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ABSTRACT
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Master’s thesis
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Graphene is a promising material for novel photodetector technology. Nevertheless, the re-
sponsivity of the graphene photodetectors is not at the level of its competitors. The responsivity is
the key figure of merit for several photodetector applications. Thus, this thesis aims to increase the
understanding of the factors affecting responsivity in unbiased and gated metal-graphene-metal
photodetectors. These factors are investigated by modeling the current generating mechanisms,
simulating different device configurations with the model and fitting the model to the experimental
results. In an unbiased graphene detector the current generating mechanisms are photovoltaic
and photothermoelectric effect. The model implies that the dominating effect is photothermo-
electric. By inducing hot spots and optimizing the waveguide location in the graphene channel,
yielding a steep temperature gradient over an optimal distance, the model predicts significant im-
provement to the photothermoelectric current and to the internal responsivity, consequently. By
fitting the model to the experimental results, it was found that the model complies the trends in
the photocurrent, implying that the photocurrent is, indeed, dominated by the photothermoelectric
effect. Moreover, the current maximum is obtained at a specific channel doping level. The main
parameter affecting the required doping with respect to the Dirac point is the graphene quality in
the channel. Additionally, due to the contact effects, the asymmetric structure is likely to cause
less shift in the power distribution than was expected, reducing the responsivity. Understanding
the parameters affecting the responsivity paves the way for developing power-efficient and com-
pact integrated photonic circuits.

Keywords: photonics, graphene, metal-graphene-metal, photocurrent, photothermoelectric effect,
silicon nitride, modeling
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Antti Brunström: Piinitridivalokanavien päälle integroitujen grafeenivalodetektoreiden mallintami-
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Grafeeni on lupaava materiaali uusien valoilmaisimien kehityksessä. Grafeenivaloilmaisimien
vaste ei kuitenkaan vastaa kilpailijoidensa tasoa. Vaste on keskeinen suorituskyvyn mittari useissa
sovelluksissa. Tämä diplomityö pyrkiikin lisäämään ymmärrystä vasteeseen vaikuttavista tekijöistä
esijännitteettömissä ja hilallisissa metalli-grafeeni-metalli-valoilmaisimissa. Näitä tekijöitä tutkitaan
mallintamalla virtaa tuottavia mekanismeja, simuloimalla mallin avulla erilaisia laitekokoonpanoja
ja sovittamalla malli kokeellisiin tuloksiin. Esijännitteettömissä grafeenivaloilmaisimissa virrantuot-
tomekanismit ovat valosähköinen ja valotermosähköinen ilmiö. Malli antaa ymmärtää, että voi-
makkain efekti on valotermosähköinen. Merkittävää lisäystä valotermosähköiseen virtaan, ja sen
johdosta sisäiseen vasteeseen, saadaan aikaan aiheuttamalla kuumia pisteitä ja optimoimalla va-
lokanavan sijaintia grafeenikanavassa, johtaen jyrkään lämpögradienttiin optimaalisella matkalla.
Mallin sovitus kokeelliseen tietoon vaikuttaa tuovan esiin valovirran kehityksen hilajännitteen funk-
tiona. Kehitys viittaa siihen, että valotermosähköinen ilmiö on hallitseva virrantuottomekanismi,
kuten malli ennustaa, ja virran huippu saavutetaan tietyllä hilajännitteellä. Vaikuttavin tekijä tarvit-
tavaan hilajännitteeseen on grafeenin laatu. Lisäksi kontaktiefekteistä johtuen, epäsymmetrinen
rakenne aiheuttaa vähemmän siirtymää tehojakaumassa kuin oletus oli, alentaen vastetta. Ym-
märtämys vasteeseen vaikuttavista parametreistä viitoittaa tietä energiatehokkaiden ja kompak-
tien integroitujen fotoniikkapiirien kehittämiselle.

Avainsanat: fotoniikka, grafeeni, metalli-grafeeni-metalli, valosähkö, valotermosäköinen ilmiö, pii-
nitridi, mallinnus
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1. INTRODUCTION

Application and performance requirements toward photonic integrated circuits (PIC) in-

crease as electric circuits are approaching their physical limits and Moore’s law is at risk

to no longer hold [1][2][3]. Moreover, optical-to-electrical or all-optical circuitry must evolve

rapidly to enable new applications and to develop ways to outperform the existing technol-

ogy as requirements for data rates increase [2][4]. Photodetectors are critical components

at the retrieving end of such circuits. Performance metrics under concern are bandwidth

(BW), responsivity, power consumption and operation speed at low noise level. It is also

essential to make them compatible with the existing complementary metal oxide (CMOS)

fabrication processes. Currently used common materials for photodetectors such as ger-

manium (Ge) and (InP) can not meet all these metrics at once [4]. Ge-detectors, for exam-

ple, exhibit high dark currents and low carrier mobility, leading to limited operation speed

(∼40 Gbit/s) [5] and BW of 60-100 GHz [2]. Material properties of these semiconductors

lead to an inevitable decision whether to strive for high responsivity or operation speed

[4]. Furthermore, although it is possible to grow Ge epitaxially [5] on silicon-platform, it

is difficult due to the lattice mismatch [6]. Also, state-of-the-art devices have complex

structures, making fabrication processes laborious [2][4].

One atom layer thick 2D-material, graphene, has a unique hexagonal structure with two

atoms inside the primitive unit cell [7][8]. As a result, it has a conical band structure, imply-

ing that electrons in an ideal suspended graphene behave like massless Dirac fermions

[1]. This is the origin of graphene’s extraordinary electrical and optical properties. For ex-

ample, mobilities up to 2 000 000 cm2/Vs have been measured for single crystal graphene

on hexagonal boron nitride (hBN) and over 10 000 cm2/Vs have been realized for CVD

grown graphene on CVD grown hBN [9][10]. This makes it a strong candidate for novel

photodetector designs that combine all the above performance metrics in a single device

[4].

Particularly, this thesis studies graphene photodetectors (GPD)s with metal-graphene-

metal (MGM) transistor structure for which three different photocurrent generation mech-

anisms are the photovoltaic (PV) effect, photothermoelectric (PTE) effect and bolometric

effect. Biased graphene photodetectors have high dark currents, shot noise, power con-

sumption, and excess joule heating [4]. Therefore, the focus of this thesis is on unbiased

devices. The bolometric effect is omitted because its contribution is negligible in unbiased
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devices [11][12].

The responsivities of GPDs are not yet at the level of their competitors. Thus, the primary

purpose of this thesis is to study whether a simplified and idealized photocurrent model

can be utilized to understand the current-generating mechanisms involved by comparing

simulations to the experimental data obtained from unbiased gated test devices fabricated

at VTT. In the second chapter, the basics of graphene physics are introduced from the

point of view of understanding photodetection in graphene. The third chapter describes

the two main current-generating mechanisms in unbiased GPDs and introduces their key

figure of merits (FOM). The fabrication steps and measurement setup are introduced

briefly in chapter four, to provide the reader with sufficient knowledge to understand the

model. Chapter five presents the model, including a description and justification of all

assumptions, simplifications and idealizations in it. The simulations are compared with the

experimental data in chapter six. The key results are summarized and reflected against

assumptions in chapter seven.
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2. GRAPHENE

Since its discovery in 2004 by K. S. Novoselov and A. K. Geim, graphene has been

subjected to extensive research for its unique optical and electrical properties [7]. There

exist ample possible applications for it, and even speculations of a technological revolution

have been raised [7]. This section introduces the basics of single layer graphene (SLG)

physics required to understand graphene photodetectors. First, the lattice structure and

the exceptional band structure are presented. After that, electrical and optical properties

are described.

2.1 Band structure

Electronic structure of a carbon atom is 1s2, 2s2, 2p2. Once carbon atoms are brought

together, hybridization of these orbitals occurs. In graphene 2s, 2px and 2py orbitals form

three sp2 orbitals between adjacent carbon atoms. Overlapping sp2 orbitals form covalent

σ-bonds [13]. During the hybridization, the other 2s electron is elevated in energy to 2pz

orbital. This electron would form the π-bonds binding together the graphite layers of bulk

carbon. In graphene 2pz electrons are nearly free, and since the Pauli exclusion principle

forbids two electrons from sharing the same state, their energy levels split into a band [7].

Basic element of a one atom layer thick graphene sheet is a benzene ring composed of

six carbon atoms [3]. These hexagonal structures form a 2D-mesh depicted in Figure

2.1a. The primitive unit cell contains two atoms one from each sublattice A and B. Both

primitive lattice vectors a1a1a1 and a2a2a2 belong to sublattice A as can be seen from Figure 2.1a.

These lattice vectors span sublattice A by translation [1][7]

  \label {real_lattice_A} \pmb {R_A} = j\pmb {\mathrm {a_1}}+m\pmb {\mathrm {a_2}},     (2.1)

where (j,m) ∈ Z.
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(a) Real space hexagonal lattice. The two over-
lapping lattices A and B are denoted with gray
and black dots, respectively. The unit transla-
tion vectors defining the nearest neighbours are
δiδiδi, where i ∈ {1, 2, 3}. [7]

(b) Reciprocal space showing the first Bril-
louin zone as a shaded area with the prim-
itive reciprocal lattice vectors β1β1β1 and β2β2β2.
Dirac points K and K’ (explained below) are
denoted by the black and grey dots, respec-
tively. [7]

Figure 2.1. Lattice structures of graphene.

The distance between atoms in graphene is a ≈ 0.142 nm. Primitive lattice vectors can

be deduced from the geometry and they are

  \pmb {\mathrm {a_1}}=\sqrt {3\mathrm {a}}\left (\frac {\sqrt {3}}{2}\hat {x}-\frac {1}{2}\hat {y}\right ) \quad \text {and} \quad \pmb {\mathrm {a_2}}=\sqrt {3\mathrm {a}}\left (\frac {\sqrt {3}}{2}\hat {x}+\frac {1}{2}\hat {y}\right ), 







 





 
















 (2.2)

from which the lattice constant is calculated to be a0 = |a1a1a1| = |a2a2a2| ≈ 0.246 nm. The

primitive reciprocal space lattice vectors (Figure 2.1b) can be calcultaed from

  \pmb {\beta _1}&=2\pi \frac {\pmb {\mathrm {a_2}}\times \pmb {\mathrm {a_3}}}{\pmb {\mathrm {a_1}}\times \pmb {\mathrm {a_1}}\cdot \pmb {\mathrm {a_3}}}=\frac {4\pi }{3\mathrm {a}}\left (\frac {1}{2}\hat {x}-\frac {\sqrt {3}}{2}\hat {y}\right ) \\ \pmb {\beta _2}&=2\pi \frac {\pmb {\mathrm {a_3}}\times \pmb {\mathrm {a_2}}}{\pmb {\mathrm {a_1}}\times \pmb {\mathrm {a_1}}\cdot \pmb {\mathrm {a_3}}}=\frac {4\pi }{3\mathrm {a}}\left (\frac {1}{2}\hat {x}+\frac {\sqrt {3}}{2}\hat {y}\right ), 
 

   





















 
 

   



















 (2.4)

where a3a3a3 = ẑ [7].

The electronic band structure E(k) of graphene can be approximated by the tight-binding

model (TBM) with nearest-neighbor approximation (NNA) between lattice sites in A and B

[1][7][13][14]. By inserting a trial wave function as a superposition of Bloch functions for

both sublattices and each Bloch function as a superposition of single electron 2pz orbital,
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eigenenergies E(k) can be solved from the Schrödinger equation, resulting in

  \label {band_structure_eq} E^{(\pm )}(\mathbf {k})=\frac {\pm tf(\mathbf {k})}{1\pm sf(\mathbf {k})}, 



 (2.5)

where k is the wavevector (kx, ky, kz) for the electrons, t is the hopping parameter indicat-

ing the possibility of a pz electron to reside in either sublattice, s is the overlap parameter

indicating the overlap between the pz orbitals (often negligible in applications of TBM),

  f(\mathbf {k})=\sqrt {1+4\mathrm {cos}\left (\frac {3k_y\mathrm {a}}{2}\right )\mathrm {cos}\left (\frac {\sqrt {3}k_x\mathrm {a}}{2}\right )+4\mathrm {cos}^2\left (\frac {\sqrt {3}k_x\mathrm {a}}{2}\right )} 

 























(2.6)

and ± denotes conduction and valence band respectively [1][7]. Figure 2.2a shows the

band structure approximated with NNA [7].



6

(a) The electronic band structure E(±)(k) (2.5) of graphene calculated by TBM
with NNA [7].

(b) The full electronic band structure calculated with VASP [1][7].

Figure 2.2. The electronic band structure of graphene [7].

There are six points in the Brillouin zone where the valence and conduction band coincide

implying semimetallic behavior and no bandgap [1][14]. These points (K and K’) are called

the Dirac points and their vicinities as valleys. To a very good approximation the band

structure is symmetric and conical around these points but if the next-nearest-neighbor

hopping parameter t′ is accounted for, the symmetry between bands is broken as shown

in Figure 2.2b [13].

Using first order Taylor expansion, the expression (2.5) can be simplified into a simple

linear equation for small k as
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  \label {band_structure_linear_eq} E(k) = \pm \mathrm {\hbar v_F} k,    (2.7)

where ℏ is the reduced Planck constant, k = |k| is the wavevector amplitude and

  v_F = \frac {3\mathrm {a}t}{2\hbar } 



(2.8)

is the Fermi velocity at which electrons with kinetic energy EF at zero absolute tempera-

ture move [1][7][13]. Equation (2.7) is a remarkable result since linearity implies that the

group (vg), phase (vp) and Fermi velocities close to the Dirac point are all the same via

the usual relations [7]

  v_g=\frac {\partial \omega }{\partial k}=\frac {\partial E}{\hbar \partial k} = v_p=\frac {\omega }{k}=\frac {E}{\hbar k} = v_F \approx 1\cdot 10^6\;\text {ms\textsuperscript {-1}}. 








 









       (2.9)

Exceptionally high, energy-independent group velocity is the origin of high mobilities in

graphene. For small k values, equation (2.7) can also be derived from the Dirac equation

for massless electrons [7]. In other words, the linear approximation of the tight-binding

Hamiltonian resembles the Dirac equation [14]. Thus, the naming "Dirac fermions" for

electrons in graphene is justified [7][13][15].

Besides high symmetry in the band structure, the unique properties of graphene arise

from the form of the wavefunctions, which are analogous to the spinor of a spin-1
2

particle

[13][14]. Having the eigenvalues solved, it is possible to obtain the wavefunctions for the

two valleys from the Schrödinger equation, yielding

  \label {wavefunctions} \begin {aligned} \psi _K(\mathbf {k,r})&=\frac {e^{i\mathbf {k\cdot r}}}{\sqrt {2}} \begin {bmatrix} 1 \\ \pm \frac {k_x+ik_y}{k} \end {bmatrix} =\frac {e^{i\mathbf {k\cdot r}}}{\sqrt {2}} \begin {bmatrix} 1 \\ \pm e^{i\theta _k} \end {bmatrix} \\ \psi _{K'}(\mathbf {k,r})&=\frac {e^{i\mathbf {k\cdot r}}}{\sqrt {2}} \begin {bmatrix} \pm \frac {k_x+ik_y}{k} \\ 1 \end {bmatrix} =\frac {e^{i\mathbf {k\cdot r}}}{\sqrt {2}} \begin {bmatrix} \pm e^{i\theta _k} \\ 1 \end {bmatrix} \end {aligned}  



















 

















 (2.10)

where ± denotes the conduction and valence band and the two-component structure is

due to the interpenetrating sublattices A and B [13][16]. θk is the angle between k and

rotated kx shown in figure 2.3 [7].
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Figure 2.3. For the linear approximation of the Hamiltonian the coordinates need to be
rotated both in a) K and in b) K’ valley [7]

The hexagonal structure of graphene leads to a shared electron density between sublat-

tices A and B. The way electrons are shared is reflected in the wavefunctions such that

a pseudospin degree of freedom can be related to them in the same fashion a true spin

is related to an electron [14]. Pseudospin "up" state means an electron in sublattice A

and "down" state an electron in sublattice B. Moreover, the hopping electron generates

an artificial magnetic field, leading to helicity, or equivalently, chirality, for a massless elec-

tron in graphene. Chirality is the opposite for the electrons in the valence and conduction

band. This results in backscattering suppression in the following manner: On the conduc-

tion band, electrons moving in opposite directions can not backscatter from each other,

and electrons on the valence band can not scatter from electrons on the conduction band

moving in the parallel direction [7]. In other words, components of the wavefunctions are

orthogonal if θk = π, and the scattering rate by Fermi’s Golden rule would result in zero

probability of scattering, assuming that the perturbing potential has a small k value on the

scale of the sublattices [7][13][16].

