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We perform a comparative study on the transfer velocity of charge carriers across two-dimensional
and (2D) three-dimensional (3D) graphene-silicon and 3D-3D Au-silicon Schottky junctions. Within the
framework of classical thermionic emission theory, the transfer velocity of carriers across the Au-Si
interface is determined as v̄ ∼ 107 cm/s that is thoroughly consistent with the average thermal veloc-
ity of carriers in silicon. In contrast, the graphene-Si interface discloses a much lower transfer velocity
of v̄ ∼ 101 cm/s, i.e., nearly 6 orders of magnitude smaller than the thermal velocity of carriers in sil-
icon. Utilizing the T1 universal scaling law for vertical 2D-3D Schottky junctions, we determine the
effective out-of-plane velocity of charge carriers in graphene as v∗

⊥ ∼ 100 cm/s. This indicates current
flow across the graphene-Si contact is substantially limited by v∗

⊥. Moreover, by analyzing experimental
activation-energy data, we uncover a general correlation between the kinetics of charge carriers and the
potential barrier at the graphene-Si interface. It is found that the transfer velocity increases almost expo-
nentially with the Schottky barrier height, which cannot be explained in the framework of classical theory.
Considering nonconserving k‖ scattering strength as an exponential function of Schottky barrier height,
T1 scaling theory leads to a comprehensive interpretation of experimental data. This study sheds light on
the electronic processes across 2D-3D interfaces.
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I. INTRODUCTION

Integration of two-dimensional (2D) materials into
CMOS technology may supply new device concepts
with higher performance and lower energy consumption
[1,2]. As a prototype class of 2D and three-dimensional
(3D) hybridization, the graphene-semiconductor hetero-
junctions [3] like graphene-Si and graphene-GaAs have
been intensively studied in a variety of electronic and opto-
electronic applications, including solar cells [4–8], diodes
[9–11], triodes [12], photodetectors [13–17], and optical
modulators [18,19]. The phenomenon of charge carrier
transport across the 2D-3D interface has also been criti-
cally investigated as it plays the central role in the overall
performance of hybrid devices [20–24].

At high enough temperatures, current flow through the
graphene-Si rectifiers is dominated by thermionic emis-
sion of charge carriers over the Schottky barrier at the
2D-3D interface. There is a general agreement among
experimental observations that the thermionic emission
prefactor (Richardson constant) across the graphene-Si
Schottky junction is much lower than the theoretical value
predicted by the classical thermionic emission theory [21,
25–30]. Physically, it means that the transfer velocity
of carriers across the graphene-Si interface is very low.
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Charge-carrier transfer across non-Ohmic (semi)metal-
semiconductor junctions is essentially determined by the
carrier kinetics and the interface barrier height. From the
energy perspective, only those carriers with sufficiently
high kinetic energy may pass the potential barrier and
contribute to the net current flow through the system.
The effect of interface barrier height on the charge trans-
port as well as the performance of graphene-Si Schottky
devices is well established in previous studies [21–30].
However, the role of charge-carrier kinetics has received
little experimental attention.

In this paper, we study the kinetics of charge carriers
across the graphene-Si interface. Experimental investiga-
tions are carried out through activation-energy measure-
ments. The average transfer velocity of charge carriers
across 2D-3D graphene-Si Schottky junctions is extracted
and compared with a control device of the Au-Si Schot-
tky junction as a 3D-3D interface. The experimental data
are interpreted with regard to classical thermionic emis-
sion theory and the new formalism of the T1 universal
scaling law [20]. Furthermore, activation-energy data are
collected into a unit frame and a strong correlation between
charge-carrier transfer velocity and the interface barrier
height is uncovered. This connection explains the broad
distribution of the (experimentally extracted) Richardson
constant across the graphene-Si interface [21,25–30]. The
presence of a thin interfacial silicon suboxide layer at the
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graphene-Si interface is approved experimentally and its
effect on the carrier injection velocity is presented. We dis-
cuss the failure of classical thermionic emission theory in
the evaluation of carriers velocity at 2D-3D Schottky junc-
tions. Finally, we show that by considering an exponential
dependence of lateral-momentum scattering strength on
the Schottky barrier height, the T1 scaling formalism can
successfully interpret the kinetics of charge carriers at the
2D-3D interface.

