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Abstract

The proper understanding of semiconductor devices begins at the metal-semiconductor interface. The
metal/semiconductor interface itself can also be an important device, as Schottky junctions often forms
when the doping in the semiconductors is low. Here, we extend the analysis of metal-silicon Schottky
junctions by using graphene, an atomically thin semimetal. We show that a fundamentally new transport
model is needed to describe the graphene-silicon Schottky junction. While the current-voltage behavior
follows the celebrated ideal diode behavior, the details of the diode characteristics is best characterized by
the Landauer transport formalism, suggesting that the injection rate from graphene ultimately determines

the transport properties of this new Schottky junction.
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Graphene is one amongst a class of two dimensional (2D) layered materials which has been intensively
researched for possible post-CMOS device and other novel applications*”. Graphene-semiconductor
Schottky junction is one such system being studied for applications in photo detection™ > °
communications’, solar cells® °, barristers™ and chemical and biological sensors'. Graphene Schottky
junctions with several different semiconducting materials have been reported***. In order to design such
devices with a wide range of applicability, it is critical to establish fundamental understanding of Schottky

junctions formed using an atomically thin material. Here, we provide a new transport mechanism to

describe the electrical properties of graphene-silicon (Si) Schottky junctions.

Graphene Schottky diodes studied in the literature have focused on electrical & optical characteristics,
such as power conversion efficiency, photocurrent responsivity, spectral bandwidth, detection limits and

Speedl, 7,9, 15717.

Despite these breakthroughs a basic graphene Schottky device with an ideal current-
voltage characteristic is still uncommon, and the fundamental transport mechanism is poorly understood.
Here, we fabricate ideal graphene/n-type silicon (n-Si) Schottky junction diodes and show a new transport
mechanism to describe the ideal diode behavior. We find that traditional bulk approaches to analyzing

our graphene-based Schottky diodes are inadequate. Instead, we find excellent agreement using the

Landauer transport formalism that includes the finite density of states of graphene

The ideality factor () of any junction measures the degree to which defects mediate transport. #=1
corresponds to an ideal Schottky diode with purely thermionic charge transport across the barrier. The #
values for graphene Schottky junctions reported to date are far from ideal and are in the range ~1.3-30% **
8 A gate controlled Schottky barrier device was reported with an ideality of 1.1. Without any gate
control, however, the rectification was limited to two only orders in magnitude due to high leakage
currents'®. A defect free interface between graphene and semiconductor is necessary for realizing an ideal
rectification behavior' °. Some recent studies have identified the existence of inhomogeneity at the
graphene and semiconductor junction'’ as one reason for the non-ideality. This can give rise to high

leakage currents and poor values for ™ **. Such impurities at graphene semiconductor interface could be



remnants of metal contaminants from the copper (Cu) substrate used in Low-Pressure Chemical Vapor
Deposition (LPCVD) technique to grow the graphene. The LPCVD process involves the use of cold
rolled Cu foil as the substrate. It has been found that impurities such as Si, Ca, Ru, Pt, Ce are present on
the surface of Cu foil, before graphene growth, that will likely remain on the graphene even after etching

the Cu post growth.”