On the other hand, if electrons are not moving head-on on the conduction band or parallel

with electrons on the valence band, or if the perturbing potential is short-ranged (large k),

the symmetry between sublattices is broken and scattering probability is non-zero [7].

Such a potential can be due, for example surface edge roughness or vacancies [13][16].

The suppression of backscattering and low acoustic phonon scattering are responsible

for the high mobility in graphene [1][16].

2.1.1 Carrier concentration

Before stating the expression for the carrier concentration, the density of states DOS for

graphene needs to be obtained. This is achieved by following the usual way of defining the

density of states in k-space, g(k)dk, for a free particle in a two-dimensional particle-in-box
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potential. Thus, dividing a k-space volume element by the volume of k-space occupied

per allowed state [17]. By using the linear dispersion relation (2.7) for graphene to convert

g(k) → g(E) and total degeneracy g = 4 due to spin and valley degeneracy, the DOS

for graphene is

  g(E)=\frac {2\vert E\vert }{\pi \hbar ^2 v_F^2}. 



 (2.11)

Carrier concentrations can now be calculated by

  \label {densities} n=\int \displaylimits _0^\infty g(E)f_{FD}dE \quad p=\int \displaylimits _{-\infty }^0g(E)[1-f_{FD}]dE 




 




  (2.12)

where

  \label {Fermi_Dirac_eq} f_{FD}=\frac {1}{1+e^{E-\mu /(k_BT)}} 


  
(2.13)

is the Fermi-Dirac distribution for non-interacting gas of fermions [17]. In (2.13) kB is the

Boltzmann coefficient, µ is the chemical potential and T is the absolute temperature. At

the absolute zero tempertature, µ = EF and fFD becomes a step function. Thus, the

integrals 2.12 are easy to evaluate as [7][17]

  n=\frac {E_F^2}{\pi \hbar ^2v_F^2}. 





 (2.14)

EF is referenced at the Dirac point (E(k) = 0). It should be noted that if EF < 0

graphene is p-type and n-type if EF > 0 [7]. If the temperature dependence needs to be

accounted for, calculations must be done numerically or by the Sommerfeld expansion,

which approximates the integral (2.12) at 0 < T < µ/kB [17]. Sommerfeld expansion

yields

  n\approx \frac {E_F^2}{\pi \hbar ^2v_F^2}+\frac {\pi (\mathrm {k_B}T)^2}{3\hbar v_F^2} 









(2.15)

A fundamental property of graphene is the possibility of changing its carrier concentration

by field effect doping. In applications, doping is usually imposed by applying a voltage

from an external gate electrode. Positive (negative) voltage shifts the Fermi level up

(down) so that that graphene becomes n-type (p-type) [18]. The drawback of this seem-

ingly attractive property for applications is that any charge, even the unwanted, inside

or close to a sheet of graphene easily causes alterations to its local Fermi level. The

concentration can be experimentally defined from the gate voltage as
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  n=\frac {C_g\vert V_g-V_D\vert }{e}, 
 


 (2.16)

where Vg is the applied voltage to the gate, VD is the voltage at the Dirac point, Cg is the

capacitance between graphene and the gate electrode and e is the elementary charge of

an electron. Thus, the relation between the Fermi level and the applied voltage is [19]

  \label {conversion} E_F = sgn(V_g-V_D)\hbar v_F\sqrt {\pi n}    

 (2.17)

where sgn(x) is a sign function. Any reasonable doping level for applications can be

regarded to be in the conical regime of the band structure, |EF | ≪ |t| [13]. Thus, the

approximations made in the previous section hold. Moreover, the electronic states close

to Dirac points are of the most interest regarding photodetectors.

2.2 Properties

This section aims to introduce the most important properties of graphene: DC conduc-

tivity, permittivity and optical conductivity. Graphene can be modeled using two distinct

approaches: treating graphene as an extremely thin 3D material or as a truly 2D material

[7][15]. While the 2D approach is applicable for a general case, if all relevant quantities

in graphene sheet dimensions and incident radiation are much larger than the thickness

of graphene (d = 0.34 nm), both approaches yield the same result [7]. In this thesis,

the 2D approach is chosen. First, this section introduces the DC conductivity. Next, the

two different optical transition schemes are presented, after which the focus turns to the

permittivity. Then, optical conductivity is introduced and last, the absorption is presented

2.2.1 DC conductivity

Electrical conductivity (σDC) in a sheet of graphene is an intricate and nuanced phe-

nomenon. More so if graphene is manipulated internally or externally, as seen in struc-

tures for photodetectors, for example. The most obvious reason is the existence of a

pn-junction in GPDs where the Fermi-level crosses the Dirac point and the fact that no

analytical expression for the conductivity near and at the Dirac point can be found from

the literature. Subsequently, scattering processes in graphene are complex. Their quanti-

tative treatment is beyond the scope of this thesis, but short qualitative descriptions of the

most important scattering processes influencing the conductivity are provided. Due to the

absence of an analytical expression for conductivity near the Dirac point, a phenomeno-

logical expression employed in the model is introduced at the end of this section.

The semiclassical Boltzmann transport equation (BTE) works well in describing the elec-
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tronic properties of graphene, excluding the vicinity of the Dirac point where purely quan-

tum mechanical many-body effects dominate [7][13][20]. Under the random time approx-

imation RTA, assuming near-equilibrium conditions, homogeneous material, elastic scat-

tering and steady state condition, it can be shown that BTE combined with Ohm’s law

result in a general expression for conductivity in graphene such that

  \sigma _\mathrm {DC}=-\frac {e^2}{\pi \hbar ^2}\int \displaylimits _0^\infty \left (\tau (E)\left .\frac {df_{FD}}{dE}\right \vert _\mu + \tau (-E)\left .\frac {df_{FD}}{dE}\right \vert _{\mu \rightarrow \ -\mu } \right )EdE, \label {conductivity_general}   
















 







 (2.18)

where τ(E) is the momentum relaxation time [7]. The crucial part of equation (2.18)

is τ(E) which contains information of the different scattering processes. For a rigorous

treatment τ(E) should be calculated with the FGR or self-consistent Born approximation

for each scattering process. Approximating further, τ(E) can be extracted from the inte-

grand as an effective or average relaxation time τeff for all the free electrons contributing

to the surface conductivity [7]:

  \sigma _\mathrm {DC}\approx \frac {2\tau _{\mathrm {eff}}e^2\mathcal {E}_x}{\pi \hbar ^2}k_\mathrm {B}T\mathrm {ln}\left (2\mathrm {cosh}\frac {\mu }{2k_\mathrm {B}T}\right ) \label {cond_approx1}  













(2.19)

This is a widely accepted form for the DC conductivity of graphene far away from the

Dirac point, and as scattering is dominated by charged impurities. Close to absolute

temperature, the derivative of the Fermi-Dirac equation with respect to energy becomes

a delta function and τeff = τ(EF ). If (2.19) is evaluated at T = 0, it can be shown to yield

an analytical approximation [7]

  \label {cond_approx2} \sigma _\mathrm {DC}\approx \frac {\tau (E_F)e^2}{\pi \hbar ^2}\vert E_F\vert \propto \sqrt {n}.   



 


 (2.20)

One way to divide the scattering mechanisms into two groups is extrinsic and intrinsic

scattering. The extrinsic mechanisms include scattering from impurities, defects, grain

boundaries or surface phonons of the substrate. The intrinsic mechanisms include scat-

tering from acoustic or optical phonons of the graphene itself [7]. These can not be

removed by any method in any reasonable conditions for applications. Removing defects

can be very challenging as well. The other way is to divide the scattering mechanisms

into elastic or inelastic scattering. This is often done if quantitative treatment is desired. In

graphene, acoustic phonon scattering can be approximated to be elastic. Thus, the only

source of inelastic scattering is scattering from optical phonons [7]. Interband scattering

requires a change in energy; therefore, they must be inelastic. Intraband scattering can

be both elastic or inelastic [7]. For the topic of this work, special attention is required

for the phonon scattering, which will be discussed in chapter 3. Interband and intraband

transitions are elaborated in section 2.2.2.
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By substituting various expressions for τ(EF ), corresponding to different scattering

regimes, into (2.20), it is possible to understand the conductivity behavior far from the

Dirac point qualitatively. Although it correctly predicts linear dependency σDC ∝ |EF | in a

typical case of impurity scattering, the problem is that (2.20) indicates that conductivity is

zero when carrier density (Fermi energy) is zero [3][7][13][21]. This does not correspond

to the reality in graphene. The conductivity is not zero at the Dirac point, as illustrated in

Figure 2.4. Neither is the dependence

Figure 2.4. The solid lines represent the σDC(Vg) ∝ σDC(n) of five samples. The zero
conductivity levels are vertically shifted such that the horizontal dashed lines indicate the
zero conductivity for each sample. Dotted curves are fits. The quality of the sample is
expected to decrease from top to bottom. In the inset dashed lines depict σDC(n). The
inset is a close-up from the vicinity of the Dirac point. [21]

The origin of the minimum conductivity appears to be unclear among different authors.

The debate is about whether it is an intrinsic or extrinsic property of graphene. Katsnelson

[13] states that it would be an intrinsic property, whereas Wolf [3] claims the opposite by

saying that at T = 0 and µ = 0 ideal graphene is an insulator, and minimum conductivity

arises from external effects such as adsorbents. Katsnelson gives an extensive quantum

mechanical treatment to justify his arguments based on more recent research. Thus, his
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point of view sounds more solid and seems to be adopted more widely in the literature.

Nevertheless, in a graphene sheet placed on a substrate at room temperature, there are

always alterations in the potential energy, leading to puddle formation close to the Dirac

point. The full electronic structure should be considered to account for the puddle effect

properly. With this respect Katsnelson derives an approximation for the band structure of

graphene on hBN.

Qualitatively, the picture obtained from Tan et al. [21] and Katsnelson’s and Avouris’ [14]

books is the following: As the concentration and energy of the charge carriers decrease,

potential energy fluctuations induced by impurities or defects have a greater tendency

to capture electrons and holes into puddles. In a conventional material, there is a fi-

nite barrier dependent probability of tunneling between the puddles leading to percolation

current through the lattice [13]. As kinetic energy decreases further, the material turns to

dielectric. This transition is known as the Mott-Anderson metal-insulator transition, lead-

ing to the cessation of percolation current [13]. However, this transition does not occur

in graphene due to the Klein tunneling between the puddles. As a result, a small mini-

mum conductivity persists even at zero doping. The minimum conductivity depends on

the impurity concentration and defects. Lower sample quality intensifies resistant puddle

formation, reducing the minimum conductivity [21]. Nevertheless, Katsnelson asserts that

the theoretical minimum conductivity is of the order σmin ≈ e2/h, where h is Planck’s con-

stant. This aligns with the Klein tunneling theory, permitting tunneling through boundaries

of arbitrary width and height [14]. Katsnelson calls this kind of electron propagation as

evanescent transport [13].

In typical devices, the Fermi level undergoes significant changes. Particularly, in GPDs

there are usually at least one pn-junction in which it crosses the Dirac point [16]. There-

fore, it is crucial to have a model for the conductivity also in the proximity of the Dirac

point. As stated above, there exists debate about the exact transport mechanism in this

regime, and the complete theory is still bending. Additionally, due to the uncertainty of

the conditions on the graphene sheet (e.g., on Al2O3) and the complexity of the τ(E)

function, resorting to phenomenologically defined expressions for conductivity becomes

necessary.

By measuring the sheet resistivity ρ, for example by transfer length method, it is possible

to extract the sheet conductivity via the relation σ = ρ−1 [7][21]. For the gated design,

the mobility can be experimentally defined from the sheet conductivity as

  \mu _m=\frac {1}{C_g}\frac {d\sigma _{DC}}{dV_g}. 







 (2.21)

Many different approaches for the phenomenological model of the sheet conductivity can

be found in the literature. Song et. al. [22] and Freitag et. al. [11] defines it with a function
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  \label {cond_chosen} \sigma _{DC}=\frac {\sigma _{min}}{\Delta ^2}\sqrt {E_F^4+\Delta ^4} 







  (2.22)

governed by two fitting parameters: the minimum conductivity σmin and the neutrality

region width ∆. Both parameters describe the quality of the graphene. The minimum

conductivity σmin accounts for the fact that conductivity does not fall to zero and ∆ de-

fines the curvature at EF = 0, as depicted in Figure 2.4. Song et al. [22] state that

thermodynamical measures such as the Seebeck coefficient derived by utilizing (2.22)

agree with experimental results. Thus, this approach is adopted in this thesis.

2.2.2 Transitions

There are two possible transitions types occurring in graphene under optical excitation:

interband and intraband transitions [7][15][23]. Interband transitions, which predominate

at higher frequencies, involve the initial and final states located in different bands. In

contrast, intraband transitions, more prevalent at lower frequencies, occur within a single

band. It is noteworthy that both types of transitions contribute to absorption in the in-

frared (IR) regime [7]. Moreover, as illustrated in Figure 2.5, interband transitions exhibit

no momentum requirement due to the linear band structure of graphene. On the other

hand, intraband transitions require a significant momentum coupling from quasiparticles,

such as phonons [7]. The precise nature of this coupling is crucial for understanding the

dynamics of intraband transitions.[7].

Figure 2.5. Transitions in a) n-type b) p-type graphene at T = 0 K [7].

At the low temperature limit |µ| >> kBT transitions are more constricted. Interband

transitions can happen only if the energy of the incident photon is more than twice the

Fermi energy (ℏω > 2EF ) and intraband transition can happen only from the states at or



15

below the Fermi level to higher energy states above the Fermi level (Figure 2.5). However,

at finite temperatures the Fermi-Dirac distribution spreads and more transition schemes

become possible: interband transitions with energies below twice the Fermi level and

intraband transitions completely below or above the Fermi level as in Figure 2.6 [7][24].

Figure 2.6. Transitions in a) n-type b) p-type graphene at T > 0K [7]

In the DC limit, only the intraband transitions contribute to the conductivity [7].

2.2.3 Permittivity

Permittivity of 2D material can be derived from macroscopic Ampere’s law using complex

fields. It can be expressed in a form [7]

  \label {Ampere} \nabla \times \mathbf {H}=\epsilon _0\frac {\partial \pmb {\mathcal {E}}}{\partial t}+\frac {\partial \mathbf {P}}{\partial t}+\mathbf {J},  







  (2.23)

where H is the magnetic field, EEE is the electric field and P is macroscopic average polar-

ization of the material under electric field [7][25]. ∂P/∂t accounts for bound charges and

J for free charges [7].

