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Abstract: Having been inspired by the tremendous pro-
gress in material nanoscience and device nanoengineer-
ing, hybrid phototransistors combine solution processed
colloidal semiconductor quantum dots (QDs) with gra-
phene or two-dimensional (2D) semiconductor materials.
Novel detectors demonstrate ultrahigh photoconduc-
tive gain, high and selective photoresponse, low noise,
and very high responsivity in visible- and near-infrared
ranges. The outstanding performance of phototransis-
tors is primarily due to the strong, selective, and size
tunable absorption of QDs and fast charge transfer in 2D
high mobility conductors. However, the relatively small
mobility of QD nanomaterials was a technological barrier,
which limited the operating rate of devices. Very recent
innovations in detector design and significant progress in
QD ligand engineering provide effective tools for further
qualitative improvements. This article reviews the recent
progress in material science, nanophysics, and device
engineering related to hybrid phototransistors. Detectors
based on various QD nanomaterials and several 2D con-
ductors are compared, and advantages and disadvantages
of various nanomaterials for applications in hybrid pho-
totransistors are identified. We also benchmark the exper-
imental characteristics with model results that establish
interrelations and tradeoffs between detector character-
istics, such as responsivity, dark and noise currents, the
photocarrier lifetime, response, and noise bandwidths. We
have shown that the most recent phototransistors demon-
strate performance limited by the fundamental generation
recombination noise in high gain devices. Interrelation
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between the dynamic range of the detector and the detec-
tor sensitivity is discussed. The review is concluded with a
brief discussion of the remaining challenges and possible
significant improvements in the performance of hybrid
phototransistors.
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hybrid phototransistors; responsivity; photoconductive
gain.

1 Introduction

Light matter interactions in two-dimensional (2D) materi-
als have unveiled diverse optoelectronic properties in this
subclass of nanomaterials for a plethora of applications
including photovoltaics, light-emitting diodes, sensing,
and photodetection [1]. In fact, graphene has become a
very desirable material for broadband, ultrafast optoelec-
tronic applications due to the absence of a bandgap, which
enables broadband interactions with light and hence
wideband transparency. Combined with its high mobility,
graphene is a strong contender for applications requiring
work-function tunable and transparent conductive elec-
trodes [1-3]. As a photodetector, the 2D nature of graphene
makes field effect Fermi level control an efficient tool for
device operation [4]. However, although these unique
capabilities have sparked interest, the limitation in light
absorption is undoubtedly the most central roadblock
in developing useful 2D material base photodetection
systems [5]. Besides graphene, other layered structures
such as semiconducting transition metal dichalcogenides
(TMDs) offer several advantages because of their tunable
bandgap, strong light matter interaction, transparency,
and mechanical flexibility [6], making them appealing
materials for electronic and optical devices. However,
unlike graphene, the mobility is much lower in this class
of 2D semiconductors.

Therefore, hybridized systems that incorporate the
unique properties of graphene and 2D semiconductors
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with other complementary optical systems such as colloi-
dal quantum dots (QDs) have gained much traction due
to the vast advantages provided by this union [7, 8]. For
instance, the controllable size and shape of QDs offer the
ability to combine high and selective coupling to electro-
magnetic radiation while the high electric conductivities
and efficient electrostatic gating of graphene make it an
excellent conductive channel material. While a complete
understanding of 2D-QD charge transfer process remains
elusive, it is known that the appropriate choice of material
toinclude ligand strategy, design of QD optical properties,
and the 2D electronic properties itself plays a significant
role in device operation [9].

In this review, we discuss the research progress and
direction in graphene and semiconducting 2D material
base optoelectronics and highlight the most unique attrib-
utes of hybrid systems. First, advancements in fabrication
technologies with emphasis on interface interactions are
discussed, followed by physical mechanisms of photore-
sponse and basic parameters of photodetectors compar-
ing graphene with 2D semiconductors with emphasis on
responsivity, sensitivity, operating rate, and characteristic
power. We conclude with a critical discussion of the matu-
rity, challenges, and future perspectives of hybrid photo-
detection systems.

2 Fabrication technologies

The key to achieving better hybrid 2D-0D devices consists
of the fabrication of atomically thin 2D materials and the
engineering of QD solids with low defect concentrations
and efficient carrier transport. Therefore, this section will
highlight recent progress in the fabrication of 2D materials
such as graphene and the TMDs such as MoS, and WS,,
as well as the synthesis of QDs with emphasis on ligand
strategy.

Many methods for synthesizing and transferring gra-
phene and the TMDs have been developed and explored
during the recent surge of intense research. The most
common fabrication technique used for single-layer and
multi-layer 2D materials includes exfoliation and epi-
taxial growth [7, 10, 11]. In general, the type of method
employed depends on the size, uniformity, and specific
isomeric structure required. Vapor-phase epitaxy methods
such as molecular beam epitaxy (MBE) and metalorganic
chemical vapor deposition (MOCVD) are frequently used
for wafer-scale growth of atomically precise heterojunc-
tions of TMDs with good control of chemical composition,
thickness, and uniformity [12]. With vapor-phase chemical
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reactions such as CVD, high-quality graphene films with
large domains can be obtained. Nonetheless, although
some reports claim that the thickness can be controlled,
there are still a lot of uncertainties [13]. Furthermore, as
the CVD growth of graphene strongly depends on the type
of substrate employed, it is difficult to achieve separation
without damage to the structure [13]. This challenge has
direct technological impact on the development of roll-
to-roll production of graphene as the intrinsic properties
of graphene change in the context of contact electrode
as a result of this step [14]. Simple inexpensive chemical
and mechanical exfoliation techniques remain the most
favorable methods for fabrication graphene structures.
Mechanical exfoliation techniques typically result in small
size and randomly distributed and oriented sheets on the
substrate, which poses a significant challenge to device
fabrication in the context of uniformity [15]. Figure 1A-D
shows TEM images of resulting films from exfoliation and
vapor phase epitaxy of MoS, and MoS,/WS, hybrids. On the
other hand, liquid exfoliation techniques, which include
ion intercalation, ion exchange, and sonication-assisted
exfoliation, are scalable and result in large quantities of
nanosheets that can easily be dispersed into uniform films
[15].

The hybridization of graphene and the TMDs with
colloidal QDs can be achieved via assembly [19] or in situ
methods [20]. The layer-by-layer (LbL) assembly method is
most commonly used and relies on the electrostatic inter-
action of oppositely charged films [19]. LbL involves syn-
thesis of separate components, which are then assembled
through repeated drop-casting/spin-coating of graphene/
TMDs and QDs successively on a highly doped or undoped
substrate [16, 21-23] depending on the device configura-
tion of choice [24]. Figure 2 illustrates QD-bottom and
graphene-bottom hybrid transistors fabricated using this
method. Various modifications of CVD techniques are
employed to fabricate high-quality 2D conductors, such as
graphene, MoS -WS, [18].