In this study we report on graphene/n-Si Schottky junction diodes demonstrating nearly ideal diode
behavior, with » ~1.08. Such diode behavior was achieved by minimizing the metallic impurities in
graphene by etching the top ~700nm of Cu using ammonium persulfate solution (APS) for 90 seconds.
Graphene growth is performed using the LPCVD technique®. Post growth, a thin layer of PMMA is
coated on top of graphene. The Cu foil below graphene is then etched leaving the graphene supported on
the PMMA membrane. To fabricate Schottky junctions using graphene, we prepared wafers with 20nm
Si0O, on n-Si wafer with an array of trenches cut into the oxide. Immediately before the graphene transfer,
the silicon surface in the trench was cleaned with buffered oxide etch (BOE) etch solution with NH,F:HF
(6:1) ratio to remove any surface oxide. Graphene was then transferred onto this substrate using a dry
transfer procedure reported by Petrone et al.”. Photolithography was used to pattern graphene across the
trench and over the field oxide. The active device area was defined as the area of graphene making direct
contact with the silicon in the trench. The graphene lying outside the trench on the oxide was
subsequently contacted with 7/70 nm thick Cr/Au, and the back contact to silicon was formed using
100nm thick Al. The schematic of a typical device structure is shown in the inset of Fig. 1a. The devices
fabricated in this manner are labeled type-SBO1. In addition, we fabricated two other types of Schottky
devices using the same n-Si wafers. In graphene/n-Si Schottky devices of type SB02, we used the
identical fabrication process except that the initial etching of Cu was not performed. This is the typical
method used in other studies®*’. Finally, for our third set of devices, we fabricated bulk Schottky diodes
using Cr/n-Si junctions. We fabricated over 40 identical devices for each type, and the data we present

are typical of the results we observe.



First, we analyze the current-voltage (J — V) characteristics of these devices. The measured current
density J was normalized with respect to reverse saturation current ( ), and plotted as J/J, — V curves
(shown in Fig. 1a) for several type-SB01 and type-SB02 devices. Plotting the curves in this way, we
clearly observe differences between type-SB01 and type SB02 devices: Type-SBO01 devices exhibit lower
ideality factor and a pronounced increases in the leakage current with reverse bias, a feature we attribute
to lower interface defect states in our analysis below. The unnormalized J — V' curves are shown in Fig.

1b for each device type.

To better understand the three device types, we study the J — V curves using the Crowell — Sze model for
thermionic emission and diffusion of carriers over a barrier”. Accordingly, the /] — V characteristics of

Schottky devices can be approximated by the following diode equation:
_av_ _%B
J=Jo (7 = 1) Jo = AT BT ()

Jo is the reverse saturation current, n is the diode ideality factor, g is the elementary charge, kg is the
Boltzmann’s constant and T is the temperature. A* is the effective Richardson’s constant and @y is the
Schottky barrier height, defined in Fig. 3. Using Eq. 1, we determined n by fitting the forward bias
current of each device type (we also ensure that both forward and reverse bias characteristics are well
represented by (1), particularly at low reverse bias). Fig. 1b shows the fits to the representative ] — V
curves from all three device types. We note that the type-SB01 device has the lowest leakage current and
nearly ideal behavior. The extremely low leakage current, which corresponds to an usually low A* value
compared to that of the Cr/n-Si device, calls for an explanation. Here, we show the low value for A*
arises from the finite Density of States (DOS) of graphene, which can be accounted for using the
Landauer transport model. We are able to establish an excellent fit over a significant region in the ] — V
curves at low voltage range. At higher forward bias, however, a significant deviation results from a series

contact resistance, which is not included in our model. A relatively low ideality factor of n ~1.08



characterizes type-SB01 devices, indicative of nearly defect-free interface. In contrast, a higher ideality

value of ~1.5 characterizes the type-SB02 devices, which we attribute to the impurities from the Cu foil.

By varying the temperature, we extract the barrier height ®z using Eq. (1). The temperature dependent
J — V behavior was characterized between T=300-380K. We also determine the Richardson constant A*
from the activation energy extracted through jJ, over the same temperature range. Fig. 2(a) shows the
extracted barrier height as a function of reverse bias V' for all three device types. The barrier height for
the Cr/n-Si junction is ~0.37 eV. This barrier height is largely constant with reverse bias, indicating that
Fermi energy level in the semiconductor is pinned. A small modulation seen in Schottky barrier can be
accounted for by the image charge barrier lowering®. The type-SB02 device showed a similar behavior
with a largely constant barrier height of ~0.57 eV (excluding the small contribution from image charge
barrier lowering). As discussed earlier, we associate the relatively constant barrier height with reverse
bias in SB02 devices to pinning of the Fermi level due to impurities from Cu. This is consistent with the
general properties of metal-semiconductor Schottky junctions with large interface states that pin the
Fermi level, making @ largely independent of bias®” ®. For the type-SBO1 devices, however, we observe
a noticeable lowering of the Schottky barrier height with increasing reverse bias. We discussion this

below in the context of the origin of the ideal 1-V behavior.

