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 Schottky barrier diodes (SBDs) consisting of a metal-

 semiconductor contact are one of the simplest devices in 

modern semiconductor technology. In spite of the fact that 

Schottky diodes have a simple structure, they are the basis 

of a large number of compound semiconductor devices such 

as integrated circuits, high-frequency units, photodiodes, and 

power diodes. [  1  ,  2  ]  In particular in mobile communication and 

power management there is an increasing demand for high-

speed and high-performance diodes. Novel materials such as 

III–V semiconductors and SiC SBDs can provide higher per-

formance than traditional silicon devices; however the cost of 

substrates is very high. Thus, novel materials meeting high per-

formance at low cost have great commercial opportunities. 

 In general, the performance of the SBDs can be described 

with the ideality factor which is a value of how closely the 

diode follows the ideal diode behavior on a logarithmic 

scale. Typical diodes have ideality factors between 1 and 2, 

and in commercial products values between 1.05 and 1.2 

are generally used. In addition, the stability of the interface 

between metal and semiconductor is one of the most critical 

conditions in diode performance. It is important to choose 

a proper material depending on the current density of the 

diode device. Since the discovery of carbon nanotubes and 

graphene, their use for nano-electronics devices has been 

widely proposed; [  3–9  ]  however questions over their inte-

gration into devices remain. The use of graphene in a SBD 

has been shown principally by Chen et al.; however a lot of 

improvements in fabrication and performance are needed 

before applications can be considered. [  10  ]  On the other hand, 

glassy and pyrolytic carbon can be fabricated at low cost with 

reliable results. Pyrolytic carbon (PyC), a disordered nano-

crystalline graphitic material which can be formed through 

gas phase dehydrogenation (or pyrolysis) of hydrocarbons, 

exhibits good thermal and electrical conductivity as well as 
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high durability. [  11  ]  Lately, PyC has been suggested for micro-

electronics applications including vias and wires, gate elec-

trodes, and as a liner for trench capacitors in dynamic random 

access memory devices (DRAMs). [  12–14  ]  As for electrochem-

ical applications, bulk glassy carbon has been commercially 

used as an electrode material for over half a century due 

to its excellent thermal and electrical stability, large poten-

tial window, and low background noise. [  15  ]  Its good elec-

trical conductivity lends to applications in microbatteries 

where micromachined structures of glassy carbon are used 

as electrodes. [  16  ]  Glassy carbon fi lms from pyrolyzed photo-

resist fi lms (PPF) have tunable conductivity via pyroly sis 

temperatures and have been investigated as transparent con-

ductors. [  17–19  ]  Despite these benefi cial properties no detailed 

investigation into the use of these carbon materials in SBDs 

has been reported. 

 In this work, carbon fi lms were used on a silicon (Si) 

wafer instead of a metal layer in order to fabricate SBD 

devices. The diodes were fabricated by a simple spin-coating 

and annealing of photoresist fi lms or by the chemical vapor 

deposition of pyrolytic carbon onto n-type silicon (n-Si) 

wafers. After patterning and etching with a metal hardmask 

the current–voltage characteristics of SBDs were recorded. 

We extracted the parameters that control the device per-

formance, such as barrier height (  φ   B ), ideality factor ( n ), and 

series resistance ( R  S ) from the current–voltage characteristics 

at room temperature. 

