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ABSTRACT: After a decade of intensive research on two-dimensional
(2D) materials inspired by the discovery of graphene, the field of 2D
electronics has reached a stage with booming materials and device
architectures. However, the efficient integration of 2D functional layers
with three-dimensional (3D) systems remains a significant challenge,
limiting device performance and circuit design. In this review, we
investigate the experimental efforts in interfacing 2D layers with 3D
materials and analyze the properties of the heterojunctions formed
between them. The contact resistivity of metal on graphene and related 2D
materials deserves special attention, while the Schottky junctions formed
between metal/2D semiconductor or graphene/3D semiconductor call for
careful reconsideration of the physical models describing the junction
behavior. The combination of 2D and 3D semiconductors presents a form
of p—n junctions that have just marked their debut. For each type of the
heterojunctions, the potential applications are reviewed briefly.
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ith the advent of various two-dimensional (2D) combination of electronic performance and mechanical
Wmaterials ranging from insulators, semiconductors, flexibility.'” >

to metals, enormous efforts have been put into the While the “pure 2D” concept is revolutionary, interfacing 2D
investigation of their fundamental physical/chemical properties. materials with the three-dimensional (3D) world”" is never a

subject that could be circumvented but somehow has not
received enough attention. The most prominent issue might be
the contact resistance.”> Most of the investigations on intrinsic
properties of 2D materials are carried out in the configuration
of field-effect transistors (FETs). Without the careful selection
of the contact metal along with optimized integration protocols,
the channel properties of 2D materials could be masked easily
by the contact resistance.””** This artifact would be aggravated
in the short-channel limit that is often necessary for high-

They are expected to bring about revolutionary opportunities in
nanoelectronics as the traditional silicon-based technology is
reaching its physical limit."” Though relatively young, the field
of 2D electronics has seen rapid development in a number of
directions with high-impacting review articles already avail-
able,’™® especially on graphene’ ™' and 2D transition metal
dichalcogenides (TMDs)."""* In parallel with the studies of
intrinsic properties of monolayer 2D materials, the van der

Waals (vdW) heterostructures have attracted special attention performance devices,”> which poses a critical challenge in
in the past 2—3 Years-l3_16 The endless possibilities of stacking device scaling. On the other hand, a considerable amount of
different 2D materials to create atomic scale heterostructures work has been put into the Schottky junction devices formed
and superlattices can open up exciting opportunities for between graphene (as transparent electrode) and conventional
creating designed device architectures with tunable electronic semiconductors or metal on 2D semiconductors, as will be
properties beyond the reach of single material. In addition, with
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discussed in the following sections. Despite the fact that these
devices are different forms of Schottky junctions with charge
carriers being transported from 2D (3D) to 3D (2D) material,
the conventional 3D Schottky junction transport model has
been commonly adapted to characterize the junction properties
and functions as a fundamental guideline for device
optimization.

In this review, we would like to point out that, in many cases,
it might no longer be appropriate to analyze the 2D/3D
interface based merely on conventional 3D models, as
commonly practiced (note that 2D—2D contact is out of the
scope of this review). There are four categories of 2D/3D
contacts depending on the material type, upon which we divide
our discussions into the following parts: (1) the metal contact
on graphene, (2) the metal contact on 2D semiconductors
(TMDs, black phosphorus (BP), silicene, etc.), (3) graphene on
conventional semiconductors, and (4) 2D semiconductors on
conventional semiconductors (Figure 1). In the first section, we
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Figure 1. Outline of the review. The review concerns specifically
the heterojunctions formed between a 2D and a 3D material.
According to the material type (metal or semiconductor, either in
2D or 3D), the contacts are Ohmic, Schottky, or p—n junctions.
The contact resistance problem is discussed thoroughly in the
graphene/metal case, as well as in the 2D semiconductor/metal
contacts.

focus on the contact resistance (Rc) problem on graphene.
After a brief review of the conventional 3D transfer length
method (TLM), we introduce the modified face-contact model
proposed for the 3D metal/2D graphene system and move on
to the edge-contact model studied more recently. Following the
work on contacting graphene, we discuss the efforts made to
contact 2D semiconductors in the second section. The third
section covers the graphene/conventional semiconductor
junctions. Until now, various semiconductors have been put
in contact with graphene to form the Schottky diode, and
nearly all of the studies rely on a classical 3D Schottky junction
transport model to analyze their results. We introduce the most
recent works concerning the modification of the Schottky diode
model, taking into account the 2D nature of graphene and its
tunable Fermi level under bias. In the last section, we
summarize the limited number of articles available studying
the p—n junction formed between a 2D semiconductor and a
3D semiconductor. This area of research is just emerging, but
we expect to see a fast development here.

METAL ON GRAPHENE: OHMIC CONTACT

Contact Resistance. For the development of any electronic
devices, making reliable electrical contact to the active layer is
the first step. The precise characterization of the Ohmic contact
or control over the Schottky contact is essential for probing the
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intrinsic transport properties of the channel material as well as
improving the device performance. The electrical contact issue
calls for close attention especially when ideal Ohmic contact is
difficult to achieve, as is the case for emerging 2D electronic
materials. Here, we start with the very basics of contact
resistance characterization in conventional semiconductor
devices and then review recent efforts in adapting these
fundamental techniques into the nascent yet more complicated
2D cases.

Though graphene has been intensively investigated ever since
its discovery in 2004,”° it was not until around 2010 that the
issue of contact resistance to graphene had received proper
attention.”” As a critical limiting factor of the on-current in
graphene FETs, the contact resistance was characterized using
the TLM commonly implemented in conventional semi-
conductor devices. Figure 2A illustrates the TLM configuration.
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Figure 2. TLM for extracting the contact resistance Rc and the
transfer length Ly in conventional semiconductor devices: (A) top
view of the measurement configuration; (B) side view to show the
resistive network for calculating Ly, and (C) R (L) plot for
extracting R¢ and L.

The total resistance (R,,;) of the contact(C)—channel(Ch)—
contact(C) structure is measured with two probes, and Ry =
R, S(L/W) + 2R¢, where RgS is the sheet resistance, L is the
length, and W is the width of the channel. By varying L, R¢;,°
can be extracted from the slope of R, as a function of L, as
shown in Figure 2C. Meanwhile, the contact resistance Rc is
characterized by the intercept of the fitted line on the y-axis.
The specific contact resistivity pc is defined conventionally as
RCAc in the unit of Q-cm?, where A is the contact area. Figure
2B illustrates the resistive network model used for extracting
the transfer length Ly, another critical parameter in contacts.
The current and the voltage along the x-direction can be solved
using the equations

V(x)
di(x) = ———2
(=) pe/ (Wdx) (1)
— (RS [
dv(x) = I(x)RCh( W) @
and the results are
V(x) = Ve 3)
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Table 1. Contact Resistivity pc on Graphene Measured by TLM

metal (thickness) pe (Q-cm?)
Ni (25, 60 nm) ~107°
Cr, Ti/Au (10/20 nm) 107*-107"
Ti/Au (10/50 nm) >107°
Ti, Ni, Cu, Pt, Pd/Au + “ash” <1077
Ti/Pt/Au ~1078-1077

a

refs (year) graphene type
27,28 (2010) mechanically exfoliated
28 (2010) mechanically exfoliated
29 (2011) epitaxial on SiC
29 (2011) epitaxial on SiC
30 (2012) epitaxial on SiC

“The Si industry requires ~10~® Q-cm?, and the short-channel graphene devices would require ~107** Q-cm?.

1) = 2

Ch ~T

‘/Oe—x/LT

(4)

where Ly = (po/R3;) Y2 Because of the resistance at the metal/
channel interface and the channel sheet resistance, the current
flows preferably close to the contact edge and drops to 1/e of
the edge value at the length of Ly, a phenomenon known as
“current crowding”. The effective contact area is therefore
defined as LtW. Using L, the total resistance of the system can
be expressed as Ry = (RE,/W)(L + 2Ly). The intercept of the
fitted Ryo(L) line with the x-axis gives Ly directly.

The specific contact resistivity of graphene measured using
this TLM approach is summarized in Table 1. For contact
lengths larger than L, current crowding is so significant that
the contact resistivity is described more effectively as RcW in
Q-um. The pg is also affected by the metal type because the
Fermi level shift in graphene on contacting metals has different
work functions.”" Various efforts have been made to improve
contact to graphene devices, and low p¢ values are reported.

Although the TLM is used regularly for characterizing the
contact resistance R and the transfer length Ly at the face
contact between graphene and metal, whether this 3D resistive
network model is valid for a 2D—3D contact is questionable.
Only through proper understanding of the electron transport
mechanism and current flow at the contact can one improve p¢
effectively, which has recently been systematically addressed by
Xia et al>> In conventional TLM, there are two basic
assumptions: (1) the metal/semiconductor contact is diffusive
due to a very short electron mean free path in doped
semiconductors, and (2) the sheet resistance of the semi-
conductor is identical in the transport channel or under the
contact since the current flows in the bulk. However, neither of
these assumptions holds true for graphene. As a result, the
resistive network model is no longer appropriate for extracting
the transfer length Ly, which characterizes the current crowding
and is critical in contact design. Meanwhile, it is necessary to
differentiate the sheet resistance in the channel and under the
contact, as graphene is doped by the contact metal.

