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ABSTRACT

We show that epitaxial graphene on silicon carbide (epigraphene) grown at high temperatures (T >1850°C) readily acts as material
for implementing solar-blind ultraviolet (UV) detectors with outstanding performance. We present centimeter-sized epigraphene metal-
semiconductor-metal (MSM) detectors with a peak external quantum efficiency of 1 ~ 85% for wavelengths 2 = 250-280 nm, corresponding
to nearly 100% internal quantum efficiency when accounting for reflection losses. Zero bias operation is possible in asymmetric devices, with
the responsivity to UV remaining as high as R =134 mA/W, making this a self-powered detector. The low dark currents I, ~ 50 fA translate
into an estimated record high specific detectivity D=3.5 x 10"* Jones. The performance that we demonstrate, together with material repro-
ducibility, renders epigraphene technologically attractive to implement high-performance planar MSM devices with a low processing effort,
including multi-pixel UV sensor arrays, suitable for a number of practical applications.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0090219

Detectors of ultraviolet radiation (UV, A=10-400nm) have
proven to be useful in a number of applications, including military,
industrial, environmental, and health sectors.' ” The pursuit of high-
performance UV detectors remains attractive for applications such as
non-line-of-sight (NLoS) communications” © and UV astronomy.7 ?
Quantum noise limited UV photon counting receivers would enable
high data transfer rates on short to medium NLoS ranges, exploiting
the nearly zero UV background conditions on ground level."”’
Astronomy in the UV range, on the other hand, can play a crucial role
in understanding the chemical evolution of the universe and provide
evidence for dark energy in cosmology studies.'""'” To achieve the ulti-
mate sensitivity in the UV range, these and other applications require
solar (or visible) blind detectors, which should be insensitive to light

with wavelength A > 400 nm. A preferred route to achieve solar blind-
ness in photovoltaic solid-state detectors is by using wide bandgap
semiconductors (Eg = 3eV) as the core of UV detection. A large Eg
imposes constraints on photon energies E,, for efficient absorption
and electron-hole pair generation, removing the need to use optical fil-
ters in practical detectors.

Silicon carbide (SiC) is one of the most studied wide-bandgap
materials (Eg=3.26¢eV for the 4H polytype at 300 K), and since the
first observation of UV detection in SiC p-n junctions,'” it has become
a preferred choice for UV photodetection, providing practical
advantages such as operation in harsh environments and high
temperatures.”'® Conventional SiC UV detectors are based on UV
photons being absorbed in the bulk of SiC, producing electron-hole
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pairs that can be separated by an electric field, and thereby generating
an external current that is proportional to the number of absorbed
photons. The technology of SiC-based UV detectors has been opti-
mized over time employing different architectures'”'” with the goal of
improving the responsivity and noise performance. The responsivity R
quantifies the amount of photocurrent Ip;; generated under illumina-
tion at a given optical power Popr, with R=Ipy/Popr=1el/(hf)
(A/W), where 7 is the external quantum efficiency, e is the electron
charge, h is PlancK’s constant, and f is the frequency of the incoming
radiation. The sensitivity of the detector is limited by noise, and the
noise-equivalent-power, NEP = S\/R (W/Hz), provides a metric for
the ultimate practically detectable signal, with Sy being the current noise
spectral density Sy (A//Hz). Taking the effective area of the detector A
into account, the specific detectivity serves the purpose of enabling the
performance comparison among different detector technologies, and it
is defined as D= V“‘A/NEP2 ?in units of Jones (cmHz/W).

With the advent of epitaxial growth of graphene on SiC (epigra-
phene), UV detection with SiC has been demonstrated using the epigra-
phene layer as a transparent contact.”"** Graphene-SiC UV detectors
have been demonstrated, which display responsivities of the order of
10mA/W at A=254nm, corresponding to rather modest external
quantum efficiencies of 17~ 4%.”" Greater responsivities have been

Ader

(a) (b) \<CA)/I (c
At equilibrium
< -6
—}—w—=FK}—-o
Q l/

epigraphene

scitation.org/journal/apl

achieved at the expense of adding complexity to the devices, e.g. in verti-
cal p-n mesa junctions formed by epilayers of SiC.”” Yet, remaining
challenges with epigraphene-based UV detectors include avoiding the
formation of stacking faults in the SiC epilayers,” avoiding the need for
large bias operation™* and minimizing dark currents.””