 The schematic and an optical microscopy image of the 

diodes are depicted in  Figure    1  . The area of the interface is 

approximately 3.1  ×  10  − 2  cm 2  without the usage of any guard 

ring to prevent leakage currents at the device perimeter. The 

high-resolution transmission electron microscopy (HRTEM) 

analysis of the layers shows an amorphous structure typical 

for PPFs ( Figure    2  a). The gas phase deposited PyC fi lm shows 

a slight laminar structure parallel to the underlying substrate 

(Figure  2 b). The Raman spectra of PPF and PyC are nearly 

identical and typical for highly disordered sp 2  carbon mate-

rials (Figure  2 c). PPF has a slightly larger D/G ratio than PyC, 

suggesting a higher degree of disorder which is in agreement 

with our TEM observations. The thickness of the carbon layer 

is  ∼ 78–80 nm for the PPF layer and  ∼ 62–65 nm for the PyC 

layer taken from cross-sectional TEM images. This is in agree-

ment with the appearance of the a Si peak in the PyC Raman 

spectrum below 1000 cm  − 1  which stems from the substrate, 

indicating that here the PyC fi lm is slightly thinner than the 

PPF fi lm, and therefore still optically transparent. [  11  ,  19  ]  The 

resistivity values, deduced from four-point measurements on 
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     Figure  1 .     Schematic and optical microscope image (top view) of the 
carbon/n-Si Schottky barrier diode.  
insulating substrates, are 4.0  ×  10  − 5  and 2.5  ×  10  − 5  Ω m for 

the PPF and PyC fi lms, respectively. These similarities are 

remarkable as the two materials are related to glassy (PPF) 

and nanocrystalline (PyC) carbon structures. The interface 
© 2012 Wiley-VCH Verlag GmbHsmall 2012, 8, No. 9, 1360–1364

     Figure  2 .     TEM images of a) the PPF–Si interface region and b) the PyC–S
c) Raman spectra of PPF and PyC.  
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between a PPF/PyC fi lm and the Si substrate is shown in 

Figure  2 a and b. No obvious interface layer between carbon 

and Si is visible, implying a direct linking of the crystalline 

Si to the carbon layers. However, at the interface between 

PyC and Si, the contrast is slightly lighter, which may indicate 

the presents of interfacial oxides. Thus both methods yield 

a very clean and atomically thin interface region assuming 

direct Si–C bonds, even though the complete absence of SiO 2  

from residual H 2 O or O 2  cannot be ruled out from HRTEM 

studies.   

 The current–voltage ( I – V ) characteristics of carbon fi lms 

on n-Si substrates were measured in the voltage range of  ± 4 V. 

The forward and reverse biased semi-log  I – V  characteristics 

of the PPF/n-Si and PyC/n-Si at room temperature are shown 

in  Figure    3  . In forward-bias, the nickel metal dot electrode 

was positively biased, and the backside Ti/Au electrode was 

negatively biased.  I – V  characteristics of the carbon/n-Si SBD 

show rectifying behavior which is limited by the magnitude 

of the energy barrier at the junction interface. [  20  ]  It is clearly 

demonstrated that while the current becomes saturated under 

the reverse bias, the current increases exponentially under 

the forward bias. Forward bias  I – V  characteristics are linear 
 & Co. KGaA, Weinheim

i interface region. 
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at low voltage in the semi-log plot, but in 

the high-voltage range it deviates from the 

linear behavior mainly due to the pres-

ence of the effect of series resistance ( R  S ) 

which is associated with the bulk material 

in the semiconductor and the ohmic back-

side contact.  

 It is well known that the characteristics 

of the metal–semiconductor junction have 

a dominant infl uence on the performance 

of SBDs. [  21  ,  22  ]  Therefore, the understanding 

of the electrical properties of the inter-

face between metal and semiconductor 

is important for device applications. The 

current transport in metal– semiconductor 

contacts is explained with emission of 

electrons from the semiconductor over 

the potential barrier into the metal as the 

dominant process in SBD with moderately 

doped semiconductors, so the transport for 

the common high-mobility semiconduc-

tors such as silicon and gallium arsenide 

can be described by this thermionic-emis-

sion theory. [  21  ]  Therefore in the ideal case 

the electrical characteristics of SBDs are 

expected to obey the thermionic-emission 

theory, but in practice there are second-

order effects so that the diode does not 

follow the simple diode equation. There 

are several possible reasons of errors that 

cause deviation of the ideal behavior of 

SBDs including the series resistance, the 

insulating layer between metal and semi-

conductor, and the interface states. [  23  ,  24  ]  

The ideality factor of a diode is a value 

of how closely the diode follows the ideal 

diode behavior on a logarithmic scale, and 
1361www.small-journal.com
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     Figure  3 .     Semi-log  I – V  curve of carbon/n-Si Schottky diode a) for PPF/n-Si diode and b) for PyC/n-Si diode.  
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this value is close to unity in the device where the current 

transport is determined by thermionic emission process. 