Figure 3 illustrates the model proposed for replacing the
resistive network model shown in Figure 2B. It focuses on the
transmission probability T at the two contact junctions: (1) the
metal—graphene junction, Ty, and (2) the p—n junction for
graphene under the contact and in the channel, Tg. According
to Landauer’s approach, the conductance G « TM, where M is
the number of conduction modes in graphene, is determined by
the density of states (DOS) and its broadening due to
inhomogeneities as well as coupling to the metal d states. When
the electron is injected from graphene to metal, the coupling of
graphene to metal induces the only scattering process in the
ballistic limit, characterized by the effective coupling length 4.

The transmission probability is Ty = 4/ (4, + 4), where 4

is the electron mean free path in graphene. In the diffusive limit
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Figure 3. Transport at the metal/graphene contact proposed by Xia
et al.>> (A) Tansmission probabilities: Ty, carrier injection from
metal to graphene and Ty, from graphene under the contact to the
channel. (B,C) Band diagram at the metal—graphene interface and
the graphene p—n junction, respectively.

where A< 4, Tyg = +/A/4,,; in the ballistic limit (4 > 4,,),

Tyg ~ 1. The effective transfer length Ly in this case is /A4, .

It is worth noting here that A in graphene is significantly longer
than that in conventional semiconductors, leading to a majorly
ballistic transport at the metal/graphene interface. Therefore,
the contact resistance shows a negative temperature depend-
ence, in contrary to conventional semiconductors. Based on
this model, to increase the contact conductance Go «x TM,
either M could be increased by heavy doping of the graphene
under the metal or T could be enhanced by increasing the mean
free path A in graphene and reducing the effective coupling
length A, with the contact metal.

Current Flow between Contacts. In the contact
resistance models discussed above, the metal electrodes act
on the graphene layer in their immediate adjacency. On the
other hand, as a layered anisotropic material (in-plane vs out-of-
plane), graphene has unique distribution of current in
multilayer channels compared with 3D isotropic materials,
which in return influences the contact and gating behavior in
devices. Sue and Appenzeller established the model of
interlayer charge coupling and screening in multilayer
graphene, which also provides insights to current flow in
other 2D materials.”” They presented the systematic exper-
imental study on current distribution in multilayer graphene
FETs by varying the channel layer number. As shown in Figure
4A, the on-state conductance of the channel G,, shows a
decreasing trend with increasing layer number (channel
thickness d), contrary to intuitions, while the off-state
conductance Gg increases; the I /I ¢ shows a 1/d dependence.

The resistive network model illustrated in Figure 4B gives a
satisfactory interpretation of the experimental data, composed
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— In this model, the two critical parameters are the ratio R,/
u R, u R, characterizing the interlayer coupling, and the screening
—1 length A. The fitting results shown in Figure 4A uses R, =
| 0.05R ¢ and A = 0.6 nm, suggesting a short depth of the current
Bottom gate

Figure 4. Resistive network model for current distribution in
multilayer graphene FET. (A) Experimental data of the current on/
off ratio (inset), the on- and off-channel conductance, and the fitted
line using the model shown in (B); each layer has its resistance R,
and the interlayer resistance is R,

of intralayer resistance R, to Ry for N layers of graphene and
interlayer resistance R;,,. Each layer has a minimum
conductance G, regardless of the gating condition, and the
ratio between R and the off-state single-layer resistance R g is
estimated to be R,./R,¢ ~ 0.02—0.2. When the FET is gated,
the total charge on the gate is Qg and the vertical (z)
Coulomb potential in the channel ¢(z) o (Q/z)exp(—z/A),
where Q is the charge under Thomas—Fermi screening and 4 is
the screening length. Therefore, we have

flow from the top contact into the bulk of the multilayer
channel and rather limited gate control across the channel
thickness since A extends only two graphene layers.
Improving the Contact: Surface or Edge? Based on the
models discussed above, it is clear that the interlayer tunneling
of electrons limits the contact conductance in a metal/graphene
system significantly, due to the lack of bonding sites at the
surface of graphene. An alternative strategy is then to utilize the
edge contact. Wang et al. reported the device topology in which
the encapsulated 2D graphene channel makes pure one-
dimensional (1D) edge contact to the 3D metal electrodes
(Figure 5).>* The device shows 25% less specific contact
resistance (Cr/Pd/Au 1/15/60 nm, ~150 Q-um) compared
with that reported in ref 32 and other intrinsic face contacts and
demonstrates almost ideal transport over length scales longer
than 15 pm at low temperatures. The much improved contact is
attributed to the shorter bonding distance at the metal/

edge contact

S = 50nm

Metal Lead

graphene

Figure 5. Edge contact to graphene. (A) Graphene monolayer is encapsulated between boron nitride to expose the edge, followed by regular
deposition of Cr/Pd/Au (1/15/60 nm) to form the edge contact. (B) Scanning transmission electron microscopy image (top panel) and
electron energy loss spectroscopy map (bottom panel) confirming the edge-contact formation.**
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Table 2. Contact Resistivity on Graphene with Edge Contact

metal (thickness) pe (Qum) ref (year) graphene type
Cr/Pd/Au (1/15/60 nm) 150, *#25% reduction of ref 20 34 (2013) mechanically exfoliated
Cu ~150, *32% reduction 35 (2013) epitaxial on SiC
Pd ~457, ¥22% reduction 35 (2013) epitaxial on SiC
Ni 89-11 36 (2014) mechanically exfoliated
Pd/Au (20/30 nm) 22 X 107 Q-cm? 37 (2014) CVD
Ti 7.7 X 1078 Q-cm? 38 (2015) CVD, multilayer

n
> Conduction path

D

Extended depletion
region due to NO,

Receded depletion
region due to M/S
ohmic contact

Figure 6. Energy band diagrams for sensing NO, gas with (A) graphene, (B) SnO, surface, and (C) graphene—SnO, interface. Schematic
mechanisms of (D) SnO, NPs, (E) less graphene interacting with SnO, NPs, and (F) more graphene interacting with SnO, NPs.>*

graphene edge, leading to larger electron orbital overlap, which Following this demonstration of effective 1D contact and
is also consistent with Xia’s strate%y of reducing 4, the effective previous analysis on “current crowding”, much work has been
graphene—metal coupling length.” done to improve the contact to graphene based on the increase
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of the edge perimeter in the contact area, often followed by
postmetal deposition annealing to aid the covalent bonding of
carbon and metal atoms at the graphene crystal edges. The
results are shown in Table 2.

Applications. Photodetection. As mentioned in the
Contact Resistance section, the contact metal dopes the
graphene and therefore shifts its Fermi level locally, due to
the difference in the metal/graphene work function as well as
the limited DOS near the graphene Dirac point. In a graphene
FET, the Fermi level E; in the graphene under the metal
contact is determined by the charge transfer from the metal and
not affected by the gate. The Fermi level in the channel aligns
with this Eg; however, its doping level is controlled by the gate.
An energy difference in the Dirac point is thus established
between the graphene under the contact and in the channel,
leading to band bending and therefore a built-in electric field at
the contact/channel interface.

Utilizing this built-in field to separate the photogenerated
carriers, Xia et al. demonstrated the pioneering work elucidating
the influence of metal contacts on photocurrent generation in
backgated graphene FETs.”” Ghosh et al’s work on reduced
graphene oxide for position-dependent photodetection also
supports this physical picture.”” This device concept further led
to the high-frequency study by the same group.*' Urich et al.
investigated the ultimate high-frequency response of the
graphene photodetectors in the same layout, extracting the
intrinsic response time via a nonlinear photocurrent
autocorrelation signal and gave a bandwidth of ~262 GHz,
corresponding to a photodetection response time of 2.1 ps,
which is mainly limited by the lifetime of the photogenerated
carriers.”” To investigate directly the temporal response at the
metal/graphene interface, Prechtel et al. introduced the pump—
probe technique in a suspended chemical vapor deposition
(CVD) graphene device and measured a photocurrent with a
full width at half-maximum (fwhm) of ~4 ps originating from
the built-in electric field.” Echtermeyer and co-workers further
elucidated the photoelectric and photothermoelectric contri-
butions to the photocurrent based on angular-dependent
measurements using linearly polarized light, observi% more
prominent photoelectric effects at longer wavelengths,™ which
is also consistent with the report by Tielrooij et al.*> The
limiting factors of the photodetection responsivity (typically
less than 1 mA/W) in the photocurrents generated at the two
electrodes are of opposite sign, and the total current is nearly
diminished. Mueller et al. circumvented this issue by using
asymmetric metal contacts at the source and the drain.*

Gas Sensing. A number of graphene-based devices for
detecting various gas species have been demonstrated,*’ ™" as
graphene possesses high surface-to-volume ratio in conjunction
with high conductivity, leading to the sensitive molecule
detection on its surface.’® The electrons are accepted or
donated from gas molecules to increase or decrease the channel
conductance of the devices. Even though the graphene-based
devices show high sensitivity, the difficulty of determining the
type of the gas species and their concentration prevents the
implementation of graphene as gas sensors.

Therefore, metal or metal oxide nanoparticles (NPs) have
been introduced into the device structure recently.”">* The
interaction between metal NPs and graphene shifts the Fermi
level of graphene in order to achieve equilibrium with metal
NPs. These NPs in the form of a thin film contacted with the
graphene are expected to improve the selectivity of the gas
sensors because different metals on graphene result in different
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electrical conductivity and surface functions. Ohmic character-
istics have generally been observed.”

