
 

 

 University of Groningen

Temperature dependent transport characteristics of graphene/n-Si diodes
Parui, S.; Ruiter, R.; Zomer, P. J.; Wojtaszek, M.; van Wees, B. J.; Banerjee, T.

Published in:
Journal of Applied Physics

DOI:
10.1063/1.4905110

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Parui, S., Ruiter, R., Zomer, P. J., Wojtaszek, M., van Wees, B. J., & Banerjee, T. (2014). Temperature
dependent transport characteristics of graphene/n-Si diodes. Journal of Applied Physics, 116(24), 224303-
1 - 224303-6. [244505]. https://doi.org/10.1063/1.4905110

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.1063/1.4905110
https://research.rug.nl/en/publications/88cf8e19-bf61-4156-b289-034d44c9edad
https://doi.org/10.1063/1.4905110


Temperature dependent transport characteristics of graphene/n-Si diodes
S. Parui, R. Ruiter, P. J. Zomer, M. Wojtaszek, B. J. van Wees, and T. Banerjee

Citation: Journal of Applied Physics 116, 244505 (2014); doi: 10.1063/1.4905110
View online: https://doi.org/10.1063/1.4905110
View Table of Contents: http://aip.scitation.org/toc/jap/116/24
Published by the American Institute of Physics

Articles you may be interested in
Metal-semiconductor-metal photodetectors based on graphene/p-type silicon Schottky junctions
Applied Physics Letters 102, 013110 (2013); 10.1063/1.4773992

Intrinsic inhomogeneity in barrier height at monolayer graphene/SiC Schottky junction
Applied Physics Letters 105, 021607 (2014); 10.1063/1.4890405

Fast pick up technique for high quality heterostructures of bilayer graphene and hexagonal boron nitride
Applied Physics Letters 105, 013101 (2014); 10.1063/1.4886096

Extraction of Schottky diode parameters from forward current-voltage characteristics
Applied Physics Letters 49, 85 (1986); 10.1063/1.97359

Barrier inhomogeneities at Schottky contacts
Journal of Applied Physics 69, 1522 (1991); 10.1063/1.347243

Electric field effects on spin accumulation in Nb-doped SrTiO3 using tunable spin injection contacts at room
temperature
Applied Physics Letters 104, 212106 (2014); 10.1063/1.4880895

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1389932160/x01/AIP-PT/JAP_ArticleDL_0618/AIP-3106_JAP_Special_Topics_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Parui%2C+S
http://aip.scitation.org/author/Ruiter%2C+R
http://aip.scitation.org/author/Zomer%2C+P+J
http://aip.scitation.org/author/Wojtaszek%2C+M
http://aip.scitation.org/author/van+Wees%2C+B+J
http://aip.scitation.org/author/Banerjee%2C+T
/loi/jap
https://doi.org/10.1063/1.4905110
http://aip.scitation.org/toc/jap/116/24
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4773992
http://aip.scitation.org/doi/abs/10.1063/1.4890405
http://aip.scitation.org/doi/abs/10.1063/1.4886096
http://aip.scitation.org/doi/abs/10.1063/1.97359
http://aip.scitation.org/doi/abs/10.1063/1.347243
http://aip.scitation.org/doi/abs/10.1063/1.4880895
http://aip.scitation.org/doi/abs/10.1063/1.4880895


Temperature dependent transport characteristics of graphene/n-Si diodes

S. Parui,a) R. Ruiter, P. J. Zomer, M. Wojtaszek, B. J. van Wees, and T. Banerjeeb)

Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

(Received 11 July 2014; accepted 16 December 2014; published online 29 December 2014)

Realizing an optimal Schottky interface of graphene on Si is challenging, as the electrical transport

strongly depends on the graphene quality and the fabrication processes. Such interfaces are of

increasing research interest for integration in diverse electronic devices as they are thermally and

chemically stable in all environments, unlike standard metal/semiconductor interfaces. We

fabricate such interfaces with n-type Si at ambient conditions and find their electrical characteris-

tics to be highly rectifying, with minimal reverse leakage current (<10�10 A) and rectification of

more than 106. We extract Schottky barrier height of 0.69 eV for the exfoliated graphene and