Here, we present a graphene-based UV detector with a peak
external quantum efficiency of n ~85% for wavelengths 250-280 nm,
corresponding to nearly 100% internal quantum efficiency when
accounting for reflectance losses in the material (reported experimen-
tal reflectance for 4H-SiC is in the range 15%-30%"%""). The device is
a metal-semiconductor-metal (MSM) structure, and the high perfor-
mance is based on our capability to form a reproducible junction
between the high-purity semi insulating (HPSI) 4H-SiC substrate and
the graphene layer grown atop. Electrically, an MSM structure is
formed by two Schottky diodes connected back-to-back [Fig. 1(a)].
Under an applied voltage, irrespective of the polarity of the bias, at
least one of the diodes remains reversed-biased, so that a small satura-
tion current I, flows through the device. Upon illumination, the excess
current produced by the photo-generated carriers, i.e. the photocur-
rent Ipy, can exceed I, by many orders of magnitude, making it easily
detectable. In our case, the saturation currents in the dark conditions
can be as low as I, ~ 50 fA, and the optical power from a UV LED
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FIG. 1. UV detection with epigraphene. (a) The metal-semiconductor-metal (MSM) detector consists of two Schottky diodes (D1 and D2) connected back-to-back through the
SiC channel resistance R. The energy band diagrams of semi-insulating 4H-SiC in contact with metal and graphene show the Schottky barriers formed at the left and right
interface of SiC. In equilibrium, in the dark condition and zero applied voltage, the interfaces form a depletion type of contact. For graphene (D2), the barrier height is ®g
=D, — a1 — Jan-sic, Where @g; is the work function of graphene and y44.sic is the electron affinity of 4H-SiC. When the graphene interface is illuminated with UV-light,
absorbed UV photons create electron-hole pairs via interband transitions. The carrier photogeneration is accompanied by a reduction of the Schottky barrier, and under for-
ward bias free electrons are collected on the graphene contact. (b) Schematic of the device A. The device consists of an epigraphene square (L=5mm x W=25mm) with
eight contacts, in addition to a Ti/Au contact deposited directly on 4H-SiC. (c) |-V characteristic under illumination (pink) and under dark conditions (black). (d) Scanning photo-
current at Vg = 10V shows that the effective area for photocurrent generation is right under the epigraphene sheet. (€) Spectral responsivity at Vg = 10V, when the device is
illuminated only on the epigraphene sheet (light spot 1 x 1.5 mm?). The highest responsivity R = 175 mAM is reached at /. = 254 nm. Dashed lines indicate different quantum

efficiencies 7.
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source can produce Ipy=1 uA (ON/OFF ratio >107). A practical
advantage of MSM photodetectors is the simplicity in manufacturing,
and in our case, the high performance of the devices has been observed
on substrates just after the growth of epigraphene, by making contacts
to SiC and graphene using wedge bonding, without any need for
microfabrication. However, for careful characterization, the results
presented in this work were collected on devices having a well-defined
geometry achieved by standard e-beam lithography. In total, two gra-
phene substrates, grown on SiC from different commercial suppliers,
were studied in detail by quantifying the responsivity, effective area,
noise, and speed of response.

Epigraphene was grown on the silicon-terminated face of high-
purity semi-insulating (HPSI) 4H-SiC substrates (Cree Inc. and
Norstel AB, bulk doping of the order of N, ~10"*cm™> Ref. 28) by
encasing them in a graphite crucible, in an inert argon atmosphere of
850 mbar, and heating using RF power. This growth method results in
high quality monolayer epigraphene.”””” For UV detection, we have
optimized the growth temperatures T >1850°C using a design of
experiments (DOE) methodology.”’ Raman spectroscopy and trans-
mission mode microscopy were used to quantify the content of bilayer
graphene in the range of 10%-20% for the substrates used in our
experiments’” (see supplementary material, S1). Device fabrication
used standard electron beam lithography techniques. Epigraphene
was patterned using oxygen plasma etching, and metal contacts
were deposited using physical vapor deposition of 5nm Ti and
80nm Au.””"* Optical characterization of the substrates and spec-
tral responsivity measurements were taken using an Agilent Cary
60 spectrophotometer in the range 180-1100 nm. Electrical charac-
terization was performed under ambient illumination conditions at
room temperature using a Variable Gain Sub Femto Ampére
Current Amplifier DDPCA-300 and a Variable Gain High-Speed
Current Amplifier DHPCA-100 from Femto Messtechnik GmbH.
The samples were illuminated in two different ways: (1) by a deep
UV (DUV) flood exposure unit from Bachur & Associates,
equipped with a DUV 220 nm mirror, primarily reflecting radiation
with 4=220-260nm, providing an optical power density up to
p=10 mW/cm> and (2) a continuous LED light source
(A=250nm) LLS-250 from Ocean Optics fiber-coupled to a ball
lens to provide a light spot of diameter about D ~1.5 mm, provid-
ing an optical power up to P=6 uW (p = 0.3 mW/cm?). In all cases,
the light intensity was calibrated using both a silicon photodiode
power sensor S130VC from Thorlabs and an optical power meter
OE-200-UV from Femto Messtechnik GmbH.