Chung et al. fabricated a flexible H, sensor using graphene
with Pd NPs.>® The optimized 3 nm thick Pd NP film shows a
33% gas response exposed to 1000 ppm of H, and the
detection limit is 20 ppm of H, at room temperature. They
suggested that the sensor response time could be improved by
optimizing sample preparation, for instance, the control over
the size/density of Pd NPs with patterned graphene in
nanometer width. Park et al. used a periodic 200 nm wide
graphene nanoribbon array with 1 ym pitch to protect the
graphene from photoresist contamination on its surface by
implementing a 10 nm thick Cr interlayer.”* The fabricated Pd
NP/graphene nanoribbon H, gas-sensing device exhibits 90%
response within 60 s at 1000 ppm and 80% recovery within 90 s
in ambient N,. Detailed mechanisms were proposed by
Tammanoon et al. on the basis of the formation of Ohmic
M-S contacts and accessible interfaces of graphene—SnO,
NPs.>® The band diagram and physical models are as depicted
in Figure 6. The synergistic metal NPs in contact with graphene
modulates the overall electronic properties, leading to a
significant enhancement of selectivity and sensitivity in gas-
sensing characteristics. In addition to various metal NPs,
graphene with different formats, for instance, pristine graphene,
graphene oxide, and reduce graphene oxide (RGO) has also
been investigated.””>”>* Chu et al. obtained high H, sensitivity
with a resistance decrease of more than 80% in response to 1%
H, at room temperature.’® The sensor showed good selectivity
toward H, over CH,, NH;, O,, and N,O. Vedala ef al. found
that the presence of holes in the basal plane of the RGO
created edges with O, functionalities that si§niﬁcantly enhanced
the response of Pt NP/holey RGO to H,."”

An increase in device conductance for increasing H,
concentrations was attributed to the interfacial interactions of
H, with quinone groups located at the edges of the Pt NP/
holey RGO system. In Lu et al’s work on the detection of
NO,/NHj; using RGO FETs, the authors pointed out that in
addition to the charge transfer between the RGO and the
adsorbed gas molecules, the variation in the Schottky barrier
between the RGO and the contact metal, due to the gas
absorption, could also contribute to the overall gas-sensing
response.”’

METAL CONTACT TO 2D SEMICONDUCTORS

Based on the studies done on graphene, the metal contact to
other 2D materials, especially 2D semiconductors such as
TMDs (MoS,, MoSe,, WS,, etc.) and BP, has seen a surge of
research activities in recent years. Unlike graphene, these 2D
semiconductors have tunable band gaps covering both the
narrow (~107! eV, BP) and wide (1-2 eV, TMD) regimes,
providing great potential for various device applications. Metal
forms Schottky contact to 2D semiconductors, which will be
discussed in this section. MoS, represents one of the most
frequently studied 2D semiconductors. Therefore, we will focus
our systematic discussions on MoS, along with brief
introduction on more recent works of BP/phosphorene.

As the electron mean free path is much shorter in TMDs, the
TLM can be applied with a modified TLM model. Three
factors should be considered when applying the TLM model.
First, the contact resistance is a combination of the metal—
semiconductor interface resistivity and the semiconductor sheet
resistivity. However, the metal electrodes can easily dope and
tune the atomic thin channels of 2D TMD semiconductors
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Figure 7. Extraction of the SBH at the Ni/MoS, junction. (A) Source—drain current as a function of the backgate voltage under fixed Vpq, at
different temperatures. (B) Effective barrier height @y, as a function of the backgate voltage. (C) Arrhenius-type plot of data in (A). (D) True

SBH @ extracted for different work function metals.”

underneath through the applied biases, thus making the contact
resistivity complicated. For this reason, the resistivity of
semiconducting TMDs under the metal contact (peopee) and
the resistivity of the semiconducting channel (pg,nne) might be
very different. Second, because of current crowding effects, the
transfer length (L1) and physical metal—semiconductor contact
length (L.) should be characterized case by case when applying
effective contact length to the TLM model. Third, the TLM
approach cannot accurately model metal contact to multi-2D
layers if the edge contacts dominate the contact resistance.
Most of metal/TMD 2D materials are Schottky contacts, which
lead to the measured two-point resistance from TLM
depending on the voltage bias and polarization.

Initial Contact with MoS,. Das et al. performed the
thorough experimental study of contacts to mechanically
exfoliated few-layer MoS,,** comparing the Schottky barrier
height (SBH) and the FET performance using different contact
metals: the low work function of Sc (@ = 3.5 eV, 30 nm Sc/20
nm Ni) and Ti (4.3 eV, 50 nm) and the high work function of
Ni (5.0 eV, 50 nm) and Pt (5.9 eV, 50 nm). Figure 7 illustrates
the details of extracting the SBH ¢ at the Ni/MoS, interface
from the FET characteristics. The temperature-dependent Ijg
at each fixed gate voltage Vg gives the Arrhenius plot (Figure
7B), from which the effective barrier height ¢y at certain Vg is
extracted using the high-temperature data. The linear regime of
@g as a function of Vg indicates that the thermionic emission
model applies well to the current (Figure 7C). The true SBH
@sp shows linear dependence on the metal work function @y,
as shown in Figure 7D, with slope of 0.1, indicating strong
Fermi level pinning at the metal/MoS, interface.

To quantify the metal/2D semiconductor contact resistance,
the resistive network model is very much in parallel to the work
done for graphene, although the graphene/metal contact is
Ohmic while the 2D semiconductor/metal contact is Schottky
and shows much higher contact resistivity pc in the range of
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kQ-pym to MQ-um. In the backgated FET configuration, Liu et
al. used the conventional TLM to characterize the contact
resistivity pc and transfer length Lt of monolayer CVD MoS,
contacted with Ti/Au.>® The transfer length was calculated as

JPc/ Ry, where Ry, is the sheet resistance of monolayer MoS,.

At 0V backgate, Ly ~ 1.26 ym, and at higher V},;, Lt ~ 0.63
pum. The transistor performance is controlled by two Schottky
barriers at the source and the drain, respectively, and the device
is more accurately described as a Schottky barrier transistor, as
illustrated in Figure 8. The Fermi level pinning between MoS,

Figure 8. Band diagrams for a Ti/Au contacted MoS, FET with a
backgate, showing the Schottky barriers at the source and the drain
under different V;,, and Vps-?

and the electrode is mainly caused by the gap states from the
intralayer S—Mo bonding and the presence of a metal—-MoS,
alloy with a different work function.”” It is very difficult to
eliminate this effect because it requires an ideal Schottky
contact between metal and a perfect 2D semiconductor crystal.
Improving the signal crystal quality of the 2D semiconductor is
an important but challenging choice to weaken the Fermi level
pinning. Decoupling the metal from the semiconductor surface

can also decrease the amount of Fermi level pinning. An
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intervening oxide®”®" or graphene layer” between the metal

and MoS§, can significantly weaken the Fermi level pinning and
also reduce the contact resistance and SBH.

In addition to the modeling and macroscopic measurements
of the contact resistance, material characterizations and
localized investigations have also been carried out to probe
the microscopic origins of the contact properties observed.
Gong et al. studied the wetting and growth of nanometer thick
evaporated Pd, Au, and Ag films on monolayer CVD MoS,
using atomic force microscope (AFM) to image the metal film
morphology and Raman spectra to monitor the MoS,
monolayer quality.”’ Pd wets MoS, uniformly, while Au and
Ag cluster on MoS,. The metal clusters introduce local stress
and strain at the metal/MoS, interface,®* detrimental to the
current injection and carrier transport. McDonnell et al.
addressed the contact inhomogeneity issue in more detail
using localized measurements, including I—-V characteristics, X-
ray photoelectron spectroscopy (XPS) core-level spectra,
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scanning tunneling microscopy (STM), and scanning tunneling
spectroscopy (STS).® They found that the natural exfoliated
MoS, has high intrinsic defect concentration, which imposes
questions about the metal’s influence on the MoS, electronic
properties reported because, in those studies, MoS, is often
assumed to be pristine and a perfect crystal.

In summary, the research on contact to 2D semiconductors
is still in an early stage with much improvement of p. required
for decent device performance. MoQ, interlayer® or NO,
surface doping®” was shown to improve the contacts to MoS,
and WSe,, respectively. Reference 68 gives much information
on the approaches that the research community has taken to
search for better contacts in 2D FETs.

Contacting BP. BP, the bulk form of phosphorene, has
attracted much attention because it has a narrow band gap in
the range of 0.3—1.0 eV, tunable by the layer number and
bridging the band gap between graphene (zero band gap) and
TMDs (usually above 1 eV). Furthermore, it has high carrier
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mobilities and demonstrates ambipolar transport, which opens
up possibilities for complementary 2D semiconductor
electronics. The electrical contacts to BP have been studied
by researchers who have accumulated much knowledge in
graphene and MoS, devices. Using TLM, Du et al. investigated
Ni/Au (30/50 nm) and Pd/Au (30/70 nm) contacts on 18.7
nm exfoliated BP flakes.”” For the high work function Pd (5.4
eV), pc = 3.15 X 10* Q-um and Ly = 0.72 um; for Ni with ¢y,
=5.0eV, pc = 1.75 X 10* Q-pum and Ly = 1.18 ym at —40 V
backgate. Because of the Schottky barrier formed between the
contact and the BP, the device is, in fact, a Schottky barrier
FET, similar to the case of MoS,. Das et al’s work’® provides
information on BP FET performance complementary to that of
Du et al. using another high work function contact metal, Ti,
with pc™" = 4.85 X 10> Q-um. They also found that Fermi level
pinning occurs at the metal/BP interface. More recently,
Haratipour ef al. reported pc = 1.14 X 10° Q-um on a ~10 nm
BP flake contacted with Ti/Au (5/100 nm), encapsulated by
HfO,.”!