Equation (2.23) can be transformed to frequency domain via Fourier transform yielding

[7][15][26]

  -i\omega \nabla \times \mathbf {H(\omega )}&=-i\omega \epsilon _0\pmb {\mathcal {E}}(\omega )-i\omega \mathbf {P(\omega )}+\mathbf {J(\omega )} \\ \nabla \times \mathbf {H}&=\epsilon _0\pmb {\mathcal {E}}+\mathbf {P}-\frac {\mathbf {J}}{i\omega }=\pmb {\epsilon }\pmb {\mathcal {E}}\\ \pmb {\epsilon }(\omega )&=\epsilon _0\left (1+\pmb {\chi (\omega )}\right )+i\frac {\pmb {\sigma (\omega )}}{\omega } \label {permittivity}     

  


 

     



(2.26)
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where σσσ is complex optical conductivity and χχχ is susceptibility. Compared to typical per-

mittivity for dielectrics ϵr = 1 + χ, the permittivity of graphene has contribution from the

conduction electrons as well. To explicitly account for the 3D approach, the susceptibility

and conductivity can be replaced by χχχ = χ̃χ̃χ̃/d and σσσ = σ̃σ̃σ̃/d, where χ̃χ̃χ̃ and σ̃σ̃σ̃ are sur-

face optical susceptibility and sheet conductivity, respectively. By applying these to (2.26)

results in [7][15][26]

  \label {3Dpermittivity} \pmb {\epsilon }(\omega )=\epsilon _0\left (1+\frac {\pmb {\Tilde {\chi }(\omega )}}{d}\right )+i\frac {\pmb {\Tilde {\sigma }(\omega )}}{\omega d}.  














 (2.27)

The expression above is basically just the Drude model model for a generic 2D material

as a 3D approximation [15]. The peculiarities of a particular 2D material arise from the

properties of the complex optical conductivity. For the true 2D representation it is possible

to define surface permittivity as ϵ̃ϵ̃ϵ̃ = ϵϵϵd. By comparing this to (2.27) it is easy to find out

that the 2D permittivity for finite thickness is of the form

  \Tilde {\pmb {\epsilon }}=\epsilon _0d+\epsilon _0\pmb {\Tilde {\chi }}+i\frac {\pmb {\Tilde {\sigma }}}{\omega }.     



 (2.28)

By letting d approach zero the true 2D permittivity is achieved [7]:

  \Tilde {\pmb \epsilon }=\epsilon _0{\Tilde {\pmb \chi }}+i\frac {\Tilde {\pmb \sigma }}{\omega }.    



 (2.29)

It should be noted that linear electric and optical properties of graphene are isotropic

in xy-plane (Figure 2.1) but anisotropic with respect to z direction. Conductivity can be

defined only in the xy-plane whereas susceptibility is defined as [7]

  \label {chi} \pmb {\Tilde {\chi }}(x,y)= \begin {bmatrix} \Tilde {\chi }_{\parallel }(x,y) & 0 & 0 \\ 0 & \Tilde {\chi }_{\parallel }(x,y) & 0 \\ 0 & 0 & \Tilde {\chi }_{\perp }(x,y) \end {bmatrix}.  


  

  

  

  (2.30)

χ̃∥ and χ̃⊥ should be calculated from density function theory by taking the full band struc-

ture, instead of Dirac cone approximation, into account [7]. From (2.30) it results that the

permittivity is a tensor of the form

  \pmb {\epsilon }= \begin {bmatrix} \epsilon _\parallel & 0 & 0 \\ 0 & \epsilon _\parallel & 0 \\ 0 & 0 & \epsilon _{\perp } \end {bmatrix} 


 

 

 

 (2.31)

where
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  \label {3Dpermittivity_parallel} \epsilon _\parallel =\epsilon _0(1+\frac {\Tilde {\chi _\parallel }}{d})+i\frac {\Tilde {\sigma }_\parallel }{\omega d}=\epsilon _\parallel '+i \epsilon _\parallel ''   



 




    (2.32)

and

  \epsilon _\perp =\epsilon _0\left (1+\frac {\Tilde {\chi }_\perp }{\omega d}\right )  








(2.33)

contributed only by the bound electrons [7].

2.2.4 Optical conductivity

There are several different approaches to derive the interband contribution of the optical

conductivity for graphene: utilizing Fermi’s Golden rule (FGR), the density matrix (DM)

approach or the Kubo formula. Fermi’s Golden Rule would be mathematically the most

straightforward approach. However, it does not consider the finite lifetime of the energy

levels and the dispersion in momentum space. These are included by turning to DM ap-

proach [7]. Most contemporary articles resort to the Kubo formula, but the DM approach

is even more comprehensive [27]. Thus, the interband optical conductivity obtained from

the DM approach is presented in this thesis. The intraband response is obtained from the

Drude model.

Density matrix approach accounts for the spectral broadening of the energy states by

introducing a parameter γ. It is the inverse of the lifetime of the carriers in interband

scattering [7]. By treating this parameter properly in the interaction Hamiltonian and the

following DM calculations it can be shown that the optical conductivity for interband tran-

sition yields [7]

  \sigma _\mathrm {inter}(\omega )&=-i\frac {e^2}{\hbar ^2\omega }\frac {g}{4\pi }\int \displaylimits _0^\infty 4E^2\left [\frac {f_0(-E)-f_0(E)}{(2E)^2-(\hbar \omega +i\hbar \gamma )^2}\right ]dE \label {interband_DM_cond} \\ &\overset {T=0}{=}-\frac {i\sigma _0}{\pi }ln\frac {2\vert \mu \vert +\hbar (\omega +i\gamma )}{2\vert \mu \vert -\hbar (\omega +i\gamma )}\label {interband_DM_cond_T0}.  















   










  

   
 (2.35)

At low frequencies the intraband transitions must be taken into account. These can be

approximated by the Drude model:

  \label {drude} \sigma _\mathrm {intra}(\omega )=\frac {\sigma _{DC}}{1-i\omega \tau _\mathrm {eff}}, 



 (2.36)

where σDC is the DC conductivity in (2.19). Combining it with the (2.36), yields the intra-
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band optical conductivity

  \label {intraband_cond} \sigma _\mathrm {intra}(\omega )=\frac {2e^2k_BT}{\pi \hbar ^2(\tau _\mathrm {eff}^{-1}-i\omega )}\mathrm {ln}\left (2\mathrm {cosh}\frac {\mu }{2k_\mathrm {B}T}\right ) 



 











(2.37)

The total optical conductivity is obtained by summing (2.37) and (2.34), yielding

  \label {opt_cond} \sigma (\omega )=\frac {2e^2k_BT}{\pi \hbar ^2(\tau _\mathrm {eff}^{-1}-i\omega )}\mathrm {ln}\left (2\mathrm {cosh}\frac {\mu }{2k_\mathrm {B}T}\right )-i\frac {e^2}{\pi \hbar ^2\omega }\int \displaylimits _0^\infty 4E^2\left [\frac {f_{FD}(-E)-f_{FD}(E)}{(2E)^2-(\hbar \omega +i\hbar \gamma )^2}\right ]dE 



 

























   




(2.38)

In the low temperature limit [7]

  \label {opt_cond_T0} \sigma (\omega )=\frac {e^2\vert \mu \vert }{\pi \hbar ^2(\tau _\mathrm {eff}^{-1}-i\omega )}-\frac {ie^2}{4\pi \hbar }\mathrm {ln}\frac {2\vert \mu \vert +\hbar (\omega +i\gamma )}{2\vert \mu \vert -\hbar (\omega +i\gamma )}. 



 





  

   
 (2.39)

2.3 Absorption

Once the optical conductivity is found, it can be plugged into expression (2.27) for the

permittivity. Consequently, the permittivity can be used to derive the absorbance A. To

simplify mathematics, the 2D permittivity is redefined as

  \Tilde {\epsilon }_{\parallel }=i\frac {\Tilde {\sigma }_{\parallel ,\mathrm {eff}}}{\omega }  



(2.40)

where σ̃∥,eff = −iωϵ0χ∥̃ + σ̃∥.

Making use of boundary conditions at graphene-dielectric interface arising from Maxwell’s

equations [7][28] and assuming incident light normal to graphene on a substrate the spec-

troscopic measures for the 2D model yield

  \mathcal {R}&=\left \vert \frac {n_1-n_2-Z_0\Tilde {\sigma }_{\parallel ,\mathrm {eff}}}{n_1+n_2+Z_0\Tilde {\sigma }_{\parallel ,\mathrm {eff}}}\right \vert ^2, \\ \mathcal {T}&=\frac {4n_1n_2}{\vert n_1+n_2+Z_0\Tilde {\sigma }_{\parallel ,\mathrm {eff}}\vert ^2}, \label {2Dtransmission} \\ \mathcal {A}&=1-\mathcal {R}-\mathcal {T}=\frac {4n_1Z_0\Tilde {\sigma }_{\parallel ,\mathrm {eff}}'}{\vert n_1+n_2+Z_0\Tilde {\sigma }_{\parallel ,\mathrm {eff}}\vert ^2}, \label {2Dabsorbance}

   
   

 




    


    





    
 (2.43)

where R is the reflectance, T is the transmittance, A is the absorbance, ni are refractive

indices of the materials above and below graphene sheet, respectively and Z0 is the
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impedance of the vacuum [7].

For a suspended graphene sheet, at optical wavelength corresponding to 1.96 eV, as

an example, the permittivity is ϵ∥ = ϵ0(5.36 + 7.64i) such that Z0σ̃
′
∥,eff = 0.025 ≪ 1.

Under this assumption and by neglecting the imaginary part of σ̃∥,eff to account only for

the absorption, it is possible to write σ̃∥,eff = σ̃∥ = σ0 and therefore (2.43) becomes

  \mathcal {A}=1-\mathcal {R}-\mathcal {T}=\frac {Z_0\Tilde {\sigma }_0}{\vert 1+Z_0\Tilde {\sigma }_0/2\vert ^2}\approx Z_0 \Tilde {\sigma }_0=\pi \alpha _f, \label {2Dabsorbance_approx}    


 
     (2.44)

where αf = e2/4πϵ0ℏc ≈ 1/137 ≈ 0.023 is the fine structure constant. Therefore, each

graphene layer adds 2.3% to the absorption.

In the structure regarded in this thesis, the incident field exciting the carriers spreads

evanescently from the waveguide under the graphene sheet. Thus, the above descrip-

tion is not applicable as such. To estimate the absorption along the waveguide a Beer-

Lambert law is used yielding

  P_{abs}=P_{in}(1-e^{-\alpha W}),      (2.45)

where Pabs is the absorbed power, Pin is the input power from the waveguide, W is

the width of the graphene channel and the absorption coefficient α = 4πn′′

λ
, where n′′ =√︃

(−ϵ′∥ +
√︂
ϵ′2∥ + ϵ′′2∥ )/2 is the imaginary part of the complex refractive index [29][30][31].

For a rigorous treatment of the absorption, the equation

  PdV=\frac {\omega }{2}\epsilon _\parallel ''\vert \pmb {\mathcal {E}}\vert ^2dV 



 (2.46)

should be used by integrating irradiance (P ) over the simulation regime and normalizing

to the input power [2][15].

2.4 Graphene pn-junction

There are some significant differences between semiconductor and graphene pn-

junctions. Conventional semiconductors have band gaps and can be doped to n- or p-type

by impurity atoms. Oppositely doped areas are separated by a depletion region across

which there is an internal potential barrier [14][32]. Carrier dynamics by diffusion and

drift in and over this barrier under external bias is the origin of the rectifying property of

these pn-junctions [14][32]. Graphene pn-junctions are different in that they do not rectify

[16]. Although a transition region exists, the carrier density crosses the Dirac point in the

junction, and the unusual transmission properties are governed by the Klein phenomena
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instead of drift and diffusion [13][14]. As a result, a linear IV response is expected [16].

At low carrier densities, the transport is affected by e-h puddles and disorder [14]. This

section introduces electron transport over the transition region by considering it both as

an abrupt and a graded junction. Moreover, the difference in conductance of n+n- and

a pn-junction are explained for both cases. Despite strenuous efforts, a similar rigorous

treatment for the graphene pn-junctions as for the semiconductor pn-junctions has not

been found. It might even be the case that such a description does not yet exist. Instead,

the prevailing point of view on graphene pn-junctions is in analogy with optics due to the

ballistic travel of electrons in nearly defect-free graphene [14].

The condition for the abrupt junction is kFD < 1, where kF is the Fermi wavevector de-

fined as kF = EF/ℏvF and D is the junction thickness [14]. Abrupt pn-junction can be

treated as a surface where the doping levels on each side are analogous to the refractive

indices across the surface and electrons are defined as rays [14][16]. By applying bound-

ary conditions in similar fashion as in electromagnetism it can be shown that [13][14]

  \label {boundary_condition_eq} \frac {\mathrm {sin}\theta _{k,\mathrm {i}}}{\mathrm {sin}\theta _{k,\mathrm {t}}}=\frac {k_\mathrm {t}}{k_\mathrm {i}}=\frac {E_{F,p}}{E_{F,n}}, 











 (2.47)

where θk,i is the incident wavefunction angle, θk,t is the transmission angle, EF,p is the

Fermi level at the p-side and EF,n is the Fermi level at the n-side.

Another approach is to treat the pn-junction as an infinite-length potential barrier [13].

Quantum mechanical calculation with linear band structure and spinor-like wavefunction

reveals that transmission through the barrier is due to the Klein tunneling [13]. By both

approaches, it can be shown that the transmission yields

  \label {abrupt_transmission} T_\mathrm {tunnel}(\theta _{k,\mathrm {i}})=\mathrm {cos}^2\theta _{k,\mathrm {i}},    (2.48)

which means that tunneling probability Ttunnel of electrons over a barrier of an arbitrary

height or width at normal incidence is unity as shown in Figure 2.7 [16][13][14]. This is the

contemporary definition of Klein tunneling, and it is equivalent to the forbidden pseudospin

flip (section 2.1) leading to the suppression of backscattering [7][13][16][14].
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Figure 2.7. The angle dependence of the transmission for abrupt pn-junction at red and
smooth junction at black [16]. Vertical axis represents the transmission and the values at
the semicircle represent the angle θi

The boundary conditions require matching tangential components of the wavefunctions

(2.10) on each side of the junction. Thus, non-zero ky = kxtanθk,i implies non-orthogonal

wavefunctions and scattering probability by the FGR yields a non-zero value. Thus, due to

this wavefunction mismatch, reflection begins to occur and transmission decreases (Fig-

ure 2.7) [14][16]. To obtain the overall reducing effect on scattering, equation (2.48) must

be averaged over the angles or kys accordingly. Consequently, due to the wavefunction

mismatch, the conductance of an abrupt pn-junction is less than n+n-junction (2.47) [16].

It is very difficult to achieve conditions for an abrupt junction. Thus, in practice the junc-

tions are usually graded. At normal incidence electrons tunnel through the junction with

unit transmittance by Klein tunneling as before, but at angles θk ̸= 0 a gap opens (Figure

2.8) [16][14]. The energy and ky are fixed, but kx "sweeps through" the zero. Thus, at

kx = 0 an apparent band gap is formed and electrons must tunnel through it to reach the

p-side [16]. This causes "Klein collimation" of the transmission probability as shown in

Figure 2.7 [13].
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Figure 2.8. The angle dependence of the transmission for a smooth junction [14]

Using the exact solutions of the Dirac equation in an electric field and Wentzel-Kramers-

Brillouin (WKB) -approximation it can be shown that the transmission through a graded

junction is [16][13]

  T(\theta )\approx e^{-\pi k_Fd\mathrm {sin}^2\theta }=e^{-\pi E_G^2/(2e\hbar v_F\mathcal {E})},     
  (2.49)

where EG = 2ℏvFkF sinθ is the band gap, E = 2ℏvFkF/(eD) is the electric field over

the transition region [16][13]. The difference in the conductance of n+n and a graded pn-

junction is due to the fact that the Fermi level does not pass through the Dirac point in n+n

junction [16]. Thus, there are states at both sides for the electrons to flow to [16].

