figure S shows the current

HOT-SPOT  E(i) =

T

Dray

5 2 B

I aver (MA/pm)

20

Figure S. Current distribution among the individual layers of a 13
monolayers thick graphene stack at different gate bias conditions
derived using the resistor network model. The cartoons show the
location of the “HOT-SPOT” at a large gate bias condition.

distribution in a stack of 13 monolayers of graphene at different
gate bias conditions. It is interesting to note that at any given
gate bias the current predominantly flows through the bottom
layers in contrast to the 13 monolayer thick MoS, stack that
had been discussed above. As shown in the associated cartoon
in Figure $ the layers close to the substrate become the “HOT-
SPOT?” in this stacked resistance network. The explanation for
this phenomenon lies in the low values of A and R,,.. A low
value of 1 ensures that most of the charges in the back gate are
mirrored by charges in the bottom layers close to the substrate,
resulting in low resistance values for these layers. The layers
close to the top are almost completely depleted and hence pose
a high resistance for current flow. Accordingly current flows
preferably in the lower layers. The small value of the interlayer
resistance further enhances this situation by making the lower
layers easily accessible. As the gate bias is increased, the
intralayer resistance for each individual layer is decreased and
hence more layers further away from the substrate start to
contribute to the current flow. The total current through the
system increases accordingly before being limited by the total
interlayer resistance. In this material system a single-layer
device will always outperform a multilayer device because of the
particular combination of strong charge screening and small

dx.doi.org/10.1021/nl401831u | Nano Lett. 2013, 13, 3396—3402
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interlayer resistance consistent with experimental findings on
graphene.

Finally, the reader should agree that the “HOT-SPOT” for
the current flow in a two-dimensional system is governed by
the physical properties of the corresponding material that get
manifested in the charge screening length A and the interlayer
coupling strength R, 4 depends on the charge density in the
channel and, therefore, can be related to the in-plane
conductivity. The interlayer resistance (R,,), on the other
hand, is inversely proportional to the out-of-plane conductivity.
The position of the “HOT-SPOT” in a multilayer two-
dimensional system, therefore, can be predicted from the
conductivity anisotropy of the material. In realty A and R;,
cannot be assumed to be constant for a multilayer system and
needs to be solved self-consistently for each gate bias. These are
second-order effects and could potentially be introduced in a
detailed analytical model with more model parameters. Our
goal is to keep the model as simple as possible with minimum
number of model parameters and still explain the experimental
findings to a high degree of accuracy. Our assumption of
constant 4 and R, explains the experimental results within 5%
error margin (which is within acceptable limit). Moreover, our
experimental data itself scatter by 10%. We, therefore, did not
introduce these effects in our model.

In conclusion, we have used a unique approach of a channel
length scaling study to provide first experimental insights into
the current distribution among the individual layers of a
multilayer MoS, system. We have also successfully applied a
resistor network model including T-F charge screening and
interlayer coupling to describe our experimental data
quantitatively. Within this model, we were able to capture
why the centroid of current distribution, the “HOT-SPOT”, in
a multilayer MoS, field-effect transistor migrates toward the top
layers when the gate bias is increased. We have also explained
how this current distribution plays a critical role in determining
the effective contact resistance of this material system—a
feature that cannot be explained within a conventional metal-
to-semiconductor contact model. Finally, we have demon-
strated that the current distribution in metal dichalcogenides is
distinctly different from other two-dimensional layered systems

like graphene.
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