Figure 1(b) shows the schematic of the measurement setup for
device A, which consists of a 5 x 5 mm? epigraphene square. Electrical
contacts are placed around the epigraphene perimeter, with additional
contacts also deposited directly onto the SiC substrate. A large area
sample ensures that the UV light-spot falls entirely inside the epigra-
phene area during optical characterization, so that all the light, except
for the reflection losses, is coupled to the device. Figure 1(c) shows the
current-voltage (I-V) characteristic for this device both in the dark
and under illumination with A =250 nm.

The dark current for this square geometry device is below pA
in the bias range V= *10V, being as low as Iopr=>52 fA for Vp
= 10V (epigraphene as anode). In the absence of light, the zero-bias
differential resistance measured between epigraphene and the contacts
on SiC is Ry=dV/dI ~20 TQ.

scitation.org/journal/apl

Under illumination (P, =6 uW), the current measured at
V=10V is Ioy=0.8 pA, yielding a current on-off ratio Ion/Iokr
~1.54 x 10. The shape of the I-V curve is that of an MSM photode-
tector with asymmetric Schottky contacts, where the epigraphene is
the anode and Ti/Au is the cathode. In the light on case, the I-V curve
clearly exhibits two distinct operating regions, referred to as photocon-
ductive and saturation regimes.”” The photoconductive regime is the
low forward bias with a steep sloped region of the I-V curve, while the
saturation at high bias is due to all photogenerated carriers being swept
out by the electric field.

A quantitative analysis of the device responsivity to UV photons
requires knowledge of the active area of the device, to quantify the
optical power available for photocarrier generation. The effective area
of the device was investigated by scanning the light-spot across the
entire chip while keeping a constant bias V3 =10 V. Figure 1(d) shows
that the effective photo-detecting area unambiguously corresponds to
the region where the epigraphene contact covers the surface of SiC.

Having established the effective area, the spectral responsivity of
the device was studied over the wavelength range 4 =200-1000 nm.
Figure 1(e) shows the responsivity peaking at A =250-280 nm, with a
maximum measured value about R = 175 mA/W, corresponding to an
external quantum efficiency 1 ~85%. The responsivity is drastically
reduced for / >400nm (see supplementary material, S2), owing to
the large bandgap of 4H-SiC, and results in a visible rejection ratio
of at least 1400, which we define as the ratio of the responsivity at
A=250nm to that at A =400 nm.

Of practical relevance is that the responsivity of the device
remains large even at zero bias, making this a self-powered detector.
Figure 2(a) shows the I-V response of the detector for different UV
intensities. The linearity of photocurrent in the device extracted from
these measurements is shown in Fig. 2(b) for two different biases.
Typical for MSM detectors, a larger forward bias leads to a higher
responsivity, due to an increase in size of the depletion width of the
reverse-biased contact. The zero bias operation is possible, thanks to
the asymmetric contacts, ie., contacts with dissimilar work functions,
which give rise to a built-in bias in the detector in the absence of exter-
nally applied voltage (for device B with symmetric Schottky barriers,
see supplementary material, S3).

We explore the device performance in terms of speed and detec-
tivity (Fig. 3). The rise and fall times (7, and 14, respectively), shown in
Fig. 3(a), are characterized by a double exponent, with the fastest time
being of the order of 7, ~ 10 us. The fast time constant is associated
with the electron-hole generation process, and the slow one is associ-
ated with charge redistribution processes.”” We note that the fastest
rise time was limited by the speed of the optical chopper available in
our setup, so that graphene based MSM can, in principle, be much
faster than here described (supplementary material, S4).