Colloidal QDs typically used for hybrid 2D-0D devices
are made of PbS [7, 21-23], PbSe [26, 27], or ZnO [28]
QDs. PbS/PhSe QDs are generally fabricated using wet
chemical synthesis methods [7, 21-23, 26-29] that include
thermal decomposition of organometallic precursors in
the presence of a coordinating solvent, which provides
a micelle-like ligand shell that controls the growth of
the particles while ZnO QDs are grown using hydrother-
mal techniques [28]. The most important component of a
hybrid phototransistor is the chemical structure, length,
and conductivity of the ligands used during the synthesis
of the QDs. As surface defects/traps can easily be intro-
duced during the synthesis process, capping ligands are
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Figure 1: (A) TEM image of epitaxially grown PbSe-MoS,; (B) HRTEM image of the PbSe-MoS, hybrid material showing the average size of
5.7 nm of the PbSe QDs, corresponding to a band gap of 0.74 eV; absorption edge of 1675 nm [16]. (C) TEM image of WS, grown by CVD Inset:
Photoluminescence and PL mapping of a triangular WS, monolayer. The scale bar indicates 5 um [17]. (D) SEM image of CVD grown hetero-
structure crystals. Scale bar: 30 um. Inset: schematic of WS,/MoS, in-plane heterojunctions [18].

used to passivate the surface of the QDs. However, these
capping ligands ultimately determine the interparticle
spacing between the QDs themselves and energetic barrier
to charge transport at the QD-2D interface [26, 27, 29]. In
general, capping ligands such as trioctylphosphine (TOP)
and oleic acid (OA) are typically employed in the synthe-
sis to reduce defect density, stabilize the QDs in solution
by giving them a hydrophilic or hydrophobic surface, and
prevent particle aggregation and precipitation [30, 31].
However, these long ligands create strong insulating bar-
riers between QDs, reduce the coupling and hopping rate,
and impede efficient carrier transport between the QD and
the 2D material [26, 27, 29].

Ligand exchange processes are commonly used to
replace the long-chain ligand with small molecules such
as amines [32], thiols [33-35], and hydrazine [36]. However,
it can be difficult to stabilize QDs such as PbS and PbSe
using short surfactant ligands, as both size and shape
of the dots can be compromised during the exchange
process [35-41]. In their work on QD solids, Jeong et al.

demonstrated complete removal of oleic acid on PbS QDs
using ethanedithiol (EDT) and mercaptocarboxylic acids
(MPA) treatments to fabricate QD solids with enhanced
mobility and lifetime [33]. Meanwhile, Talapin et al. com-
pletely removed the oleic acid on PbSe QDs with diluted
hydrazine to fabricate phototransistors with high conduc-
tivities [35]. Turyanska et al. also demonstrated signifi-
cant enhancement in conductivity using short thiol-based
ligands of thioglycerol/dithioglycerol or polyethylene
glycol [36]. On the other hand, to achieve better control
over the stoichiometry of the QDs during ligand exchange
processes, Zhang et al. demonstrated the use of a metal-
free chalcogenide compound, (NH,)S,, to remove bulky
surfactant ligands [37]. This treatment differs significantly
from others employing thiols, halides, and carboxylates
because it creates inorganically interconnected QD solids
through metal-sulfide bonds resulting in a significant
decrease in the interparticle spacing. Table 1 summarizes
commonly used ligand anchors groups with informa-
tion on length, mobility, lifetimes, and corresponding
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Figure 2: (A) Schematic illustration of the QD-bottom phototransistor; (C) the G-bottom phototransistor on a Si n+/Si0, substrate.
Cross-sectional SEM images of the channel in the QD-bottom phototransistor (B) and the G-bottom phototransistor (D) [25].

diffusion coefficient, which exponentially decreases with
the increase of the ligand length.

3 Photodetectors: main
characteristics and tradeoffs

This section briefly highlights the main parameters of
photodetectors and tradeoffs in sensing technologies.
In the context of photodiodes and phototransistors, our

Table 1: Properties of ligands.

discussion and consideration are limited to detectors
based on the phenomena of photoconductivity. It is con-
venient to separate light-induced generation, which pro-
vides photocarriers to the transistor channel, and capture/
recombination processes, which remove photocarriers
from the channel. The external quantum efficiency (EQE),
7, is defined as the probability that the incoming photon
creates a unit charge carrier in the channel. The perfect
readout does not affect photocarriers. The photocarrier
may be captured or recombined upon return from the
readout circuit to the photoconductor. The probability

Capping ligands Length Mobility Lifetime Diffusion coefficient Ref.
A cm?/V-s (s) cm?/s

Hydrazine - 1 - 0.026 [33]
Oxalic acid 3.5 0.41 <5x10~? 0.01 [26]
1,2-Ethanediamine 3.8 1.6 1.25%x10°8 0.041 [26]
1,2-Ethanedithiol 4.1 0.07 - 1.8x10°* [24]

2.4x10°4 9.3x10°¢ 6.2x10-¢ [31]
3-Mercaptopropionic acid 5.0 5.1x10°3 3.1x10°° 1.3x10°4 [31]
1,3-Propanedithiol 5.5 4.0x10°32 - 104 [24]
1,4-Butanedithiol 6.8 7.0x10°3 - 1.8x10°4 [24]
1,5-Pentanedithiol 8.0 3.0x10°* - 0.8x10-° [24]
1,6-Hexanedithiol 9.8 7.0x10°4 - 1.8x10°% [24]
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of this process is given by the ratio of the transit time,
7, which the photocarrier spends in the photoconduc-
tor, to the photocarrier lifetime, 7,. The photoconductive
gain, y:r//rn, refers to the number of times the photo-
electron can circulate in the readout circuit. With these
two dimensionless parameters, n and vy, that describe the
photocarrier generation and recombination processes, the
photocurrent may be presented as ]ph:enyP/(hv) where e
is the unit charge, P is the electromagnetic power, and hv
is the energy of a photon. Thus, the responsivity of the
photodetector is given by

Jon _enr, _eny O

R="F= = .
p hwtr hv

Let us highlight that these simple equations for the
photocurrent and responsivity are only applicable to the
non-degenerate photoconductors.

It is convenient to present EQE as a product of the
absorption coefficient «(v) and internal quantum effi-
ciency (IQE), », , i.e. n=a(®)n, . The detector operating
time is 7,, and the corresponding electronic bandwidth,
i.e. operating rate, B=1/(2r,). Long photocarrier lifetime
increases the responsivity but decreases the operating
rate.

