1.4 Photodetection in Graphene

PTE effect can also demonstrate the photoresponse in graphene-metal interfaces. It
has been shown theoretically that the difference in the Fermi-level positions within
a graphene layer can also generate a PTE effect. By avoiding the direct heat transfer
to the substrate, a large PTE effect can be observed in suspended graphene with a
responsivity of ~10mAW~" and an IQE of ~40% [15]. Fast photoresponse switching
speeds of more than 60 GHz is demonstrated in graphene-based PTE photodetec-
tors. Here, we discuss to further understand the physical properties and parameters
involved in the PTE effect in graphene.

The heat transport in the device strongly influences both the efficiency and
response time of the device. Under pulsed excitation, we can estimate the response
time based on the initial rise in temperature AT,(t) and the cooling time 7.y as

AT.(1) = AT,(0)exp (— % j (1.10)
cool

C% , Where C, is the electronic heat

capacity, and I is a proportionality constant. When the system comes to a steady-
state condition,

Here, the characteristic cooling time, 7
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‘We can express the photocurrent under pulsed excitation as
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Based on this, the IQE (7;) can be expressed as

_h_VE PinTcool (1 13)
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Graphene is an excellent PTE material with very low C, and very large S close to
the Dirac point. If the carrier mobility is independent of the position of the Fermi
level, then we can estimate the Seebeck coefficient of graphene with the Mott
formula,

_ 2kl (1.14)
3eyEp

The above equation indicates that S increases with decreasing Er. But this anal-
ogy cannot be applied if kgT,>>EF.

In graphene PTE photodetectors, based on the differences in the Fermi-level posi-
tions, a sixfold pattern of photocurrent can be observed that helps to distinguish it
from the PV effect. The PTE effect in graphene with sixfold pattern of photoresponse
is clearly evident in a single-layer graphene (SLG) connected by source (S) and drain
(D) contacts and dual gates where the top gate is separated by the h-BN layer, and the
bottom gate by SiO,, as shown in Figure 1.5. It has been verified that the PTE current
becomes zero when there is no difference between the positions of Fermi levels in
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Figure 1.5 Photothermionic effect in graphene-based device. (a) Schematic of single-layer
graphene (SLG) connected by source (S) and drain (D) contacts and dual gates where the top
gate is separated by the h-BN layer, and the bottom gate by SiO,. (b) Photocurrent mapping
by varying top and bottom gating at the position of yellow mapping in the panel in (a).
Source: Mathieu [8]/CC BY SA 4.0.

the two regions. Unlike the PV effect, electrons and holes contribute to the PTE
effect and cancel each other. In the PV case, the polarity of photocurrent changes
only once when both Fermi levels are equal. In graphene-based PTE photodetectors,
there is always a trade-off between performance metrics such as IQE and the relaxa-
tion time based on the cooling time. For instance, long cooling times give higher IQE
but with lower response times. The relaxation of hot carriers in graphene depends
on various relaxation pathways, and in general, the cooling times are ~1 ps, implying
large theoretical bandwidth of ~500 GHz and IQE within 20% [7, 16, 17]. Graphene
with almost uniform optical absorption from MIR to UV region is highly promising
in designing broadband photodetectors based on the PTE effect.

1.4.5.2 Photobolometric Effect (PBE)
When the transport conductance (G,) of material changes due to heating induced by

the photon absorption,
Ipc = 5(;8 VAT, (1.15)

One of the crucial differences between PTE and photobolometric effect (PBE) is
that the photoinduced heat modifies the transport properties of the material rather
than the transport of charge carriers, as in the case of the PTE effect. In this case, the
conductivity change is due to the carrier mobility’s dependence on temperature. So,
unlike the PTE effect, external bias is required to drive the photocurrent in PBE and
can emerge in homogeneous materials without a junction. The photoresponse time
of the PB effect is very similar to the PTE effect as they both rely on the cooling of
the hot electrons. Several studies have investigated the PBE in graphene and other
2D materials [18-20]. However, the responsivities reported in these studies are
relatively low (~0.2mA W) compared with PTE-based devices.



1.4 Photodetection in Graphene

1.4.5.3 Photothermionic (PTI) Effect

Ever since the discovery of the photoelectric effect, the emission of electrons from
a solid by the absorption of photons, gaining importance both in terms of funda-
mental physics and real-world applications. Schottky junction provides a simple
device scheme to photoelectric effect with the emission of photoexcited electrons
into another material, known as internal photoemission (IPE). This IPE led to the
development of visible to infrared photodetectors [21, 22]. However, the efficiency
of these devices drops sharply if the photon energy drops lower than the interfacial
barrier height. Thermalized carriers or hot electrons, via electron—-electron scatter-
ing, increase the transfer efficiency of IPE by raising a fraction of electrons above
the interfacial barrier. This phenomenon, generally called the PTI effect [23, 24], is
inefficient in metals due to strong electron-phonon interaction. High thermal con-
ductivity instantly brings electrons to thermal equilibrium with the surroundings
in ~100fs. Choosing a photoabsorber with a weak electron-phonon interaction can
hold most of the absorbed photon energy within the electronic system, resulting in
a large population of hot electrons with energies much higher than that of direct
transitions. There is a promising approach to photodetection of photon energies
much lower than the Schottky barrier height. By choosing a material where hot
carriers are weakly coupled with the surrounding phonon bath, such as gra-
phene [23, 24], thermalization of photoexcited carriers with other carriers results
in hot carrier distribution with a well-defined temperature, T, [25, 26]. Realizing
sufficient T, that can overcome the Schottky barrier height, a large pool of elec-
trons that can be emitted as photon energies much lower than the barrier height
can still contribute to the hot electron distribution and thus lead to the photocur-
rent over the barrier.