 It is assumed that the current in the Schottky contact is 

due to thermionic emission. According to thermionic emis-

sion theory, the relationship between the current  I  and the 

voltage drop across the junction  V  D  is given by the following 

equation: [  22  ] 

 
I = IS

qVD

nkT
−

  
(1)

   

where  I  S  is the reverse saturation current and can be 

expressed as

 
IS = AA∗∗T 2 exp(−qφ B

kT )
  

(2)   

where  q  is the elementary charge,  T  is temperature in Kelvin, 

 k  is the Boltzmann constant,  n  is the ideality factor,  A  is the 

effective diode area,  A   ∗  ∗   is the effective Richardson con-

stant, and   φ   B  is the effective barrier height at zero bias. Since 

the effect of series resistance  R  S  on a diode is usually mod-

eled with a series combination of a diode and a resistor with 

resistance  R  through which the current  I  fl ows, the voltage 

across the diode can be expressed in terms of the total 

voltage drop  V  across the series combination of the diode 

and the resistor. Thus,  V  D   =   V  –  IR  S , and for  V  D   >  3 kT / q , 

 Equation 1  becomes

 I = IS exp[q (V − I RS)/nkT ]   (3)    

 Taking the effect of series resistance into account, the elec-

trical parameters of the diode device cannot be extracted from 

semi-log  I – V  plots directly. Thus, the electrical para meters of 

the diodes were calculated by two different methods. 

 The fi rst one is based on the method developed by 

S. K. Cheung and N. W. Cheung. [  25  ]   Equation 3  can be 

rewritten in terms of current  I . Thus,

   
(4)

    

 When the  Equation 4  is differentiated with respect to the 

current  I , we obtain

 

d(V )

d(ln I)
= I RS + nkT

q   
(5)

    
62 www.small-journal.com © 2012 Wiley-VCH V
 The value of  R  S  and  n ( kT / q ) are obtained from the slope 

and  y -axis intercept of the graph d( V )/d(ln I ) versus  I . Also, 

from  Equation 4 ,  H ( I ) can be defi ned as

 
H(I) = V − ( nkT

q

I

AA∗∗T 2 )
  

(6)
   

 H(I) = I RS + nφB   (7)    

 Using the value of  n  determined from  Equation 5  and the 

data from  Equation 6 , the plot of  H ( I ) versus  I  from  Equa-

tion 7  gives a straight line with  y -axis intercept equal to  n φ   B . 

In addition, the slope of this plot gives the value of series 

resistance by which the consistency of  R  S  from  Equation 5  

can be checked. 

 The graphs of d V /d(ln I ) versus  I  and  H ( I ) versus  I  for the 

PPF/n-Si and PyC/n-Si SBD devices are shown in  Figure    4  a 

and b. On the PPF/n-Si SBD device, the determined values 

of series resistance from the plots of d V /d(ln I ) versus  I  and 

 H ( I ) versus  I  are 44.83 and 44.78  Ω , respectively, which are in 

excellent agreement. The values of the ideality factor and the 

barrier height were found to be 1.28 and 0.69 eV, respectively. 

In the case of the PyC/n-Si SBD, the values of  R  S  from the 

plots of d V /d(ln I ) versus  I  and  H ( I ) versus  I  are 42.10 and 

42.18  Ω  with the values of  n   =  1.44 and   φ   B   =  0.60 eV.  