The detector sensitivity is determined by the signal-
to-noise ratio. To present the noise current in the photo-
conductor, let us assume that without light, there are N
thermally excited charge carriers in the channel. Then, the
dark current is given by J, =eN, /t,. Thermal fluctuations
in N, lead to the generation-recombination (GR) noise
current. Taking into account that the average fluctuation
of N, is N,? and the noise bandwidth of GR processes,
B=(2r) ', the GR noise current is given by

e,/2N
e L) fer . @

Jo== "5

Another source of the noise current is the shot noise,
which is determined by the total current, i.e. the sum of
the dark current and the photocurrent,

Jy=2Je(, +],)- 5

The total noise current, J _, is equal to (J7, +J ;)1’2.
The sensitivity of the detector is characterized by the noise
equivalent power: NEP=] /R, which is proportional to
the square root of the photoconductor volume. The detec-
tivity, D, is used to characterize the optoelectronic mate-
rial or structure. Itisdefinedas D" = \/E | NEP = \/ER / T e

where S=Lx W is the photodetector square. In the case
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of small photon fluxes, when the photocurrent is much
smaller than the dark current, the detectivity is given by

Q-ﬁ. (4)

dc

p=_"1
2hy

Thus, the high photoconductive gain improves both
the detector responsivity and sensitivity (NEP and detec-
tivity). To achieve high photoconductive gain, y=7 /7,
as well as high device operating rate, 1/7,, one should
decrease the transit time, rtr=L/p¢E, i.e. increase the pho-
tocarrier mobility, u. As the intensity of thermodynamics
calculations increases as a square root of the photoconduc-
tor thickness, the low dimensional materials are favorable
for sensing. Therefore, the 2D materials are expected to
greatly impact detector technologies. However, as men-
tioned earlier, perfect 2D materials cannot provide effec-
tive absorption of electromagnetic radiation. Therefore, it
makes sense to combine such materials with QDs, which
show effective resonant absorption via the light-induced
electron transitions in dots. Finally, we would like to note
that the consideration above and all corresponding equa-
tions are applicable to the non-degenerate conductors
(semiconductors). The photoresponse of weakly degener-
ate graphene will be discussed in Section 5.2.

4 Optoelectronic properties of
colloidal QDs

Colloidal QD photodetectors have attracted intense atten-
tion during the last decade because of their low process-
ing cost and unique optical properties. Solution processed
QD nanomaterials combine high and selective coupling
to electromagnetic radiation, impressive photoconduc-
tive gain, and high photoconductivity [38, 39]. QD photo-
diodes demonstrate substantial photoresponse in visible-,
near-infrared (NIR), and short-wavelength infrared (SWIR)
ranges. The photoresponse spectrum is determined by the
QD electron level spacing, which can be controlled by the
dot size and shape [40]. As an example, Figure 3 demon-
strates the bandgap of PbSQDs as a function of quantum
diameter, d, [41]. According to the theory [40], the bandgap
in spherical QDs is given by

2
EQD:Ebulk+2hz 1 4 1
g g &> \m,m,

2
_ 3.6e ) (5)
hree d

Comparing the experimental curve with Eq. 5, we see
that in the nanoscale range of nanoparticle diameters,
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Figure 3: Effect of QD size on the bandgap of PbS QDs [41].

both the confinement effect (the second term in Eq. 5) and
the Coulomb interaction (the third term in Eq. 5) deter-
mine the bandgap in the spectrum of nanoparticles.

The analogous dependencies for the QD bandgap
vs. QD size were observed for PbSe and ZnO nanoparti-
cles [42-44]. Thus, for variety of QDs, quantum confine-
ment provides wide spectral tunability within a single QD
material.

Carriers trapped in QDs very effectively interact with
electromagnetic radiation via radiative excitation and
recombination (relaxation) processes [45-47]. If other
interactions are weak, the radiative processes lead to
strong resonance light scattering by QDs with negligible
absorption. The absorption processes are realized due
to radiative electron transition to QD excited states and
nonradiative recombination and escape processes, when
excited photocarriers escape to QD surface traps or trans-
fer to conducting states in the matrix and contribute to the
photocurrent. The scattering and absorption processes
may be described by the radiative, y, and nonradiative,
y,» damping coefficients. The corresponding resonance
scattering and absorption cross-sections of QDs as func-
tions of the light frequency (w=27v and A =cv) are given
by Ref. [48]

3 /4 ©
27 (w,+Aw—0) +(y, +ym)2/4’

scC

30 Vb

_Z(w(ﬁAa)—w)z+(yr+ym)2/4’ @

abs

where ) is the resonance frequency of electron transi-
tions in QDs and Aw is its exciton energy correction. Thus,
the ratio of absorption cross-section to the scattering
cross-section is ym/yr. Near the resonance, the absorption
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cross-sections have a wide maximum at y_=y, and the
corresponding cross-sections aty_=y, are as follows:

0, =0 :ilz. (8
ans SC 87[

Therefore, for optimization of QD optoelectronic devices,
it is critically important to enhance the resonance absorp-
tion and scattering. The scattering processes strongly
increase light trapping and allow for reduction of the
absorber thickness by 4n? times, where n is the refractive
index of the QD material [49, 50].

The equations above relate the absorption in QDs
to the photocarrier kinetics. To provide the resonance
absorption in QDs and simultaneously minimize the
emission losses, the characteristic time of the photocar-
rier transfer from QD excited states to conducting states
should be 3-5 shorter than the radiative recombination
time in QDs.

Quantum confinement in QD nanomaterials also
strongly modifies the relaxation and recombination
processes. Electron-phonon relaxation is suppressed
when the energy level spacing exceeds the characteristic
phonon energies, while the electron-electron (hole) inter-
action is enhanced. Strong interaction between electrons
and holes leads to multiple exciton generation (MEG) [51],
which may increase the quantum efficiency above 100%
[52, 53]. Strong resonance absorption and high quantum
efficiency result in significant responsivity, R, which may
exceed 10° A/W in QD photodiodes. Relatively low levels
of the generation-recombination noise and transport
noise lead to an impressive signal-to-noise ratio and the
corresponding detectivity of 10°W/Hz"? (Jones) [54, 55].

Compared with perfect crystalline semiconductors,
the colloidal QD materials are strongly nonhomogeneous
at the nanoscale level. Spatial fluctuations in the material
structure produce significant nanoscale potential profile,
which drastically affect both transport and kinetic phe-
nomena. The negative effect of this nanoscale profile is
the significant mobility suppression due to photocarrier
scattering from the random profile, from ~100 cm?/Vs in
crystalline materials to 10 ~°-10 ~! cm?/Vs in colloidal QDs.
The positive effect of this profile is the nanoscale separa-
tion of electron and holes, which substantially increases
the photocarrier lifetime, up to several microseconds.
Thus, both characteristic transport (transit) and recom-
bination times strongly increase in colloidal QD devices.
Such photocarrier kinetics provides a high photoconduc-
tive gain compared with that of MBE grown QD structures
but significantly decreases the device operating rate.
Therefore, significant technological efforts were aimed at
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passivation of shallow photoelectron traps. Recent results
demonstrate very significant improvement in the pho-
tocarrier mobility, which, in turn, reduces the PbSe QD
photodiode operating time to 74 ps [39].