0.83 eV for the CVD graphene devices at room temperature. The temperature dependent electrical

characteristics suggest the influence of inhomogeneities at the graphene/n-Si interface. A quantita-

tive analysis of the inhomogeneity in Schottky barrier heights is presented using the potential fluc-

tuation model proposed by Werner and G€uttler. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905110]

I. INTRODUCTION

Schottky interfaces between graphene (Gr) and semicon-

ductors are relevant for future applications in electronic

devices such as solar cells, high speed logic gates, photode-

tectors, three-terminal transistors, hot electron based devices,

etc.1–6 A key requisite is to fabricate such Schottky interfa-

ces with low leakage current in reverse bias and a high cur-

rent in forward bias in order to obtain stable and highly

rectifying diodes.7,8 Recently, a three-terminal “graphene-

barristor” was demonstrated based on tunable Schottky bar-

rier across electrostatically gated Gr/Si interface,1 using

large area chemical vapor deposition (CVD) grown gra-

phene. Although CVD graphene interfaces are found to have

an advantage over their exfoliated counterparts due to their

large area and easier fabrication methods, Gr/Si Schottky

interfaces using exfoliated graphene have also been fabri-

cated.3 Usually for both types of interfaces made by either

exfoliated or CVD graphene, the rectification, which is the

ratio between forward saturation current and reverse satura-

tion current (IFS/IRS) is reported to be quite low (�103) and

accompanied by a large ideality factor, g of �5 to �33, pri-

marily in exfoliated graphene diodes at room temperature.3

Such a low value of the rectification can arise due to the

weak bonding between graphene and Si during fabrication

causing high reverse leakage current and reducing the diode

quality.

In this work, we demonstrate highly rectifying Gr/Si

interfaces using both exfoliated and large area CVD graphene

on n-type Si with a doping concentration Nd¼ 1015 cm�3 and

compare their electrical transport. We analyse the tempera-

ture dependence of the diode characteristics and find that fea-

tures in the forward bias regime can be associated with

inhomogeneities at the Gr/n-Si interfaces arising due to

potential fluctuations in graphene because of ripples,9 rela-

tively high conduction at the edge and graphene grain boun-

daries.10 An understanding of the temperature dependence of

transport for both types of Gr/n-Si interface will be important

for their implementation in diverse electronic devices.

II. RESULTS AND DISCUSSION

For the exfoliated-Gr/Si device, the graphene flake is

exfoliated on top of a n-Si/SiO2 (300 nm) substrate as shown

in Fig. 1(a–1) and is clamped by two Cr(6 nm)/Au(35 nm)

contacts on the sides of the flake [Fig. 1(a–2)] using e-beam

FIG. 1. (a-1) Graphene flake on the SiO2 surface. (a-2) The flake is con-

nected by Cr/Au contacts. (a-3) The device after etching of the SiO2 under-

neath of the graphene. (b) Scanning electron micrograph (SEM) of a typical

exfoliated-Gr/Si device (false color).
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lithography followed by deposition using e-beam evapora-

tion. A second lithography step opens up a window in the

PMMA mask in between the two electrodes. The substrate

with the clamped graphene layer is then dipped in buffered

hydrofluoric acid (BHF) to remove the 300 nm of SiO2, fol-

lowed by immersing it in deionized (DI) water. This leads to

a contact between the Si surface and the clamped graphene

when the substrate is taken out of the DI water and left to

dry. We noticed that the graphene flake becomes non-

suspended and forms a robust contact with Si when the elec-

trode separation is more than 2 lm and can withstand further

cleaning of the PMMA by hot acetone and isopropanol as

shown in Figs. 1(a–3) and 1(b). Fig. 1(b) represents the scan-

ning electron microscopy image of a typical Gr/Si interface

taken at 70
�

angle with respect to the surface of the substrate.

The CVD-Gr/Si diodes are fabricated by a different

approach using a polydimethylsiloxane (PDMS) stamp to

transfer graphene from Cu foil11 onto a patterned substrate.

The Cu foil is etched away in FeCl3 aqueous solution, leav-

ing the graphene on a PDMS-stamp support. Using e-beam

lithography, we pattern circular areas in PMMA mask on a

Si/SiO2 substrate and etch SiO2 in BHF. After removing the

PMMA mask, the substrate is submerged in 1% hydrofluoric

acid (HF) for H-termination followed by the transfer of

CVD graphene using the PDMS stamp [shown in Fig. 2(a)].