 Furthermore, the electrical parameters of the diode were 

also investigated using Norde’s method. [  26  ]  The function  F ( V ) 

is defi ned as

 
F (V ) =

V

2
− ( kT

q

I(V )

AA∗∗T 2 ]
  

(8)
   

where  I ( V ) is the current obtained from the  I – V  curve of 

the diode and other parameters are described above. Once 

the minimum of the  F ( V ) versus  V  plot is determined, the 

Schottky barrier height is obtained using

 
φB = F (V0) + V0

2
− kT

q   
(9) 

  

where  F ( V  0 ) is the minimum point of  F ( V ), and  V  0  is the 

corresponding voltage. [  27  ,  28  ]  Figure  4 c and d show the  F ( V ) 

versus  V  plots for the PPF/n-Si and PyC/n-Si SBD devices. 

The values of   φ   B  for the PPF/n-Si and PyC/n-Si SBD devices 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 9, 1360–1364
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     Figure  4 .     Plots of d V /d(ln I ) versus  I  and  H ( I ) versus  I  for a) PPF/n-Si diode and b) PyC/n-Si diode. Plots of  F ( V ) versus  V  for c) PPF/n-Si diode and 
d) PyC/n-Si diode.  
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are 0.72 eV and 0.59 eV, respectively. The values of the series 

resistance were determined by using the following equation:

 
RS = kT

q I0   
(10)

   

where  I  0  is the current corresponding to the minimum  V  0 . 
[  29  ]  

Using  Equation 10 , we found  R  S   =  42.81  Ω  for the PPF/n-Si 

SBD device and  R  S   =  43.65  Ω  for the PyC/n-Si SBD device. 

It can be seen from  Table    1   that the values of Schottky diode 

parameters obtained from each method are in good agree-

ment. In addition, the result from  I – V  measurements taken 

on six different carbon/n-Si SBD devices shows the average 

values of each diode parameter for these devices are  n   =  1.29, 

  φ   B   =  0.71 eV,  R  S   =  52.25  Ω  for the PPF/n-Si SBD devices, and 

 n   =  1.44,   φ   B   =  0.56 eV,  R  S   =  49.96  Ω  for the PyC/n-Si SBD 

devices.  

 This is without any further optimization a remarkable 

result. Compared with recent result of graphene–Si SBDs, [  10  ]  

it shows much better performance with a fourfold smaller 

of ideality factor which at room temperature. The reason 

for the better performance of our carbon–silicon SBDs in 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 9, 1360–1364

   Table  1.     The parameter values of the carbon/n-Si Schottky barrier 
diodes obtained from  I – V  characteristics at room temperature. 

d V /d(ln I ) versus  I  H ( I ) versus  I  F ( V )

Device  n  R  S  [Ω]   φ   B  [eV]  R  S  [Ω]   φ   B  [eV]  R  S  [Ω]

PPF/n-Si 1.28 44.83 0.69 44.78 0.72 42.81

PyC/n-Si 1.44 42.10 0.60 42.18 0.59 43.65
comparison with graphene–Si SBDs can be explained in two 

ways. The fi rst reason is a formation of direct contact between 

the crystalline silicon and the disordered carbon in our devices, 

whereas in the case of graphene–Si SBDs the infl uence of 

the graphene–Si interface on the current transport would be 

more dominant as graphene gets transferred mechanically. 