Parallel studies have also been conducted on BP. Anugrah et
al. deposited ferromagnetic (FM) contacts on few-layer
phosphorene and measured @gp of 110 and 200 meV for Py
(py = 4.8 €V) and Co (g = 5.0 €V), respectively.”” Similarly,
TiO,/Co contacts have also been applied to exfoliated few-
layer BP and showed a reduction of the SBH from ~206 meV
for direct Co contact to <50 meV with TiO, tunneling layer,
tunable by the backgate.

Applications. Photodetection. Tsai et al. demonstrated a
Schottky metal—semiconductor—metal (MSM) photodetector
using few-layer MoS, and interdigitated Au electrodes,”
achieving a responsivity of 0.57 A/W at 532 nm wavelength
with ~70/110 ps rise/fall time. The device could endure a
temperature of 200 °C, suitable for operation in harsh
environments. The authors further improved the photodetector
performance in a similar device by using trilayered MoS, and
shrunken contact spacing,’* demonstrating responsivity of
~1.04 A/W, rise/fall time of 40/50 us, and high radiation
tolerance. Also in parallel with the work done on
graphene,”~**7° Zhang et al. investigated the photovoltaic
and the photothermoelectric contributions to the photocurrent
generated in a MoS, Schottky barrier FET using scanning
photocurrent microscopy.”® Yu et al. demonstrated efficient
gate-tunable photocurrent generation in a vertical junction of
graphene—MoS,—metal (Ti), utilizing the large junction area
and the graphene as a work-function-tunable contact.'® Cao
and co-workers reported a GaSe MSM photodetector with high
responsivity of 5000 A/W and response time of 10—20 ms.”’

Zhang et al. fabricated phototransistors based on large-area
WSe, monolayers contacted with the metals of different work
functions.”® It has been found that the low Schottky contact
exhibits a very high photogain of ~10° and a specific detectivity
of ~10'* Jones, but the response time is ~S s. In contrast, the
high Schottky contact shows a fast response time of ~23 ms,
but the photogain and specific detectivity decrease by several
orders of magnitude. As the low work function of Ti is expected
to decrease the contact resistance,” the interdigitated electro-
des were employed to substantially increase the metal-MoS,
contact region,79 leading to the enhancement in photocarrier
generation. A low contact resistance was achieved between
MoS, and the Ti/Au electrodes with a responsivity of 2200 A/
W under 532 nm illumination at an external bias of 1 V. The
WSe,-based devices fabricated by Liu et al. exhibit improved
metal (In, Ag, Al, and Ti) contacts to WSe,.*” Device
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measurements supported by ab initio DFT calculations illustrate
that the d-orbital of the contact metal plays a key role in
forming low contact resistance with monolayer WSe,. The In-
and Ag-based contacts show the smallest contact resistance and
the highest drive current.

It is known that light harvesting can be enhanced by the
presence of metal NPs on 2D materials, inducing surface
plasmon resonance.®’ As depicted in Figure 9A, a plasmonic Au
NP traps the incident light through localized surface plasmon
resonance and enhances exciton generation in its vicinity.82 By
coupling the 2D WS, to Au nanorods, Kern et al. significantly
increased the light—matter interaction due to the plasmon
resonance of the Au nanorod, which enhances the optical near-
fields within the WS, monolayer, as illustrated in Figure 9B—
J.¥* The photoluminescence intensity was increased by more
than 1 order of magnitude. Butun et al also achieved the
enhancement of light emission from large-area monolayer
MoS, using plasmonic silver nanodisc arrays, where enhanced
photoluminescence up to 12-fold was obtained, as displayed in
Figure 10A-D.**

Gas Sensing. Two-dimensional materials are of interest for
gas sensors due to their high surface area, enhanced catalytic
properties, active sites, reactivity, low power consumption, high
process compatibility, and inherent flexibility.*> MoS,-,"
WS,-*” and SnS,-**based materials have been fabricated for
gas-sensing devices. Similar to graphene, the synergistic metal
NPs in contact with 2D hybrid layers could also be employed to
modulate the characteristics of gas sensors. As referred to as an
electronic sensitization effect,®” metal NPs are used to increase
the overall active sensing surface area and the adsorption sites
of gas molecules. The metals with high work function increase
the hole concentration of the 2D material device. The Pd NP
film contacted with MoS, has been found to enhance the gas
response to NH,.*® Similar work was also reported in which
metal oxide SnO, NPs induce a strong p-type doping effect for
MoS,."” However, low work function Al depletes the hole
carriers of the device, thus leading to the increase of the
sensitivity for detecting NO,.

After Das et al. systematically investigated the ideal metal
contact for the evaluation of intrinsic transport properties of
MoS,-based FETs,”* Fang et al. found that degenerate vapor
doping of the contact regions of WSe, FET devices could be
effective in minimizin§ the Schottky barrier and lowering the
contact resistance.”””" This was achieved by exposing the
contact regions to NO, and K vapors, as displayed in Figure 11.
By being exposed to the gas vapor, the barrier widths at the
metal/2D materials’ interfaces can be significantly reduced,
leading to a more efficient carrier tunneling and lower
resistance contacts. Liu et al. reported high-performance NO,
(down to 20 ppb) and NH; (down to 1 ppm) sensing using
CVD monolayer MoS, Schottky barrier FET,”" elucidating the
contribution of the Schottky barrier modulation upon analytical
molecular adsorption in addition to the charge transfer
mechanism in the channel. Although a BP device with similar
structure was also reported for NO, sensing down to 5 ppb,”
the authors deemed the effect of Schottky barrier modulation
induced by NO, exposure minimal. Nonetheless, metals can be
employed as a catalytic layer, which is generally deposited onto
the surface of the 2D materials in the form of a thin film to
enhance the decomposition of gas molecules. Alsaif et al.
explained the H, gas reaction using the “hydrogen spillover
effect”.”® The Au/Pd metal layer on the 2D MoQ; induces the
dissociation of H, molecules into electrons and H* ions. The
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Figure 10. (A) Schematic illustration of the silver nanodisc array on
MoS,. (B) SEM image and (C) corresponding integrated photo-
luminescence map of the nanodisc arrays. (D) Photoluminescence
spectra from the arrays.**

H" ions are transferred and reacted with O atoms in the first
MoO; monolayer, forming OH, and H,MoOj;. The rest of the
H' ions then go underneath the MoOj layers.

Solar Cell. Shanmugam et al. demonstrated Schottky
junction solar cells based on the stacked structure of ITO—
CVD MoS,—Au, operating in the spectral range of 350—950
nm,”* with a power conversion efficiency of 0.7% for ~110 nm
thick MoS, membrane and 1.8% for ~220 nm. Although there
are a few other reports on utilizing 2D semiconductor devices

for light harvesting,gs_97

they attribute most of the photovoltaic
response to the 2D p—n junction instead of the metal—2D

semiconductor Schottky junction.
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GRAPHENE CONTACT TO CONVENTIONAL
SEMICONDUCTORS

As a transparent semimetal, graphene has enormous potential
in Schottky-junction-based optoelectronic applications when
put in contact with conventional semiconductors, replacing
normal metals. Considerable efforts have been devoted to
understanding the fundamental properties of the graphene—3D
semiconductor Schottky junction. In this section, we start with
the basic 3D Schottky junction model, reviewing the
experimental methods for extracting the Schottky junction
parameters in graphene—conventional semiconductor junctions
and looking at models proposed for this 2D metal-3D
semiconductor system.

Schottky Junction: Barrier Height and Ideality Factor.
Tongay et al. did the systematic study on graphite—conven-
tional semiconductor contacts, providing foresight to the
graphene—semiconductor junctions.”® In this study, highly
oriented pyrolytic graphite (HOPG) contacts were made to Si,
GaAs, and SiC in “soft landing” forms: (1) spring-loaded bulk
HOPG, where HOPG is gently pressed onto the substrate; (2)
vdW adherence of cleaved HOPG flakes; and (3) HOPG
“paint”, which consists of graphite powder/flakes. All of these
forms resulted in similar junction behavior. The junctions were
characterized using the classical Schottky junction I-V and C—
V characteristics. Under forward bias V, the current through the
Schottky barrier is

I= IS(T)[exp(nZ—VT) - 1]

@
I(T) = AA*T? exp(— ek B")
B

)

(10)

where Ig(T) is the saturation current under zero bias, A is the
effective junction area, A* is the Richardson constant of the
semiconductor, and @y, is the zero-bias SBH. 7 is the ideality
factor, which should be 1 if the Schottky junction current is
purely from thermionic emission. Deviation of # from 1 could
be due to bias-dependent SBH, generation recombination of
the carriers, thermally assisted tunneling current, inhomoge-
neity of the junction, and image force lowering of the SBH. To
exclude the extrinsic effects at the metal—semiconductor
interface, the flat band zero-electric-field SBH @gz can be
calculated as

Gy = nPy, — (7 = 1)(kgT/e)In(N:/Np) (11)

where N is the effective DOS in the conduction band and Ny,
is the doping density. In addition to the forward I-V curve, @y
could also be extracted from the C—V characteristics of the
reverse-biased Schottky junction. The junction capacitance is

ee,Np,
2(V = W) (12)

where g is the dielectric constant of the semiconductor, Ny, is
the doping density, Vi, is the built-in potential, and Vy is the
reverse-bias voltage. The barrier height is then ¢c_y, = Vi, + (Ec
— Eg), where E(. is the conduction band bottom and Ej is the
Fermi level. ¢c_y is often higher than ¢g, from the I-V curve
and more closely related to @gg.