II. EXPERIMENT

Graphene-silicon Schottky devices are fabricated in a
similar manner to our previous report [31]. In brief, lightly
n-doped (1–10 � cm) silicon pieces with a 300-nm buffer
layer are patterned on the selected square-shape regions
and subsequently the buffer sublayers are removed by wet
chemical etching. In order to prevent surface oxidation, the
silicon samples are kept in nitrogen atmosphere prior to the
transformation of graphene (CVD-graphene, Graphenea).
Two graphene-Si samples with an active contact area of
A = 0.225 cm2 [G-Si(1)] and A = 0.063 cm2 [G-Si(2)] are
fabricated and studied. An Au(400 nm)-Si diode as a 3D-
3D Schottky junction with a contact area of A = 0.225 cm2

is also fabricated in the same manner and studied for com-
parison [32]. In order to acquire activation-energy data,
current-voltage characteristics of the Schottky junctions
are measured in darkness and in a broad range of tem-
peratures from 250 to 430 K. Figure 1 shows schematic
representations and typical current density versus voltage
characteristics of Au-Si and G-Si Schottky junctions.

III. RESULTS AND DISCUSSION

A. Classical approach

Figure 2(a) represents the energy band diagram at the
graphene-silicon interface. Current flow across the Schot-
tky junctions is governed by J = J0[exp(qV/kBT) − 1],
where the reverse saturation current is determined through
the kinetics of charge carriers and the interface barrier
height as [33,34]

J0 = 1
4

qv̄n = 1
4

qv̄Nc exp
(

−qϕB

kBT

)
. (1)

In the above equation, q, v̄, and n are the elementary
charge, average transfer velocity of carriers across the
interface, and the density of charge carriers contributing
to the current flow, respectively. kB and T are the Boltz-
mann constant and absolute temperature, Nc is the effective
density of states at the conduction-band edge of the semi-
conductor, and ϕB is the Schottky barrier height at the
interface. Equation (1) provides a practical approach to
determine both the carrier kinetics and the interface bar-
rier height. At reverse bias, ln(|J |) vs q/kBT can be fitted

n-Si

Au-Si G-Si

3D-3D Schottky junction 2D-3D Schottky junction

n-Si

FIG. 1. Schematic representation and dark current-voltage
characteristics of Au-Si and G-Si Schottky junctions measured
at different temperatures.

by a linear regression whose slope and intercept are given
by −ϕB and ln(qv̄Nc/4), respectively.

Figure 2(b) shows typical activation-energy data of the
three samples. From the slope of the regression lines fitted
to the Au-Si data, we obtain a zero-bias Schottky bar-
rier height of qϕB = 1.01(±0.05) eV [32]. Considering the
electron affinity of silicon (qχSi = 4.05 eV) and the work
function of Au (qφAu = 5.1 eV), from the Schottky-Mott
rule one expects a barrier height of qϕB = q(φAu − χSi) =
1.05 eV for the Au-Si Schottky junction. Hence, the mea-
sured barrier height is in good agreement with theory. For
the G-Si samples we get a barrier height of 0.42–0.46 eV
[32] implying that the work function of graphene in the
graphene-silicon system is in the range of 4.47–4.51 eV,
which is very close to the work function of single-layer
graphene [35].

Using Nc = 2.8 × 1019 cm−3 for the conduction band
of silicon, we determine the average transfer veloc-
ity of charge carriers from the intercept of the regres-
sion lines [Fig. 2(b)]. For the 3D-3D Au-silicon Schot-
tky junction, the average transfer velocity is obtained
as 〈v̄Au-Si〉 = 1.04(±0.03) × 107 cm/s, which is consis-
tent with the average thermal velocity of charge car-
riers in silicon. From the Maxwell-Boltzmann distribu-
tion, the average thermal velocity of carriers is given
by 〈vth〉 = √