Subsequently, the graphene in between the different diode

areas is disconnected by oxygen plasma etching [see Fig.

2(b–1)] and then Ti (6 nm) and Au (35 nm) are deposited

[see Figs. 2(b–2) and 2(b–3)] to contact graphene.

Figure 3(a) represents the two-terminal electrical I-V
measurement schematic. The measurements are performed

in dark using a variable temperature cryostat. The room

temperature (RT) diode characteristics of the exfoliated Gr/

Si interface show low reverse leakage current (<10�10 A)

[see Fig. 3(b)]. The forward current is measured to be >10�4

A at 1 V for an optimized diode, with a large linear region as

can be seen in the logðIÞ � V plot, and a rectification of IFS/

IRS> 106 at RT. From the I-V characteristics of CVD Gr/Si

interface, the forward saturated current is measured to be

>10�6 A at 1.5 V [see Fig. 3(c)], whereas the reverse satura-

tion current is similar to that of the exfoliated device.

Although the interface area between CVD-graphene and Si

is much larger (�1250 lm2) than between the exfoliated gra-

phene and Si (�10.7 lm2) as determined from the atomic

force microscopy image of respective devices, the forward

saturated current is lower. This can be explained by the

lower transport quality of the CVD-graphene itself and by

the Gr/Si interface which is cleaner for the exfoliated gra-

phene. We must note that the CVD-graphene devices were

annealed overnight at 150 �C to remove the contaminants

and to improve the diode quality as all fabrication steps were

done subsequent to the Gr/Si interface formation unlike in

the case for exfoliated graphene devices.

The zero-bias Schottky barrier height (SBH), /b0, and

the ideality factor, g at RT, are extracted for both diodes

using thermionic emission (TE) theory according to the fol-

lowing equation:

I ¼ A��AT2 exp � q/b0

kBT

� �
exp

qV

gkBT

� �
� 1

� �
; (1)

where q is the electronic charge, kB is the Boltzmann con-

stant, A is the Gr/Si interface area, T is the temperature, A**

is the effective Richardson constant which is 110 A cm�2

K�2 for an n-type Si(100) substrate. Extracted /b0 and g are

0.69 6 0.01 eV and 1.46 6 0.04 for the exfoliated-graphene

FIG. 2. (a) Optical image of the transferred CVD graphene on the patterned

substrate and the zoomed view of one such device. (b-1) Different device

areas are defined by e-beam lithography and etched in oxygen plasma. (b-2)

Another layer of resist is added on top where the contact areas are defined

and (b-3) then Ti/Au contacts are evaporated.

FIG. 3. (a) The fabricated device schematic for a two-terminal electrical I-V
measurement. (b) and (c) The I-V characteristics of the exfoliated-graphene

device (b) and the CVD-graphene device (c) are measured at room tempera-

ture. The straight lines are fitted using the thermionic emission equation.
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[see Fig. 3(b)] and 0.83 6 0.02 eV and 2.53 6 0.09 for the

CVD-graphene [see Fig. 3(c)] devices, respectively. The

ideality factor, g, is a quantity which determines the quality

of the diode and can be written as, g ¼ q
kBT

I
@I
@V

. An ideal diode

(g¼ 1) represents purely TE process. In general, the

Schottky barrier height represents the difference between the

graphene work function (WGr) and the electron affinity of Si

(v), i.e., WGr - v¼ (4.8 – 4.05) eV¼ 0.75 eV.2 We note, how-

ever, that the work function of graphene is reported to vary

from 4.4 to 4.8 eV (Refs. 12 and 13) due to unintentional

doping of graphene, thus leading to a wide distribution of

SBH at different Gr/n-Si interfaces. Further, the presence of

a thin layer of oxide at the interface during fabrication can

result in an incomplete hydrogen passivation of the Si sur-

face, creating interface states and dipoles with graphene.