From what I have read about graphene pn-junctions, the physics is not yet ready to predict

accurately the carrier behavior close to the Dirac point to explain carrier dynamics in a

disordered graphene pn-junction. According to Katsnelson [13], many-body quantum

theories are the correct approach to enlighten the issue. Thus, it seems appropriate to

end this section by quoting the last sentence in his book [13]:

"The issue definitely requires more experimental and theoretical studies but it can be

that the many-body effects do transform semimetallic graphene to insulating but without

broken symmetry and gap formation, due to suppression of the transport via evanescent

waves."
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3. PHOTODETECTION

A photodetector is a device that converts an optical signal to an electrical one, which can

then be read as a voltage difference or electrical current [7][23]. Graphene photodetec-

tors have several structural and operational designs, from a transistor structure to complex

plasmonic and multilayer heterostructures [33]. This thesis studies MGM transistor struc-

ture for which three different photocurrent generation mechanisms are the PV effect, PTE

effect and bolometric effect. Biased graphene photodetectors have high dark currents,

shot noise, power consumption, and excess joule heating [4]. Therefore, the focus of this

thesis is on unbiased devices, in which the bolometric effect is negligible [11][12]. Thus,

the bolometric effect is not considered in this thesis. The section begins by describing the

PV and PTE effects briefly in a general, device structure-independent manner. The more

formal quantitative description of these effects for the specific MGM structure is in section

5.2. Then, the key FOMs of photodetectors are introduced. Last, the responsivities RC of

the current state-of-the-art devices are gathered in a table.

3.1 Photovoltaic effect

If incident photon energy is high enough (ℏω > 2EF ), it can cause an interband transition

in graphene creating e-h pairs as was discussed in section 2.2.2. Photovoltaic (PV) effect

arises from an electric field EEE (Figure 3.1) separating these e-h pairs [34]. After the ex-

citation, the hot non-equilibrium electrons thermalize rapidly (∼ 50 fs) via e-e scattering

establishing a hot equilibrium carrier density [4][7][34]. Thus, hot carriers are regarded

to be at an elevated temperature Te separated from the lattice temperature Tl. Hot elec-

trons must find their way to the contacts before they are relaxed by lattice electrons (el)

or acoustic phonons (pha). Electron-acoustic phonon (e-pha) scattering in graphene is

relatively slow, on the order of a nanosecond. However, disorders speed up this process

dramatically. Consequently, the typical momentum relaxation times are reduced to the

order of picoseconds. As the doping level increases, the e-el scattering process between

lattice and hot electrons increases, as well [7]. Thus, electrons relax faster, and the PV

effect is less effective [7][11][35]. On the other hand, if the energy of the photon is in-

creased, the photovoltaic current increases since there are more free states for electrons

to get excited to. Hot equilibrium cools via electronic diffusion and e-pha scattering [4].
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Figure 3.1. The electric field EEE in a graphene pn-junction. Carriers drift in analogy to
conventional semiconductor pn-junction.

The electric field separating the e-h pair can be either external due to source-drain biasing

or field effect doping by split gates (SG) or built-in due to the work function difference be-

tween the contact metal and graphene [23]. If external bias is employed, the dark current

increases accordingly since even at the Dirac point, where DOS vanishes, graphene con-

ducts due to the evanescent electron transport described in sections 2.2 and 2.4 [13][23].

Since this thesis studies unbiased and uniformly gated graphene channel, the built-in

electric field driving the PV effect is located near the metal contacts. Under metal con-

tacts the Fermi level of graphene gets pinned to a specific value, which is determined,

in an ideal case, by the work function difference between the graphene and the metal

[23][4]. However, several sources report differing values for the same graphene-metal

pairs. These results are gathered, analyzed and referenced in Matsumotos’s book [36].

The outcome from his review is that the issue is not yet solved. Nevertheless, factors af-

fecting the pinned level are the grain size and exposed plane of the metal, resist residues

on graphene, the bonding type between graphene and metal and substrate material with

its surface treatments [36]. However, the doping under the contacts is not affected by the

applied gate voltage.

In the graphene channel, instead, the gate voltage can be utilized to dope the channel to

a desired Fermi level [18]. Thus, the channel side of the junction is adjustable. All combi-

nations, pn, p+p, np and np+ are possible, depending on the choice of contact metal and

conditions mentioned in the paragraph above. An asymmetry in the potential or structure

must be present in the channel to produce a net current via the PV effect. As an exam-

ple, as was discussed above, metals dope graphene differently. Thus, a built-in field over

the graphene channel could be produced by selecting the contact metals appropriately.
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Another approach would be breaking the symmetry with an asymmetric structure. If the

waveguide or the laser spot is shifted towards the other contact, the evanescent field ex-

citing the e-h pairs would extend more intensely or only on the junction in the vicinity of

the contact closer to the excitation source, producing a net current. Otherwise, the field

would yield the same number of e-h pairs at both junctions, and currents with different

polarity would result in zero net current. The direction of the electric field in the junction

depends solely on the relative doping levels. Moreover, the direction of the electric field

defines the direction of the current [23]. Like conventional semiconductor junctions, the

junction width increases as the doping levels decrease [37]. Despite strenuous efforts, the

exact relationship between the doping and junction width, D (Figure 5.1), was not found

in the literature. Moreover, a review in Matsumoto’s book [36] declares that a discrepancy

between experimental results and theory prevails.

3.2 Photothermoelectric effect

Thermoelectric effect means the conversion of heat to electrical energy. In graphene, it

is driven by an electron temperature gradient [22][38]. A crude qualitative understanding

of the thermoelectric effect can be achieved by considering a rod of a semiconducting

material for which one end is in a heat bath. Electrons gain kinetic energy from the heat

bath and move towards the cooler part of the structure faster than the cooler ones move

towards the heat bath, generating a pile-up of electrons to the cold end [38]. As a result,

an electric field pointing towards the cold end emerges, counteracting the hot electron

migration as shown in Figure 3.2 [38].

Figure 3.2. The electric field EEE in the thermoelectric effect. TH and TC denotes the hot
and cold bath, respectively. VAB is the thermoelectric voltage between A and B.

The material parameter describing the strength of the thermoelectric effect is the See-

beck coefficient S [38]. The fact that hot carrier distribution arises fast, within ∼50 fs,

and can be sustained on the order of ∼3 ps, combined with high mobility and Seebeck

coefficient, makes graphene particularly suitable for PTE. As a result, the photo-excited

carriers produce an electronic temperature profile along the graphene channel strongly

affected by carrier multiplication [22]. Once hot non-equilibrium electrons thermalize, they

may excite additional hot carriers by impact ionization due to the interband scattering and

impact excitation due to intraband scattering [39]. Thus, the hot equilibrium carrier density
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increases and internal quantum efficiencies above 100% can be observed [4][22].

For rigorous treatment of the PTE effect the full heat transport equation should be studied.

Heat transport equation is [39]

  \label {heat_transport} c_e\frac {\partial T_e}{\partial t}=\dot Q +\kappa _e\nabla ^2T_e-\nabla \cdot \left [(V+\Pi )J)\right ], 



         (3.1)

where ce is the electronic heat capacity, Q̇ is the external heat power, κe is the electronic

thermal conductivity of graphene and Π is the Peltier coefficient. The second term on the

right hand side is the Fourier’s law of conduction which basically describes the heat trans-

fer due the electron diffusion [39][40][41]. The last term describes the thermoelectricity,

which includes electric current density as [39]

  \label {current_density_heat_eq} J=\sigma _{DC}(-\nabla V-S\nabla T_e).     (3.2)

The connection between Peltier and Seebeck coefficients is via Onsager reciprocity re-

lation S = Π/Te [17][39]. The Seebeck voltage is defined from (3.2) as an open-circuit

voltage (J = 0) yielding

  V_\mathrm {PTE}=-S\nabla T_e    (3.3)

The Seebeck coefficient can be calculated from the Mott equation which is derived using

Sommerfeld expansion. Thus, it is valid only in the limit kBT << EF [23][39]. The Mott

equation for the Seebeck coefficient is

  \label {Seebeck_coefficient_eq} S=-\frac {\pi ^2k_B^2T_e}{3e}\frac {1}{\sigma _{DC}}\frac {\partial \sigma _{DC}}{\partial \mu } 










(3.4)

Seebeck coefficient varies spatially along the channel as a function of the Fermi level.

The regions with high value of Seebeck coefficient overlapping with high thermal gradient,

produce a PTE voltage

  \label {V_PTE_eq} V_\mathrm {PTE}=\int S(x)\partial _xT_edx, 


 (3.5)

where integration is over the whole graphene channel [4][23][39]. Current is just potential

divided by the total resistance Rtot over the channel

  \label {I_PTE_eq_1} I_\mathrm {PTE}=\frac {1}{R_\mathrm {tot}}\int S(x)\partial _xT_edx 





 (3.6)
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The current direction in PTE effect changes several times once the Fermi level is swept

from p- to n-type, making its dominance distinguishable from the PV effect [7][22][11].

This can be elaborated by considering two graphene regions with different Fermi levels,

as in pn-junction [7]. Figure 3.3a represents the Seebeck coefficient as a function of

the Fermi level, which equals the chemical potential at T = 0 K. Figure 3.3b describes

how the PTE current direction depends on the doping levels on each side of the junction.

The white arrow in figure 3.3b represents a situation where the Seebeck coefficient is

fixed at one side of the junction (the contact) S1 = S(µ1,C) = constant, while on the

other side (the channel) the Seebeck coefficient is allowed to vary by altering the gate

voltage. Representative values along the arrow are µ2,i, where i = {1, 2, 3, 4} [7][22].

Corresponding values for the Seebeck coefficient, S(µ2,i) are represented in figure (3.3a),

as well [7].

(a) Seebeck coefficient as a function of chemical
potential

(b) Voltage as a function of chemical potentials
µ1 and µ2

Figure 3.3. Sign of the photothermoelectric current [7]

Assuming an abrupt pn-junction and symmetric temperature profile Te with a gradient

∂xTe all centered at x = 0, the current direction is dictated by the sign of ∆S = S1 − S2.

Seebeck coefficients at different points are such that S1 < S2 at points 1 and 4 and

S1 > S2 at point 3 (n+n) leading to a two-fold sign change in current as the chemical

potential µ2 (aka gate voltage of side 2). At the point 2 S1 = S2, yielding a zero voltage

[7].

Two limiting cases could help link the above reasoning to equation (3.6) and increase

understanding about the design issues of the structure. First, if the Fermi level is constant

across the pn junction (equal to no junction), then S(x) = constant = even function. If

light excitation also produces a symmetric temperature distribution across the graphene

channel, the gradient of it would be an odd function. The product of the even and odd
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functions is odd. Thus, net current by equation (3.6) would yield zero. This is equal to

saying the current is the same but opposite on either side of the junction or channel. On

the other hand, if the Fermi level changes, gradually or step-wise, across the pn-junction

from µ(S1) to µ(−S1) it will be an odd function as figure 3.3a elaborates. Multiplication

of two odd functions yields an even function. Thus, a net current is produced. Second, if

the Fermi level is constant, but the temperature gradient is shifted in x, the product of the

two functions is not even nor odd. Thus, a net current is produced.

Two conclusions can be made from the above discussion. First, to obtain a net current,

an asymmetry must exist in the Seebeck coefficient or thermal gradient [4][7]. Second,

to obtain a maximum contribution to PTE from Seebeck coefficient (3.4), the Fermi level

should be chosen such that S1 = S(−µ) = −S(µ) = −S2 at the optimum µ [4]. Figure

3.3a shows that the maximum Seebeck coefficient is at quite a low doping level. Accord-

ing to Vangelidis et al. [4], the optimum doping is ±0.06 eV for the structure they modeled.

Also, the maximum temperature increase is obtained close to the Dirac point since Te ap-

proaches zero as ce approaches zero and ce approaches zero as EF approaches zero

[4][39][42]. The optimum Fermi level is a matter of many factors. The quality of the

graphene is one of the most important ones. Impurities affect the mobility, charge neutral-

ity region width and minimum conductivity [21][13]. Thus, to minimize defects, epitaxially

grown graphene could be encapsulated in hBN, grain size in the chemical vapor dispo-

sition (CVD) grown graphene should be maximized [1][2]. Another important source of

impurities is the transfer process of graphene onto the substrate and consequent pattern-

ing. The resist residues, cracks, unwanted folding or strain should be avoided [2].

3.3 Figure of Merits

Various FOMs exist for photodetectors, each serving a distinct purpose. In the context

of this thesis, particular emphasis is placed on examining and modeling the responsivity

as the primary FOM. However, it is prudent to introduce additional noteworthy FOMs to

provide a more comprehensive understanding of the topic.

The energy of an incident photon is Ephoton = hν = ℏω and the input power is Pin.

Thus, the number of incoming photons per second is ϕin = Pin/ℏω and the number of

absorbed photons per second is ϕabs = ϕinAabs, where Aabs is the absorbed fraction [23].

The induced photocurrent is Iph = Q/t = eN/t = eϕe, whereN is the number of carriers

and ϕe is the electron flux out. With these quantities, it is possible to define the external

quantum efficiency (EQE) and internal quantum efficiency (IQE). The external quantum

efficiency is the relation between the e-h collection rate and incoming photon rateEQE =

Iph/(eϕin) = AabsIQE. It describes how well the system converts incident photons

to current [23]. Every absorbed photon may not produce a collectible e-h pair. This

internal loss is captured by the internal quantum efficiency, IQE = Iph/(eϕabs). However,
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an absorbed photon in graphene may induce several photons via carrier multiplication,

yielding IQE > 1.

The responsivity, R, is expressed as the ratio of the photoinduced current and the input

power [23]. It elucidates the extent to which the input power is converted into electric

current [33]. This definition is valid at the linear regime of photoresponse [43]. It can also

be determined via external quantum efficiency EQE [43] as

  R=\frac {I_\mathrm {ph}}{P_\mathrm {in}}=\frac {EQEe}{\hbar \omega }=\frac {EQEe\lambda }{hc}. 











 (3.7)

In this thesis the responsivity is divided into external RE and internal RI depending

whether the losses are taken into account by EQE or IQE, respectively. Additionally,

the current responsivities are separated from voltage responsivities by denoting them

by RA and RV , respectively. Combination of the above notations are realized with two

subscripts.

Signal-to-noise ratio (SNR) represents the detectors ability to detect low intensities and it

is defined as SNR = Pin/(NEP ), where NEP is the noise-equivalent power (NEP) of

the detector [43][44][45]. Essentially, NEP is a device parameter that defines the smallest

possible detectable power defined as an input power which yields SNR = 1 at 1Hz

output bandwidth [45]. The smallest NEP is achieved at the highest responsivity [43].

The inverse of the NEP is called detectivity (D), and specific detectivity (D∗) is detectivity

divided by the device area. It can be defined with an equation

  D^*=\frac {\sqrt {ABW}}{NEP}, 





 (3.8)

where BW is the electrical bandwidth [23]. When operated at zero source-drain bias to

function as a photogenerated voltage source, the main contribution to noise in PTE-GPDs

comes from thermal noise [2].

Table 3.1 gives insight to the current status of the MGM detectors.
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Synthesis Principle Effect Responsivity [A/W]* Bias [V] Year Ref.

CVD SG PTE 0.01 (1.5) 0 2022 [46]

ME SG PTE 0.69 (90) 0 2021 [47]

CVD SG PTE 0.03 (3.5) 0 2021 [48]

CVD SG PTE 0.05 (6.0) 0 2020 [49]

CVD SG PTE 0.09 (12.2) 0 2019 [2]

CVD MGM PV 0.001 0 2019 [50]

CVD MGM PV 0.02 0 2018 [51]

ME SG PTE 0.05 0 2018 [52]

ME SG PTE 0.04 0 2016 [53]

ME MGM PTE 0.08 0 2015 [41]

CVD MGM PV 0.02 0 2014 [5]

ME MGM PV 0.03–0.05 0 2013 [54]

ME MGM PV 0.02 0 2013 [55]

Table 3.1. Bench-marking responsivities [56]. *Values in parenthesis as given by the
authors in units of V/W. RA values are calculated by dividing with resistance Rtot = 130Ω
used in this thesis for 3 µm long graphene channel.