The A* extracted using the temperature dependent / — V plots is strikingly different across these three
devices (see Fig. 1b). In principle, the Richardson constant depends only on the material properties of Si,
although it is known that the properties of the metal can cause some variations in its value”. For example,
variations in A* have been reported in relation to inhomogeneity in barrier height, interfacial layer,
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guantum mechanical reflection and tunneling of carriers® . The A* for our Cr/n-Si junction is

comparable to the values that have been reported by others® *

. In contrast, in both graphene/n-Si
junctions (type-SB01 and type-SB02), the A* values are significantly lower than the theoretical value of
112 (A/cm?/K?) for n-Si and much lower than those reported for most metals. Below, we provide a

new analysis using the Landauer transport formalism to explain the low values of A*.



We first analyze the origin of A* and compared it to type SBO1 devices, since the new transport
formalisms leads to an ideal diode behavior. Next, we discuss the bias dependence on @y for these
devices, which we have not accounted for in our analysis so far. The new analysis provides an alternative
to the ideal diode behavior used in conventional metal-semiconductor Schottky junctions. Our analysis
suggests that the finite density of states of graphene plays a crucial role in determining the prefactor A*.

The Landauer transport formalism is given as®
J =22 TEDEfy — fsi)dE (),

where q is the elementary charge, 7 is the timescale for carrier injection from the contact, T(E) is the

2

transmission probability over the barrier energy @z, and D(E)=m
F

|E| = Dy|E] is the density of
states of graphene ( v is the Fermi velocity in graphene and # is the reduced Planck’s constant). f; and
fs;i are the Fermi-Dirac functions for graphene and silicon, respectively (shown in Fig. 3). Eq. 2 can be
solved for both forward and reverse biases, provided that @5 > kgT and T(E) is defined as in Fig. 3.

Here, we assume T(E) = 1 as long as the carrier energy is above @5. Eq. (2) then yields the ideal diode

equation

J=Jo(e™sT—=1)  (3)

®p

]0 — [Q.Do (kBT)Z (’i% + 1)] e_ kgT

T

One crucial difference between J, in Eg. (3) to the one in Eq. (1) is the additional temperature difference
we find in the Landauer formalism (in Eq. (1) A* is independent of T). To confirm our model, we fit the
measured reverse-bias current for type-SBO1 device using the Landauer transport model for J, in Eq. 3.
Fig. 2(b) shows a comparison between Egs. (1) and (3) to the measured J, vs T of type- SBO1 device at
three different reverse bias conditions. The goodness of fit established with the experimental data using

each model is ~0.99. Fig. 2(b) demonstrates that the Richardson-Schottky model and the Landauer model



_%B
are indistinguishable. This is because the dominant temperature dependence comes from e *BT. The

crucial difference, however, is that our model can account for the low values for A* with 7 = 4.62x10711
sec obtained from the fit. 7~ represents the injection rate of carriers from the contact to graphene and is
related to the coupling energy. A lower bound for T can be determined from metals that make a very low
contact to resistance (larger coupling) to graphene. We extract a lower bound of = = 1.3x10713 sec for
Pd *, which is consistent with the very low contact resistance that they measure. Here, our contacts are
characterized by a much larger t (smaller coupling energy), consistent with a large contact resistance of
our devices. From Fig. 1b we estimate our contact resistance to be 1.18 MQ-um, which is considerably

larger than the reported value of ~500 Q-um using Pd *.

