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Abstract: Graphene based optical devices are highly recommended and interested for
integrated optical circuits. Asa main component of an optical link, a photodetector based
on graphene nano-ribbons is proposed and studied. A quantum transport model is
presented for simulation of a graphene nano-ribbon (GNR) -based photo-transistor based
on non-equilibrium Green’s function method. In the proposed model a self-energy matrix
is introduced which takes the effect of optical absorption in GNR channel into account.
The self-energy matrix is treated as a scattering matrix which leads to creation of carriers.
The transition matrix element is calculated for optical absorption in graphene channel and
is used to obtain the optical interaction self-energy. The resulting self-energy matrix is
added to retarded Green’s function and is used in transport equations for calculation of
current flow in the photo-transistor. By considering the effect of optical radiation, the
dark and photocurrent of detector are calculated and results are used for calculation of
responsivity.

Keywords: Non-equilibrium Green’s function; Graphene nano-ribbon; Photo-transistor; Self-
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1. Introduction

Recently graphene based electronic and optoelectronic devices have been
attracted much interest because of excellent properties of graphene layers [1-5].
Interestingly, graphene could be patterned in nano-ribbons, by some fabrication
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technologies as electron beam lithography and etching, [6-8] to have properties
from metallic to semiconducting depending on their width and edges [9, 10]. This
band-gap tuning capability and the possibility of large-scale integration using
planar technologies open a route towards an all-graphene electronic nano-devices
and circuits [11, 12]. On the other hand, graphene exhibits unique optical and
electronic properties making it suitable for optoelectronic applications [13, 14].
As one of these optical applications, graphene photodetector can operate over a
broad wavelength range from the ultraviolet to terahertz while photodetectors of
IV and I11-V semiconductor suffer from long-wavelength limit due to large
bandgap [15, 16]. Some groups have reported experimental developments of
graphene photodetectors however theoretical modeling of these detectors is still
limited [17-20]. Gao et al. developed a quantum mechanical approach to predict
the optical performance of graphene photodetectors, however in their model the
effect of optical input intensity is missed and hence it is difficult to obtain some
important properties of a detector such as responsivity and detectivity [21]. On
the other hand, Ahmadi et al. presented a modeling approach for graphene based
photodetectors but their model is too genera and does’t consider the band-
structure and energy diagram of graphene layers [22].

In this paper, we use a quantum transport approach and extend it to include the
effect of optical input power and investigate the properties of graphene based
photo-transistors. In this model, we use the concept of self-energy to account for
the contacts (like the source and drain) to the channel. To include the effect of
photon absorption, an additional optical self-energy matrix is also introduced in
Green’s function based transport equations. By calculation of photo-current flow
in detector and under light illumination the performance of the detector could be
studied for different input powers. The paper is organized as following. In the
section 2 the modeling procedure and calculation methods are described and
results and discussions are in section3. The paper is concluded in section 4.

2. SIMULATION APPROACH

The schematic of proposed GNR based photo-transistor is shown in Fig. 1. As
can be seen in figure, there is a conducting GNR channel between source and
drain contacts whose current is controlled by the voltages dropped in gate contact.
In order to model the behavior of this device, a non-equilibrium Green’s function
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(NEGF) method is used. The basis of this method is obtaining the retarded
Green’s function related to the structure using the following equation [23]:
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Fig. 1. Schematic of GNR photo-transistor.

G(B)=[ELH-Y -5, | (1)

where Xs, Xp, H, E, and | are self-energy of the source contact, self-energy of
the drain contact, Hamiltonian matrix, energy, and unit matrix, respectively.
The approach of the none equilibrium Green’s function is to find the appropriate
Green’s function according to eq.(1) in which the inverse matrix should be
calculated for every energy level. Using conventional methods, a bigger matrix
should be inverted, which is time consuming and impractical for the simulation
of structures in such dimensions. However, in ballistic conditions, the solution
will be simple, due to the fact that fewer columns of the matrix related to the
Green’s function are needed. The Hamiltonian matrix can be realized in two ways
[24]: 1) Hamiltonian matrix in real space, 2) Hamiltonian matrix in mode space.
Smaller size of Hamiltonian matrices can increase the calculation speed since
calculations are conducted on smaller matrices.