8kBT/πm∗. Substituting the density-of-states’
effective mass of carriers in silicon, we find 〈vth〉 =
1.9 × 107 cm/s. On the other hand, the 2D-3D graphene-
silicon Schottky junctions display much lower transfer
velocity as 〈v̄G-Si(1)〉 = 41.33(±2.22) cm/s and 〈v̄G-Si(2)〉 =
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FIG. 2. (a) Schematic representation of velocity axes in 2D
graphene sheet and energy band diagram at graphene-Si inter-
face. (b) Classical activation-energy characteristics of Au-Si and
G-Si Schottky junctions at V = −1 V. (c) Charge transfer veloc-
ity versus the reverse bias voltage. Red line shows the average
thermal velocity of carriers in silicon 〈vth〉.

4.78(±0.57) cm/s, almost 6 orders of magnitude lower
than the average thermal velocity of carriers in sili-
con. This is in accord with the previous reports on the
low Richardson constant across the graphene-Si inter-
face. Richardson constant is given by A∗ = 4πqm∗k2

B/h3,
where m∗ is the effective mass of carriers in the semi-
conductor. Taking into account the impact of quantum-
mechanical tunneling and reflection at the interface, the
effective Richardson constant for n-Si is determined as
A∗∗ ≈ 110 A cm−2 K−2 [34]. However, experimental
studies on the graphene-Si Schottky junction indicate
two distinctive characteristics [21,25–30]. First, the typ-
ical value of the Richardson constant is much smaller
than 110 A cm−2 K−2. Second, the extracted values
show a rather broad distribution ranging from 10−9 to
101 A cm−2 K−2.

B. Ang formalism (T1 scaling)

In the framework of classical theory, the thermionic
emission prefactor across the 3D–3D Schottky junction is
solely determined through the electronic properties of the
semiconductor. In contrast, there is growing evidence that
charge transport across the 2D–3D Schottky junction is
mostly determined by the electronic properties of the 2D
material [20–22,31,36–39]. According to the new formal-
ism developed by Ang and colleagues [20,40–43], current

flow across the vertical graphene-semiconductor Schottky
junction belongs to a different universal class (T1 scaling)
within which the reverse saturation current is given by

J0 = CG(qϕB)v∗
⊥Texp

(
−qϕB

kBT

)
. (2)

Here CG is a constant related to the electronic properties of
graphene

CG = gsvqkB

2π l⊥�2v2
F

≈ 0.06 C/eVcm3K, (3)

where gsv = 4 is the spin-valley degeneracy, l⊥ = 0.335
nm is the thickness of graphene layer, and vF = 108 cm/s is
the Fermi velocity. v∗

⊥ is the effective out-of-plane velocity
of charge carriers in graphene and is related to the out-of-
plane velocity (v⊥) through nonconserving k‖ scattering
strength as v∗

⊥ = λk‖v⊥. Utilizing a finite quantum-well
model and for the relevant Schottky barrier heights in
semiconductor heterostructures (e.g., 0.5 eV), the out-of-
plane velocity is determined as v⊥ = 3.7 × 108 cm/s [20].

Charge-carrier scattering at the interface may consid-
erably affect the out-of-plane velocity. In this regard, the
total current density can be expressed as the sum of two
ingredients related to the conserving k and nonconserving
k components [44,45]. In the case of lateral-momentum
conservation, only a small fraction of charge carriers with
sufficiently high perpendicular kinetic energy may over-
come the interface barrier. In comparison, if the lateral
momentum is not conserved, the number of charge carriers
contributing to the current flow over the Schottky barrier
increases considerably. In this case, the out-of-plane veloc-
ity is modified as v⊥ → λk‖v⊥. For graphene, it is shown
that if the width of the depletion region is larger than 1 nm,
the nonconserving k‖ component will dominate the total
current density [20]. The previous criteria is fully satisfied
for graphene-semiconductor Schottky junctions except for
the heavily doped semiconductors (>1019 cm−3).