Figure 12 illustrates the extraction of the SBH ¢y, and the
ideal factor # from the forward I-V curve of a graphene—Si
Schottky junction.” From eq 9, we have

G =
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Figure 11. (A) Schematic illustration of NO, exposure inducing p-doped source/drain contacts of a WSe, FET. (B) Transfer characteristics of
a device before and after NO, exposure. (C,D) Extracted effective hole mobility and output characteristics from the device in (B). (E)
Schematic illustration of K exposure inducing n-doped source/drain contacts of a WSe, FET. (F) Transfer characteristics of a device before
exposure and after 1, 20, 40, 70, and 120 min exposure. (G) Transfer characteristics of the device in (F) after 120 min exposure with extracted
effective electron mobility displayed in the inset. (H) Output characteristics of the device in (F).57%°

InI~ w1 + In I(T)
kg T

(13)

The semilogarithmic plot of In I versus 1/T yields a linear
regime under moderate forward bias, where the series resistance
of the Schottky diode has not emerged and the current can be
described by eq 9. From the slope of the linear fit eV/(kg1), the
ideality factor 5 of the Schottky diode can be extracted. The
intercept of the fitted line at zero bias voltage yields the
saturation current Ig(T) (eq 10). At a given temperature, the
zero-bias SBH ¢y, can be readily calculated, assuming that we
have reliable values of the effective junction area A and the
Richardson constant A*. However, the accurate value of AA* is
not always available, and temperature-dependent measurement
gives an alternative of obtaining ¢g,. From eq 10, we have
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(14)

When In(Is(T)/T?) versus 1/T is plotted, ¢y, is extracted from
the linear fit slope; the intercept of the fitted line with the
vertical coordinate also gives information about the junction
area and the Richardson constant.

Figure 13 demonstrates the C—V extraction of the SBH
@c—v- According to eq 12, when 1/C? versus Vy is plotted, the
linear fit’s slope gives the dopant density Np, and the intercept
with the horizontal axis gives the built-in potential V},;, from
which the SBH can be calculated as ¢¢_y = Vi, + (Ec — Eg). In
addition to these routine methods of characterizing the
Schottky junction properties, Yim et al. proposed a technique
for extracting the junction resistance and capacitance using
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model. (C) Temperature dependence of the saturation current.”®"’
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Figure 13. C—V extraction of the SBH for Schottky junctions
formed between graphite and Si, GaAs, and SiC.”®

impedance spectroscopy,'” which they suggested could
differentiate the parasitic capacitance/resistance in the equiv-
alent circuit of the device under testing. Here, the graphene-on-
silicon Schottky device was divided into three parts, each having
its own resistance and capacitance (Figure 14A). From the
equivalent circuit, the total impedance of the device can be
fitted to the experimental impedance spectrum (Figure 14B),
and the fitting parameters give the individual R and C of the
parts 1, 2, and 3 (Figure 14C). From the dependence of R and
C on the bias voltage, the intrinsic junction component could
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easily be identified. From the extracted capacitance value, the
SBH was extracted using eq 15 (Figure 14D). This approach
has already been used in a recent work for analyzing the
graphene/silicon junction-based vapor sensing (chloroform,
phenol, and methanol).'""

Characterizing the Graphene/Conventional Semicon-
ductor Junctions. As discussed above, the pioneering work of
Tongay et al. adapted the classical Schottky junction model for
the graphite/semiconductor contacts and suggested the
possibilities of exploring and characterizing graphene/semi-
conductor systems using the well-established methods. Here we
summarize the series of parallel studies done on graphene
contacted to some most commonly used semiconductors,
namely, on Si, Ge, GaAs, GaN, SiC, and ZnO (Table 3).

Silicon. Following Tongay’s work, Chen et al. carried out the
detailed study on the exfoliated bilayer graphene/silicon
Schottky junction,'”” setting out the fundamentals for the
future integration of graphene with silicon. Bilayer graphene on
both n-type and p-type silicon substrates exhibited rectifying I—
V behavior, from which a SBH of 0.4 eV was extracted,
consistent with ref 98. In this early work, however, the ideality
factor 7 of the junctions was high, in the range of 4.89—7.69 for
n-type Si and 29.67—33.50 for p-type Si. The photocurrent of
the junctions was also characterized. To connect with our
previous discussion of the contact resistance at the 2D/3D
interface, this work gives a Au/graphene contact resistivity of
212 X 107 Q-cm? and py. at the graphene/Si interface is 73.6 X
107° Q-cm?, suggesting a bonding energy for graphene and Si
higher than that with Au. After the initial graphite study,”
Tongay et al. continued with a more systematic work on CVD
graphene—semiconductor interfaces,110 on n-type Si, GaAs, 4H-
SiC, and GaN. Again, they used both I-V and C-V
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Table 3. Graphene/Conventional Semiconductor Schottky Junction Properties

3D semiconductor D (eV) n
n-Si 0.4 4.89—-4.76
psi 04 ~30
GaN 0.74 2.9
GaN 0.7 24
AlGaN 0.4
SiC 0.08
SiC 0.58 4.5
SiC 1.3
SiC 1.16
SiC 0.85
SiC 0.36
ZnO 0.65 1.15
1GZO 0.64 (off), 0.04 (on) 127

ref (year) graphene type
102 (2011) mechanically exfoliated

102 (2011) mechanically exfoliated

103 (2011) CVD

103 (2011) CVD, *after anneal

104 (2014) cvD

105 (2012) epitaxial

106 (2014) epitaxial

107 (2014) CVD transferred on C—SiC
107 (2014) CVD transferred on Si—SiC
108 (2009) epitaxial, local I-V

108 (2009) exfoliated then deposited, local -V
109 (2012) CVD

19 (2014) CVD

characteristics to extract the Schottky junction parameters. The
barrier height was rather different than the values reported
before with exfoliated graphene, but the Schottky—Mott model
holds well for all the systems measured. In this work, the
authors pointed out an essential difference between graphene
and a conventional metal is that the Fermi level shifts in
graphene during the charge transfer across the graphene/
semiconductor interface because of its low DOS. Moreover, a
strong bias voltage also shifts the graphene Fermi level, which
leads to significant changes in the diode current. Because of this
tunability of the graphene Fermi level, the graphene/semi-
conductor junction properties could be adjusted by electric
doping of the graphene layer. Yang et al. demonstrated this
concept in their work,''" as “graphene barrister” with a gate-
controlled Schottky barrier at the graphene—silicon interface
for achieving a current on/off ratio of 10°. A similar idea was
realized in ref 112 by controlling the graphene/silicon contact
behavior (from Schottky to Ohmic) using a polymer electrolyte
gate. The graphene doping tunes the graphene—silicon work
function difference, leading to tunable photocurrent in the
Schottky diode, as well. The model and experimental works on
charge transfer at the graphene/semiconductor interface will be
discussed in detail in another section.

Germanium. Excellent mobility was observed in graphene
transferred onto the Ge substrate with GeO, surface layers.'"
Baek et al. used graphene as a tunneling barrier between Ge and
Co. The Ge/Co Schottky barrier could be tuned by the number
of layers of the inserted graphene. Graphene here has potential
as the tunneling barrier for spin injection from Co to Ge.''”

Gallium Nitride. As a wide band gap (3.4 eV) semi-
conductor, GaN has been widely used in bright light-emitting
diodes (LEDs). Its special properties lead to other applications
in optoelectronics and high-power and high-frequency devices.
Tongay et al. investigated the graphene/GaN junction proper-
ties at elevated temperatures to confirm the possibility of
integrating graphene into GaN-based devices.'”> They found
decent rectifying behavior in the as-fabricated junction, with
@go of 0.74 eV and 1 of 2.9. The rectification was preserved
until 550 K and diminished above 650 K. After a 900 K anneal,
the Schottky diode was improved with ¢g, of 0.70 €V and # of
~2.4, possibly due to the reduction of impurities and residue at
the interface. Graphene shows excellent thermal stability in this
study, and the usual problem of interdiffusion of atoms at the
metal/semiconductor interface in conventional Schottky
junctions is avoided.
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Alternatively, Shiu et al. used scanning photoelectron
microscopy and high-resolution photoemission spectra to
obtain the Schottky barrier properties at the graphene/GaN
interface.''> They demonstrated the visibility and the SBH of
single-layer graphene on an n-type GaN/AIN/Si;N,/Si(111)
substrate and found that the SBH is decreased with decreasing
numbers of layers of graphene. Therefore, monolayer graphene
on GaN is most desirable for decreasing the barrier between the
transparent electrode and GaN and improving the LED
performance.

Silicon Carbide. Tadjer et al. investigated the Schottky
junction formed between epitaxial graphene (EG) on SiC and
the substrate,'" using its I—V and C—V characteristics over a
wide temperature range (15—320 K). Using TLM, they found
the EG sheet resistance of 1408 Q/sq and a contact resistivity
of 3—7 X 107% Q-cm® The forward-bias barrier height was
extracted to be 0.08 eV from the Richardson plot. Such a low
barrier height was attributed to the image force decrease and
maximized tunneling probability to the bottom of the SiC
conduction band (field emission). From the temperature-
dependent measurements, the Arrhenius behavior of the barrier
height only persisted down to 140 K, and the ideality factor was
almost temperature-independent, confirming again that the
field emission was the dominant current component. The
authors also determined the barrier height from the C-V
characteristics to be 0.55—0.75 eV down to 80 K, which
increased sharply to 1.09 eV at 15 K. The reverse-bias current
increases significantly when the temperature decreases, while
the forward-bias current does not show as strong a trend. The
forward current is speculated to be dominated by defect-
assisted tunneling. Dharmaraj et al. grew Bernal-stacked bilayer
EG on 4H-SiC (0001) using low-energy e-beam irradiation,
which breaks the bond in SiC and causes Si sublimation,'*® and
observed the Schottky barrier formation and the rectification at
the EG—SiC junction, with @y, ~0.58 eV and 1 ~4.5.