These result in an ideality factor greater than unity and a

modification of the Schottky barrier,14 /b0 ¼ WGr � v
þ qVint, where Vint is the voltage drop due to interface

dipoles. The difference in the barrier height and the ideality

factor for the exfoliated-graphene and CVD-graphene devi-

ces are due to differences in the fabrication processes in

addition to the differences in graphene quality which in prin-

ciple can change the interface dipoles. To compare the qual-

ity of the graphene in our devices, we additionally fabricate

graphene field effect transistors (FETs) on similar n-Si/SiO2

substrates. We extract typical mobilities (l) at room temper-

ature to be around 2200 cm2V�1s�1 for exfoliated graphene

and around 300 cm2V�1s�1 for CVD-graphene, respectively,

at similar charge carrier densities of 4� 1012 cm�2 for both

and find them to be p-doped. We note that exfoliated gra-

phene has better mobility (l¼r/nq) associated with high

conductivity (r) than CVD-graphene for similar carrier

densities.

In case of a non-ideal diode (g> 1), there might be

image force lowering of the barrier along with other transport

channels such as thermionic field emission (TFE) and direct

tunneling in addition to TE, which will modify the barrier

height. As the doping concentration of n-Si is 1015 cm�3, we

can safely rule out direct tunneling, as the calculated width of

the depletion layer, Wd (> 1 lm) is too large at RT.15 For a

better understanding of the transport characteristics, we also

perform temperature dependence of I-V for both diodes.

The I-V characteristics of the exfoliated Gr/n-Si

Schottky diode in the temperature range 80–300 K is

shown in Fig. 4(a). The forward bias logðIÞ � V plots show

a clear linear regime for the entire temperature range. A

gradual increase of the onset voltage (� forward-voltage at

which the current starts to increase sharply) is observed

from �0.1 V (300 K) to �0.8 V (80 K) with a decrease in

temperature. This is because of the decrease in the thermal

energy (kBT) of electrons [from 26 meV (at 300 K) to

7 meV (at 80 K)]. The values of /b0 and g are extracted by

fitting the linear part of the forward current (by Eq. (1)) for

all temperatures and plotted as a function of temperature in

Fig. 4(b). With decreasing temperature, the extracted ideal-

ity factor is found to increase (from 1.54 to 3.66), while

the zero-bias barrier height decreases (from 0.69 to

0.34 eV).

FIG. 4. (a) and (c) Temperature dependent I-V measurements of the devices with exfoliated graphene (a) and CVD graphene (c), respectively. The solid lines

are the linear fits using the thermionic emission equation. (b) and (d) Variation of the ideality factor (g) and zero-bias barrier height (/b0) with temperatures

for exfoliated (b) and CVD graphene (d) devices, respectively.

244505-3 Parui et al. J. Appl. Phys. 116, 244505 (2014)



Similar measurements are also obtained for CVD Gr/n-

Si device and are plotted in Fig. 4(c). Here too, we observe a

gradual shift in the onset voltage towards higher bias when

lowering the temperature which is consistent with the

decrease in thermal energy of the electrons. However, the

forward saturation current is now limited by the graphene

quality and the quality of the Gr/Si interface as compared to

the exfoliated graphene devices. A linear fit can be done for

only few measurement points. The extracted /b0 and g are

plotted in Fig. 4(d) as a function of temperature. A similar

trend as observed for exfoliated graphene device is found

here with g increasing from 2.61 to 4.24 and /b0 decreasing

from 0.83 to 0.42 eV upon decreasing temperature. The

above results can be understood by considering the current

transport across the Gr/n-Si interface to be a temperature

activated process. At low temperatures, for inhomogeneous

Gr/Si interfaces, transport is dominated by the low Schottky

barrier patches while with increasing temperature, more elec-

trons have sufficient energy to surmount the higher barriers

and the extracted effective barrier increases. Although

reports of such temperature dependence of /b0 and g exist in

other metal/semiconductor (M/S) interfaces,15–17 no clear

explanation other than the consideration of an inhomogene-

ous distribution of barrier heights has been proposed.18 For

Gr/Si interfaces, inhomogeneity in barrier heights arise due

to local modification of graphene work function by the non-

uniform interface charge distribution caused by unavoidable

potential fluctuations due to ripples9 and/or formation of gra-

phene grain boundaries,10 etc.