In this paper, the mode space form of Hamiltonian matrix is used on account of
its 95% accuracy level and much less computation.

Toillustrate this method, as shown in Fig. 2 the channel of transistor is considered
as armchair GNR along with source and drain contacts.

This is a one-dimensional representation of a two-dimensional structure of GNR.
Here the 2-D nanoribbon is considered as a quantum well along its width that
forces the carriers to flow in some sub-bands. As mentioned earlier, with ballistic
assumption, total Hamiltonian can be divided into independent matrices for each
sub-band. As a result, the flow of the carriers in each sub-band may be calculated
separately.
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Fig. 2. Structure of an armchair Graphene nano-ribbon for calculating
Hamiltonian in mode space.

The calculation of the Hamiltonian matrix for the first sub-band of the armchair
Graphene nano-ribbon with n=12 is as follows [25]:

[b2r Uz by |
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where U; is the potential in the i-th loop, b2 =2tcos(4n/(n+1)) is the coupling
coefficient between two nearest neighboring loops, and
b1=t(1+4Ceagesin(4n/(n+1))?/(n+1)) is the coupling coefficient between two
farthest neighboring loops in which t and Ceqge are considered 2.7 eV and 0.12,
respectively [26].

In order to calculate self-energy of the contacts, the following relations are used

[27]:
-Agt /Aé -4(E-U,)?b?
X5(1,)= 2(E-U)) 3)
-Ap+ \/A%)-4(E-UN)2b%
ZpINN)T 2(E-Uy) 4)
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The size of the self-energy matrices of the contacts equals the size of the
Hamiltonian matrix of the channel. However, most of its elements are zero. For
example, there is only one atom in the nanoribbon sheet coupled in the source
side of the channel coupled to the contact. Therefore, only the (1,1) block in the
self-energy matrix of the source contact is none zero. Similarly, in the self-energy
matrix of the drain, only the (N,N) block is none zero [28].

In our calculations the Poisson equation is discretized by the finite difference
scheme and solved self-consistently to obtain the potential within channel in an
iterative procedure. After convergence, the Green’s function problem is
numerically calculated and after computing the aforementioned equations, the
current flow from source to drain is measured by the following equation [23]:

I=2h—e f T(E)(F(E-Egs)-F(E-Epp)) dE (6)

where, e, h, F, Egg, Erp, and T(E) are electron charge, Planck’s constant, Fermi
distribution function, Fermi level of the source, Fermi level of the drain, and
transmission coefficient, respectively.

3. INTERACTION OF CARRIERS

In order to include the effect of optical absorption in the channel, an additional
term is introduced to the Green’s function. We model this phenomenon as a
scattering parameter which leads to generation of careers and consider it as a self-
energy matrix along the channel. Y ineraction represents the self-energy function of
the interaction of carriers and is included in relations as following:

G(E): [(E+i0+)_H_ZS_ZD _Zinteraction]-1 (7)

> iteraction CaN pe calculated from [23]:
Zinteraction:_ % interaction ®
Dinteraction™ %Eteraction+2?rﬁgraction 9
Zieraction (E)=G" (B-rw) (10)

T action (B)=D*"G? (E+Aw) (11)
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D® is the absorption constant and G"® is the correlation function of electrons
(holes) where Tiyeraction 1S the broadening function due to electron-photon
coupling. Eq.9 can be rewritten as [23]:

Finteraction (E) :Dab [Gn (E'hw) +Gp (E+hW)] (12)
In order to calculate G" and GPthe following relations are used [23]:

G'=GY"G (13)

G’=G Y™ G (14)

3" =T fs+Tpxfp (15)

> =Tgx (1-£)+Tpx(1-fp) (16)
E-p, .

fs(E)= [l-i-exp (ﬁ)] 17
E-p, .

fp(E)= [l-i-exp (ﬁ)] (18)

[g=ix(Zs+Zg) (19)

I'p=ix(Zp+Zp) (20)

In equations 17 and 18, fg and f, represent the Fermi functions, and the Fermi
levels are denoted by p,andp,.