As can be seen from the table 3.1, most of the current photodetector designs concentrate

on PTE effect. Moreover, as discussed more in the next section, the earlier studies might

be erroneously claimed to be due to the PV effect. The perceivably higher value for the

responsivity in the second row, 0.69 A/W, was achieved by integrating a GPD, made from

high quality mechanically exfoliated (ME) graphene, to a silicon microring resonator.

3.4 Contributions of the effects

Device configuration, design geometry and mode of operation are the main factors affect-

ing the dominating effect [2]. In unbiased MGMs, both PTE and PV effects contribute to

the photocurrent generation [4]. Many papers, including Freitag et al. [11], Koppens et

al. [23] and Vangelidis et al. [4], state that in unbiased MGM photodetectors PTE is the

dominating effect. Most of them even assume PV effect negligible. All of these studies

base their assumption on an article written by Song et al. [22]. Although the structure in

that work is MGM, it has a dual gated pn-junction in the middle of the channel, and light

excitation is implemented with a laser spot symmetrically in the middle of the junction and

the graphene channel. Other works do not share the same configuration or geometry.

Thus, it raises doubt about the validity of the assumptions made. For example, there exist
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a broken chain of articles from Song to Shiue [41] to Vangelidis [4]. Song rules out the

contribution of PV effect by valid assumptions and rigorous calculations. Shiue, on the

other hand, assumes these are valid also for an asymmetric waveguided configuration

without further justifications. Vangelidis leaves the PV effect out of consideration based

on Shiue’s statements. Moreover, early works such as Schall et al. [5] claim the current

of an asymmetric structure rise from the PV effect, but the model developed by Vange-

lidis et al. [4] predicts it to be due to the PTE effect. The time difference between these

two articles is eight years, indicating rapid evolution or ambiguity in the field. Because of

these peculiarities, this thesis considers both effects.

In most contemporary papers, the dominating effect is identified solely by counting the

times the current changes direction while the graphene channel is doped from p- to n-

type or vice versa [11][34]. In the PV effect, the current is reversed only at the flat band

condition. In contrast, in the PTE effect, the current changes sign two times according to

equation (3.4), as was described in the previous section. As a result, optimizing the PTE

effect is the prevailing paradigm to improve GPDs. The focus is primarily on increasing

the temperature gradient in the channel.
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4. METHODS

This section introduces the device structure and the fabrication and characterization

methods. First, the device structure, accompanied by the fabrication steps and the rele-

vant parameters, are presented. Then, the measurement setup and protocol employed to

acquire the data for modeling are introduced.

4.1 Device structure and fabrication

Figure 4.1 shows a schematic illustration of the device structure. From the bottom up,

the structure is as follows: P-type silicon (p-Si) wafer of thickness 675 µm is used as

a substrate on which a low-pressure chemical vapor deposited (LPCVD) silicon dioxide

(SiO2) layer of 3.4 µm is grown from tetraethyl orthosilicate (TEOS). This layer serves as

a bottom cladding for the optical mode. Next, 150 nm of LPCVD silicon nitride (Si3N4) is

deposited on SiO2. A 25 nm deep ridge waveguide is etched into this layer. The width of

the waveguide (w) is 2 µm and the distance from the contact is (l) as depicted in Figure

4.1. To increase graphene adhesion, a very thin layer (3 nm) of aluminum oxide (Al2O3)

is grown by atomic layer deposition (ALD) on Si3N4.

Figure 4.1. A cross section of the device structure. The dimensions are not-to-scale. b is
the shift parameter discussed more detailed in section 5.
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The source and drain contacts are fabricated by the lift-off method, where patterning

is made with electron beam lithography (EBL) and 3 nm titanium plus 30 nm of gold

is evaporated. Titanium is to enhance adhesion. The distance between the contacts,

forming the graphene channel, is confirmed with an atomic force microscope (AFM). The

graphene sheet is semi-dry-transferred on the whole wafer, after which it is dry-etched

with oxygen plasma with 200 W (3 x 5 min) to a rectangular shape connecting and partially

overlapping the contacts. To improve the graphene-Au contact, the wafer is annealed

in a vacuum oven at 300 ◦C for 4 hours. Conformality with the underlying structure is

assumed. In Figure 4.1, the graphene channel length is illustrated by L and with a yellow

line in Figure 4.2.

Figure 4.2. Top view of the device structure (non-contact AFM). The direction of the
incoming light is indicated by the yellow arrow. The waveguide is indicated by turquoise
and gold contacts by purple color.

Another layer of ALD Al2O3 (50 nm + 1 nm evaporated seed layer) is grown on graphene

for passivation and to serve as a gate oxide. Next, a 45 nm thick indium tin oxide (ITO)

layer, with oxygen content approximately 0.6%, is sputtered to serve as a gate. The

patterning is done with a maskless aligner. The gate widths were supposed to match

the width of the channel. However, due to the under-etching and alignment accuracy

the devices have uncertainty of several hundreds of nanometers in the gate coverage of

the graphene channel. The top cladding is 800 nm of plasma-enhanced chemical vapor

deposited (PECVD) SiO2. The vias through SiO2 are produced by buffered hydrofluoric

acid ethcing. Next, the probing pads are fabricated by sputtering 7 nm of titanium and

100 nm Au and patterning them with maskless aligner.

One of the most important aspects of the structure is its asymmetricity. The waveguide is

shifted towards the other contact, as seen from Figures 4.1 and 4.2, in which the waveg-
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uide is indicated by turquoise and gold contacts by purple color. It should be noted that

asymmetry also arises from the fact that pn-junctions are at the contacts and not aligned

with the temperature profile as was assumed in the discussion in section 3.2. Devices

with different l and L were manufactured to investigate the different geometries. Figure

4.3 shows a top view of the devices without the probing pads. Light is coupled in and out

of the waveguide via diffraction gratings.

Figure 4.3. Top view of the device structure (optical microscope). The width of the
graphene channel is denoted by W .

The width (W ) of the graphene sheet along the waveguide direction was also altered.

4.2 Measurements

In this section, the measurement setup and protocol are introduced. The focus of this

thesis is on the photoresponse of the gated devices. Thus, the protocol is presented in

this respect. The setup to characterize the detectors is introduced first, after which the

measurement protocol is described.

4.2.1 Setup

Figure 4.4 shows the overall measurement configuration. The measurements are done

in MPI’s TS-2000D probing station with integrated dark box. The chip is positioned on

a programmable, servo driven and xyz-controllable vacuum chuck in the middle of the

setup. On top of the assembly is a microscope equipped with a camera.
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Figure 4.4. The measurement setup

Two manually adjustable triaxial probes, one coaxial probe and two piezo-controlled

hexapods (Smarpod 110.45) stand on a table, actively isolated from the environmental

vibrations. The hexapods have nanometer-resolution linear and micrometer-resolution

rotational axes and are equipped with custom-made fiber arms. The probe and hexapod

are illustrated in Figure 4.5.

(a) The triaxial probe with a brass probe tip
holder.

(b) The Smarpod 110.45 hexapod without the
fiber arm.

Figure 4.5. The probe and hexapod.
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The tungsten probing tips are attached to the brass probe holders, and the optical fibers

are attached to the fiber arms. An in-line fiber polarization controller CPC900 from Thor-

labs is used to optimize power transmission through the waveguide.

To reduce the interference effects (compared to lasers), a broadband (90 nm at -3dB)

superluminescent diode S5FC1550P-A2 from Thorlabs is used as the light source. It

emits 45◦ polarized light. The fibers from the source to the polarizer are polarization

maintaining (PM), single mode (SM) at the polarizer and PM after the polarizer until the

cleaved fiber end serving as the input fiber (Figure 4.6). Output fibers are SM since only

the power inside it is of interest. The output power is measured with a HP 81531A InGaAs

power sensor.

The electrical signals are controlled via a parameter analyzer comprising of Keysight

M9019A PXIe chassis, with three M9601A source measurement units (SMU). One SMU

is assigned for each probe assigned to source, drain and gate probing pads, shown in

Figure 4.6.

4.2.2 Protocol

Figure 4.6 shows the tips and fibers ends at the measurement position. The protocol to

obtain the arrangement is the following: First, the probe tips are manually adjusted slightly

above the pads.

Figure 4.6. A microscope image of the probes and fibers set to contact.

Second, the fibers are brought on the gratings. The chuck is then driven in the z-direction

such that the tips are in contact with the pads and fibers are ∼1 µm distance away from

the gratings. Fibers are also tilted 10◦ with respect to the chip surface normal to match

the design angle for the gratings. Then, the fibers are moved in x and y to find an initial

signal through a reference waveguide. Third, the polarization in the input fiber must be
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matched to the designed polarization for the grating and waveguide. The designed mode

for the Si3N4 waveguide is transverse electromagnetic (TE). The polarization in the input

fiber is tuned by inducing strain to the fiber with the polarizer, resulting in birefringence.

After the polarization is set, the fibers are locked in place by taping them to the frame. If

the fibers are moved, the polarization changes, the optimum coupling between the grating

is lost, and the waveguide does not carry the field. Fourth, the location in the XY-direction

is optimized iteratively for both fibers individually by tuning the position via the software

and observing for the maximum signal.

Current generating mechanisms of the devices are investigated by measuring the current

over the graphene channel while the gate voltage is altered from -5 to 5 V with the param-

eter analyzer. The first devices were measured with voltage steps of 0.5 V. Later, the step

size was reduced to 0.25 V. The gate voltage sweeps are performed both light off and

on while the source, drain and gate currents are recorded. Monitoring the gate current

ensures no leakage currents occur between the gate and the graphene channel.
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5. MODEL

This section introduces the model developed for the device structure described in section

4.1. However, the model contains several assumptions and approximations. Therefore,

this section begins by introducing and justifying the different simplifications and assump-

tions used in the final model. Then, the predictions for the responsivity, its dependence

on the temperature gradient, doping and the location of the temperature profile are repre-

sented. It is also predicted that the PTE effect is the dominating effect and PV contributes

negligibly to the total current in accordance with the literature [2][4][22][35].

5.1 Assumptions

Although MGM detector is the simplest possible GPD structure, by taking into account

all relations, the equations (3.1), (3.4), and (3.6) would yield a complex nonlinear system

of coupled equations [2]. One of the goals of this thesis is to investigate how well a

significantly simplified model would predict the performance of the device developed at

VTT. Therefore, approximations and assumptions to reduce the complexity are introduced

before delving into the model’s predictions. Photovoltaic and photo thermoelectric effects

have both common and effect-dependent assumptions. Assumptions affecting both are

presented first, after which they are divided by the effect.

Graphene’s response to the optical power depends on the heating scheme it is sub-

jected to [2][7]. Generally, high power excitation, such as excitation with laser pulses

or plasmonic structures, results in high electronic temperature, which yields temperature-

dependent thermodynamic and transport parameters: σ(x),EF , κe [2]. However, a "weak

heating" condition |∆Te| ≪ Tl can be approximated under continuous operation. Thus,

equations can be solved as a first-order approximation of the local Te(x) fluctuations re-

sulting in constant parameters evaluated at Te(x) = Tl [2]. The weak heating assumption

is valid for the measurement protocol used. Moreover, previous optoelectronic measure-

ments on devices sharing the same structure and heating conditions show linear de-

pendence between optical power and photocurrent, implying a "weak heating" condition.

Thus, parameters across the graphene channel are considered temperature-independent

constants in this thesis. Moreover, the full heat transport equation is not solved. Instead,

the dominating relaxation channel is assumed to be via acoustic phonons, and the ab-
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sorbed power and temperature profile is assumed to mimic the Gaussian mode profile

in the waveguide and to decay exponentially along the waveguide direction as shown in

Figure 5.1 [39][4][2][35]. The center of the graphene channel is chosen to be x = 0.

Figure 5.1. Normalized power density distribution, the y-axis is downscaled by a factor
of 10. Gold contacts are illustrated by yellow vertical planes and the blue vertical plane
a distance D from the left contact illustrates the location of the abrupt pn junction. The
waveguide (blue horizontal plane) is centered at x − b, where b is the shift parameter
denoting the center of the waveguide where power distribution is expected to be centered,
as well.

Absorption of the metal contacts and ITO gate are not included in the calculations. Thus,

responsivities obtained are regarded as internal, RI .

Due to the asymmetric structure, the evanescent field of the optical mode reaching from

the waveguide is assumed to extend only the pn-junction regime next to the contact closer

to the waveguide, as shown in Figure 5.1. Thus, any residual field at the other contact

would produce PV current of the opposite polarity and reduce the calculated value. The

local PV current density is approximated from the Ohm’s law

  \label {PV_current_density_eq} J=e\Delta n\mu \mathcal {E},   (5.1)

where ∆n is the photoinduced carrier density at the pn-junction [22][11][29][35]. In gen-

eral, conductivity should be calculated as was discussed in section 2.2.4, by taking into

account every scattering mechanism affecting τ(EF ) as well as intraband absorption’s

dependency on photon energy and EF as in (2.37) [7]. However, in the CVD grown and

processed graphene the scattering is assumed to be dominated by acoustic phonons en-
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hanced by impurities [7][21][22]. Thus, parameter τc = τeff = 3ps is used as an effective

relaxation time for both intra- and interband transitions. Due to weak heating approxima-

tion, µm is also independent of doping. Its value is taken to be 2500 cm2(Vs)-1 for the

CVD graphene measured at VTT. By setting E(x) = −∇(EF (x)/e) and combining the

phenomenological expression (2.22) for the conductivity with (5.1), and integrating over

EF an approximation for the PV current is [22][29][41]

  \label {PV_current_eq} I_{PV} = \frac {\mu \Delta }{\sigma _{min}R_\mathrm {tot}}\left (\mathrm {arctan}\frac {E_{F,1}}{\Delta }-\mathrm {arctan}\frac {E_{F,2}}{\Delta }\right )\Delta n, 

















 (5.2)

where EF,1 is the Fermi level under the gold contacts, assumed to be pinned at −0.25

eV according to literature values for Au-graphene contacts [57][58][59], and EF,2 is the

doping in the graphene channel. Parameters σmin and ∆, implicitly determining the qual-

ity parameters µ and τeff of the graphene, are obtained by fitting (2.22) to the measured

data. Figure 5.2 shows the fitted data for different values of ∆. The values for σmin and

∆, obtained from the fitting, are 25.2 mS and 135 meV, respectively.

Figure 5.2. Conductivity model (2.22) fitted to the experimental data. σmin = 25.2 mS
and ∆ = 135 meV are extracted from the fitting.

A Gaussian power distribution is assumed for the calculations of ∆n such that the total

power Pin in the waveguide is the volume under a function P0e
−(x−b)2/ξ2

e−y/ζ , where b

is the shift of the waveguide from the center of the graphene channel, ξ and ζ are decay

parameters in x and y direction respectively (Figure 5.1) [31][35]. For now, the distance

of the peak power from the waveguide center, b′, is expected to equal b, meaning that

the power and temperature profile maxima are located at the waveguide center. This
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expectation must be relaxed in chapter 6. The 1D power density profile in the x-direction

is obtained by averaging over the y-direction indicated by the yellow line in Figure 4.2.

The assumptions affecting solely on the PTE effect are considered next. However, it

should be noted that (2.22) is also used in equation (3.4) determining the Seebeck coef-

ficient. Figure 5.3 shows the Seebeck coefficient over the graphene channel.