A quantitative analysis of the mean barrier heights is

further estimated by the Werner-G€uttler model,19 which

takes into account the inhomogeneous distribution of the

measured zero-bias barrier height, /b0. According to the

model, the Gaussian distribution of /b0 yields the following

equation:

/b0 ¼ �/bm �
qr2

s

2kBT
; (2)

where �/bm is the mean barrier height, and rs is the standard

deviation of the barrier distribution. A plot of /b0 vs. q
2kBT

therefore should yield a straight line with an intercept and a

slope corresponding to �/bm and r2
s , respectively. The corre-

sponding temperature dependence of the ideality factor, g
becomes19

1

g
� 1 ¼ q2 �

qq3

2kBT
; (3)

where q2 (dimensionless) and q3 are temperature independent

voltage coefficients which quantify the voltage deformation

of the barrier height distribution. Similarly, the plot of ð1g� 1Þ
vs. q

2kBT should show a linear dependence with an intercept

and a slope which depend on the voltage coefficients q2 and

q3, respectively.

Figure 5 presents a combined plot of ð1g� 1Þ on the left

y-axis and /b0 on the right y-axis vs. q
2kBT as common the x-

axis. As can be seen from Figure 5, the linear dependence

according to Eqs. (2) and (3) has two distinct temperature

regimes (I and II) for both graphene diodes. The values

obtained for �/bm and rs after fitting by Eq. (2) are summar-

ized in Table I.

The standard deviation, rs, is a measure of the barrier

inhomogeneity; a large value of rs corresponds to a more in-

homogeneous distribution of the Schottky barrier heights.

The values of rs are significant compared to the �/bm, which

indicates strong inhomogeneities at both the interfaces and

relatively larger inhomogeneities for the diode with CVD

graphene than exfoliated graphene, as expected. Most impor-

tantly, �/bm and rs are smaller in regime-II than regime-I,

which indicate the stabilization of the potential fluctuation at

low temperatures. Furthermore, we analyze the temperature

dependence of the ideality factor using Eq. (3) and calculate

the voltage coefficients q2 and q3, which are also summar-

ized in Table I.

The linear dependence of the experimental results with

the potential fluctuation model in two different temperature

regimes suggests a broad distribution of the Schottky barrier

heights in both cases.

FIG. 5. Zero-bias barrier height and the ideality factor versus 1/2kBT curves

for exfoliated-graphene/Si Schottky diode (a) and CVD-graphene/Si

Schottky diode (b), respectively. Fits show two clearly observable tempera-

ture dependent regimes (I and II) for both diodes.

TABLE I. Extracted fit parameters from Fig. 5 for both diodes of exfoliated

(Ex.) and CVD graphene.

�/bm (eV) rs (meV) q2 q3 (meV)

Ex. I 0.85 6 0.04 93 6 6 �0.16 6 0.04 10.7 6 0.6

II 0.66 6 0.03 66 6 4 �0.45 6 0.05 3.9 6 0.4

CVD I 1.03 6 0.06 103 6 7 �0.56 6 0.05 3.3 6 0.3

II 0.76 6 0.04 69 6 5 �0.64 6 0.06 1.8 6 0.2
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III. CONCLUSIONS

Realization of an optimal Schottky interface for gra-

phene on Si is quite challenging as the barrier height strongly

depends on the graphene quality and the fabrication proc-

esses employed. Such interfaces, unlike other M/S interfaces

are found to be thermally and chemically stable in all envi-

ronments3,4 and are relatively easy to fabricate. Gr/Si interfa-

ces are, thus, of increasing research interest for integration in

future electronic devices. We successfully fabricate such

interfaces at ambient conditions and find the electrical char-

acteristics for both exfoliated and CVD graphene devices, to

be highly rectifying, with minimal reverse leakage current

and rectification of more than 106 for the exfoliated device.

Although the exfoliated graphene device shows a larger cur-

rent density in the forward bias as compared to the CVD gra-

phene device, a temperature dependent analysis of the

electrical characteristics for both the devices show a decrease

in barrier height and increase in ideality factor at low tem-

perature. This indicates the presence of inhomogeneities at

the Gr/n-Si interface due to ripples,9 relatively high conduc-

tion at the edge and graphene grain boundaries,10 etc., which

are difficult to control during the fabrication process. The

induced electric field in monolayer graphene at a Gr/Si inter-

face is virtually unscreened (the screening length in graphite

is about � 0.5 nm),20 unlike the case for standard M/S inter-

faces and opens further prospects in utilizing such interfaces

in diverse electronic devices.
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