D™®is absorption constant which can be calculated from [23, 24]:

D*®=N, D, (hw) 1)
oo ()]
w=|exp KT -
IR
0~ 2nmow (23)

where j, =6 ev/A is hoping parameter, |M] is the optical transition matrix

element, N,, is the equilibrium Bose-Einstein distribution of photons and m, is
the mass of carbon atom, respectively [25, 26].

is calculated employing equations 8-23 in an iterative progress. G(E)
and it can be employed to

Z:interaction

can be obtained from equation 7 using Y

calculate the current flow from equation 6.
By calculation of the photo-current of the device, its performance can be
analyzed.

interaction’

4. RESULTS AND DISCUSSIONS

We do the simulations for the proposed photo-transistor with GNR channel of
n=12 and a ribbon bandgap of 0.6 eV. The oxide surrounding the channel is
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chosen as Hafnium oxide with a dielectric constant of 16 and a thickness of 2
nanometers.

By calculation of the current without the effect of optical absorption
(Yinteraction=0), the dark current of the detector is obtained. Fig. 3 shows dark
current characteristic as a function of drain voltage and for different gate voltages.
As can be seen the current increases with drain voltage and saturates at higher
voltages because of limited number of carriers. The figure also shows that for
higher gate voltages the current is increased. This is due to the fact that for
increased gate voltages, more carriers accumulate under the gate and incorporate
in current generation. In order to obtain the responsivity which is a main
characteristic of a detector, its photocurrent should be calculated. To do so, in this
section, we include the effect of optical absorption along the channel in the
calculations. Photocurrent of the detector vs. the drain voltage is depicted in Fig.
4 for different incident optical powers where the gate voltage is held on V=0.4V
.Pop=0 results in the dark current.

6 T T T T
- =02V
50 V=03V |
— 0.4V

V()
Fig. 3.Dark current vs. drain voltage for different gate voltages.
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Fig. 4. Photocurrent with respect to drain voltage at on and for different optical
input powers.

The figure reveals that a considerable change in current occurs when the photo-
transistor is exposed by an optical power. As the optical input power increases,
the photocurrent gets higher orders because of contribution of photo-generated
carriers in current flow. However the photo-current saturates at higher voltages
similar to the dark current. This can be due to the excitation of all electrons in
valance band and their contribution in photo-current. Although we didn’t find any
similar structure with experimental results to compare to our model, however the
order of obtained dark and photocurrents obtained from the proposed model are
in agreement and proximity to some previous studies [32].

We tried the calculations for different gate voltages and the results are in Fig. 5.
From the figure at a fixed incident optical power any increase in gate voltage
leads to formation of higher current. This figure reveals that both the optical
power and gate voltage increase the photo-current.

Fig. 6 presents dependence of the photo-current on input power and studies it for
different drain voltages. As expected the photo-current increases with optical
power but the slope of changes is larger for higher drain voltages. The results
shown in this figure are in close agreement to the experimental studies [33].
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Fig. 5. Photocurrent for different gate voltages and optical input powers.
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Fig. 6.Photo-current as a function of input optical power and for different drain
voltages.

CONCLUSIONS

A theoretical study of GNR based photo-transistors was performed by numerical
modeling of their performance characteristics. In the presented model non-
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equilibrium Green’s function method was used to study the carrier transport in
the structure of device and the optical performance of the detector is modeled by
inclusion of a self-energy matrix in the relations as the electron-photon
interaction matrix along the channel. Results show that higher photo-current
flows when the device is exposed by an optical input. However the photo-current
saturates at higher voltages similar to the dark current.
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