Figure 5.3. Seebeck coefficient by the Mott formula over the graphene channel with
parameters: EF,1 = −0.25 eV, EF,2 = −0.19 eV, Pin = 10µW , ξ = 5µm, ζ = 20.5µm
and W = 50µm

The equation (3.4) is derived via the Sommerfeld expansion, making it valid at low-

temperatures only [2][23]. Furthermore, under the impurity scattering regime, the acous-

tic phonon scattering is enhanced [39]. Thus, equation(3.1) yields a simple steady-state

expression

  \label {steady_state_phonon} P_\mathrm {in} = \frac {c_e\Delta T_e}{\tau _\mathrm {eff}}, 



 (5.3)

where ce is the electronic heat capacity [4][39]. Since ce and τeff are obtained from liter-

ature, simplified heat balance between the incoming power density and graphene lattice

provides an approximation for the temperature increase ∆Te = Te − Tl.

5.2 Predictions

This section introduces the predictions the simplified model yields for internal responsivity

by optimizing the channel doping and the location of the temperature gradient. First, it is
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shown that the PV current can be regarded negligible compared to PTE by simulating

gate voltage sweep. Thus, further simulations are concentrated on the PTE effect.

The equation (3.6) introduced in section 3.2 was

  \label {I_PTE_eq_2} I_\mathrm {PTE}=\frac {1}{R}\int S(x)\partial _xT_edx. 





 (5.4)

In the same section, the Seebeck coefficient was introduced with an equation (3.4). Once

the phenomenological expression for the conductivity (2.22) is differentiated with respect

to the Fermi level, the Seebeck coefficient can be evaluated as

  S(x)=-\frac {2\pi k_B^2T_e}{3\hbar ^2v_F^2}\frac {E_F^3}{E_F^4+\Delta ^4}  








(5.5)

It should be noted that with the assumptions made, the Seebeck coefficient becomes

independent of σmin. As was told in section 5.1 the temperature profile is of the Gaus-

sian shape and determined from the optical power distribution by considering phonon

scattering as the only relaxation process. By denoting the power lost to phonons as

ceτ
−1
eff ∆Te(x, y) the peak temperature is calculated as

  P_\mathrm {in}&=\int \displaylimits _0^\infty \int \displaylimits _{-\infty }^\infty c_\mathrm {e}\tau _\mathrm {eff}^{-1}\Delta T_0e^{-(x-b)^2/\xi ^2}e^{-y/\zeta }dxdy \\ \Delta T_0&=\frac {P_\mathrm {in}\tau _\mathrm {c}}{\sqrt {\pi }c_\mathrm {e}\xi \zeta },



















 (5.7)

where ξ =
√︁
κeτeffc−1

e is the decay in the x-direction and ζ is the decay length in the

y-direction. A 1D-temperature profile can be obtained by averaging over y-direction, re-

sulting in

  \Delta T_e(x) = \Delta T_0\frac {1}{W}\zeta (1-e^{-W/\zeta })e^{-(x-b)^2/\xi ^2}.  





 (5.8)

Thus, the power inside the waveguide generates a modest temperature profile shown in

Figure 5.4.
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Figure 5.4. Temperature profile over the graphene channel for the parameters: Pin = 10
µW, ξ = 5 µm, ζ = 20.5 µm, W = 50 µm and b = 200 nm [4][35].

The condition |∆Te| ≪ Tl for weak heating clearly holds in this regime. The I-P curve is

plotted according the equation (3.6) in Figure 5.5.

Figure 5.5. I-P curve for PTE effect under weak heating assumption with parameters:
EF,1 = −0.25 eV, EF,2 = −0.19 eV, Pin = 10 µW, ξ = 5 µm, ζ = 25 µm, l = 300 nm
L = 3 µm and W = 50 µm.

In the previous section the PV current density was calculated from the equation (5.2). It

includes ∆n for which an equation is derived next. It should be noted that in 2D ma-
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terials it has unit of #/m2. Derivation begins from the steady state conditions with the

approximations introduced in the previous section. The local induced carrier density can

be solved from equation

  \frac {d(\Delta n)}{dt}=\frac {P(x,y)}{\hbar \omega }-\frac {\Delta n}{\tau _\mathrm {eff}}, 



 





 (5.9)

where P (x, y) is the local power density. In steady state d(∆n)/dt = 0 yielding

  \Delta n = \frac {P(x,y)\tau _\mathrm {eff}}{\hbar \omega } \label {delta_n} 
 


(5.10)

Next, P (x, y) is solved as a 1D distribution in x-direction starting from determining the

peak power density P0 from equation

  \int \displaylimits _0^\infty \int \displaylimits _{-\infty }^\infty P_0e^{-(x-b)^2/\sigma _{sd}^2}e^{-y/\zeta }dxdy &= P_\mathrm {in} \\ P_0 &= \frac {P_\mathrm {in}}{\sigma _{sd}\zeta },








  





 (5.12)

where σsd is the standard deviation determined to have value 0.7 µm by Gaussian fit to

the finite element method (FEM) simulation for the device structure.

Thus, absorbed power density profile follows equation

  P(x)_{y-ave} &= \frac {1}{W}\int \displaylimits _0^W\frac {\eta P_\mathrm {in}}{\sqrt {\pi }\sigma _{sd}\zeta }e^{-(x-b)^2/\sigma _{sd}^2}e^{-y/\zeta }dy \\ &= \frac {\eta P_\mathrm {in}}{\sqrt {\pi }\sigma _{sd}\zeta W}e^{-(x-b)^2/\sigma _{sd}^2}\int \displaylimits _0^We^{-y/\zeta }dy\\ &= \frac {\eta P_\mathrm {in}\left (1-e^{-W/\zeta }\right )}{\sqrt {\pi }\sigma _{sd} W}e^{-(x-b)^2/\sigma _{sd}^2}, \label {power_in_x} 




































  (5.15)

where η is the total efficiency. Total efficiency is taken to be 45 % according the literature

for CVD graphene on Al2O3 [35]. To obtain the induced carrier density in the junction the

equation (5.15) is averaged over the junction length D and equation (5.10) is employed

such that
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  \Delta n(D) = \frac {\eta P_\mathrm {in}\left (1-e^{-W/\zeta }\right )\tau _\mathrm {eff}}{\sqrt {\pi }\sigma _{sd} A_\mathrm {junc}\hbar \omega }\int \displaylimits _{-L/2}^De^{-(x-b)^2/\sigma _{sd}^2}dx. 














 (5.16)

By inserting this into the equation (5.2) for the PV-current, the I-P curve shown in Figure

5.6 can be plotted.

Figure 5.6. Photovoltaic current as a function of input power. The parameters used are:
EF,1 = −0.25 eV, EF,2 = −0.19 eV, µ = 2500 cm2/Vs, σsd = 0.7 µm, ζ = 20.5 µm,
L = 3 µm, W = 50 µm and D = 100 nm.

It is possible to hypothesize from the above I-P curves (for the particular channel doping)

that PTE effect is stronger than PV effect. However, to find out the relative contributions, it

is more instructive to simulate gate voltage sweep with the model. Figure 5.7 represents

such a voltage sweep for the parameters given in the caption.
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Figure 5.7. Gate voltage sweep for both effects and total current. Flat band denotes the
condition where the channel doping matches the doping level under the contact (EF,1 =
EF,2). VD denotes the intrinsic doping in the graphene channel. Once the gate voltage
matches VD, graphene channel is at the Dirac point. The parameters used are: VD = 2
V, ∆ = 135 meV, EF,1 = −0.25 eV, µ = 2500 cm2/Vs, ξ = 5 µm, σsd = 0.7 µm, ζ = 20.5
µm, L = 3 µm, W = 50 µm, Pin = 10 µW and D = 100 nm.

It is evident that PV current is significantly lower than PTE current. This reasoning is

enough to justify negligible contribution from the PV-effect to the photocurrent. Thus, fur-

ther simulations rely only on PTE effect. Figure 5.7 reveals also that the optimum doping

level resides above the Dirac point. Although, in this particular example, the other local

extremum for PTE current resides almost at the zero gate voltage yielding a decent value

for the undoped device, as well. Generally, either of them is the global extremum. The

exact value depends on the graphene quality parameter ∆ and the device geometry. The

Seebeck coefficient determines the direction of the PTE-current. It changes sign twice

contrary to the PV-current which has a sign change at flat band condition as shown in

Figure 5.7 by the gray dotted vertical line. Figure 5.8 elucidates the 2-fold sign charac-

teristics for the symmetric structure. For the asymmetric case in Figure 5.7 a very strong

negative gate voltage would be required to induce the second sign change.
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Figure 5.8. Gate doping sweep for the symmetric case. The temperature profile and
pn-junction are both centered at x = 0. The upward vertical shift is due to the assumed
fixed doping at the left side of the pn-junction.

The electronic specific heat ce decreases towards the lower doping levels resulting in

higher electronic temperature due to the inverse relation between the two. Thus, the rel-

atively low doping level for the maximum Seebeck coefficient supports high temperature

gradients, making it possible to optimize both temperature and Seebeck coefficient simul-

taneously. However, the stronger effect to the current amplitude arises from maximizing

the temperature gradient over the channel. Thus, it has been the contemporary paradigm

to increase the responsivity [2][4][12]. Elaborating on this approach, the importance of

the gradient and temperature profile location with respect to the contacts are investigated

next. Figure 5.9 represents the temperature profiles for different decay values ξ. More-

over, each ξ is plotted with four different powers Pin.



48

(a) Temperature profile for different powers at
ξ = 2.7 µm. Waveguide center is depicted by
the dashed grey line.

(b) Temperature profile for different powers at
ξ = 1.9 µm. Waveguide center is depicted by
the dashed grey line.

(c) Temperature profile for different powers at
ξ = 1.2 µm. Waveguide center is depicted by
the dashed grey line.

(d) Temperature profile for different powers at
ξ = 0.5 µm. Waveguide center is depicted by
the dashed grey line.

Figure 5.9. Temperature confinement

By optimizing the location of the confined temperature profile, a significant advantageous

effect on the peak temperature and gradient and consequently to the PTE current and re-

sponsivity can be obtained. Figure 5.10 shows how internal responsivity depends on the

confinement (RI(ξ)). There the temperature profile is located at the waveguide center.
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Figure 5.10. Responsivity as a function of ξ with temperature profile in the middle of the
channel. Dashed lines connecting the data points are just for guiding the eye.

Reading Figure 5.10 from right to left, the responsivity increases as the temperature pro-

file is confined, by decreasing ξ, to a point where it suddenly drops very close to zero.

This can be explained by the fact that as soon as the symmetric profile is completely be-

tween the contacts and out of the junction area, the currents towards the contacts are the

same but opposite. This can be elaborated by letting shift parameter b vary as is shown

in Figure 5.11.
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Figure 5.11. Responsivity as a function of b for ξ = 0.5 µm. At b = 1500 nm the
temperature profile maximum would be located at the nearest contact edge. It should be
noted that b =b′ is assumed. Dimensions used are: L = 3 µm, l = 300 nm

The responsivity is nearly zero until the distance matches the decay length (standard

deviation), after which it rapidly increases up to a point where the center of the profile is

at the nearest contact edge, where graphene is in contact with Au. The pn-junction affects

the location, but the effect is negligible for the junction width expected here. The situation

would be completely different if the temperature profile was not symmetric. Then, a net

current would occur even if the whole profile is between the contacts. High responsivities

are due to carrier multiplication and photoconductive gain, which are implicitly considered

in the formulation of the PTE effect [22].

Due to the contact absorbance, the practical realization of such a configuration would be

challenging, if impossible. For example, Vangelidis et al. [4] simulated a structure where

the waveguide was brought extremely close to the contact, resulting in a plasmonic effect

at the contact edge (∼10 nm) yielding RI of 2.5 A/W and RE of 0.72 A/W by taking

metal absorption into account. Nevertheless, temperature confinement and shift could be

realized by fabricating plasmonic structures on the waveguide and graphene channel [12].

However, the very high local temperature would violate the "weak heating" condition and

yield local deviations in parameters at the location of plasmonic structures, which could

result in deviations from the model.

Widening the graphene channel by keeping the distance l constant has the same ef-

fect on responsivity as the profile confinement. This can be viewed in analogy with the

previous description such that asymmetry is increased or alternatively more area with a
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high gradient is revealed with respect to the other side of the channel. However, a reality

check reveals that the longer the channel, the higher the resistance would be, reducing

the current.
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6. RESULTS AND DISCUSSION

In this section, the data obtained from the measurements, described in section 4.2, are

fitted to the model. Due to the prevailing uncertainties in determining the measurement

losses, the model and measurement results are normalized to their maximum values,

and the focus is on the photocurrent profiles in the gated devices, for which the Dirac

voltage VD can be determined from the source-drain-biased gate voltage sweeps. The

responsivity is linearly proportional to the photocurrent. Thus, normalized photocurrent

profiles directly indicate the changes in the responsivity. The fittings are implemented

by simulating the gate voltage sweep described in section 5.2 and illustrated in Figure

5.7. By changing the free parameters, ∆, D and b′, these simulations are fitted to the

experimental measurement results. Most importantly, from these fittings it is possible to

approximate the Vg required for the maximum current. It should be noted, however, that

due to the small number of samples, the results should be regarded as indicative.

6.1 Fitting the model

Currently, data for two different gated structures exist. The lengths of the graphene chan-

nels (L) for these devices are 3 and 6 µm, and distances from the contacts (l) are 0.3 and

0.5 µm, respectively. First, the results for the devices with channel length 3 µm and con-

tact distance 0.3 µm are represented. Two such devices, C1 and C9, from the same chip

(A4.2), with widths (W ) 30 and 50 µm, respectively, were measured. First, the results for

these devices are presented separately. Then, since these devices share the same ge-

ometry along the graphene channel and currents are normalized, it is possible to average

the results for modest statistics. Last, the results for two devices with different dimensions

are represented. The measured devices (labeled C4) share the same dimensions but are

from two different chips, A3.2 and A4.2. The results of these two devices are combined

and averaged, as well.

Figure 6.1 shows the gate voltage sweep for determining the Dirac point of the device C1.
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Figure 6.1. Device C1: gate voltage sweep with bias voltages (Vb) 1 and 10 mV.

Two different bias voltages were used, yielding the same result VD ≈ −0.17 V, reavealing

that the graphene channel in device C1 is slightly n-type. Figure 6.2 shows an attempt to

fit the model with the expected parameters given in the caption.
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Figure 6.2. Gate voltage sweep for device C1 with expected parameters and Vb = 0. Flat
band denotes the condition where the channel doping matches the doping level under the
contact (EF,1 = EF,2). VD denotes the intrinsic doping in the graphene channel. Once
the gate voltage matches VD, graphene channel is at the Dirac point. The parameters
used are: VD = −0.17 V, ∆ = 135 meV, b = 200 nm, D = 100 nm. EF,1 = −0.25 eV,
µm = 2500 cm2/Vs, ξ = 5 µm, σsd = 0.7 µm, ζ = 20.5 µm, Pin = 10 µW, L = 3 µm and
W = 30 µm.

Evidently, the expected values provided in section 5 do not apply. Therefore, the use

of three free parameters is justified next. First, the value 135 meV used for the ∆ is

obtained from the measurements done for a previous batch of similar devices. However,

graphene is extremely sensitive to impurities and defects. Thus, deviations in ∆ between

the batches and even along a single wafer are possible, resulting in differences between

devices. Second, in section 3.1, it was mentioned that the factors determining the pn-

junction width D are not yet well understood [36]. Third, the expectation b = b′ needs to

be relaxed. The location of the temperature profile, defined by b′, does not necessarily

follow the waveguide center b, and the exact location is difficult to predict. Thus, figure

6.3 represents the best fit for the PTE current obtained by changing three parameters: ∆,

D and b′.
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Figure 6.3. The best fit for the gate voltage sweep of device C1. Vfb denotes flat band
condition where the channel doping matches the doping level under the contact (EF,1 =
EF,2). VD denotes the intrinsic doping in the graphene channel. Once the gate voltage
matches VD, graphene channel is at the Dirac point. The parameters used are: ∆ = 165
meV, D = 100 nm, b′ = 20 nm, VD = −0.17 V, EF,1 = −0.19 eV, µm = 2500 cm2/Vs,
ξ = 5 µm, σsd = 0.7 µm, ζ = 20.5 µm, Pin = 10 µW, L = 3 µm and W = 30 µm.

