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ABSTRACT

Graphene is a promising material for next-generation high-performance photodetectors because of its fast response,
broadband photodetection (from the ultraviolet region to the terahertz region), mechanical and chemical stability,
flexibility, and low manufacturing cost. We developed high-responsivity graphene infrared (IR) photodetectors based on
field-effect transistors (FETs) with photogating that operate in the middle- or long-wavelength IR (MWIR or LWIR)
region. The photogating effect is induced by a photosensitizer located in the vicinity of graphene. The photosensitizer
generates a voltage change via incident light, which modulates the carrier density of graphene and produces an extremely
large differential output current. This effect, unique to graphene, is attributed to its high carrier mobility and single-atom
thickness. As photosensitizers, InSb and LiNOs were used for the MWIR and LWIR regions, respectively. However,
graphene FET-based structures inevitably produce a large dark current because graphene has no bandgap. This
degenerates photodetector performance and prevents the construction of IR image sensors using conventional readout
integrated circuits. To overcome this problem, a graphene/InSb heterostructure is proposed. It exhibits both a low dark
current and a high responsivity by amplifying injected photocarriers via photogating in the MWIR region. These results
can be applied to other wavelength regions and could contribute to the development of high-performance graphene-based
IR image sensors and next-generation optoelectronic devices.
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1. INTRODUCTION

Graphene, an atomically thin material with a carbon-based honeycomb lattice, has a unique electronic band structure
with Dirac cones’ 2. Because of this band structure, graphene has excellent properties, including high carrier mobility, a
broadband photoresponse, and mechanical and chemical stability® 4. Graphene is flexible’ and can be fabricated at low
cost using methods such as chemical vapor deposition®. These advantages make graphene suitable for next-generation
optoelectronic devices such as photodetectors (PDs). The development of high-performance ultrabroadband PDs with a
fast response time is expected” 8. However, graphene has a low absorbance (~2.3%). Various methods have been
proposed to enhance its responsivity, including those based on hetero-electrodes® !°, optical cavities!'"> 12, plasmonic
structures'*>!7, nano-patterned graphene for graphene plasmons'®-??, the bolometric effect’’, PN junctions?, quantum
dots?27 | heterostructures with semidonductors?-2, and photogating®-’. Among them, photogating is the most effective
method for achieving ultra-high responsivity, which cannot be achieved using conventional technologies.

There has been growing demand for high-performance infrared (IR) PDs for applications in security, defense, the
automotive industry, and medicine. To meet this demand, we developed high-responsivity graphene IR PDs based on
photogating. In this paper, we report the detailed mechanism of the photogating and the developed graphene PDs with
various structures and photosensitizers.

2. PHOTOGATING

Figure 1 shows the photogating mechanism. Figure 1(a) shows a schematic diagram of graphene field-effect transistor
(FET)-based PDs. If a photosensitizer that can generate a voltage change (Vpn) when irradiated by IR light is used as a
substrate, the back-gate voltage is modulated by V., changing the Fermi level of the graphene, as shown in Fig. 1(b).
Consequently, as shown in Fig. 1(c), the Vpg-14 curve is shifted. The differential output current (Alyn) is extremely large
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because it is proportional to the gradient of the Vyg-lq curve, which corresponds to the high carrier mobility of graphene.
Because graphene is atomically thin, a small voltage change can produce a large modulation of carriers. The Aly, of
graphene-based PDs is at least 10 times larger than that of conventional quantum-type PDs. The photosensitizer
determines the operating wavelength and response time of graphene-based PDs.
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Figure 1. (a) Schematic diagram of photogating mechanism for graphene FET-based PDs. (b) Fermi level shift of graphene
caused by back-gate voltage change. (c) Vy,-1d curve shift caused by photogating.

3. GRAPHENE FET-BASED PHOTODETECTORS

Figure 2 shows the developed graphene FET-based PDs based on photogating. Si**38, InSb3*%7, and LiNbO3* were used
for the visible (VIS) and near-IR (NIR), middle-wavelength IR (MWIR), and long-wavelength IR (LWIR) regions,
respectively. Si has a bandgap that spans the VIS region and part of the NIR region, and the InSb bandgap spans the
MWIR region. LiNbO; exhibits a pyroelectric effect in the LWIR region. These materials can therefore produce a
photogating effect in these wavelength ranges.

All structures consisted of an insulator layer formed on the substrate as a photosensitizer, onto which a graphene FET
was fabricated with source-drain electrodes.