5 Hybrid QD-2D conductor
phototransistors

Use of high mobility 2D conductors in photodetectors
can significantly decrease the transit time during which
photocarriers leave the photoconductor. This, in turn,
increases the photoconductive gain, photoresponse, and
detectivity of detectors (Egs. 1 and 4). However, pure 2D
materials demonstrate weak interactions with the elec-
tromagnetic radiation because the Drude absorption
in this case is negligible and band-to-band absorption
is small due to the ultra-thin thickness. For example,
graphene with a photocarrier mobility of ~10* cm?/Vs,
which is one—-two orders of magnitude higher than the
mobility in crystalline silicon, absorbs just 2% of incom-
ing electromagnetic radiation. As we discussed in the
previous section, colloidal QD nanomaterials are low-
cost selective and tunable absorbers, which provide
effective conversion of photons into electron-hole pairs.
Therefore, the combination of QDs and graphene into
optoelectronic nanomaterial is very promising for detec-
tor technologies.

The phototransistor is the simplest detector, where
light absorption and carrier collection are realized in dif-
ferent parts of photodetector and these key functionali-
ties may be optimized independently. Modern field-effect
phototransistors demonstrate the gain values of 10>-10°
with the operating bandwidth of ~10° Hz [56, 57]. In pho-
totransistor, the electron-hole pairs are generated in the
gate volume and may be transferred via thermionic or tun-
neling effects to the high-mobility source-drain channel.
Tuning the gate voltage allows one to realize conditions
at which the electron and hole transfer processes are sub-
stantially asymmetric. One type of photocarriers mainly
moves to the channel, while another type of carrier is pre-
dominantly trapped in the gate volume. The photocarrier
lifetime is limited by capture processes from the channel
to the gate and typically the lifetime strongly exceeds the
recombination time in the channel. Finally, high mobility
and long photocarrier lifetime lead to large values of the
photoconductive gain.

Let us note that modern MBE grown QD nanomateri-
als also provide high mobility along with selective and
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controllable absorption. The MBE grown QD IR pho-
todetectors (QDIPs) as well as quantum well IR photo-
detectors (QWIPs) are usually based on inter-subband
electron transitions. Due to high mobility and relatively
large photoelectron capture time, the MBE grown QDIPs
demonstrate very high gain [58, 59]. The main drawback
of MBE grown QD structures is a small absorption coef-
ficient. Doping of QDs enhances inter-subband electron
transitions and increases the absorption coefficient but
simultaneously increases the dark current and noise
current. For these reasons, the operation of MBE grown
QD infrared photodetectors is limited by temperatures of
70-120 K [60].

The hybrid phototransistor is a detector of choice
to combine QD absorber with 2D conducting channel.
During the last decade, significant scientific and engi-
neering investigations were aimed at the development of
hybrid graphene-QD structures with high electron cou-
pling between these two components (see Figure 2). The
first operation of hybrid QD-graphene phototransistor
has been demonstrated in Ref. [7]. Konstantatos and co-
workers sensitized PbS QDs with the first exciton peak at
950 nm and 1450 nm and deposited colloid QDs on gra-
phene flakes, which were prepared by standard mechani-
cal exfoliation. The hybrid transistor demonstrated a
photoconductive gain of 10%, responsivity of 107 A/W, and
detectivity of 7x 10" Jones with the signal rise and relaxa-
tion times of ~10 ms. This work has attracted significant
attention to hybrid QD-2D conductor transistors. Devices
having a graphene channel and PbS QDs were also
investigated in Refs. [10, 61-63]. In other works, the gra-
phene channel was combined with ZnO QDs [28, 64] and
recently with PhSe QDs [25, 65]. Besides graphene, MoS,,
WS,, and SnS, were investigated as possible 2D conduc-
tors for the source-drain channel. Phototransistors with
PbSe QDs on MoS, nanosheets were studied in Ref. [16].
SnSe nanocrystals were combined with WS, monolayer
in Ref. [17]. Copper indium sulfide QDs deposited on SnS,
were studied in Ref. [8]. Advanced MoS, phototransistor
[66] was combined with PbSQD nanomaterial in Ref. [21].
Dependence of the photoresponse of hybrid transistors on
QD functionalization (capping with various ligands) was
investigated in Refs. [36] and [67]. All hybrid phototran-
sistors demonstrated high gain, responsivity, and detec-
tivity but relatively long rise and relaxation times, which
changes from several subseconds to dozens of seconds. To
accelerate charge transfer between QDs and 2D conduc-
tors, in a very recent work [68], Nikitskiy et al. employed
the device architecture [69] that combines the QD photo-
diode with transistor.
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Figure 4: Spectral characteristics of various hybrid phototransistors: (A) and (B) graphene devices with small and large PbS QDs [7],
() MoS, device with PbS QDs [21], and (D) graphene device with PbSe QDs [65].

5.1 Spectral characteristics and
responsivities

In Figure 4, we present the spectral responsivities of
hybrid phototransistors with various QD nanomaterials.
Let us highlight that without QDs, the photoresponse of
transistors is negligible, because the absorption of mon-
olayers is very small. In the case of graphene channel,
the direct photoresponse is also strongly suppressed by
strong recombination processes with picosecond charac-
teristic time. Thus, in all devices, the photoresponse origi-
nates from the light-induced exciton generation in QD
structures and the spectral photoresponse characteristics
correlate well with the absorption of QDs.

In Ref. [7], the authors investigate two phototran-
sistors with graphene channel and PbS QDs of different
sizes with the first exciton peaks at 950 nm and 1450 nm.
Figures 4A and B show that spectral photoresponse
follows the absorption of PbS QDs. Figure 4C demon-
strates the spectral photoresponse of PbS QDs deposited
on MoS, [21]. The MoS, transistor without QD structures
shows negligible photoresponse in the wavelength range
above 700 nm. Addition of QD nanomaterial increases
the photoresponse by five orders of magnitude and shifts
its spectral boundary to ~1150 nm. The spectrum of the
photoresponse correlates well with PbS absorption with
a exciton peak at 980 nm. Figure 4D presents the spec-
tral photoresponse of the phototransistor with MEH-PPV/
PbSe nanomaterial integrated with monolayer graphene,
where MEH-PPV is the polymer 2-methoxy-5-(20-ethyl-
hexyloxy-p-phenylenevinylene) [65]. The photoresponse

spectrum shows two distinct peaks, which originate due
to absorption in PhSe QDs (the long wavelength peak) and
MEH-PPV (the short wavelength peak). In Ref. [68], the
PbS colloidal QDs with the exciton peak at 1600 nm allows
for extending operation of ITO-QDs-graphene diode-tran-
sistor photodetector to 1700-1800-nm wavelength (0.7 eV
or 170 THz). Thus, spectral responsivities of hybrid pho-
totransistors are determined by the absorption spectra of
QD nanomaterials and can be controlled by QD size.

