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Abstract: We investigate molecular adsorption doping by electron withdrawing NO2 and electron donating NH3 
on epitaxial graphene grown on C-face 6H-SiC substrates. We reconcile models describing the conductivity of 
graphene at low and high frequencies in the relaxation time approximation. These equations are applied to develop 
theoretical model for adsorption of NO2 and NH3 molecules on an epitaxial graphene surface probed by infrared 
reflectance, a non-destructive technique for transport studies in graphene. We separate the intraband and interband 
scattering contributions to the electronic transport under gas adsorption. We find that only by including a 
significant interband (intraband) contribution can measured reflectance be fit accurately at low (high) frequency 
regime. Interband relaxation times as short as ~0.1 fs are obtained under gas adsorption, much shorter than 
previously assumed (~100 fs), leading to a breaking of the usual universal conductivity observed in purer samples. 
This method can also calculate percentage charge transfer by NO2 to graphene (1~2 %) and NH3 to graphene 
(0.01~0.1 %). Finally, this transport behavior indicate that, under gas adsorption, the influence of interband 
scattering cannot be neglected, even at DC 
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1. Introduction 
 
Graphene is a revolutionary zero bandgap 

nanomaterial that demonstrates remarkable properties, 
such as high electron mobility [1], the highest Young’s 
modulus ~1 TPa [2], the highest thermal conductivity 
of any known material [3] and single molecule 
sensitivity to gases [4]. This unique electronic 
properties arises from it’s massless Dirac-like linear 

dispersion ( FE hkv ) of electrons [1], where E is 

the energy, h is the plank’s constant, k is the Fermi 
wave vector and ʋF is the Fermi velocity (Fig. 1(a). 
This linear dispersion relation is in contrast to the 
traditional quadratic dispersion commonly exhibited 
by most semiconductors; introduce a new class of 
electronic material for sensing and device application. 

This truly 2D structure can be doped to high value of 
electron and hole concentration either by applying 
external voltage, much like an FET or with the 
molecular and adsorption doping. Molecular doping 
on both exfoliated and epitaxial graphene has been 
successfully studied. The charge impurity of 
exfoliated graphene was studied by J. H. Chen, et al., 
[5] where graphene was doped by potassium and 
Tetra-cyanoquino-di-methane (TCNQ) at ultra high 
vacuum. Potassium doping on epitaxial graphene has 
also been studied by A. Bostwick, et al. [6], where 
growth, EG/SiC interface and electronic property has 
been discussed. These kinds of control over electrical 
properties of material are the heart of modern 
electronics such as FET and sensors.  

The good sensor properties of carbon nanotubes 
are already known for some time, [7] but recently, the 
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possibility to use graphene as a highly sensitive gas 
sensor was also reported [4]. Graphene on SiC 
substrate (EG) offers the added advantage of 
integrating sensors and readout circuits on the same 
chip, that are also suitable for harsh environment 
operation, taking advantage of the wide band gap of 
SiC [8]. It was shown that the increase in graphene 
charge carrier concentration induced by adsorbed gas 
molecules can be used to make highly sensitive 
sensors, even with the possibility of detecting 
individual molecules. These excellent sensor 
properties of graphene are due to two important facts: 

1) Graphene is a two-dimensional crystal with only 
a surface and no volume, which maximizes the effect 
of surface dopants; 

2) Graphene is highly conductive and shows 
metallic conductance even in the limit of zero  
carrier density.  

These sensor properties are based on changes in the 
resistivity due to molecules adsorbed on the graphene 
sheet that act as donors or acceptors. It is well 
established that EG surface conductivity can be  
varied by molecular adsorption doping where 
conductivity is a tradeoff between carrier 
concentration and scattering [9].  