Zinc Oxide. Lee et al. fabricated Schottky junction sputtering
ZnO on a prepatterned single-layer graphene sheet.'”” They
measured @g, of 0.65 eV and an ideality factor 5 of 1.15. Using
a backgate, the SBH can be modulated, which leads to
improvement in the photoresponse of the device. Liu et al.
fabricated gate-tunable graphene on indium gallium zinc oxide
(IGZO) junction in vertical thin film transistors for potential
applications in large-scale flexible electronics.'” The Schottky
junction had an ideality factor of 1.27 and barrier height of 640
meV in the off-state and 40 meV in the on-state with nearly
linear Ohmic behavior.
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Organic Crystals. The lack of knowledge of graphene
contacting ultrathin organic thin films also prevents the
development of organic electronics applications. Therefore, it
is desirable to understand the intrinsic charge transport in the
2D limit between 2D materials such as graphene and organic
crystals.''® Generally, the charge transport occurs in the first
few molecular layers near the dielectric interface assumed in
organic FETs. Zhang et al. fabricated highly ordered single-
crystalline mono- to tetralayer pentacene crystals on hexagonal
boron nitride via vdW stacking.''” They found that the charge
transport is dominated by hopping in the first conductive layer
and then transforms to band-like in subsequent layers due to
strong modulation of the molecular packing by interfacial vdW
interactions. Moreover, the structural modulation becomes
negligible beyond the second conductive layer, leading to a
mobility saturation thickness of ~3 nm. He et al. also grew few-
layer dioctylbenzothienobenzothiophene (C(8)-BTBT) molec-
ular crystals on a graphene/boron nitride substrate via vdW
epitaxy with controlled thickness down to the monolayer.'"®
The crystalline layers are atomically smooth and decoupled
from the substrate due to weak vdW interactions, affording a
pristine interface. A carrier mobility of 10 cm* V™' s™" and a
saturation voltage of ~1 V have been achieved.

Junction Inhomogeneity. In most cases, the transferred
graphene interacts with the substrate via weak vdW forces, and
there could easily be wrinkles, folds, or defects in the graphene
sheet, especially in CVD graphene. Even EG exhibits
inhomogeneities. It has been discussed in previous sections
that the ideality factor 5 of a graphene/semiconductor usually
exceeds 1, suggesting inhomogeneity of the junction in addition
to other possibilities such as tunneling current contribution. In
this part, we will look into the experiments done at the
nanoscale for localized I—V characteristics, exploring spatially
resolved Schottky junction properties.

Sonde et al. investigated the current distribution in
graphene/SiC junctions using scanning current spectrosco-
py,'”® implementing Pt-coated conductive atomic force
microscopy (CAFM), a technique developed by Giannazzo et
al. for characterizing laterally inhomogeneous Schottky
junctions in wide band gap semiconductors.''” In this work,
both EG and deposited/transferred graphene (DG) form
Schottky contact with the single-crystalline SiC substrate. As
shown in Figure 15, the local I-V characteristics show
distribution on both the SiC substrate and the graphene area,
confirming the rectification yet inhomogeneous property of the
junction. However, on the EG/SiC sample, at certain locations,
the I-V curve is linear, exhibiting Ohmic-like behavior. The
histograms of the SBH give the same g, of the Pt/SiC
junction (~1.6 £ 0.2 eV), compared to @y, of DG/SiC ~ 0.85
+ 0.06 eV and @y, of EG/SiC ~ 0.36 + 0.1 eV. It is interesting
to note that the SiC substrate has such a high level of
inhomogeneity when put into Schottky contact with the Pt-
coated AFM tip. On the other hand, the DG demonstrates
relatively high homogeneity in the contact, and the average
SBH (~0.85 €V) is in reasonable agreement with the Mott—
Schottky relation for graphene (W, ~ 4.5 eV) and SiC (ygc ~
3.7 €V). The EG on SiC, however, experiences a Fermi level
pinning ~0.49 eV above the Dirac point, due to the positively
charged states at the interface between the Si face and C-rich
reconstructed buffer layer during the epitaxial growth. From the
I-V characteristics, the energy distribution of these interface
states is inhomogeneous and varies rapidly at the nanoscale.
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(B), respectively.'*®

SBH (V)

AlGaN/GaN is also an important heterostructure for high-
power electronics. Following up on the previous work of
graphene/SiC junction inhomogeneities,"”® Giannazzo and co-
workers investigated the graphene contact to AlGaN/GaN
using the same methodology and found that the microstructure
of the AlGaN layer plays a critical role in the junction nature of
the contact, which could be either Schottky or Ohmic
depending on the defects of the AlGaN layer.'”'*° For a
perfect AlGaN layer contacted by the Au-coated conductive
AFM tip, gy ~ 0.9 €V and ¢y, ~ 0.6 €V for an AlGaN layer
with V defects, due to preferential current paths at the defect
locations. With graphene transferred on the AlGaN/GaN
heterostructure, @y, for the perfect AlIGaN sample was reduced
to 0.4 eV, and for the V defect sample, the contact became
Ohmic-like. Interestingly, the SBH exhibits much lower spread
with the graphene compared with the bare CAFM tip/AlGaN/
GaN contact. This effect was attributed to the current
spreading/averaging effect of the graphene over the AlGaN
surface.

Zhong et al. studied the electrical properties of the CVD
graphene transferred onto both #- and p-GaN using conductive
AFM and found that the wrinkles on graphene form Ohmic
contact with the substrate while the flat regions are in Schottky
contact with GaN.'*! Using density functional theory, they
calculated the Fermi level at the standing and folded wrinkles of
graphene, with zigzag or armchair directions. The local E. shifts
toward n- or p-type GaN for the two directions, respectively,
acting as high-conductive channels.
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Alternatively, Shivaraman et al. analyzed the inhomogeneity
of the Schottky junction formed between EG and SiC using
macroscopic characterizing methods, that is, the I-V and C-V
measurements.'”> They based their analysis on the model
proposed originally by Giittler'>* and Tung,'** which suggests
that @p, extracted from the -V curve is the effective barrier
height and ¢¢_y is the mean barrier height of the
inhomogeneous junction. They satisty the following relation

4o’

b, =D
BO C-V 2h T (15)

where ¢ is the standard deviation of the Gaussian distribution
and is assumed to be temperature-independent. This equation
provides a means of extracting the spread of the barrier height
distribution by plotting the difference between @g, and ¢_y
versus 1/T. The standard deviation was found to be 137 + 11
meV, in fair agreement with that in ref 108. Parui et al
characterized the Gaussian distribution of the SBH in
graphene/n-Si diodes and found o also in the range of ~100
meV.”

Tomer et al combine both the localized morphology/
electrical measurements and macroscopic, temperature-depend-
ent I—V characteristics to study the intrinsic junction
inhomogeneity of the transferred CVD graphene/SiC sys-
tem.'”” Nonideal behaviors such as increasing @, and
decreasing 7 with increasing temperature are related to the
spatial inhomogeneities in graphene, examined by STM and
STS. STM/STS measurements over graphene ripples give a
Fermi level shift of 270 meV with fwhm of 70 meV, with
respect to the Dirac point. The SBH was measured to be 1.3 &
0.18 eV and 1.16 + 0.16 eV for graphene on C-terminated SiC
and Si-terminated SiC, respectively. The spatial inhomogene-
ities are mostly due to ripples, ridges, and SiC steps, revealed by
the STM, as shown in Figure 16.

Toward Low-Dimensional Models: Charge Transfer
and Landauer Approach. As mentioned before, Tongay et al.
proposed the model for charge transfer at the graphene/
semiconductor interface, which is a significant difference
between the role of graphene in a Schottky junction and that
of a conventional metal, due to the low DOS near the Dirac
point in graphene.''” In contrast to a conventional Schottky
diode, the reverse-bias current is not saturating but increasing
continuously with the increased Vi (Figure 17). In the reverse-
bias regime, the electron charge per unit area on the graphene is

Q = Minduced — C](Vbl + VR) (16)

where C;j is given by eq 12. When the residual doping carrier
density 1, in graphene is taken into account, the Fermi level
shift with respect to the Dirac point can be calculated as

eNp(Vi; + V) )

Ep = —hlvgl ﬂ[no - 2
e

(17)

Therefore, upon a reverse bias being applied, the SBH changes
by the amount of

eADg (Vr) = —AE(WR) = EVF[\/”("O = Mipduced) — N, ””0]

1= | aeNp(Vi,; + Vo)
— Ty, | b T RS
2 2en, (18)

Accordingly, the saturation current in a Schottky junction,
given before in eq 10, becomes
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Figure 16. Inhomogeneities in a CVD graphene/SiC junction. (A)
STM image of CVD graphene on SiC; inset is the profile along the
dashed line. (B) STM image of the graphene ripples; inset shows
the corresponding dI/dV spectrum. (C) STM image of a ripple. (D)
dI/dV spectra taken from the corresponding spots shown in (C);
norm?g7probability distribution of the Dirac energy is shown in the
inset.
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using the Landauer transport model.'*®

An et al. adapted this charge transfer model, as well, and
calculated the bias-dependent Fermi level shift in a graphene/Si
Schottky junction.'* A systematic theoretical and experimental
discussion about the charge transfer at the graphene/semi-
conductor interface could also be found in ref 121, with the
experiment carried out in a graphene/GaN system. Cavallo et
al. demonstrated an interesting result on enhanced carrier
mobility in graphene deposited on a GeO,/Ge substrate, due to
the charge transfer between the surface states in GeO, and the
graphene.'"?