The characteristics of phototransistors measured
in the most of the reports discussed are summarized in
Table 2. Practically all of the hybrid devices demonstrate
very high responsivity, up to 10’ A/W. Due to such high
responsivities, the phototransistors do not require any
amplifiers. Figure 5 shows that the responsivity is propor-
tional to the drain-source voltage, V,, in the wide range of
V.. [10, 17]. This dependence is highly expected because
the transit time is inversely proportional to V,, and there-
fore, the photoconductive gain is proportional to V, i.e.

T, v
y=—*t=r, “L—;‘

tr

©

where L is the channel length (see Table 2).

5.2 Transient photoresponse, photocarrier
lifetimes, and photoconductive gain

The transient photoresponse was measured in most of
the reports on hybrid phototransistors. The characteristic
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times obtained in these measurements are summarized in
Table 2. Detailed studies of graphene-QDs phototransis-
tors have shown that the increase of photocurrent with the
illumination and its decrease when the light is switched
off are well described by bi-exponential dependencies
with two characteristic times (see Figure 6). The longer
time changes from ~1 to 10 s, and the short time changes
from 0.01 to 1 s. The rise and fall transient characteristics
turn out to be rather symmetric, i.e. the characteristic rise
and relaxation times in a particular device are very close.
The decay (rise) of photocurrent with two distinct char-
acteristic times was associated with the multiplicity pho-
tocarrier traps at the surface of the QDs [7] or with slow
electron and fast hole processes [10].

Photoconductive gain may be evaluated as a ratio of
the photocarrier lifetime to the transit time (Eq. 9). The
product of EQE and the gain can be determined from the
responsivity (Eq. 1). Using the data of Ref. [7], we find
that at maximal responsivity, R=4x10" A/V, which is
obtained under a laser illumination with A =532 nm and at
the drain-source voltage V, =5V, the EQE-gain product is
ny=Rhv/e~108. Based on the extracted mobility of 1x10°
cm?/Vs, we find the transit time of ~ 0.2 ns. Evaluating the
gain via photoelectron lifetime, we obtain ~5x10° for the
1-s lifetime, which corresponds to the long relaxation time
observed in the transient photoresponse. Then, calculat-
ing EQE, we get 7 = 0.02. In QD-graphene phototransistors,
EQE is the product of probabilities of several processes,
which include the photon absorption in QDs, photocar-
rier extraction from QD to matrix, and finally the charge
transfer from QD structures to graphene. As the light-
induced charge transfer, AQ, also results in the shift of
gate voltage, AV, which is interrelated via the gate-chan-
nel capacitance, AQ= CgCAVg. Then, the external quantum
efficiency related to the photon-charge carrier conversion
may be presented as follows:

[68]
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(10)

According to Ref. [7], the power of 0.1 pW induced a
2-V gate shift, and the capacitive coupling Cgc/ e was ~7x
10° cm -2V -1, which leads to a EQE of ~0.25 [7].

The accurate evaluations show that the quantum
efficiency, 7 ~ 0.02, determined from the responsivity (i.e.
photocurrent) is substantially below the efficiency of the
photon to charge carrier conversion, #*~0.25. This sig-
nificant difference has a simple explanation. These two
quantum efficiencies should coincide only in the non-
degenerate conductors, because Eq. 1 is not applicable to
the degenerate photoconductor. The photoelectron placed

PANY: TOPO +aniline tetramer

QD capping
Ethanedithiol
Pyridine
Default

Oleic acid
Ethanedithiol
Ethanedithiol
Thioglycerol
Oleic acid (OA)
Pyridine

Table 2: Characteristics of hybrid phototransistors.
PbSe QDs-Graphene Nanomech  Trioctylphosphine (TGO)

QDs-2D channel
PbS QDs-Graphene
PbS QDs-Graphene
PbS QDs-Graphene
PbS QDs-Graphene
Zn0 QDs-Graphene
PbSe QDs-Graphene
PbSe QDs-Graphene
PbSe QDs-MoS,
PbS QDs-WS,
CulnS, QDs-SnS,
PbS QDs-MoS,

PbS QD-Graphene
ITO-PbS QDs-Graphene
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Figure 5: Photocurrent as a function of the drain-source voltage at various EM powers: (A) the graphene transistor with PbS QDs [10] and

(B) the WS, transistor with PbS QDs [17].

at the Fermi surface of the degenerate conductor contrib-
utes to the photocurrent via the shift of the Fermi energy
and the corresponding increase of electron density of
states at the Fermi level. In the degenerate conductor, the
efficiencies discussed are related by

kT .
=—N.

n (11

F

Thus, intentional or unintentional doping of gra-
phene substantially reduces the quantum efficiency.

As seen from Table 2, practically all hybrid phototran-
sistor were fabricated with short (micron) high-mobility
2D channels that provide high gain. The photoresponse in
these devices may decrease due to the small efficiency of
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charge transfer via the QD structure-channel interface as
well as due to doping of the channel, including uninten-
tional doping due to the charge transfer from QDs to the
channel without light. Let us also note that doping of the
channel also increases the dark current and noise.

5.3 Polarity of photoresponse

In both materials, graphene and the QD structures, the
electric charge may be transferred by electrons as well as
by holes. Which light-induced carriers are injected from
QDs to graphene? According to Ref. [7], the sign of injected
photocarriers depends on graphene doping. In the

4
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Figure 6: Transient photoresponse: (A) the graphene transistor with PbS QDs [10], (B) the MoS, transistor with PbS QDs [16], (C)
the graphene nanomech transistor with PbSe QDs [67], and (D) integrating diode-transistor detector based on graphene with PbS QDs [68].
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undoped graphene with the work function of ~ 4.5-4.6 eV,
the chemical potential (i.e. the Dirac point) is slightly
above the chemical potential of the p-doped PbS QD nano-
material with the work function of ~4.9 eV. Therefore, in
the absence of light, the charge is transferred from QDs to
graphene. This charge transfer creates the electric field in
the direction from graphene to the QDs. The photocarriers
created in the QD structure are separated by this field and
photoelectrons move from QDs to graphene, while holes
are trapped in the QDs.