The sensitivity of exfoliated graphene to NH3 and 
NO2 [10] and that of epitaxial graphene (EG) [11] have 
been established by molecular adsorption doping 
where the adsorbent NH3 and NO2 acts as electron 
donating and withdrawing characteristics respectively. 
Thus EG surface electron concentration can either 
increase or decrease depending on whether the 
adsorbent is electron donating or withdrawing. These 
adsorbents can also influence carrier scattering, all of 
which change the surface conductivity. In our earlier 
paper [12] we established a change of conductivity due 

to molecular adsorption doping by amperometric (DC) 
measurements. In this paper we emphasize carrier 
transport studies through Fourier transform infrared 
(FTIR) measurement for molecular adsorption doping 
within the frequency range of 10 THz to 100 THz. 
Theoretically, we account for the influence of surface 
impurities on the conductivity of EG by molecular gas 
adsorption [10] using the Boltzmann picture, 
consistent with our experiment. Thus the 
reconciliation of EG conductivity of low and high 
frequency is important to investigate the transport 
properties in mid IR regime. 

 
 

2. Theory 
 

2.1. Derivation of EG Conductivity 
 
A detailed model of the electrical and optical 

conductivity from direct current (DC) to the infrared 
is required to enable this investigation. In any material, 
the conductivity can be divided into two components, 
intraband and interband conductivities. Intraband 
conductivity refers to the traditional Drude-
Sommerfeld type conductivity involving free 
electrons (holes) in the conduction (valence) band. 
Scattering events here only move carriers within the 
same band named intraband scattering. Interband 
conductivity accounts for processes where carriers can 
move between bands, such as direct optical absorption 
and carrier recombination. Scattering events here lead 
to carriers changing bands known as interband 
scattering. Fig. 1(a) illustrates these two conduction 
modes in EG where Fermi level position is also 
indicated.  

 
 

 
 

Fig. 1. (a) Plot of EG linear dispersion relation (
FE hkv ), Fermi level Ef is shown and intra and interband transition 

regime is indicated; (b) Shows reflection from EG where graphene is considered between air and SiC interface;  
(c) Experimental set-up for IR reflection spectroscopy for molecular adsorption measurement. 

 
 
Gusynin, et al., [13] adopt a Kubo-Green 

formalism to describe the interband and intraband 
conductivity of graphene. While this is a complete and 
rigorous description, it is somewhat complex, and 

hides the “Boltzmann-like” diffusive transport 
inherent in it. Furthermore, in the original formulation 
[14], the relaxation times used for the interband and 
intraband terms are identical. While this is a good 
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starting point, the measurements presented later in the 
paper show that this is not accurate. In fact, there is no 
a priori reason why the relaxation times for the two 
very different conduction modes should be the same. 
Introducing separate scattering times intra and inter for 
intraband and interband conduction modes 
respectively, these equations for the optical 
conductivity can be written as [13]; 
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where e is the electronic charge,  is the energy 
variable over which integration takes place,  
f is the Fermi level,  is the frequency  
of the incident electromagnetic radiation, 

 is the Fermi-Dirac 

distribution function, k is the Boltzman constant 
1.3806503 × 10-23 m2 kg s-2K-1 and  is the Heaviside 
step function. We note that throughout this paper, SI 
units are used, unless otherwise indicated. 

 
 

2.2. Intraband Conductivity 
 
The DC intraband conductivity can be understood 

in the Boltzmann transport picture from Equation (1). 
By assuming that the temperature is low i.e. f>>kT, 
the Fermi functions, f, in Equation (1) can be replaced 
by step functions, leading to the approximation,  
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Putting this value in eq-1 and considering 0   
we get the DC conductivity as follows 
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Carrier concentration is given by… 
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where D() is the density of states in graphene.

 2( ) 2 / ( )FD v      1.46×1014 E cm-2. 

Replacing this value in Equation (4) and using 

Fermi Dirac distribution FE hkv ), we get... 

 

, 
 (6) 

where we have used the relativistic relation 

 in the last step for the relativistic mass-

like term mrel. Thus, the Kubo formula can be thought 
of as a relaxation time modification to the Boltzmann 
conductivity and shows the equivalence of the  
2 pictures. 