1. Kinetics of charge carriers in two dimensions

It is noted that J0 = qv̄n/4 in Eq. (1) is derived from
the statistical kinetics of particles in three dimensions
[46]. Substituting Nc = 2(2πm∗kBT/h2)3/2 and 〈vth〉 =√

8kBT/πm∗ into the rhs of Eq. (1), one readily obtains
the saturation current of 3D-3D Schottky junction as J0 =
A∗T2 exp(−qϕB/kBT). In two dimensions, the statistical
kinetics of charge carriers leads to Eq. (2). Let us assume
that the distribution of carrier velocity in two-dimensional
graphene is given by F(�v) with �v = �v(vx, xy) and a nor-
malization condition of

∫ ∞
0 F(�v)d�v = 1 [see Fig. 2(a)].

In the out-of-plane direction, the graphene sheet can be
considered as a finite potential well leading to quan-
tized energy and momentum bound states in ẑ direction.
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Alternatively, due to the position-momentum uncertainty
�z�pz ∼ �, charge carriers in graphene always possess a
nonzero velocity component in the out-of-plane direction
(�z = l⊥ being the thickness of graphene). Let us denote
the average out-of-plane velocity of carriers by v̄z. Fol-
lowing statistical theory of simple gases [46], the effusion
rate (per unit area) of charge carriers in the direction ẑ
perpendicular to the graphene plane is given by

R = n3D

∫ +∞

−∞
dvx

∫ +∞

−∞
dvy v̄zF(�v) = n3D v̄z, (4)

where n3D = n2D/l⊥ with n2D being the number of carriers
per unit area that contribute to the current flow across the
Schottky barrier. Hence, statistical considerations for the
2D graphene sheet leads to

J0 = qn3D v̄z = q
n2D

l⊥
v̄z. (5)

From the band diagram shown in Fig. 2(a), the number of
carriers overcoming the interface barrier reads

n2D =
∫ ∞

ϕB0

D(E)fFD(E)dE. (6)

Substituting the density of electronic states of graphene as
D(E) = gsvE/2π�2v2

F and Fermi-Dirac distribution (fFD),
Eq. (5) readily leads to

J0 = v̄z

l⊥

qgsv(kBT)2

2π�2v2
F

(
1 + qϕB0

kBT

)
exp

(
−qϕB

kBT

)
, (7)

which is exactly the Ang-Yang-Ang equation for verti-
cal graphene Schottky junction [20], which is originally
derived from density-of-states’ considerations.

2. Out-of-plane velocity of carriers in graphene

In the framework of the T1 scaling law, the effective out-
of-plane velocity and the Schottky barrier height can be
determined experimentally from the activation-energy data
of ln(|J |T−1) vs q/kBT at reverse bias. Here, the slope
and the intercept of regression line are equal to −ϕB and
ln(qϕBCGv∗

⊥), respectively. A typical T1 scaling activation-
energy data of the graphene-Si samples is shown in
Fig. 3(a). The Schottky barrier height extracted from the
slope of regression lines is determined as 0.40–0.43 eV,
which is slightly lower than the barrier height obtained
from the classical activation-energy plots [32]. Utilizing
the barrier height extracted at a given bias voltage, we
determine the effective out-of-plane velocity of carriers
from the intercept of regression lines. As represented in
Fig. 3(b), the average effective velocity of charge carriers
across the G-Si(1) and G-Si(2) junctions are determined as
〈v∗

⊥〉 = 1.67(±0.07) cm/s and 〈v∗
⊥〉 = 0.34(±0.07) cm/s,

(a) (b)
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FIG. 3. (a) Activation energy of G-Si Schottky junctions with
respect to the T1 scaling law [Eq. (2)] at V = −1 V. (b) The
effective out-of-plane velocity of charge carriers versus bias
voltage.

respectively. Taking into account v⊥ = 3.7 × 108 cm/s,
we obtain nonconserving k‖ scattering strength as 〈λk‖〉 ≈
10−8, which is 4 orders of magnitude smaller that the
previously determined scattering strength of λk‖ ≈ 10−4

[20,43]. Later on, we show that this deviation can be
attributed to the presence of an interfacial oxide layer at
the graphene-silicon interface.