1.4.5.4 Photogating Effect

Low-intensity light detection, even when the detection limit approaches the single-
photon level, requires a gain mechanism for photocurrent generation where a
single-photon absorption gives multiple carriers. Photogating is one such approach
for gain in photodetectors. Instead of being used as a light-absorbing medium, gra-
phene can also play a role as a transparent, high carrier mobility channel material
and sense the photogenerated carriers in the adjacent semiconducting absorber,
thus extending the operational bandwidth to midinfrared with high-performance
metrics. In graphene-based phototransistors, the principle of photogate is the detec-
tion of change in resistance of graphene with the corresponding light-induced
change in the substrate potential. The photogate effect can leverage the large
transconductance of graphene-based transistors. In this case, graphene is capaci-
tively coupled to the substrate, and the evolution of photogenerated carriers in the
substrate reflects in the conductivity of graphene. For this, the photon energy of the
detected radiation must be higher than the bandgap of the semiconductor substrate
that generates electron-hole pairs and separates into different zones by the electric
field. These separated charges appear at the semiconductor’s surface and alter the
effective chemical potential in the substrate. Due to capacitive coupling, this change
in chemical potential in the substrate reflects in the charge carrier density with
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opposite polarity in graphene. The resultant voltage on the graphene-oxide-semi-
conductor (GOS) structure [27] can be represented as

1
eV, =eFd +Ap, — Apg; zeFd=4ﬂeznd; (1.16)

Here, V, is the gate voltage, F is the electric field between the substrate and gra-
phene, d is the thickness of the oxide, yg s; is the chemical potential of graphene
and silicon, n is the excess interface charge density, and ¢ is the dielectric constant.

To further improve the sensitivity of this device scheme, the substrate is kept in a
nonequilibrium deep-depletion state, which significantly improves the photogen-
erated electron-hole pair separation and holds one type of charge that capacitively
couples with the opposite charge in the graphene channel [28]. In this concept, to
detect the photogenerated carriers, the semiconductor in a GOS device is kept in
deep depletion by rapid application of back-gate voltage. The energy band diagram
of GOS device with n-type Si biased in the deep-depletion state is depicted in
Figure 1.6. Positive gate voltage drives mobile electrons into the bulk Si and space
charge into the deep-depletion region of width W. The depletion region separates
the electron-hole pairs, and the holes collect at the silicon-oxide interface as the
surface potential goes negative. As the graphene capacitively couples with the Si
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Figure 1.6 Deep-depletion GOS device and operating principle. (a) Schematic of the GOS
device. (b) Optical image of several GOS devices integrated in an Si/SiO, substrate. (c) Band
diagram of GOS device in the deep-depletion state. E¢g is the Fermi level of graphene, and
the combination of both gate and channel bias (Vjg+ V) acting on the band bending near
the interface, assuming lightly n-doped silicon. (d) Under illumination, a large density of
holes accumulates in the interface inducing a negative charge and thus the n-type doping
and Fermi-level shift in graphene. Source: Howell et al. [28]; Springer Nature/CC BY 4.0.
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1.4 Photodetection in Graphene

substrate, holes collected at the interface induce electrons in the graphene channel
and modify the Fermi level reflected in the channel conductivity. This change in
conductivity can be sensed from the drain-source current when a slight bias is
applied. This phenomenon is well described in Figure 1.6. Here, it is worth noting
that the deep-depletion state occurs when the gate voltage sweep is fast enough to
avoid the formation of the inversion layer or if the device cannot maintain thermal
equilibrium [27, 28]. The rate of gate voltage change can be expressed with the
relation,

Dy am |#sVe (1.17)
a 20, \ t,

where V is the gate voltage, n is the interface charge density, V; is the thermal volt-
age (~26mV), C, is the oxide capacitance, and 7, is the minority carrier lifetime.