The charge motion is opposite, if the graphene is
p-doped and the Fermi energy of holes exceeds 0.3-0.4 eV.
In this case, the chemical potential of carriers in graphene
turns out to be below the chemical potential of QDs, which
leads to the charge transfer from graphene to QDs. The
induced electric field forces photo-holes to move from QDs
to graphene. In Ref. [7], the above model was confirmed
by the measurements of the gate voltage shift due to the
QD deposition and the light-induced shift. As it is shown
in Figures 7A and B, the channel resistance as a function
of the gate voltage reaches a maximum (the current has
a minimum) when the electrochemical potential crosses
the Dirac point. If the positive (negative) charge is trans-
ferred to the graphene, position of the Dirac voltage shifts
to higher (lower) voltages. Let us note that the analogous
shifts of the gate voltage due to QD deposition doping and
light-induced doping of graphene were observed in Refs.
[61] and [62]. The main conclusion of the model [7] is that
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because the light-induced process is realized due to the
electric field created by QD deposition, the light-induced
charge transfer (Dirac voltage) is opposite to the charge
transfer related to QD deposition on graphene.

However, different results have been obtained in Ref.
[10] (see Figures 7C and D). It was found that while the
deposition of PbS QDs on graphene leads to the p-doping
of graphene and corresponding positive shift of the Dirac
point (~ 47 V), the light-induced shift of the gate voltage is
in the same direction to higher voltages. In other words,
the light also results in p-doping of graphene. Thus, the
light-induced charge transfer is not completely controlled
by the electric field between QDs and graphene.

As mentioned earlier, the QD capping ligands play
a critical role in the charge transfer process. Turyanska
et al. in Ref. [36] investigated PbS QDs of 4.5-nm diam-
eter capped by polyethylene glycol H-(O-CH,-CH,) -OH
with n=2000 (P2000) and n=500 (P500). The P2000 and
P500 ligands have length of 10 nm and 5 nm correspond-
ingly. They also studied QD capping with a mixture of
thioglycerol (TGL) and dimercapto-propanol, which has a
short length of ~0.5 nm. It was found that deposition of
any of these three QD nanomaterials results in n-doping
of graphene. A significant shift in the Dirac point was
observed when the QD material with TGL capping was
deposited. As expected, the photoresponse of the transis-
tor with TGL QD material significantly exceeds the pho-
toresponse of the device with P500 nanomaterial, which,
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Figure 7: Shift of the gate voltage due to QD deposition and the light-induced shift of the gate voltage in the device with undoped graphene
(A) and p-doped graphene (B) and PbS QDs [7]. (C) Gate voltage shift due to PbS QD deposition in graphene phototransistor and (D) the

light-induced shift of the gate voltage [10].
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in turn, shows substantially larger photoresponse than
the device with P2000 nanomaterial. An interesting effect
of light on the polarity of the graphene was observed. The
presence of light results in the n-doping of graphene for
the transistors with P500 and P2000 nanomaterial but
leads to the p-doping of graphene in devices with TGL QD
material (see Figure 8). Thus, the data of Ref. [36] show
that only in the QD nanomaterial with short ligands is the
light-induced charge transfer determined by the electric
field created during the QD deposition.

Summarizing this section, let us highlight that the
high photoconductive gain and responsivity are observed
in hybrid transistors with high mobility graphene and
MoS, channels. Decrease of mobility in the channel, for
example, the graphene nanomesh channel, strongly
reduces the responsivity. As it will be discussed in the next
section, high photoresponse also requires strong electric
coupling between the QD structure and the high mobility
channel. The coupling increases in structures with short
ligands (ethanedithiol and thioglycerol), which are used
for QD capping.

5.4 Photoreponse vs. electromagnetic power

The photoresponsivity of hybrid phototransistors dem-
onstrates complex dependencies on the radiation power
(see Figure 9). In Ref. [7], it was found that the responsiv-
ity does not change at low electromagnetic powers, up to
50 fW. At higher power, the responsivity decreases approx-
imately as P -. The last observation is in agreement with
that of Ref. [23], where it was found that R« P-!*# with
B =0.0043. Analogous results were obtained for ZnO QDs
on graphene [28]. Responsivity was found to be constant
up to the irradiations of 10 -® W/cm? and decreases as P!
at higher power. In Ref. [28], the observed dependence
was associated with the dependence of photoelectron life-
time on power,

.z 7,(0)
' 1+pP/P’

(12)

and corresponding decrease in the photoconductive gain
with power. The power independent responsivity at small
power and dependence R« P~! at higher power were also
observed in Ref. [65] for PbSe-graphene phototransistor
and in Ref. [36] for PbS-graphene phototransistor. Finally,
in Ref. [68], it has been demonstrated that the field-
enhanced charger transfer from PbS QDs to graphene via
additional ITO electrode drastically increases the power
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Figure 8: The gate voltage shift due to QD deposition (black solid
lines) and the light induced shift (red lines) in graphene transistors
with PbS QD nanomaterials with different ligands [36].

range (up to 10 > W/cm?), where the responsivity is power
independent (see Figure 9D).

Let us note that different results were obtained in PbS
QD-graphene phototransistor in Ref. [10] (Figure 9B) and
for phototransistors with WS, [17], SnS, [8], and MoS, [21]
channels. The corresponding values of the exponent 3 in
the dependence Re P~'*# are summarized in Table 2. As
seen, while for the graphene phototransistors, exponent
was found close to zero, for WS, SnS,, and MoS, phototran-
sistors, the values of 3 are substantially different from zero.

The dependence R P-! observed at high powers in
graphene transistors shows that the photogeneration rate
or photocarrier transfer from QDs to graphene is inde-
pendent of power. In our opinion, this observation cannot
be explained by the absorption saturation in the QD nano-
material or saturation of bipolar tunneling at high powers,
which were proposed in the original works. The saturation
of the QD absorption or bipolar tunneling would require
substantially larger power.

In our opinion, the bottleneck in the phototransistor
operation at high power is determined by the finite states
available for photocarriers in graphene. The number of
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Figure 9: Responsivity vs. electromagnetic power: the graphene transistors with PbS QDs with different ligands (A) [23], (B) [10], and
(C) [62]; (D) integrating diode-transistor detector based on graphene with PbS QDs [68].

such states is proportional to the electron density of states
in graphene

DOS(¢) = 8ns/(th)2, (13)
where v, =5x10° cm/s is the Fermi velocity in graphene. The
characteristic energy interval of photoelectron transfer is
~3 kT, and the number of available states may be evaluated
as DOS(g)-3kT. Then the characteristic power is given by

, _ 3KT-DOS(e)hw

T . (14)

Thus, the characteristic power strongly depends on
the photoelectron lifetime and weakly depends on the
device band structure (work functions of materials and
doping) via the linear energy dependence of DOS. For
typical values ¢~0.5 eV and 7,=1 s, we evaluate P as
10 -8 W/cm?, which is in agreement with the experimental
observations. The proposed model also predicts that for
devices with short photocarrier lifetime, the characteris-
tic power is shifted to higher values. This is confirmed by
the data of Ref. [68], where 7, was evaluated as 10 ~“ s and
P,, as 10 ~*W/cm? (see Figure 9D). Thus, the short photo-
electron lifetime substantially increases the characteristic
power and the dynamic range of the detector.