C. Transfer velocity versus Schottky barrier height

In order to gain a general insight into the kinetics of
charge carriers across the graphene-silicon Schottky junc-
tion, we analyze the activation-energy data from a variety
of previous studies. For more information on the orig-
inal data and the corresponding analyses see Sec. S2
within the Supplemental Material [32]. Figure 4 represents
charge-carrier transfer velocity as a function of potential
barrier at the graphene-Si interface. Practically, the trans-
fer velocity varies almost exponentially with the Schottky
barrier height. This is reasonable because to overcome a
higher potential barrier, charge carriers have to possess
a higher kinetic energy, whose distribution tail is almost
exponential according to the Fermi-Dirac statistics. Intu-
itively, the data of Fig. 4 can be fitted by an exponential
function

v = v0 exp(qϕB/Ech), (8)

where v0 represents the minimum charge transfer
velocity in the absence of potential barrier and Ech
is the characteristic kinetic energy of charge carri-
ers. In the framework of classical thermionic emis-
sion theory [Fig. 4(a)], we obtain v̄0 = 1.3 × 10−4

cm/s and Ech = 43.6 meV. Similarly, utilizing the T1

scaling law [Fig. 4(b)], the minimum effective velocity
and characteristic kinetic energy of charge carriers
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FIG. 4. Transfer velocity of charge carriers versus the Schot-
tky barrier height across the graphene-silicon interface in the
framework of (a) classical thermionic emission theory [Eq. (1)]
and (b) T1 scaling law [Eq. (2)]. The data are extracted by
processing the activation-energy data of various studies whose
reference numbers are shown next to the corresponding marks
[32]. 	1 and 	2 indicate the data of G-Si(1) and G-Si(2) sam-
ples, respectively. Dashed lines represent fitted curves to the
experimental data [Eq. (8)].

are obtained as v∗
⊥,0 = 4.1 × 10−4 cm/s and Ech =

53.2 meV.
We note that although the transfer velocity increases

with the Schottky barrier height, the number of charge car-
riers with higher kinetic energy is small, which means that
the net current density declines. Combining Eqs. (2), (5),
and (8), the density of charge carriers (contributing to the
current flow) as a function of the effective out-of-plane
velocity is given by

n2D(ν) = l⊥
q
CGTEch

[
ν−κ ln (ν)

]
, (9)

where ν = v∗
⊥/v∗

⊥,0 and κ = Ech/kBT. Accordingly, at
room temperature the density of charge carriers incor-
porated into the current flow across the interface barrier
shrinks approximately with the inverse square of transfer
velocity: n2D ∝ (v∗

⊥)−2.

D. Oxide layer at the interface

It has been suggested that the low Richardson con-
stant at the graphene-silicon interface can be explained
within the framework of classical thermionic emission the-
ory [Eq. (1)] if one takes into account a thin interfacial
oxide layer, which can be grown during the wet transfer of
CVD-graphene onto silicon surface [25,28,30]. We inves-
tigate the presence of silicon oxide at the graphene-silicon
interface by x-ray photoelectron spectroscopy (XPS).

Figure 5(a) presents the survey spectrum of the
graphene-silicon window where the dominant signals cor-
respond to silicon, carbon, and oxygen core levels. The
high-resolution carbon 1s spectrum is shown in Fig. 5(b)
where the intense signal at 284.8 eV comes from sp2

bonds. The shoulder at higher binding energy is well fit-
ted by two Gaussian distributions centered at 286 and
288.7 eV, which can be attributed to C—O and C—N
bonds, respectively [47,48]. Figure 5(c) shows the silicon
2s core level signal with the main peak at 150.9 eV. In
the case of the H-terminated silicon surface, there should
be only one peak related to elemental silicon (Si0). The
presence of SiO2 (Si+4) on the silicon surface induces an
additional peak, which typically appears at Ebind(Si02s) +
3.7 eV and the corresponding signals of silicon subox-
ides (SiOx, x < 2) locate between Si0 and Si+4 peaks [49].
In the case of graphene-silicon interface [Fig. 5(c)], the
shoulder at higher energies is well modeled by a Gaussian
centered at 153.9 eV, i.e., Ebind(Si02s) + 3.0, which confirms
the presence of SiOx at the graphene-silicon interface.
Similarly, in the presence of silicon oxide, the elemen-
tal peak of silicon 2p core level is accompanied by a
shoulder at higher binding energies [50]. For the graphene-
silicon interface, as represented in Fig. 5(d), the elemental
peak of Si 2p core level at 99.7 eV appears alongside
a shoulder centered at Ebind(Si02p) + 3.1 eV. Hence, XPS
spectra clearly confirm that the wet transfer of CVD-
graphene onto H-terminated silicon and the subsequent
heating procedure cause the silicon surface to be partly
oxidized.