Finally, we will discuss the 2D nature of graphene as the
“metal” part in a Schottky junction and its influence on the
derivation of the junction current expression, compared with
the classical Richardson form given by eqs 9 and 10. There is
one recent discussion on the Landauer transport formalism in
an “ideal” graphene—silicon junction.'*® Three kinds of samples
were studied in this work: (1) CVD-grown graphene on Si;
prior to the CVD growth, the surface of the Cu foil was treated
by ammonium persulfate solution to etch away ~700 nm of Cu,
minimizing the metallic impurities in graphene. This kind of
sample gave the most ideal Schottky junction behavior with 5 ~
1.08, regularly CVD-grown graphene on Si with # of 1.63, and
conventional metal/silicon Schottky junction Cr/Si with # of
1.3. The J—V characteristics are shown in Figure 18A. The
curious point is that while the classical Schottky junction model
gives the Richardson constant for a certain semiconductor (Si
in this study), the A* extracted from the J—V characteristics
shows large variation in the three sets of devices. This
discrepancy was explained by the Landauer transport formal-
ism, as proposed by the authors. Instead of the Schottky
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junction current given by eqs 9 and 10, the Landauer formalism
gives

4

[T rmpm), - £,
T J-

o0

J (o)
where 7 is the time scale for carrier injection from the contact,
T(E) is the transmission probability over the Schottky barrier
@, D(E) is the graphene DOS given by 2/[z(hvg)*]IEl = DylE|,
where v is the Fermi velocity, and f is the Fermi—Dirac
distribution. Eq 20 yields

D

T

J

eV
eD, —
= —°<kBT>2( )] [—
[ T "k (21)

B
Comparing eq 21 with eq 10, it is therefore the graphene/
semiconductor coupling time scale 7 accounting for the low
values of A* obtained in the graphene Schottky junctions. 7 is
4.62 X 107" s, as obtained from the fit. Figure 18B illustrates
the reverse-bias-dependent barrier height ¢y observed in the
“ideal” sets of graphene/Si samples, which is also in agreement
with the charge transfer phenomenon discussed previously in
this section. Using the Landauer formalism again

@
—L 41
kT

e [ " DE)(E)AE = gV

(e

(22)

the authors were able to fit the “ideal” junction I—V behavior
reasonably well, as shown in Figure 18C, accounting for the
nonsaturating reverse-bias current.
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Table 4. Graphene/3D Semiconductor Schottky Junction Photodetectors

material responsivity rise/fall time wavelength (nm) ref
Si 2.8 mA/W 1550 128
Si 29 mA/W ~100 us 850/940 129
Si 435 mA/W a few milliseconds 850 130
Si 0.11 A/W 633 133
Si 300 V/W 05s 550 133
Si ~18—128 mA/W 0.26/0.54 ms 445 134
porous Si 02 A/W 3 us 400 135
Ge 51.8 mA/W 23 us 1400 127
GaAs 3.73 mA/W 72/122 ps 850 131
ZnO NW array 0.55 mV/W 01s 1064 132
ZnO NW array 0.2 mV/W 808 132
ZnO NW array 0.32 mV/W 532 132
ZnO nanorod array 113 A/W 0.7/3.6 ms 365 136
Ge QD Gr/ZnO 9.7 A/W 1400 137

Applications. Photodetectors. Graphene/3D semiconduc-
tor Schottky junction has been broadly explored for photo-
detector applications. The device performances are summarized
in Table 4.

Infrared Detection. Zeng et al. reported a monolayer
graphene/Ge Schottky junction photodetector with a peak
sensitivity at 1400 nm wavelength, with a responsivity of 51.8
mA/W and 23 ps response time.'”” The Stake group showed
2.8 mA/W responsivity at 1.55 um wavelength using an
exfoliated graphene/Si Schottky junction.'”® Ly et al. reported
29 mA/W, with ~100 ps response time at 850/940 nm
illumination with graphene/Si.'”” An et al. presented weak
signal detectors using monolayer graphene/Si junctions with a
photovoltage responsivity of ~10" V/W, a photocurrent
responsivity up to 435 mA/W, and a microsecond response
time."*” These tunable and scalable devices are well-suited for
broad-band (400—900 nm) photodetection, with responsivity
peaking at 850 nm, ideal for low-power integrated optoelec-
tronic circuit. Luo et al. used a GaAs nanocone array/
monolayer graphene Schottky junction to detect near-infrared
light, with a peak sensitivity of 3.73 mA/W at 850 nm
illumination."®’ The rise/fall time is 72/122 us. Liu et al.
investigated the broad-band photoresponse of a ZnO nanowire
array/reduced graphene oxide film photodetector under 1064,
808, and 532 nm illumination and achieved photovoltaic
responsivity of 0.55, 0.20, and 0.33 mV/W, respectively,'** with
the photoresponse time of ~0.1 s. Wang’s group reported a
high-performance Ge quantum dot decorated graphene/ZnO
infrared photodetector. *” The device demonstrated ~9.7 A/W
responsivity under 1400 nm illumination with a fast rise/fall
time of ~40/90 us.

Visible Light. The MSM photodetector demonstrated by An
et al. works at 633 nm wavelength with a responsivity of 0.11
A/W."”* Zhang et al. introduced the direct growth of
nanocrystalline graphene/graphite on Si/SiO, to form a
metal-free Schottky junction,'”* which achieved a 300 V/W
photovoltage responsivity with ~0.5 s response time at 550 nm
wavelength. Zhu et al. demonstrated that reduced graphene
oxide/Si Schottky photodiodes showed responsivity in the
range of 18.12—128.72 mA/W and rise/fall time of 0.26/0.54
ms under 445 nm light."**

Ultraviolet. Nie et al. presented the Schottky junction UV
detector fabricated by coating a ZnO nanorod array with
graphene.'*® The UV light is effectively trapped in the nanorod
array, enhancing the absorption of the light, achieving a
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responsivity 113 A/W and the rise/fall time of 0.7/3.6 ms. Kim
et al. reported near-UV detection using graphene/porous Si
junctions,'”> with a responsivity of 02 A/W and ~3 pus
response time at 400 nm illumination.

Gas Sensors. Kim et al. reported Schottky diodes made
from monolayer graphene on p- and n-Si substrates, exhibiting
stable sensing ability to selected gas (NH;) and aromatic
molecules (anisole, benzene, chlorobenzene, and nitroben-
zene), making them potentially useful for environmental and
biocompatible sensors.'*® The sensing mechanism was
attributed to the charge transfer from adsorbents to graphene,
which directly affects the work function and conductivity of the
graphene as well as the SBH. Uddin et al. demonstrated a H,
sensor with down to sub-ppm sensitivity using a Pd- and Pt-
functionalized graphene/Si heterostructure.*” Under reverse
bias, the junction current varies exponentially when the SBH
changes due to the molecule adsorption, enabling low-power
operation and tunable sensitivity. Singh et al. demonstrated
NH; and NO, detection using the same device structure,
confirming the SBH change using C—V measurements.'** Kim
et al. fabricated Si nanowire arrays vertically aligned by metal-
assisted chemical etching of the Si wafer. With graphene on top,
the ends of the nanowires were prevented from being bundled
and formed uniform Schottky junction with the graphene.'*!
The device showed 37 and 1280% change in resistance and 3.5/
0.15 and 12/0.15 s response/recovery time for O, and H,
detection, respectively. Zhu et al. evaluated reduced graphene
oxide/Si Schottky diodes for gas sensing, including CH,, O,,
CO, NO,, NO, and SO,,"** and discussed the influence of the
oxygen functional groups on the surface of the reduced
graphene oxide.

Solar Cells. The efficiencies of the graphene/3D semi-
conductor solar cells are summarized in Figure 19. Li et al.
reported graphene/n-Si Schottky junction solar cells with
efficiencies up to 1.5%.'*’ The same group later demonstrated
an enhanced efficiency of 2.86% using the Schottky junction
formed between graphene and a Si nanowire array with faster
response time."** Xie et al. also reported 2.15% efficiency using
a similar device structure.'*> Feng et al. demonstrated up to
2.9% efliciency in graphene/silicon pillar array solar cells and
enhanced it up to 4.35% after HNO; treatment.'*® Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonic acid (PE-
DOT:PSS) coating on graphene also improves the efficiency
slightly.
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a graphene/n-Si Schottky junction with the graphene doped by
bis(trifluoromethanesulfonyl)amide, which shifts the graphene
chemical potential, and increased the carrier density and the
built-in potential at the junction."*” Cui et al. reported
graphene/Si Schottky junction solar cells with initial efficiencies
in the range of 1.94—2.66% and demonstrated an enhancement
to 5.95% by doping treatment of SOCL."** The influence of
other volatile oxidants such as HNO;, HCI, and H,O, was also
investigated. Xie et al. carried out a study on the modification of
the graphene/Si interface to tune the performance of the
Schottky junction solar cell."*” Methylated Si and the insertion
of a thin P3HT organic layer at the junction interface
suppressed the surface carrier recombination effectively and
led to a high power conversion efficiency of 10.56%. Li et al.
demonstrated an efficiency of 9.2% by nitrate ion doping of a
graphene/n-Si solar cell."”™® Ho et al. reported the selective
filling of the topological cracks in graphene using Au NPs in a
graphene/Si Schottky junction solar cell'”' and achieved an
efficiency as high as 12.3%. Song et al. investigated the influence
of the native oxide at the graphene/Si junction interface and
selected the optimal oxide thickness for efliciency enhance-
ment.'>> When the graphene was doped with AuCl; and coated
with a TiO, antireflective layer, the efficiency was improved to
15.6%.