 
 

2.3. Interband Conductivity 
 
We begin by assuming that there is negligible 

broadening of the interband transitions i.e. long inter. 
With this assumption, and by taking low temperatures, 
giving , we can replace the Fermi functions 

in Equation (2) above with step functions. 
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where we have used partial fractions to evaluate the 
final step. The frequency term , in the coefficient 
cancels out, leaving the logarithmic term. In the limit 
  , 2

inter / 4e   , independent of frequency, 

the so-called universal conductivity of graphene [15]. 
Now, we reintroduce the interband broadening 

through the relaxation time approximation. This is 
done by replacing . Now, again in 

the limit   , we recover the universal 
conductivity. However, when 1

inter   , the 

conductivity can deviate significantly from the 
universal conductivity. In fact, for inter 5 fs  , a 

reasonable value in some situations (more data below), 
the conductivity can deviate significantly from the 
universal value even in the infrared and visible 
regimes.  

We thus consider the low frequency regime i.e. 
. In this limit,  
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where 

interarctan( / 2 )fX    . We now make the 

assumption that 1X   i.e.,  is large >> kT i.e. 

low temperature and/or is long. This is a 

reasonable assumption, for typical values of  
~0.2 eV and as short as 5fs. This allows us 

to approximate 
inter interarctan( / 2 ) / 2f fX       . 

Thus, Equation (8) becomes 
 

f ( )  [exp( / kT )1]1

  2 2 2
int int int/ /ra f ra f ra relne v ne m ne      

 f  mrelv f
2

 f  kT

   i /  inter

  0

 f

 inter

 f  inter



Sensors & Transducers, Vol. 216, Issue 9-10, September-October 2017, pp. 29-37 

 32

, (9) 

 
which is identical to the result obtained by Liu, et al., 
[16] using a kinetic approach for DC. Thus, the 
equivalence of the full optical model and the DC 
kinetic model for the interband conductivity is 
demonstrated. A key conclusion of Equation (9) is that 
even at DC i.e.,   0 , there is a non-negligible 
interband contribution to the conductivity of 
graphene. We will later present experimental evidence 
for this behavior. 

 
 

2.4. Reflection 
 
Considering graphene at the interface  

between two dielectrics (shown in Fig. 1(b) with 
dielectric functions 1 and 2, the total reflectivity is 
given by [17] 
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where  n1 and n2 are the refractive 

index of air and SiC respectively, σ(ω) is the total 
conductivity, 0 is the free space permittivity  
(~8.854 10-12 F/m). For EG on SiC substrates, 1 is 
the permittivity of air (~1) and 2 is the  
permittivity of SiC, which is a function of wavelength, 
given by [18]  

 
2 2

1
2 2 2

2

( ) LO

TO

i

i

  
  

  

  


  
,

 (11) 

 
where  =6.5 is the positive ion core background 

dielectric constant,  is the longitudinal optical 

phonon frequency ( =972cm-1),  is the 

transverse optical phonon frequency ( =796 cm-1). 

Г1,2 describes the broadening of the phonon 
resonances, typically 5-60 cm-1, where the higher 
values are due to free-carrier absorption.  

Within this theoretical framework, we investigate 
the carrier transport by FTIR reflection spectroscopy, 
while theory matches with experimental results to 
extract various transport parameters, including the 
influence of interband scattering, which is non-
negligible at IR frequencies and high surface impurity 
concentrations. Finally we show the role of interband 
scattering on impurity concentration. 

3. Experimental 
 

Epitaxial growth of large-area graphene by thermal 
decomposition of commercial <0001> 4H and 6H SiC 
substrates at high temperature and vacuum has been 
demonstrated [19]. This produces EG a few 
monolayer, ML to >50 ML thick, depending on 
growth conditions. In our experiments, EG was grown 
on commercial n+ 80 off axis 4H-SiC substrates on  
C-face, nitrogen doped ~1019/cm3. 1 cm×1 cm 
samples were degreased using trichloroethylene, 
acetone and methanol respectively. They were then 
rinsed in DI water for three minutes. The samples were 
finally dipped in HF for two minutes to remove native 
oxide and rinsed with DI water before being blown 
dry. They were then set in the crucible in an 
inductively heated furnace where high vacuum was 
maintained (<10-6 Torr) and baked out at 1000 0C for 
13 to 15 hours. The temperature was slowly raised to 
the growth temperature (1250-14000C). All growths 
were performed for 60 minutes before cooling to  
1000 0C at a ramp rate of 7~80C/min and eventually to 
room temperature. Slow temperature ramps were 
utilized to minimize thermal stress on the samples.  