To obtain the best fit, the value for the Fermi level under the contact had to be changed

to -0.19 eV despite not being included in the free parameters. The change is justified by

discussion in section 3.1 and in references [36][59]. This value is used throughout the

remainder of the section. Excluding this exception, the fit is obtained by changing the free

parameters: The charge neutrality region is increased from 135 to 165 meV, indicating a

lower graphene quality than expected. For a good fit, the location of the abrupt junction

was increased to 100 nm. The most surprising finding was that the best fit was found for

b = 20 nm, which is only one-tenth of the corresponding shift for the waveguide. This

implies that the maximum power density and temperature profile, consequently, do not

follow the center of the waveguide. However, similar behavior was observed in the coarse

FEM simulations accounting for the contacts, as well.

The location for the maximum current at Vg ≈ 2.5 V is in good agreement with the data.

The trend in the model for Vg > 2.5 V implies a monotonic decline, whereas the data

exhibit constant current. Around the Dirac point, the model shows some deviation on the

p-doped side, but the trend and the slope of the fit are correct. When the channel is

gated p-type (Vg < VD) and Vg < Vfb, the model overestimates the measured current

significantly. The data deviates from the symmetricity about the VD the model predicts.
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All of the above discrepancies may be explained by the fact that the model for conductiv-

ity (2.22) is valid only in the vicinity of the Dirac point. A more advanced model should

be used for an improved fit far away from it. One option would be to define the function

piece-wise by combining the models in proximity and far away from the Dirac point. An-

other factor explaining the differences is the misalignment and under-etching of the gate

electrode, possibly causing an additional pn-junction region in the vicinity of the contact

further away from the waveguide. Asymmetricity might also arise from the Fermi level

alterations during operation and the non-abrupt nature of the junction [2].

Figure 6.4 shows the Dirac point for the device C9.

Figure 6.4. Device C9: gate voltage sweep with bias voltages (Vb) 1 and 10 mV. The
Dirac point is located at VD = 0.17 V.

Contrary to device C1, C9 is slightly p-doped with VD ≈ 0.17 V. The result is obtained

from the gate voltage sweeps with two different bias voltages shown in Figure 6.4. The

best fit for the device C9 is shown in Figure 6.5.
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Figure 6.5. The best fit for device C9 gate voltage sweep. Vfb denotes the flat band
condition where the channel doping matches the doping level under the contact (EF,1 =
EF,2). VD denotes the intrinsic doping in the graphene channel. Once the gate voltage
matches VD, graphene channel is at the Dirac point. The parameters used are: ∆ = 175
meV, D = 100 nm, b′ = 40 nm, VD = 0.17 V, EF,1 = −0.19 eV, µm = 2500 cm2/Vs,
ξ = 5 µm, σsd = 0.7 µm, ζ = 20.5 µm, L = 3 µm and W = 50 µm.

The profile for C9 shows more symmetry about the horizontal axis than the profile for

device C1 in Figure 6.3, indicating larger structural asymmetry in the device. This is

manifested in the model by the need to double the shift parameter b. Graphene quality is

also lowered with a 10 meV increase in the quality parameter ∆. As a result, the maximum

current shifts to higher gate voltage (Vg ≈ 3.5 V) with respect to the Dirac point. Another

difference in the C9 profile compared to device C1 is that the current is damped on the

n-doped side. The reason for this might be the reduced electron mobility indicated in the

IVg-curve (Figure 6.4) with a more gentle slope of the n-side compared to the slope of

the n-side for device C1 in Figure 6.1. This feature is not captured by the conductivity

model used in this thesis. Again, a more sophisticated model should be used. Most likely

for the same reasons, below the flat band condition, the current is overestimated, as well.

Other than that, the same reasoning as with device C1 applies to device C9.

Although the graphene channel is wider in C9 than in C1, it is possible to combine the

results because the currents are normalized to their maximum values. Difference in W

affects only the absolute value of the current. However, both results need to be shifted

by Vg − VD. Due to the uneven shifts between the devices, the data points do not match.

Thus, the data is averaged by interpolation. Fitting against the averaged result is repre-
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sented in Figure 6.8a. The result is analyzed below together with the devices with different

geometry.

Next, the result for the two C4 devices with l = 0.5 µm and L = 6 µm are compared

with the averaged result for the two device (C1 and C9) with l = 0.3 µm and L = 3 µm

discussed above. First, Figure 6.6 shows the Dirac points for C4 devices from chips A3.2

and A4.2.

Figure 6.6. The Dirac points for the two C4 devices from chips A3.2 and A4.2. VD for
A3.2 and A4.2 are 0.5 V and 0.125 V, respectively. The result for A4.2 is presented with
Vb = 1 mV due to the fact that the data for Vb = 10 mV was corrupted.

It should be noted that data for device C4-A4.2 has significant deviation compared to

C4-A3.2 as illustrated in Figure 6.7.
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Figure 6.7. The data for C4 devices. The data points are connected with lines to guide
the eye.

The result for the C4 devices shown in Figure 6.8b was obtained by averaging the nor-

malized and interpolated data for the individual devices.
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(a) The best fit for the devices of l = 300 nm and L = 3 µm normalized both to VD and maximum
current. The notation for the blue curve in the legend symbolize l/L. Vfb denotes flat band
condition where the channel doping matches the doping level under the contact (EF,1 = EF,2).
The parameters used are: ∆ = 170 meV, D = 100 nm, b′ = 40 nm, EF,1 = −0.19 eV,
µm = 2500 cm2/Vs, ξ = 5 µm, σsd = 0.7 µm, ζ = 20.5 µm, l = 300 nm and L = 3 µm.

(b) Illustration of the "polarity reversal" in the photocurrent of the C4 devices. The dashed profile
is plotted to visualize the reversed current with the model. The parameters used are: ∆ = 170
meV, EF,1 = −0.19 eV, µm = 2500 cm2/Vs, ξ = 5 µm, σsd = 0.7 µm, ζ = 20.5 µm, l = 500 nm
L = 6 µm, W = 30 µm, b′ = −200 nm and D = 100 nm.

Figure 6.8. Comparing fits for the different device geometries

The data shows that the current direction is reversed. The trend is mirrored on the vertical

axis. Such a reversal does not occur in the model by altering the dimensions accordingly.

The dashed profile in Figure 6.8b is plotted, with b = −200 nm, to visualize the reversed

current with the model. A negative value for b would imply that the temperature profile is
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shifted toward the contact further away from the waveguide, meaning that the asymmetry

is reversed for an unknown reason. A structural deviation due to a fabrication error for

the two devices is highly unlikely and can be easily verified with scanning electron mi-

croscope (SEM) measurements. The only known deflection in the structure, which could

explain this interesting behavior, is the under-etched and misaligned gate that does not

cover the whole graphene channel, possibly creating a competing pn-junction. Simulat-

ing such a complicated structure is not in the scope of this thesis. Other explanations

could be random processing or material deviations in these particular devices. The way

to investigate the topic further is by measuring more devices with different geometries.

The same applies to rigorous verification of the model’s validity. More measurements are

needed to get statistically significant sample sizes and results.
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7. CONCLUSION

This thesis investigated whether a simplified model could be used to understand the

mechanisms producing current in the metal-graphene-metal structures fabricated at VTT

and if it could predict the responsivity. It was shown that the dominating current generat-

ing mechanism is the photothermoelectric effect, in agreement with the literature of similar

devices. Due to the issues in resolving the uncertainties in the measurement losses, the

currents had to be normalized. Thus, predictions about the responsivities can be made

after more measurements are done. Despite these issues, the results are encouraging,

and the model implies significant increase to the responsivity by altering the geometry and

temperature confinement in the graphene channel. Moreover, the measurements indicate

that the devices should be gated above the Dirac point to achieve maximum responsivity.

Alternatively, some intrinsic doping should be induced. The doping level depends highly

on the quality of the sample, which, in part, is highly dependent on the processing steps.

The higher-quality samples have the maximum current closer to the Dirac point but are

more sensitive to alterations in the doping.

One of the most critical factors in developing the photocurrent model further is establishing

a more sophisticated model for conductivity. Optimally, the model would have parameters

derived from the physics of graphene describing the residual doping, puddles, instead

of the ∆ and σmin parameters. The model should also describe the asymmetricity in

conductivity with respect to the Dirac point due to the difference in electron and hole

mobilities in graphene. Far from the Dirac point, it should be able to predict the sublinear

behavior, possibly by a square root relation between Vg and conductivity. With the current

phenomenological models available, this would require combining different approaches

piece-wise. To compare the absolute values of the currents, the coupling losses, losses

in the structure, and the effect of the contacts on the location of the power distribution

should be investigated further. Experimentally, a much more accurate approximation of

the losses could be achieved by excluding the absorbance of the contacts and gate by

fabricating sample structures with and without them and measuring the optical power

before the input grating and after the output grating. Another approach would be rigorous

FEM or finite-difference time-domain (FDTD) method simulations.

It should be emphasized that the number of samples in the measurements was small

(N=2). Therefore, statistical methods were not feasible. For example, if any of the mea-
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sured devices turn out to be an outlier in the forthcoming measurements, the existing

results would be heavily skewed. Thus, it is too early to draw air-tight conclusions about

the validity of the model. However, especially in the vicinity of the Dirac point, the model is

in good agreement with the experimental results. This is also in agreement with the cho-

sen model for the conductivity. More data should be gathered to improve the results by

measuring individual devices several times and averaging the results. Additionally, simi-

lar devices from different chips should be measured and compared. By using statistical

methods, these results would yield more reliable data to be modeled. From this perspec-

tive, different geometries with gates spanning the whole channel should be compared to

verify the "polarity reversal" phenomenon in the PTE current observed in the longer de-

vices. This would require fabricating a new batch of devices. The structure could also be

designed to establish a more asymmetric temperature profile with plasmonic structures,

for example.

The fact that the physics of graphene is still under active research, especially from the

point of view of the quantum mechanical many-body effects affecting the conductivity at

and close to the Dirac point, makes graphene an exciting and challenging material, which

clearly shows potential for its use in photodetectors. I would not be surprised if a new

theory to explain the current generation more precisely would emerge once the basic

research evolves.



64

REFERENCES

[1] M. Warda and B. Khodr. Graphene transistors. Imperial College of London, 2021.

39 pp.

[2] J. Muench et al. “Waveguide-Integrated, Plasmonic Enhanced Graphene Photode-

tectors”. In: Nano Lett. 19.11 (2019), pp. 7632–7644. DOI: https://doi.org/10.1021/

acs.nanolett.9b02238.

[3] E. L. Wolf. Graphene: A New Paradigm in Condensed Matter and Device Physics.

Oxford University Press, 2014. 295 pp.

[4] I. Vangelidis et al. “Unbiased Plasmonic-Assisted Integrated Graphene Photode-

tectors”. In: ACS Photonics 9.6 (2021), pp. 1992–2007.

[5] D. Schall et al. “50 GBit/s Photodetectors Based on Wafer-Scale Graphene for In-

tegrated Silicon Photonic Communication Systems”. In: ACS Photonics 1 (2014),

pp. 781–784. DOI: https://doi.org/10.1021/ph5001605.

[6] J. Michel, J. Liu, and L. C. Kimerling. “High-performance Ge-on-Si photodetectors”.

In: Nature Photonics 4.8 (2010), pp. 527–534. DOI: 10.1038/nphoton.2010.157.

URL: https://doi.org/10.1038/nphoton.2010.157.

[7] J-M Liu and I-T Lin. Graphene Photonics. Cambridge University Press, 2019. 259 pp.

[8] F. Xia et al. “Ultrafast graphene photodetector”. In: Nature nanotechnology 4 (2009),

pp. 839–843. DOI: 10.1038/NNANO.2009.292.

[9] D. G. Purdie et al. “Cleaning interfaces in layered materials heterostructures”. In:

Nature Communications 9.1 (2018), SP 5387. DOI: 10.1038/s41467-018-07558-3.

URL: https://doi.org/10.1038/s41467-018-07558-3.

[10] S. Fukamachi et al. “Large-area synthesis and transfer of multilayer hexagonal

boron nitride for enhanced graphene device arrays”. In: Nature Electronics 6.2

(2023), pp. 126–136. DOI: 10.1038/s41928- 022- 00911- x. URL: https: / /doi .org/

10.1038/s41928-022-00911-x.

[11] M. Freitag et al. “Photoconductivity of biased graphene”. In: Natrure Photonics 7

(2013), pp. 53–59.

[12] P. Ma et al. “Plasmonically Enhanced Graphene Photodetector Featuring 100 Gbit/s

Data Reception, High Responsivity, and Compact Size”. In: ACS Photonics 6.1

(2019), pp. 154–161. DOI: 10.1021/acsphotonics.8b01234. URL: https://doi.org/10.

1021/acsphotonics.8b01234.

[13] M. I. Katsnelson. The Physics of Graphene. Cambridge University Press, 2020.

425 pp.

https://doi.org/https://doi.org/10.1021/acs.nanolett.9b02238
https://doi.org/https://doi.org/10.1021/acs.nanolett.9b02238
https://doi.org/https://doi.org/10.1021/ph5001605
https://doi.org/10.1038/nphoton.2010.157
https://doi.org/10.1038/nphoton.2010.157
https://doi.org/10.1038/NNANO.2009.292
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1021/acsphotonics.8b01234
https://doi.org/10.1021/acsphotonics.8b01234
https://doi.org/10.1021/acsphotonics.8b01234


65

[14] P. Avouris, T. F. Heinz, and T. Low. 2D Materials: Properties and Devices. Cam-

bridge University Press, 2017. 255 pp.

[15] N. K. Emani et al. “Graphene: A Dynamic Platform for Electrical Control of Plas-

monic Resonance”. In: Nanophotonics 4 (2015), pp. 214–223. DOI: https://doi.org/

10.1515/nanoph-2015-0014.

[16] M. Lundstrom. "Lecture 6: Graphene PN Junctions". 2009. URL: https://nanohub.

org/resources/7423.

[17] S. J. Blundell and Blundell K. M. Concepts in Thermal Physics. Oxford University

Press, 2010. 478 pp.

[18] K. S. Novoselov et al. “Electric Field Effect in Atomically Thin Carbon Films”. In:

Science 306 (2004), pp. 666–669.

[19] P. Joshi et al. “Intrinsic doping and gate hysteresis in graphene field effect devices

fabricated on SiO2 substrates”. In: Phys.Condens. Matter 22 (2010). DOI: 10.1088/

0953-8984/22/33/334214.

[20] T. J. Echtermeyer et al. “Photothermoelectric and Photoelectric Contributions to

Light Detection in Metal–Graphene–Metal Photodetectors”. In: Nano Letters 14.7

(2014). PMID: 24884339, pp. 3733–3742. DOI: 10 .1021 /nl5004762. URL: https :

//doi.org/10.1021/nl5004762.

[21] Y.-W. Tan et al. “Measurement of Scattering Rate and Minimum Conductivity in

Graphene”. In: Phys. Rev. Lett. 99.24 (2007), p. 246803. DOI: 10.1103/PhysRevLett.

99.246803.

[22] J. C. Song et al. “Hot Carrier Transport and Photocurrent Response in Graphene”.

In: Nano Letters 11 (2011), pp. 4688–4692. DOI: 10.1021/nl202318u.

[23] F. Koppens et al. “Photodetectors based on graphene, other two-dimensional ma-

terials and hybrid systems”. In: Nature Nanotech 9 (2014), pp. 780–793. DOI: 10.