Finally we explain the bias dependence of barrier height @ for the type SBO1 device, shown in Fig. 2a,
using the band diagram in Fig. 3. Our model is consistent with the ideal diode behavior of SBO1 devices
that is largely void of interface states that can pin the Fermi level. Since they exhibit low pinning, we

anticipate that the Fermi level can be modulated by gating as the density of states in graphene is low near
the Dirac point. We assume that the equilibrium Fermi level in graphene is at Dirac point (EfZ) (Fig. 3
(left)). @Y = E, — Ej% defines the equilibrium barrier height. Applying a reverse bias voltage V' causes

electrostatic doping in graphene through the depletion capacitance in silicon (Cs;). As a result of this

extrinsic doping, Fermi level shifts upward to Efg’(Fig. 3 (center)), lowering ®5 . The dependence of

E; " on reverse bias voltage V is established using the following equation.
g

q 77 DEYF(Ef)dE = CgilV] (4.

Here Cs; , the depletion capacitance given by dQ/dV, is the incremental change in charge per unit area
due to change in applied voltage across the depletion layer in Si. In this case, using a 101¢ /cm3doping for
n-Si and an experimentally measured barrier height of ®; = 0.62 eV, the built-in voltage due to space

charge in the depletion layer works out to be 0.42 eV (V,; = ®9 — (E; — Ef.)). The amount of charge



corresponding to the V,; is then used to estimate Cg; — which is approximated to be 5x10~8 F/cm? G.f(Ef)
is the Fermi function in graphene, and VV < 0 is the reverse-bias voltage. Modulation of Fermi level in
graphene relative to the Dirac point is manifested as a reduction in effective barrier height by A®gz (V) =

|E]£; - E}g (V)|. The reduced barrier height as a function of reverse-bias voltage is specified as ®z'(V) =

@Y — ADyz(V). Inserting @' (V) in Eq. 3, we obtain a diode equation which incorporates the voltage-
dependent diode characteristics observed in type-SBO1 devices. Fig. 4 shows a comparison between data

and our model that now includes the doping induced barrier lowering.

In summary, we demonstrate ideal graphene/n-Si Schottky diodes by growing graphene on etched Cu
foils. This is believed to significantly reduce impurities from the Cu foil that cause pinning of the Fermi
level and reduce trap states that result in ideal diodes. The lack of pinning is demonstrated in the strong
bias dependence on the leakage current, which we can capture using a simple capacitance model. Finally,
we provide a new Schottky junction model based on the Landauer transport formalism that explains the

unusually low value of the Richardson constant.
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FIG.1: (a) Plot of the normalized current — voltage characteristics of graphene/n-Si Schottky diodes of
type-SBO1 and type-SB02. The inset shows a schematic diagram of the device. (b) Plot of the
unnormalized current — voltage characteristics (open circles) and the fit (solid line) obtained using
Schottky diode model. A* is the effective Richardson constant in A/cm?/K?2.
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FIG. 2: (a) Plot of the extracted Schottky barrier height ®5 as a function of reverse bias voltage V. (b)
The temperature dependence of leakage current for type-SB0O1 device, obtained from experimental
measurements (open squares), along with fits to the Schottky diode model (dashed lines) and Landauer

model (solid lines).
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FIG. 3: (left) The energy band diagram of type-SBO1 graphene/n-Si junction at equilibrium. E¢, Ey and
Ey, are the conduction band, Fermi level and valence band of Si, respectively. E}’g is the equilibrium Fermi

level in graphene, and ®9 = E, — E,?g is the barrier height. (center) E]’rg and E}S show the Fermi levels

under reverse bias. The upward shift of Fermi level in graphene causes lowering of the Schottky barrier

®p, defined as @y’ = @Y — Adg. (c) Hlustrates the transmission probability of electrons over the
Schottky barrier.
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FIG. 4: Current — Voltage characteristics obtained using the Landauer transport model with barrier
lowering (solid) showing excellent agreement with measured characteristics.
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