Vazquez-Mena et al. presented a graphene/Zn;P, solar cell
with gate-tunable junction barrier'>* and showed an efficiency
of 1.9% with an open-circuit voltage of 0.53 V. Yan et al
reported 11.5% efficiency in the device formed using multilayer
graphene and CH;NH,] pasted onto perovskite.">*

TWO-DIMENSIONAL SEMICONDUCTOR CONTACT TO
CONVENTIONAL SEMICONDUCTORS: THE p—n
JUNCTION

The integration of 2D semiconductors onto 3D semiconductor
substrates opens up possibilities of device design for current
rectification, photodetection, and energy harvesting. The
layered semiconductors such as TMDs (eg, MoS,) typically
do not have out-of-plane bonds at the surface, therefore
diminishing lattice mismatch and stress/strain-related problems
at the heterojunction interface.

4912

Figure 20. Properties of a p-MoS,/n-SiC junction. (A) Temper-
ature-dependent I—V characteristics; inset shows the device
structure. (B) C—V characteristics; inset is the linear 1/C plot
for extracting the built-in voltage. (C) Band diagram.'*®

characteristics. The I-V curve does not show strong temper-
ature dependence and follows the multistep recombination
tunneling current expression, giving an ideality factor # of 2.1.
Chuang et al. demonstrated nearly ideal electrical propertles of
the InAs/WSe, junction with an ideality factor of 1.1."

Yim et al. investigated photodiodes consisting of CVD MoS,
(n-type) and p-type silicon (Figure 21A)."7 They varied the
thickness of the MoS, layer in the range of ~4—16 nm. All of
the devices showed current rectification and broad spectrum
photoresponse. The photocurrent exhibited strong dependence
on the MoS, thickness (Figure 21B). The large photocurrent at
higher MoS, thickness is probably due to the enhanced light
absorption volume in thicker MoS, films. Esmaeili-Rad et al.
reported the integration of 60 nm mechanically exfoliated MoS,
onto a thin film amorphous silicon (a-Si, 100 nm) MSM
structure (Figure 21C), whlch enhances the performance of the
original a- Sl photodetector *% Amorphous Si has a low mobility
(~10 cm® V™' s7'), and the integration of MoS, makes the
device 10X faster with the photocurrent rise/fall time of ~0.3
ms and responsivity of 210 mA/W at 550 nm wavelength. Li et

al. also investigated the photodiodes formed between exfoliated
monolayer MoS, and both #- and p-type silicon">” and achieved
a high photoresponse of 7.2 A/W in the MoS,/n-Si
heterostructure. MoS,/p-Si demonstrated a weaker built-in
voltage. Lopez-Sanchez et al. demonstrated both LEDs and
solar cells w1th the n-type exfoliated monolayer MoS,/p-Si
heterojunction.'® The LED shows a low threshold power
density of 3.2 W/cm? significantly lower than previously
reported 15 kW/cm® for other MoS, electroluminescent
devices. The solar cell has an external quantum efficiency of
4.4%. Tsai et al. fabrlcated solar cells using CVD monolayer
MoS, transferred to p- -5i."°> The built-in electric field at the
MoS,/p-Si interface separates the photogenerated carriers and
produces a photocurrent or open-circuit current. In this work,
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Figure 21. (A) Schematic diagram and photograph of the MoS,/Si photodiode. (B) MoS, thickness dependence of the photocurrent density
for devices shown in (A). (C) Schematic illustration of the Si/MoS, MSM photodetector. (D) Schematic of the MoS,/Si photodetector,

showing the vertically standing layered MoS,."*”"*%'%

the MoS,/p-Si device shows a power conversion efficiency of
5.23%, reported to be the highest among all monolayer TMD
solar cells. Hao et al. deposited bulk-like MoS, film on the p-Si
substrate using dc magnetron sputtering to form MoS,/Si p—n
junctions.'®® Current rectification and photovoltaic character-
istics were also observed in these devices. Wang et al
demonstrated the sputtering deposition of MoS, films with a
vertically standing layered structure on p-Si,' as shown in
Figure 21D. The junction showed an on/off ratio of 5000 and
ideality factor of 1.83. As a photodiode, the heterostructure has
a high detectivity of ~10"* Jones and short response time of ~3
us, due to the special vertically standing layered MoS, which
offers strong light absorption and fast photogenerated carrier
separation and transport.

PERSPECTIVE

Two-dimensional electronics has become an extremely active
field over the past 10 years, with intriguing expectations for
real-life applications in the foreseeable future and eventually
bringing about the ultimate flexible electronics. In this roadmap,
integrating the 2D materials with existing 3D CMOS
technology is the low-hanging fruit, and indeed, there have
already been devices commercialized, such as graphene touch
screen, graphene-coated LEDs, efc. However, in these initial
products, the outstanding electrical properties of graphene are
implemented only to a limited extent. The TMD devices are
still far away from applications because of their relatively poor
performance and the challenges in large-scale reproducible
production. BP and X-enes'®*'% are expected to offer relatively
high mobility and a tunable band gap but suffer from ambient
instability, and their investigations are still at an early stage.
Two-dimensional molecular crystals held by vdW forces, which
could effectively eliminate interlayer screening, leading to
directly probing disorder effects and interfaces on charge
transport, have barely been studied. The understanding of the
contact with these 2D molecular crystals would make the
carrier injection and modulation more efficient to improve the
performance of organic FETs. However, the fundamental issues

4913

regarding the nature of charge transport in the 2D organics
have not been addressed.

For any of the 2D materials discussed, making the electrical
contact is the prerequisite for any kind of research or
application, especially for high-performance electronic or
optoelectronic devices. From this review, we see that the
contact to graphene has improved from pc ~ 107* to 107 Q-
cm? around 2010 to the current state-of-art of ~107% to 107> Q-
cm® in most recent studies, by introducing well-controlled
graphene edges in the contact area and using metals which form
carbides with graphene. In first section of this review,
mechanically exfoliated and CVD graphene devices are
discussed in detail for high-performance applications. On the
other hand, liquid exfoliated graphene or solution-processable
layered materials are more important in large-scale production
of thin film transistors aiming at lower-performance elec-
tronics. ™' Though there are some encouraging results on ink-
printed electronics,"®’~"”" the contact to the conductive ink has
not been sufficiently studied, which remains a blank to be filled
in. TMDs and BP lag behind graphene by about 4 orders of
magnitude in terms of the contact resistivity, and the
microscopic mechanisms of contact formation between metal
and 2D semiconductors are still not well understood. Graphene
with etched edges could serve as the buffer layer between the
2D semiconductor and the metal for contact improvement.'”*
Alternatively, the 1T metallic phase in TMDs is explored for
Ohmic contact with the metal electrodes, while the TMD
channel is maintained at the regular 2H phase.'”*~'7® FETs
with 1T phase/metal contacts are reported to show superior
mobilities and contact resistivity as low as 200—300 Q-ym for
MoS,."”> TMDs and BP have large spin—orbit coupling and are
attractive candidates for spin manipulation in hybrid
ferromagnetic systems. The very young field of using
ferromagnetic metal contact for spin-polarized current injection
has only seen a few published works merely characterizing the
Schottky junction barrier height, tunable by inserting a tunnel
barrier, yet not concerning the spins. Much more work is
needed for injecting spins into these 2D semiconductors.
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Contacting graphene or 2D semiconductors to 3D semi-
conductors provides alternative routes for making diodes. Most
of metal/2D materials are Schottky contacts, which lead to the
measured two-point resistance from TLM depending on the
voltage bias and polarization. Most of the works applied to
TLM roughly estimate contact resistance of 2D materials. Few
works thoroughly studied this limitation. Very similar to the
contact resistance problem, the fundamental issue in these 2D/
3D systems is the transport of the carriers between 2D and 3D
systems. Although the physical picture is completely different
from a 3D/3D interface, the research community has been
using the conventional models for years. This approach is
apparently problematic, as many of the parameters would have
questionable physical meaning, such as the Richardson constant
in a Schottky diode. An understanding of the 2D/3D
heterojunction transport is necessary and in urgent need for
either the fundamental device physics or the improvement of
the device performance.
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VOCABULARY

contact resistance, resistance due to the contacting of the
materials interfaces; an inherent property which is independent
of the measuring approach; transfer length method, the
contact resistance measuring method, in which the resistors of
several different lengths are constructed; with measured the
total resistances, the contact resistance can be extracted by
extrapolating back to the resistor length at zero; Schottky
junction, the boundary between a metal and semiconductor
exhibiting rectifying characteristics; Schottky barrier height,
the potential energy barrier for electrons formed at the
Schottky junction; ideality factor, a parameter equals between
1 and 2, representing the ratio between diffusion and
recombination current, indicating the number of defects in
the barrier region; Ohmic contact, a nonrectifying electrical
junction that exhibits a linear current—voltage curve as with
Ohm’s law; p—n heterojunctions, the boundary between p-
type and n-type semiconductor materials
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