For this study, our focus is on epitaxial graphene 
on C-face because defects have been attributed to the 
EG grown on C-face SiC [20]. Fourier Transform 
Infrared reflection (FTIR) spectra gives the 
differential reflectance with respect to a reference. For 
EG reflection spectra, SiC substrate used as a 
reference for the respective gas medium. Defects on 
EG layer (grown on C-face SiC) allow diffusion of gas 
through the defects point justifies the similar reference 
maintain under particular gaseous medium.  

After growth AFM (atomic force microscopy) was 
used to investigate the EG surface morphology with 
and the morphology is similar to that observed by 
others [1, 12, 19]. Raman measurements were carried 
out on EG on both carbon (C) and silicon (Si) faces. 
Micro-Raman spectroscopy using a 632 nm laser 
shows the G peak (~1590 cm-1), D peak (~1350 cm-1) 
and 2D peak (~2700 cm-1) characteristic of EG [21]. 
The ratio of intensities of the D-peak to G-peak, ID/IG 
≤0.2 demonstrates the high quality of our graphene 
[21]. X-ray photoelectron spectroscopy (XPS) 
measurements were done to obtain the thickness [22] 
in monolayer’s (ML) on EG. The thickness extracted 
by XPS was consistent with our FTIR measurements 
[12]. 

Fourier transform infrared reflection (FTIR) 
measurements (2.5 µm to 25 µm wavelength) were 
carried out with a blank SiC substrate, cut from the 
same wafer as the grown samples, as the reference 
(shown in Fig. 1(c). So we find differential reflectance 
of EG with respect to SiC substrate. Our previous 
work indicate that this method can be applicable to 
find EG thickness in no of monolayers (ML’s), 
scattering time (τ), and Fermi level (Ef). Thickness 
measurement using this method is consistent with XPS 
measurements as explained et.al. Daas [12]. In this 
work, FTIR measurement was carried out as the same 
process described above but the chamber was filled 
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with the required adsorbent gas (Fig. 1(c). Reference 
was taken with N2 environment (known as inert gas) 
and corresponding IR reflection was taken in 
N2/NO2/NH3 environment consequently. All 
reflectance measurement presented here are the 
differential reflectance with respect to the SiC 
substrate. A more detailed analysis of this data, along 
with our developed theory allows the extraction of the 
influence of interband scattering as well, which is non-
negligible at IR frequencies and high surface impurity 
concentrations.  

 
 

4. Result and Discussion 
 

NO2 is a strong oxidizer with electron withdrawing 
capability, and is expected to decrease electron carrier 
concentration on the EG surface [23], while the 
converse is true for NH3 as it is electron donating [24]. 
However, our measurements are based on EG grown 
on C-face SiC, which is thicker (>8ML), much greater 
than the 1ML screening length in graphene [25]. Thus, 
this layer is expected to be close to electrically neutral 
i.e. the Fermi level is close to the Dirac point (K and 
K’ in the Brillouin zone). Therefore, carrier 
concentration will increase in both the cases regardless 
of whether the adsorbent is electron withdrawing or 
electron donating.  

Polar molecules [11] change EG conductivity by a) 
inducing carriers in the EG and b) increasing 
scattering i.e. decreasing mobility. Scattering ( ) 
includes both intra and interband scattering, 
responsible for inter and intra band conductivity 
respectively [11]. Increase or decrease of conductivity 
is a tradeoff between carrier concentration (Equation 
(5) and scattering. Thus, it is critical to investigate the 
role of EF and  in response to gas adsorption. 

Fig. 2 shows the IR reflection spectra for 9, 22 and 
34 ML EG in N2, NH3 and NO2 environment where we 
find that reflectance (indicative of conductivity, with 
higher conductivity leading to higher reflectance) 
changes for different gases due to adsorption of 
surface impurities. Reflectivity decreases both in NO2 
and NH3 environments compared to N2 with NO2 
showing greater decrease than NH3. Because, NH3 has 
lower adsorption energy which allows it to both charge 

interacting and non-interacting configuration [26], 
whereas NO2 has higher adsorption energy 
(0.3~0.4 eV) [27], which forces it to accept electrons 
in any adsorption configuration [26]. We extract ML, 
EF and intra and inter band scattering time by matching 
experimental data with the theory (Table 1). We also 
used previously developed mathematical model [12] 
to account for impurity adsorption where we match 
optical conductivity [16] at high and low frequency 
with conductivity in the Random Phase approximation 
(RPA) to extract surface impurity concentration, ni by 
 

, (12) 

 
where h is the Planck’s constant, ns is the surface  
carrier concentration, rs, G and F function are defined 
as below.  