The second reason is that our carbon material (PPF and PyC) 

shows nearly metallic characteristics, which forms invulner-

able Schottky barrier with n-type silicon, while graphene is 

semi-metallic. Although our devices and the graphene–Si 

SBD devices use carbon material instead of metal for SBDs, 

the difference of material characteristics between two types 

of carbon material cause the difference in thermionic emis-

sion charge transport process. Moreover, our diodes have a 

very simple integration scheme and both carbon depositions 

are very cost-effective processes. A more advanced integration 

scheme, including guard rings to avoid edge leakage, complete 

removal of any possible Si oxidation at the interface and a 

reduction of the series resistance could give even better per-

formance. The SB height also could be optimized by either 

changing the doping level of the Si substrate or by modifying 

the carbon layer. Further benefi ts and application fi elds have 

to be investigated in detail, but high stability allowing for high 

driving currents can be expected, due to the absence of metal 

silicide formation and the persistency towards electromigra-

tion in the carbon layers. The stability of our diodes is expected 

to be extremely high, as the fabrication process temperature is 

1000 and 950  ° C for PPF and PyC, respectively. 

 In this study, we have fabricated a new type of Schottky 

barrier diode between carbon and n-type silicon substrates. 
1363www.small-journal.comH & Co. KGaA, Weinheim
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The electrical parameters such as ideality factor, series resist-

ance, and barrier height, were extracted using two different 

methods. The ideality factor values of these two different SBD 

devices were found to be  n   =  1.28 for the PPF/n-Si diode and 

 n   =  1.44 for the PyC/n-Si diode. This is in the reach of com-

mercial diode devices, where the ideality factor is between 

1.05 and 1.2, as it is expected that optimization would lead to 

higher device performance.  

 Experimental Section 

  Sample Preparation : n-Type silicon (n-Si) wafers with a dopant 
concentration of 5  ×  10 14  cm  − 3  and (100) orientation, were used 
as substrates. These were placed in 3.3% diluted hydrofl uoric acid 
(HF) for 1 min to remove the native oxide from the Si surface. Two 
different types of carbon fi lms were deposited. Firstly, AZ nLOF 
2070, which is a negative-tone photoresist, was spin-coated at 
speeds of 5000 rpm for 45 s and annealed in a furnace at 1000  ° C 
for 1 h as described previously. [  19  ]  Upon pyrolysis, the resist forms 
a thin conductive carbon layer known as pyrolyzed photoresist 
fi lms (PPF). Secondly, the PyC layer was deposited on the n-type 
Si wafer through the process of chemical vapor deposition (CVD). 
PyC fi lms were grown in a Gero quartz tube furnace (700  ×  90 mm) 
using acetylene (C 2 H 2 ) as the hydrocarbon feedstock at a fl ow rate 
of 180 sccm. A temperature of 950  ° C was used with a pressure of 
20 Torr and a dwell time of 5 min. 

 A shadow mask was used to deposit metal dot with radius of 
1 mm arrays of nickel with 50 nm thickness. Each nickel/carbon/
silicon dot operated as a separate diode. The carbon fi lm between 
the metal dot patterns was removed with oxygen plasma etching 
using the nickel dots as a hardmask. Before making the backside 
metal contact on the silicon substrate, oxygen plasma etching was 
performed in order to get rid of the carbon residue on the back-
side of the wafer, followed by etching in 3.3% diluted hydrofl uoric 
acid (HF) for 1 min for the removal of the native oxide and other 
contamination. For the backside metal contact, 20 nm of titanium 
and 40 nm of gold were deposited in situ with a sputter coating. All 
metal layers were deposited using Gatan Model 682 PECS. 

  Characterization : HRTEM studies were performed on cross 
sections of PPF and PyC on Si prepared in a Zeiss Auriga Focused 
Ion Beam (FIB) with a Cobra ion column. A reactive gas injection 
system was used for reactive ion etching and deposition of a Pt 
capping layer. These cross-sections were imaged at 300  kV using 
an FEI Titan 80-300 (S) TEM equipped with a S-TWIN objective lens 
and a high-brightness (X-FEG) Schottky fi eld-emission gun with a 
monochromator. Raman spectra were taken with a Witec Alpha 300 
R with an excitation wavelength of 532 nm. The electrical measure-
ment for the current–voltage characteristics was carried out on a 
probe station connected to a Keithley 2400 source meter unit at 
room temperature.   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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