In general, charge transfer from QDs to graphene is
determined by two processes. The first one is the diffusion

of photocarriers in QD nanomaterial to the relatively narrow
depletion region, where under electric field, the photocarri-
ers drift to the channel. The width of the depletion area, L -
depends on doping of QD structure and graphene and also
by the number of electron (hole) states in the 2D materials.
Because of the small number of states, the depletion length
is small. The characteristic time of the drift charge transfer,
74 =Ly / (uE)=L,, / (uV,), depends on the electric field
(gate voltage). As the depletion length is small, at any rea-
sonable gate voltage, the drift processes are significantly
shorter than the diffusion time in the QD structure,

p 1Ly (15)

dif 7[2 D 4
where L is the length of the QD material and D is its diffu-
sion coefficient. Thus, the bottleneck in the charge transfer
to graphene critically depends on the diffusion process in
the QD nanomaterial. If the characteristic diffusion time,
7,» €xceeds the recombination time, 7, the diffusion pro-
cesses are accompanied by the recombination losses in
the QD structure. The diffusion-recombination processes
decrease the responsivity and increase the exponent f3
above zero (5=0 is expected for the ideal device).

As it was discussed in Section 2, the diffusion coeffi-
cient exponentially decreases with the increase in the ligand
length (see Table 1). In particular, ligands of the amine
group are relatively long, and even in the QD nanomaterial
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Figure 10: Noise characteristics of the hybrid detectors: (A) Fluctuations of the channel resistance in the graphene transistors with PbS QDs
[71; (B) noise vs. the modulation frequency in the integrating diode-transistor detector [68].

with the shortest amine ligand, pyridine, the electron and
hole mobilities are below 10 ~*cm?/s-V [24]. The correspond-
ing diffusion coefficient is below 3x10-¢ cm?/s, and for
typical 100-nm length of QD structure, the diffusion time is
above 3 us, which exceeds the typical recombination time,
7,~0.1 ps, in PbS QD nanomaterial [52]. This explains the
increase of 5 to 0.24 observed in hybrid transistors based PbS
QDs capped with pyridine ligands [10] (see Table 2). Use of
shorter ligands enhances photoresponse and reduces the
recombination losses. In comparison with the QDs-graphene
phototransistors, most of WS,, SnS,, and MoS, hybrid devices
show substantially weaker photoresponse and significantly
higher values of 5 (see Table 2), which are interrelated as we
discussed above. In our opinion, the strong advantage of gra-
phene for use in hybrid phototransistors is the continuous
density of electron states, which does not need precise level
alignment with the QD nanomaterial. Hybrid phototransis-
tors based on 2D materials having a semiconductor bandgap
require accurate band engineering to match the electron
levels of QDs, 2D conductors, and ligands that provide elec-
tron coupling between QDs and 2D channel. The potential
advantage of 2D bandgap materials is the expected low dark
current and corresponding noise currents.

5.5 Noise and sensitivity

The detector performance is determined by the signal-
to-noise ratio, which is given by noise equivalent power

Table 3: Noise characteristics of hybrid phototransistors.

(Eq. 4). Unfortunately, the noise characteristics of hybrid
transistors were measured only in a few papers [7, 21, 68]. At
the same time, the noise measurements have been carried
out in detectors with graphene [7] and MoS, [21] channels
and also in the diode-transistor integrating detector [68]
(see Figure 10), which allows us to compare various mate-
rials and detector designs. The noise characteristics and
sensitivities of the detectors are summarized in Table 3.
First of all, it is interesting to compare graphene and MoS,
transistors. Graphene has substantially higher mobility
and, therefore, the photoconductive gain and responsivity.
While the electron-hole spectrum in graphene is gapless,
MoS, has a relatively large gap and, therefore, the dark
current and the noise currents in MoS, are expected to be
substantially smaller than the corresponding currents in
graphene. As seen from Table 2, the hybrid graphene-QD
structures demonstrate better detectivity at comparable
operating times. Thus, the high gain of the graphene-QD
transistors provides not only the highest responsivity but
also the highest sensitivity of detectors.

The noise mechanisms were investigated in Refs. [21]
and [68]. It was found that at low modulation frequencies,
1-1000 Hz, the 1/f noise dominates over other noise mech-
anisms in the fluctuations of the dark current. In Ref. [21],
the measured noise was compared with the shot noise,
which was considered by the authors as a fundamental
limit for sensitivity in hybrid transistors. They have found
that at low frequencies, the 1/fnoise in the MoS transistors
exceeds by 10°-10* times the shot noise.

Responsivity Noise NEP W-Hz-1/2 Detectivity Characteristic Ref.

A/W Jones time (s)
PbS QDs - Graphene 5-107 0.1 Q/Hz'? 10-v 7x1013 ~1 [7]
PbS QDs - MoS, 6:10° (0.6-10)x10-° A/Hz'?at f=1 Hz 7x10-1 5x10" 0.3-0.4 [21]
ITO-PbS QDs-Graphene 10¢ 2.5x10-8V/Hz'/? 0.6x10-% 1x10% ~10-* [68]
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In our opinion, the fundamental limit of the sensi-
tivity of the high-gain hybrid phototransistors is deter-
mined by the “generation-recombination” noise, where
the number of photocarriers in the channel fluctuates
due to the capture of photocarriers from the channel to
the QDs and the inverse process of photocarrier genera-
tion from QDs to the channel. According to Eqs. 1-4, for
y>>1, we can derive a simple relation between NEP, the
dark current, J > and responsivity, R,

NEP=2J]‘“\/E.
R\ n

In the case, when the short noise dominates over
the GR noise, the corresponding noise equivalent power,
NEP= 2\/5 / R, is ~y"?times smaller than that in the high
gain GR limit. However, in current hybrid phototransis-
tors, the 1/f noise dominates over both the GR noise and
shot noise.

(16)

5.6 Photodetector integrated QD diode with
graphene transistor

As discussed in the previous section, the main problem
of the hybrid QD-2D conductor transistors is the rela-
tively long (1-0.1 s) operating time and corresponding
short bandwidth. Slow operation puts strong limitations
on applications of hybrid transistors in multi-elements
sensing and imaging technologies. Also, intrinsic 1/f noise
as well as 1/f noise of electronic circuits strongly reduces
the sensitivity of detectors. As we discussed in Section 4.4,
the bottleneck in the charge transfer from QD structure to
graphene is determined by the diffusion processes in QD
material. To accelerate the operation of hybrid phototran-
sistors, in Ref. [68], a device architecture with additional
indium tin oxide (ITO) top-contact, which covered the
PbS QD nanomaterial, was proposed and experimentally
investigated. Thus, the circuit ITO-QDs-graphene forms a
diode structure that is combined with the graphene tran-
sistor. The ITO-graphene voltage accelerates photocarriers
and modifies slow diffusion processes in the QD structure
to fast drift charge transfer. This architecture strongly
reduces the operating time, to ~0.1 ms, which, in turn,
allows the authors to overcome the 1/f noise at operating
frequencies.