VIS NIR MWIR LWIR

Figure 2. Graphene FET-based photogating PDs using Si (VIS and NIR), InSb (MWIR), and LiNbO3; (LWIR) as
photosensitizers.
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Figure 3 shows a comparison of the photoresponse of graphene-based IR PDs using InSb and Si substrates, respectively,
in the MWIR region at 77 K. Only InSb produces a voltage change and thus a photogating effect, because the Si bandgap
does not span the MWIR region. The photoresponse with photogating was approximately 100 times larger than that
without photogating.
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Figure 3. MWIR photoresponse of graphene IR PDs with InSb (top) and Si (bottom) substrates.

Ultra-high responsivities of 2.86x103, 321, and 446 A/W were obtained with Si*®, InSb*’, and LiNbO;* as the
photosensitizer in the VIS, MWIR, and LWIR regions, respectively. The corresponding quantum efficiencies of all PDs
exceeded 100%. These results are direct evidence of the photogating effect. In addition, room-temperature operation can
be realized in the LWIR region owing to the pyroelectric effect of LiNbOs.

4. PHOTODETECTORS BASED ON GRAPHENE/SEMICONDUCTOR
HETEROSTRUCTURE

The previous section showed that graphene FET-based IR PDs with photogating exhibit ultra-high responsivity.
However, graphene-based FET structures inevitably produce a large dark current because graphene has no bandgap. To
address this issue, we developed a graphene/semiconductor heterojunction with photogating, where graphene and the
semiconductor are in direct contact. In this contact region, a Schottky barrier forms owing to the difference in Fermi
level between graphene and the semiconductor®®. The dark current is expected to be reduced by this barrier, which
operates like a diode. PDs with this structure are hereafter denoted as diode-type PDs.

Figures 4(a) and 4(b) show the mechanism of photogating in graphene FET-based and diode-type PDs, respectively. As
shown in Fig. 4(b), a graphene-based diode-type PD comprises a contact region and a graphene channel. In the contact
region, where graphene and the semiconductor are in direct contact, photocarriers are injected from the substrate to
graphene. The graphene channel forms on the insulator layer on the substrate, where photogating can occur. Therefore,
diode-type PDs exhibit both high responsivity and a low dark current.
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Figure 4. Comparison of operation mechanism of graphene (a) FET-based and (b) diode-type PDs with photogating.

generation

Figures 5(a) and 5(b) show a schematic diagram of the developed graphene/InSb heterojunction MWIR PD*® and a
comparison of the photoresponse between graphene FET-based and diode-type MWIR PDs with an InSb substrate,
respectively.
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Figure 5. (a) Schematic diagram of graphene/InSb heterostructure-based MWIR PD. (b) Comparison of photoresponse
between graphene FET-based and diode-type MWIR PDs with photogating (InSb substrate).

As shown in Fig. 5(b), the diode-type MWIR PD?° has the same high responsivity as that of the FET-based MWIR PD
but with a much lower dark current (about 10”7 times). This indicates that the photogating effect was induced in the
diode-type PD.
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5. CONCLUSION

We developed high-responsivity graphene FET-based and diode-type IR PDs with photogating. The photogating effect is
generated by the voltage change induced by a photosensitizer located in the vicinity of graphene. The photogating effect
is attributed to graphene’s unique properties (e.g., high carrier mobility and atomic thickness). Ultra-high-responsivity
graphene FET-based PDs with photogating were demonstrated using Si, InSb, and LiNbO; as a photosensitizer in the
VIS and NIR, MWIR, and LWIR regions, respectively. Room-temperature operation was realized using the pyroelectric
effect of LiNbOs. Although high responsivity was achieved, graphene FET-based PDs produce a large dark current,
which is a serious disadvantage for IR sensors and IR image sensors. To overcome this problem, we developed
graphene-based diode-type PDs, which comprise a contact region and a graphene channel. In the contact region,
graphene and InSb (as a photosensitizer) are in direct contact. The barrier formed by the Fermi level difference between
graphene and InSb drastically suppresses the dark current. The graphene channel forms on the insulator layer on the
substrate, where photogating can occur. As a result, both a low dark current and high responsivity can be achieved in the
MWIR region.

The high responsivity obtained with photogating is proportional to carrier mobility. Therefore, high-quality graphene is
required for high performance. Turbostratic graphene is a promising candidate for obtaining high carrier mobility
because it has the same high carrier mobility as that of mono-layer graphene and suppresses the influence of the insulator
layer below the graphene channel*®™*?. Advanced functional graphene IR PDs, such as those with wavelength- or
polarization-selective functions***°, are promising for next-generation advanced functional IR sensors based on graphene
metamaterials?® 6, These functions enable multicolor IR imaging for gas analysis and fire detection*” and polarimetric
imaging?®.

The results obtained in this study can be applied to other wavelength ranges, such as the ultraviolet and terahertz regions,
and could contribute to the development of novel PDs, image sensors, and optoelectronic devices such as optical
switches and waveguides.
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