av.
For lightly doped Si (N ~9 x 10"*cm™), the typical d—g values are ~0.8Vs™.
t

There is another approach for the photogate effect in graphene with an absorber
material such as quantum dots (QDs), semiconductors, and pyroelectric materials.
Since the role of graphene in these detectors is only charge sensing, the choice of the
absorber decides the spectral response [29-31]. Therefore, this device concept is
equally applicable and suitable for detecting infrared to ionizing radiation. The sen-
sitivity of this photodetector is determined by both the transconductance of the gra-
phene and the generation recombination of the absorber. Thus, the full functionality
of the device can be realized only when graphene and the absorber are incorporated
into a single device, as shown in Figure 1.7a. The key response of the device is the
shift in the channel resistance versus the gate voltage, as shown in Figure 1.7b. The
short carrier transit time reflected in the fast response time makes graphene an
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Figure 1.7 (a) Schematic of a graphene-quantum dot hybrid phototransistor. (b) Channel
resistance versus gate voltage of the graphene-quantum dot hybrid phototransistor. Source:
Reproduced with permission from Konstantatos et al. [29]; Springer Nature.
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excellent material for high-gain photodetection at room temperature [29]. Some of
these light-absorbing particles showing favorable responses in sensitizing graphene
are colloidal QDs made of PbS, ZnO, and CdS [29-31]. By varying the size of these
quantum detectors, strong light absorption and bandgap tunability can be achieved
along with spectral response range from UV to short-wave infrared (SWIR). Another
advantage of these QDs is the easy integration as they can be processed in solution
and deposited by spin-coating, ink-jet-printing, and contact-printing techniques. In
addition, the surface of these particles can be optimized for efficient charge transfer
within QDs or with graphene. Large QE values >25% have been demonstrated in
these hybrid photodetectors.

1.4.6 Infrared Modulators

Integrating with other materials is inevitable to extend the operational bandwidth
of Si modulators into the midinfrared region. With its straightforward CMOS
foundry-compatible processing, graphene became a viable choice for IR modula-
tors. Based on the Fermi-level dependence of the optical absorption in graphene,
several graphene-Si waveguide-integrated IR modulators have been demonstrated.
The working principles of these modulators are simply based on tuning the optical
absorbance in graphene by varying the Fermi-level dependence of the optical
absorption in graphene. For instance, in graphene waveguide-integrated optical
modulators, graphene is placed on Si/SiO, ridge waveguide where Si is used to elec-
trostatically tune the Fermi-level position in graphene (Figure 1.8a,b). The wave-
guide is designed explicitly for the operation at 1.53 pm wavelength, and most of the
optical mode intensity lies in the graphene/SiO, region [32].

The blue dotted lines in Figure 1.8c in both the valence and conduction bands of
graphene indicate the incident photon energy range where Fermi level can be tuned
with applied gate bias or drive voltage from below to above the two lines. If Ef is
placed below the blue bottom line, there are no available electrons for interband tran-
sition, giving the lower absorption. When the Fermi level rises above the blue bottom
line, the optical absorption increases gradually and decreases when Er approaches
the top dotted blue line. If the Er crosses the top blue line, then there are no available
states to transfer the electrons in the conduction band; thus, the absorption is
dropped. This is depicted in the transmission versus drive voltage plot in Figure 1.8c.
The switching speed of these modulators is ~1 GHz, which is mainly limited by the
RC time constant. With this device structure, modulation of ~0.09 dB pm_1 can be
achieved [32]. The optical absorption can be increased by systematically increasing
the number of graphene layers, where the configurable regions with graphene-

insulator-graphene structures demonstrated modulation depth of ~0.16 dBpm™.

1.4.7 Photovoltaic Devices

Converting light to electricity is the primary function of a photovoltaic cell.

The energy conversion efficiency can be defined as n :Pm% and can also be

represented as
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Figure 1.8 (a) 3D sketch of graphene-integrated Si waveguide optical modulator. (b) Cross
section of the device with the optical mode overlay. (c) Optical transmission as a function of
the drive voltage. Source: Liu et al. [32]; Springer Nature.

n= VocX;scXFF (1.18)

1

Here, FF is the fill factor and defined as FF = M, and V is the maxi-
oc *Isc
mum open-circuit voltage. Vy,y and Iyax are the maximum voltage and current

values. Similar to photodetectors, the fraction of absorbed photons converted to
current defines the internal photocurrent efficiency. Graphene can fulfill many
roles in photovoltaic devices as transparent conductive window, charge transport
channel, and the broadband photoabsorbing material. Graphene and its derivatives
have been used as transparent electrodes in inorganic, organic, and dye-sensitized
solar cells [33, 34]. The present photovoltaic market is strongly dominated by
silicon-based solar cells with a maximum quantum efficiency of ~25% [4]. Even
though the quantum efficiencies of these solar cells are much lower than the silicon
solar cells, fabrication costs can be significantly minimized as they can be prepared
in a roll-to-roll process.

1.5 Outlook

Heat transduction into electrical energy is pivotal in designing next-generation min-
iaturized electronics. Distributing the absorbed photon energy within the electron
bath and effectively transporting it out of the system is an essential but challenging
task that must be addressed with emerging materials and device schemes. Graphene
with weak electron—phonon coupling provides an ideal platform to harness
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excessive heat in the electronic system. The vertical and lateral graphene-bulk (3D)
semiconductor heterostructures open a reliable path to commercialization while
enabling a testbed to explore hot electron-based transport from graphene to 3D sys-
tems. Therefore, future research needs to be focused on developing large-scale,
CMOS-compatible graphene-Si optoelectronic devices suitable for a wide range of
applications discussed above with room temperature operation.
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