The voltage responsivity, R =4x10" V/W, and
noise voltage, V =2.5x10"8 V/Hz"2, measured in
Ref. [68] result in the noise equivalent power of
NEP=V /R =0.6x10 " W/Hz'”. Let us analyze the
photodetector sensitivity in terms of high-gain
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generation recombination noise. Substituting into
Eg. (16), the current responsivity R=10° A/W and the
dark current J, =100 pA, we will find the NEP value of
0.6 x10 " W/Hz"? in agreement with the directly meas-
ured results. Thus, the integrating QD diode-graphene
transistor device architecture allows for achieving the
fundamental limit of sensitivity determined by genera-
tion recombination processes in high gain devices.

6 Summaries and outlook

This article reviews emerging detector technologies
based on nanostructures that combines QDs with high
mobility 2D conductors. This unique combination of
0D-2D nanomaterials offers an excellent perspective
for development of low-cost phototransistors with high
gain, selective photoresponse, MHz electronic band-
width, and high sensitivity in the visible and short-
wave infrared ranges. During the last 5 years, the hybrid
devices have come a long way from complex studies of
detection mechanisms and related optoelectronic phe-
nomena to the developing technology for numerous
sensing and imaging applications. Intensive investiga-
tions of hybrid structures include a variety of QD opto-
electronic nanomaterials (PbS, PbSe, ZnO, etc.) and 2D
materials (graphene, WS,, MoS,, etc.). In this review,
we discussed advanced fabrication methods, physical
mechanisms of photoresponse, and basic parameters
of photodetectors. The comparative analysis of various
hybrid phototransistors and comparison of experimental
device characteristics with theoretical models provide
a better understanding of current achievements and
further perspectives in this very promising area. The fol-
lowing paragraphs will provide a brief summary of the
main requirements for QD materials, 2D materials, and
device architecture and discuss possible steps for further
optimization of these devices.

The main requirements to the QD nanomaterial for
application in hybrid phototransistors are high resonance
absorption, which leads to photocarrier generation, and
high photocarrier diffusion, which provides fast charge
transfer from the QD structure to the graphene. Currently,
it is well understood that the diffusion coefficient exponen-
tially increases with decreasing the ligand length [26]. Use
of QD nanomaterial with short ligands significantly reduces
recombination losses, increases the photoresponse, and
simultaneously increases the operating rate. While in
the current phototransistors the mobility of the QD struc-
tures does not exceed 0.1 cm?/s (see Tables 1 and 2), recent
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progress in nanoscale engineering of QD nanomaterials
with short ligands has improved mobility above 10 cm?/s
[70]. These achievements provide a solid base for further
improvement of hybrid phototransistors. Direct relation
of the transistor spectral characteristic with QD absorp-
tion is experimentally established and well understood.
The absorption theory [48] gives a direct relation between
the resonance absorption of QDs and the rate of photocar-
rier escape from the excited QD states (Egs. 6 and 7). This
interrelation of absorption and mobility allows for further
optimization of parameters of QD nanomaterial and its
thickness. To the best of our knowledge, this effect has
not yet been experimentally investigated. Also, systematic
studies of the phototransistor characteristics as a func-
tion of QD doping would be very useful for understanding
charge photogeneration and its transfer in QD structures.

Considering 2D materials for hybrid phototran-
sistors, it is interesting to compare graphene with 2D
semiconductors. Graphene has substantially higher
mobility, which leads to high gain and high photore-
sponse. Due to a large bandgap, the 2D semiconductor
materials demonstrate substantially lower dark current
and, therefore, the better noise characteristics may be
expected. As it is shown in Tables 2 and 3, currently,
the graphene-based hybrid transistors substantially
surpass 2D semiconductor devices in responsivity,
sensitivity, and operating rate. In our opinion, the key
advantage of graphene lies in its universality. The opto-
electronic QD-graphene nanostructures do not need
fine level alignment, which is required for matching QD
levels to the conducting (valence) band in the bandgap
semiconductor. At the same time, the small density of
electron states in graphene (Eq. 13) leads to the rela-
tively small dark current and, therefore, small noise
equivalent power (Eq. 4).

In this work, we have developed a model that well
describes the dependence of the responsivity on the elec-
tromagnetic power for a graphene transistor and deter-
mined the characteristic power, P, below at which the
photoresponse is linear in power (Eq. 14). As the char-
acteristic power is proportional to the DOS in graphene
and the noise current is proportional to DOS"2, the detec-
tor dynamic range is proportional to DOS"? and it may be
effectively controlled by the gate voltage. The gate control
of operating regimes opens intriguing possibilities for
adaptive sensing.

Complex optimization of the transistor design pro-
vides significant room for improvements of all detector
parameters. First of all, the well-developed solar cell
methods for light trapping [50] may be applied to the
phototransistors for enhancement of QD absorption
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and reduction of QD nanomaterial thickness, which, in
turn, is expected to improve the device operating rate.
Decrease of the device length will increase the gain
and responsivity (Eq. 9). Decrease of the device square
(Iength and width) will improve the noise equivalent
power, i.e. sensitivity (Eq. 4). Additional transparent
top contact covered QD nanomaterial [68] provides
efficient control of the photocarrier transport in QD
structure. In this design, the field-induced photoelec-
tron drift strongly accelerates the devices operation.
The electronic bandwidth of 1.5 kHz has been already
demonstrated [68].

In this work, we have defined the limiting sensi-
tivity of hybrid phototransistors, which is determined
by the generation-recombination noise in high gain
devices. The corresponding noise equivalent power
can be calculated using the measured dark current
and responsivity (Eq. 16). We have demonstrated that
this limiting sensitivity has been achieved in the recent
work [68], where devices integrating QD photodiodes
and graphene phototransistors were proposed and
investigated. Thus, the hybrid phototransistor techno-
logy has already reached some level of maturity, at
which the photoresponse and noise mechanism are
determined by the same photoelectronic processes, i.e.
all additional noise mechanisms are suppressed. This
achievement opens possibilities for improvement of the
operating rate and sensitivity by operating at modu-
lation frequencies between the photoresponse band-
width and the noise bandwidth, which is determined
by crossing of the generation-recombination noise with
an additional noise, for example, in the ideal case with
the Jonson noise. In this way, the ultrahigh responsivity
of hybrid transistors may be sacrificed for improvement
of other critical characteristics.

In conclusion, the hybrid QD-2D channel phototran-
sistors have already demonstrated ultrahigh gain, high
efficiency, high sensitivity, and spectral selectivity for
operation in the visible and near-IR ranges. Additional
gate control of electron transport in QD nanomaterial
allows for increase in the operating speed. Fast progress in
material science and nanotechnologies provides numer-
ous intriguing possibilities for further improvements of
hybrid phototransistors.
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