A thin insulating layer modifies the Richardson constant
by a tunneling factor as A∗∗

r = A∗∗ exp(−δ
√

φ), where δ

and φ are the average thickness of oxide layer (Å) and
the effective tunneling barrier height (eV), respectively
[51]. Applying a similar argument to Eq. (1), a thin inter-
facial oxide layer modifies the average transfer velocity
as v̄r = 〈vth〉 exp(−δ

√
φ). Considering v̄r/〈vth〉 = 2.17 ×

10−6 for G-Si(1), we determine the tunneling factor as
δ
√

φ = 13.04, which implies an average oxide thickness
of 32.6 Å [51,52].

E. Exponential dependence of λk‖ on Schottky barrier
height

Although the presence of an interfacial oxide layer
certainly affects the injection velocity of charge carri-
ers, the above picture of tunneling factor cannot explain
the exponential dependence of velocity on the Schottky
barrier height [Fig. 4(a)] implying the failure of classi-
cal thermionic emission theory at the 2D-3D graphene-
silicon Schottky junction. T1 scaling law [Eq. (2)], on the
other hand, gives a thorough interpretation of experimen-
tal data provided that we consider the scattering strength
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FIG. 5. X-ray photoelectron spectra of the graphene-Si interface. (a) Survey spectrum showing the elements present at the sample
surface. (b)–(d) High-resolution spectra of carbon 1s, silicon 2s, and silicon 2p core levels. Black lines are cumulative fit curves.

of nonconserving lateral momentum as [Eq. (8)]

λk‖ = λ0
k‖ exp

(
qϕB

Ech

)
, (10)

where λ0
k‖ ≈ 1.1 × 10−12, which also takes into account

the effect of insulating interfacial layer. Combining
Eqs. (10) and (2), we sum up the main conclusion of this
study that the thermionic emission of charge carriers across
the 2D-3D graphene-silicon Schottky junction is governed
by

J0 = λ0
k‖

v⊥q2gsvϕB0kBT
2π l⊥�2v2

F
exp

(
qϕB

Ech

)
exp

(
−qϕB

kBT

)
.

(11)

IV. CONCLUSION

The transfer velocity of charge carriers across 2D-3D
graphene-silicon Schottky junction is much smaller than
the average thermal velocity of carriers in silicon, which is
in sharp contrast to the normal 3D-3D Schottky junctions.
This implies that charge transport across the graphene-
silicon interface is substantially limited by the effective
out-of-plane velocity of charge carriers in graphene. Our
findings indicate that the average transfer velocity varies
exponentially with the Schottky barrier height. The mini-
mum transfer velocity and the characteristic kinetic energy
of charge carriers contributing to the current flow are
obtained as v0 ∼ 10−4 cm/s and Ech ≈ 50 meV, respec-
tively. It is also shown that statistical considerations of
charge-carrier kinetics in two dimensions lead to the T1

scaling formalism of thermionic emission at the vertical
graphene-semiconductor Schottky junction. The classical

theory of thermionic emission cannot explain the exponen-
tial dependence of charge-carrier velocity on the Schottky
barrier height even if one takes into account the effect
of the interfacial silicon suboxide layer at the graphene-
silicon interface. The experimental data can be well inter-
preted within the framework of the T1 scaling formalism
[Eq. (11)] considering the exponential dependence of non-
conserving lateral-momentum scattering strength on the
interface barrier height. This exponential dependence can
be understood based on the phenomenological arguments.
However, its physical origin is not clear and requires extra
theoretical investigations.
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