 
 

 
 

Fig. 2. (color online): Shows the IR reflection measurement 
while experimental data fits with the mathematical model. 

Extracted parameters are indicated in Table 1. 
 
 

Table 1. Shows extracted parameter while experiment matches with theory. 
 

No of Layer Gas 
Fermi level 

(meV) 
Impurity 

(cm-2) 
Intra band 

scattering time (s) 
Inter band 

scattering time (s) 

34 

N2 25 2 (2 0.5)1011 (2.8 0.9)10-13 (4.3 2.7)10-14 
NH3 30 2 (6 1)1012 (7.5 2)10-15 (2 1)10-15 
NO2 35 2 (2 0.6)1013 (1.4 1)10-15 (3.5 2)10-16 

22 

N2 45 2 (3 0.5)1011 (1.5 0.3)10-14 (2.3 0.1)10-14 
NH3 65 2.5 (7.5 1)1012 (6 3)10-15 (1 0.01)10-15 
NO2 95 3 (6 1)1013 (9 0.3)10-16 (2 0.7)10-16 

9 

N2 70 4 (5.1 0.5)1011 (1.5 0.1)10-13 (2.2 0.4)10-14 
NH3 90 4 (5.5 1)1013 (9 1)10-16 (3.6 1)10-16 
NO2 120 4 (1.5 0.8)1014 (4 1)10-16 (2 1)10-16 
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, (13) 

 

where e is the electron charge 1.6×10-19C, 
 
is the 

Fermi velocity 1.1×106 m/s,  is the dielectric 

constant of SiC, which has different values for high 

frequency ( ~6.5) and low frequency ( ~9.52) 

regime and G and F function defined [16] as, 
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Considering two limiting values of SiC  
dielectric constant (high frequency~6.5 and low 

frequency~9.52), two different values of  (high 

frequency~0.31 and low frequency~0.21) were 

calculated [18]. For the high frequency =0.31 was 

used for the conductivity 
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matching with the optical conductivity to extract 
impurity concentration, ni. A similar procedure was 

used for the low frequency side where ~0.21 arises 

from ~9.52 while considering 
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ni extracted at both these frequency regimes was 
consistent. For further confirmation, we calculate intra 
and inter band scattering from ni using equations 
presented elsewhere [16] and was found to be 
consistent with our extracted data within the 
experimental error limit. 

Table 1 show the extracted carrier transport 
parameters for 34, 22 and 9ML samples in gaseous 
medium while experiment matches with theory. Ef and 
τ was extracted as a fitting parameter while ni was 
extracted by conductivity matching both high and low 
frequency regime (discussed above). With N2 gas, 
34ML samples shows Fermi level of ~25 meV, close 
to neutral because our EG is thick. Similarly 22 and 
9ML samples shows increase in Fermi level to 45 meV 
and 70 meV respectively because of thinner layer 
compared to 34ML, comparable to EG screening 
length ~1ML. As N2 is an inert gas and should not 
contribute any impurity on the EG surface. Our 
extracted parameters indicate a surface impurity 

concentration due to N2 gas is of 2~5×1011cm-2, fairly 
consistent with an ex-situ sample that has not had any 
degassing or other processing performed on it. 