1038/nnano.2014.215.

[24] Q Bao and K.P. Loh. “Graphene Photonics, Plasmonics, and Broadband Opto-

electronic Devices”. In: ACS Nano 6.5 (2012), pp. 3677–3694. DOI: 10 . 1021 /

nn300989g.

[25] M. Huttunen. “FYS.240 Optiikka 4.6 Maxwellin yhtälöt väliaineessa”. Lecture Notes.

2022. URL: https://www.youtube.com/watch?v=-kGaj4ONpq0&list=PLlVl326H5K-

F0Cuit4loRP4a8uE_qX3iS&index=10.

[26] J. Wang and X. Hu. “Recent Advances in Graphene-Assisted Nonlinear Optical

Signal Processing”. In: Journal of Nanotechnology 2016 (2016), p. 18. DOI: 10 .

1155/2016/7031913.

[27] T. Ojanen. “Discussion with Professor Ojanen”. Tampere University, Computational

Physics. 11/2023.

[28] E. Hecht. Optics. Pearson Education, 2017. 722 pp.

[29] J. Gosciniak, M. Rasras, and J. B. Khurgin. “Ultrafast Plasmonic Graphene Pho-

todetector Based on the Channel Photothermoelectric Effect”. In: ACS Photonics

https://doi.org/https://doi.org/10.1515/nanoph-2015-0014
https://doi.org/https://doi.org/10.1515/nanoph-2015-0014
https://nanohub.org/resources/7423
https://nanohub.org/resources/7423
https://doi.org/10.1088/0953-8984/22/33/334214
https://doi.org/10.1088/0953-8984/22/33/334214
https://doi.org/10.1021/nl5004762
https://doi.org/10.1021/nl5004762
https://doi.org/10.1021/nl5004762
https://doi.org/10.1103/PhysRevLett.99.246803
https://doi.org/10.1103/PhysRevLett.99.246803
https://doi.org/10.1021/nl202318u
https://doi.org/10.1038/nnano.2014.215
https://doi.org/10.1038/nnano.2014.215
https://doi.org/10.1021/nn300989g
https://doi.org/10.1021/nn300989g
https://www.youtube.com/watch?v=-kGaj4ONpq0&list=PLlVl326H5K-F0Cuit4loRP4a8uE_qX3iS&index=10
https://www.youtube.com/watch?v=-kGaj4ONpq0&list=PLlVl326H5K-F0Cuit4loRP4a8uE_qX3iS&index=10
https://doi.org/10.1155/2016/7031913
https://doi.org/10.1155/2016/7031913


66

7.2 (2020), pp. 488–498. DOI: 10.1021/acsphotonics.9b01585. URL: https://doi.org/

10.1021/acsphotonics.9b01585.

[30] H. Fujiwara. Spectroscopic Ellipsometry. John Wiley & Sons Ltd, 2003. 369 pp.

[31] Aleandro Antidormi and Aron W. Cummings. “Optimizing the Photothermoelec-

tric Effect in Graphene”. In: Phys. Rev. Appl. 15.5 (May 2021), p. 054049. DOI:

10 .1103 /PhysRevApplied .15 .054049. URL: https : / / link . aps .org /doi / 10 .1103 /

PhysRevApplied.15.054049.

[32] B. G. Streetman and S. K. Banerjee. Solid State Electronic Devices. Pearson Edu-

cation Limited, 2016. 616 pp.

[33] U. Sundararaju et al. “MoS2/h-BN/Graphene Heterostructure and Plasmonic Effect

for Self-Powering Photodetector: A Review”. In: Materials 7 (2021). DOI: 10.3390/

ma14071672. URL: https://www.mdpi.com/1996-1944/14/7/1672.

[34] Nathaniel M. Gabor et al. “Hot Carrier–Assisted Intrinsic Photoresponse in Graphene”.

In: Science 334.6056 (2011), pp. 648–652. ISSN: 1095-9203. DOI: 10.1126/science.

1211384. URL: http://dx.doi.org/10.1126/science.1211384.

[35] N. Youngblood et al. “Multifunctional Graphene Optical Modulator and Photode-

tector Integrated on Silicon Waveguides”. In: Nano Letters 14.5 (2014). PMID:

24734877, pp. 2741–2746. DOI: 10 . 1021 / nl500712u. URL: https : / / doi . org / 10 .

1021/nl500712u.

[36] K. Matsumoto. Frontiers of Graphene and Carbon Nanotubes: Devices and Appli-

cations. Springer, 2015. 289 pp.

[37] F. Xia et al. “Photocurrent Imaging and Efficient Photon Detection in a Graphene

Transistor”. In: Nano Letters 9.3 (2009). PMID: 19203207, pp. 1039–1044. DOI:

10.1021/nl8033812. URL: https://doi.org/10.1021/nl8033812.

[38] L. van Dommelen. Quantum mechanics for engineers. version 5.6.2 alpha, 2018.

1537 pp.

[39] M. Massicotte et al. “Hot carriers in graphene – fundamentals and applications”.

In: Nanoscale 13.18 (2021). PMID: 24734877, pp. 8376–8411. DOI: 10 . 1039 /

D0NR09166A. URL: http://dx.doi.org/10.1039/D0NR09166A.

[40] Q. Ma et al. “Competing Channels for Hot-Electron Cooling in Graphene”. In: Phys.

Rev. Lett. 112.24 (June 2014), p. 247401. DOI: 10.1103/PhysRevLett.112.247401.

URL: https://link.aps.org/doi/10.1103/PhysRevLett.112.247401.

[41] R-J. Shiue et al. “High-Responsivity Graphene–Boron Nitride Photodetector and

Autocorrelator in a Silicon Photonic Integrated Circuit”. In: Nano Letters 15.11 (2015).

PMID: 26372880, pp. 7288–7293. DOI: 10.1021/acs.nanolett.5b02368. URL: https:

//doi.org/10.1021/acs.nanolett.5b02368.

[42] M. A. Aamir et al. “Ultrasensitive Calorimetric Measurements of the Electronic Heat

Capacity of Graphene”. In: Nano Letters 21.12 (2021). PMID: 34101476, pp. 5330–

5337. DOI: 10 .1021 /acs.nanolett .1c01553. URL: https : / /doi .org /10 .1021 /acs.

nanolett.1c01553.

https://doi.org/10.1021/acsphotonics.9b01585
https://doi.org/10.1021/acsphotonics.9b01585
https://doi.org/10.1021/acsphotonics.9b01585
https://doi.org/10.1103/PhysRevApplied.15.054049
https://link.aps.org/doi/10.1103/PhysRevApplied.15.054049
https://link.aps.org/doi/10.1103/PhysRevApplied.15.054049
https://doi.org/10.3390/ma14071672
https://doi.org/10.3390/ma14071672
https://www.mdpi.com/1996-1944/14/7/1672
https://doi.org/10.1126/science.1211384
https://doi.org/10.1126/science.1211384
http://dx.doi.org/10.1126/science.1211384
https://doi.org/10.1021/nl500712u
https://doi.org/10.1021/nl500712u
https://doi.org/10.1021/nl500712u
https://doi.org/10.1021/nl8033812
https://doi.org/10.1021/nl8033812
https://doi.org/10.1039/D0NR09166A
https://doi.org/10.1039/D0NR09166A
http://dx.doi.org/10.1039/D0NR09166A
https://doi.org/10.1103/PhysRevLett.112.247401
https://link.aps.org/doi/10.1103/PhysRevLett.112.247401
https://doi.org/10.1021/acs.nanolett.5b02368
https://doi.org/10.1021/acs.nanolett.5b02368
https://doi.org/10.1021/acs.nanolett.5b02368
https://doi.org/10.1021/acs.nanolett.1c01553
https://doi.org/10.1021/acs.nanolett.1c01553
https://doi.org/10.1021/acs.nanolett.1c01553


67

[43] R. Paschotta. Responsivity. 2009. URL: https://www.rp-photonics.com/responsivity.

html.

[44] N. Tkachenko. Optical Spectroscopy: Methods and Instrumentations. Elsevier Sci-

ence, 2006. 307 pp.

[45] V. Mackowiak et al. “NEP – Noise Equivalent Power”. In: (), pp. 1–4. URL: https://

www.thorlabs.com/images/TabImages/Noise_Equivalent_Power_White_Paper.pdf.

[46] J. Goldstein et al. “Waveguide-integrated mid-infrared photodetection using graphene

on a scalable chalcogenide glass platform”. In: Nature Communications 13.1 (2022),

p. 3915. DOI: 10.1038/s41467-022-31607-7. URL: https://doi.org/10.1038/s41467-

022-31607-7.

[47] S. Schuler et al. “High-responsivity graphene photodetectors integrated on silicon

microring resonators”. In: Nature Communications 12.1 (2021). ISSN: 2041-1723.

DOI: 10.1038/s41467-021-23436-x. URL: http://dx.doi.org/10.1038/s41467-021-

23436-x.

[48] S. Marconi et al. “Photo thermal effect graphene detector featuring 105 Gbit s−1

NRZ and 120 Gbit s−1 PAM4 direct detection”. In: Nature Communications 12.1

(2021), p. 806. DOI: 10.1038/s41467-021-21137-z. URL: https://doi.org/10.1038/

s41467-021-21137-z.

[49] V. Mišeikis et al. “Ultrafast, Zero-Bias, Graphene Photodetectors with Polymeric

Gate Dielectric on Passive Photonic Waveguides”. In: ACS Nano 14.9 (2020). PMID:

32790351, pp. 11190–11204. DOI: 10.1021/acsnano.0c02738. URL: https://doi.org/

10.1021/acsnano.0c02738.

[50] Y. Ding et al. “Ultra-compact integrated graphene plasmonic photodetector with

bandwidth above 110 GHz”. In: Nanophotonics 9.2 (2020), pp. 317–325. DOI: doi:

10.1515/nanoph-2019-0167. URL: https://doi.org/10.1515/nanoph-2019-0167.

[51] Y. Gao et al. “High-performance chemical vapor deposited graphene-on-silicon ni-

tride waveguide photodetectors”. In: Opt. Lett. 43.6 (Mar. 2018), pp. 1399–1402.

DOI: 10.1364/OL.43.001399. URL: https://opg.optica.org/ol/abstract.cfm?URI=ol-

43-6-1399.

[52] S. Schuler et al. “Graphene Photodetector Integrated on a Photonic Crystal De-

fect Waveguide”. In: ACS Photonics 5.12 (2018), pp. 4758–4763. DOI: 10 .1021/

acsphotonics.8b01128. URL: https://doi.org/10.1021/acsphotonics.8b01128.

[53] S. Schuler et al. “Controlled Generation of a p–n Junction in a Waveguide Inte-

grated Graphene Photodetector”. In: Nano Letters 16.11 (2016). PMID: 27715060,

pp. 7107–7112. DOI: 10.1021/acs.nanolett.6b03374. URL: https://doi.org/10.1021/

acs.nanolett.6b03374.

[54] A. Pospischil et al. “CMOS-compatible graphene photodetector covering all optical

communication bands”. In: Nature Photonics 7.11 (2013), pp. 892–896. ISSN: 1749-

4893. DOI: 10.1038/nphoton.2013.240. URL: http://dx.doi.org/10.1038/NPHOTON.

2013.240.

https://www.rp-photonics.com/responsivity.html
https://www.rp-photonics.com/responsivity.html
https://www.thorlabs.com/images/TabImages/Noise_Equivalent_Power_White_Paper.pdf
https://www.thorlabs.com/images/TabImages/Noise_Equivalent_Power_White_Paper.pdf
https://doi.org/10.1038/s41467-022-31607-7
https://doi.org/10.1038/s41467-022-31607-7
https://doi.org/10.1038/s41467-022-31607-7
https://doi.org/10.1038/s41467-021-23436-x
http://dx.doi.org/10.1038/s41467-021-23436-x
http://dx.doi.org/10.1038/s41467-021-23436-x
https://doi.org/10.1038/s41467-021-21137-z
https://doi.org/10.1038/s41467-021-21137-z
https://doi.org/10.1038/s41467-021-21137-z
https://doi.org/10.1021/acsnano.0c02738
https://doi.org/10.1021/acsnano.0c02738
https://doi.org/10.1021/acsnano.0c02738
https://doi.org/doi:10.1515/nanoph-2019-0167
https://doi.org/doi:10.1515/nanoph-2019-0167
https://doi.org/10.1515/nanoph-2019-0167
https://doi.org/10.1364/OL.43.001399
https://opg.optica.org/ol/abstract.cfm?URI=ol-43-6-1399
https://opg.optica.org/ol/abstract.cfm?URI=ol-43-6-1399
https://doi.org/10.1021/acsphotonics.8b01128
https://doi.org/10.1021/acsphotonics.8b01128
https://doi.org/10.1021/acsphotonics.8b01128
https://doi.org/10.1021/acs.nanolett.6b03374
https://doi.org/10.1021/acs.nanolett.6b03374
https://doi.org/10.1021/acs.nanolett.6b03374
https://doi.org/10.1038/nphoton.2013.240
http://dx.doi.org/10.1038/NPHOTON.2013.240
http://dx.doi.org/10.1038/NPHOTON.2013.240


68

[55] X. Gan et al. “Chip-integrated ultrafast graphene photodetector with high respon-

sivity”. In: Nature Photonics 7.11 (2013), pp. 883–887. DOI: 10.1038/nphoton.2013.

253. URL: https://doi.org/10.1038/nphoton.2013.253.

[56] Z. Peng et al. “Two-dimensional materials-based integrated hardware”. In: Science

China Information Sciences 66.6 (2023), p. 160401. DOI: 10.1007/s11432- 023-

3744-2. URL: https://doi.org/10.1007/s11432-023-3744-2.

[57] E. J. H. Lee et al. “Ultrafast, Zero-Bias, Graphene Photodetectors with Polymeric

Gate Dielectric on Passive Photonic Waveguides”. In: ACS Nano 3.8 (2008), pp. 486–

490. DOI: 10.1038/nnano.2008.172. URL: https://doi.org/10.1038/nnano.2008.172.

[58] A. Varykhalov et al. “Effect of noble-metal contacts on doping and band gap of

graphene”. In: Phys. Rev. B 82.12 (2010), p. 121101. DOI: 10.1103/PhysRevB.82.

121101. URL: https://link.aps.org/doi/10.1103/PhysRevB.82.121101.

[59] G. Giovannetti et al. “Doping Graphene with Metal Contacts”. In: Phys. Rev. Lett.

101.2 (July 2008), p. 026803. DOI: 10.1103/PhysRevLett.101.026803. URL: https:

//link.aps.org/doi/10.1103/PhysRevLett.101.026803.

https://doi.org/10.1038/nphoton.2013.253
https://doi.org/10.1038/nphoton.2013.253
https://doi.org/10.1038/nphoton.2013.253
https://doi.org/10.1007/s11432-023-3744-2
https://doi.org/10.1007/s11432-023-3744-2
https://doi.org/10.1007/s11432-023-3744-2
https://doi.org/10.1038/nnano.2008.172
https://doi.org/10.1038/nnano.2008.172
https://doi.org/10.1103/PhysRevB.82.121101
https://doi.org/10.1103/PhysRevB.82.121101
https://link.aps.org/doi/10.1103/PhysRevB.82.121101
https://doi.org/10.1103/PhysRevLett.101.026803
https://link.aps.org/doi/10.1103/PhysRevLett.101.026803
https://link.aps.org/doi/10.1103/PhysRevLett.101.026803

	Introduction
	Graphene
	Band structure
	Carrier concentration

	Properties
	

	Absorption
	Graphene pn-junction

	Photodetection
	Photovoltaic effect
	
	
	Contributions of the effects

	Methods
	
	

	Model
	
	

	Results and discussion
	Fitting the model

	Conclusion
	References