For NH3 and NO2, the surface impurity 
concentration is higher than N2 because of the nature 
of the gas interaction (electron donating and 
withdrawing ability) with the carriers on the EG 
surface (Fig. 3). Increase in Fermi level position 
compared to N2 in both the cases indicates more 
surface impurity concentration due to gas adsorption. 
For 34ML sample, change is Fermi level is very small 
(~5 meV in NH3 and 10 meV in NO2) indicates that 
thicker EG layer behaves more like neutral layer 
because of EG screening length is only ~1 ML. For  
22 and 9 ML sample Ef changes are noticeably greater 
indicates the sensitivity of EG as presented by other 
researchers [16]. This thickness dependent trend 
clearly supports the single molecule sensitivity of 
single layer graphene described elsewhere [4]. Ef 
changes are greater in NO2 compared to NH3 attributes 
more charge transfer by NO2 compared to NH3. 
Changes of Ef is also supported by other 
potentiometric measurements Qazi, et al., [28] where 
surface work function (SWF) changes are directly 
measured and Fermi level change was extracted  
from there. 

 
 

 
 

Fig. 3. (color online) (a) Impurity concentration on EG 
layer due to molecular adsorption. It shows that NO2 has 
the charge transfer ratio of 1-2 % whereas NH3 has only  

0.01-0.1 %; (b) shows the animation of molecular 
adsorption through EG defect position. 

 
 

We also extract scattering time (τ) through our 
model as theory fits with the experiments. Table 1 
indicates that, both τintra and τinter shortens, due to more 
scattering from the adsorbed impurity. As overall 
conductivity is the tradeoff between carrier 
concentration (indication of Ef changes) and scattering 
(both intra, τintra and interband, τinter), So despite of the 
method developed by Nomani, et al., [29], our method 
signifies the complete picture of conductivity changes 
with a good agreement as presented by other 
publications [30]. 

Overall conductivity decreases both for NH3 and 
NO2 compared to N2 environment. With NO2, overall 
conductivity decreases more than NH3 despite a strong 
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increase in carrier concentration (Fig. 3), indicating 
that the EG surface has greater affinity for NO2 
adsorption, leading to much greater carrier scattering 
at the adsorption surface. This observation is also 
supported by percentage gas molecule contributing to 
EG surface conductivity changes. Our result indicate 
that NH3 contribute 0.01~0.1 % while NO2 contribute 
1~2 % for EG surface conductivity change. This 
observation is consistent with other amperometric 
measurement [29]. However, the novelty of this work 
is to separate out the scattering effect which coincides 
with the adsorption and gives the clear picture of 
conductivity change. 

Electronic transport in graphene is dominated 
primarily by two scattering mechanisms: 1) Short-
range scattering, and 2) Long-range coulomb 
scattering [31]. Short range scattering originates from 
short-range factors such as lattice defects and electron-
electron interactions. Short range scattering potential 
give rise to a scattering time that varies as 1/E and 
independent of temperature. Long range scattering, on 
the other hand, originates from the screening of 
charged impurities on the surface of graphene. Fig. 4 
shows both intra and interband scattering varies 
linearly with the impurity, attributes most likely to be 
long range scattering dominated.  

 
 

  

Fig. 4. Scattering time as a function of impurity concentration. 

 
 

Charge impurity scattering [32], For screened 
coulomb scattering that leads to a conductance which 

is proportional to sn . So, linear relation between 

conductance and ns is the evidence of presence of 
charged impurity scattering. Our previous works [12] 
shows no significant contribution of intraband 
scattering because of no gas adsorbent molecule 
presence. With the adsorbent gas molecule n/ni 
significantly increases because of percentage charge 
transfer through the EG layer, supported by 
amperometric measurement, increases the charge 
impurity scattering, as a result interband scattering 
plays a dominant role which cannot be neglected even 
at DC. 

 
 

5. Conclusion 
 
In summary, we find that the infrared carrier 

transport in EG can be described only by accounting 
for the influence of interband scattering. In doing so, 
we find a self-consistent explanation of carrier 
transport in EG, where carrier scattering (interband 
and intraband) increases in response to surface 

impurities, along with a change in carrier 
concentration caused by charge transfer between the 
molecules and EG. This result was verified by an 
amperometric measurement also. This leads to an 
increase/decrease in overall conductivity/reflectivity 
depending on the tradeoff between scattering and 
carrier concentration. The most significant part of this 
study is that it gives us both carrier density and 
scattering (both intra and interband) considering the 
percentage charge transfer through the EG layer, 
attributes the doping concentration as well as overall 
conductivity change on EG films. This study is 
significantly important for EG sensing behavior as 
well as EG based FET devices. 
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