As for detectivity, the small dark currents due to the large resis-
tance in the dark state, Ry=dV/dI ~20TQ [Fig. 1(c)], give expecta-
tion for large detectivity values. A common way to estimate detectivity
is to assume that the noise is of purely thermal origin, which allows for
an estimate of detectivity, D~ ein/hc(4kBT/RoA)_” 2 (Refs. 17 and
20). If we apply this formula with A=250nm, T=300K, n=1,
Ry=20 TQ, and A=5 x 5mm?, the detectivity is D=13.5 X 10'°
Jones, which is among the highest theoretical estimates ever reported in
literature for UV detectors.'” Yet, we can compare this estimate with
experimental data. For this, Fig. 3(b) shows the noise characterization of
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the device. The current spectral noise density is flat, Sy=0.7 pA/|Hz
above f ~10 Hz. At optimal responsivity of R =168 mA/W, this leads to
a NEP = Sy/R=4.2 pW/Hz, which, in turn, results in a detectivity of
about D= |A/NEP=12 x 10"" Jones for device A with area A =5 x
5mm®. This is the experimentally determined detectivity, limited by the
amplifier noise, whereas theoretically one should achieve four orders of
magnitude better detectivity.

Finally, we mention that the unprecedently high responsivity to
UV light demonstrated here for the epigraphene system is observed
only in graphene grown at high temperatures, T >1850°C (supple-
mentary material, S5). It is known that the recombination lifetime of
photo-generated carriers in 4H-SiC can be increased by annealing at
high temperatures (>1700°C).”*"*" Thus, we suggest that the high
temperature process needed to produce epigraphene with high crystal-
line quality is the cause for a reduced concentration of defects at the
graphene-SiC substrate interface that could act as charge traps and/or
recombination centers. A typical challenge of MSM detectors has been
to reliably control the metal-semiconductor interface. For epigra-
phene, the graphene layer acting as the metal is produced at high
temperature in quasi-thermodynamic conditions, making it highly
reproducible. Epigraphene is particularly suitable to implement the
fully planar device architecture of the MSM structure with a low

processing effort, and makes it technologically attractive for the devel-
opment of high-performance multi-pixel UV sensor arrays.

See the supplementary material for extra data on optical and
Raman analysis of epigraphene, responsivity in the visible range, UV
photo response of device B, speed of photo response, and comparison
of UV detection in epigraphene grown at different temperatures.

This work was jointly supported by the Swedish Foundation for
Strategic Research (Nos. GMT14-0077 and RMA15-0024), Chalmers
Excellence Initiative Nano, and 2D TECH VINNOVA competence
Center (Ref. No. 2019-00068). This work was performed in part at
Myfab Chalmers.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

Appl. Phys. Lett. 120, 191101 (2022); doi: 10.1063/5.0090219
© Author(s) 2022

120, 191101-4



Applied Physics Letters

REFERENCES

™. Razeghi and A. Rogalski, ]. Appl. Phys. 79, 7433 (1996).

2g, Monroy, F. Omnes, and F. Calle, Semicond. Sci. Technol. 18, R33 (2003).

3C. Xie, X. T. Lu, X. W. Tong, Z. X. Zhang, F. X. Liang, L. Liang, L. B. Luo, and
Y. C. Wu, Adv. Funct. Mater. 29, 1806006 (2019).

“A. Vavoulas, H. G. Sandalidis, N. D. Chatzidiamantis, Z. Xu, and G. K.
Karagiannidis, I[EEE Commun. Surv. Tutorials 21, 2111 (2019).

5R. Yuan and J. Ma, China Commun. 13, 63 (2016).

67. Xu and B. M. Sadler, IEEE Commun. Mag. 46, 67 (2008).

7M. P. Ulmer, M. Razeghi, and E. Bigan, Optoelectron. Integr. Circuit Mater.
Phys. Devices 2397, 210 (1995).

8M. P. Ulmer, Quantum Sens. Nanophotonic Devices VI 7222, 722210 (2009).

9E. L. Shkolnik, Nat. Astron. 2, 374 (2018).

°D. M. Reilly, D. T. Moriarty, and J. A. Maynard, in Unmanned/Unattended
Sensors and Sensor Networks, edited by E. M. Carapezza (International Society
for Optics and Photonics, 2004), p. 244.

T'W. Wamsteker, J. X. Prochaska, L. Bianchi, D. Reimers, N. Panagia, A. C.
Fabian, C. Fransson, B. M. Shustov, P. Petitjean, P. Richter, and E. Battaner,
Astrophys. Space Sci. 303, 69 (2006).

2p.s. Somerville, R. C. Gilmore, J. R. Primack, and A. Dominguez, Mon. Not. R.
Astron. Soc. 423, 1992 (2012).

3R, B. Campbell, Solid. State Electron. 10, 949 (1967).

¥W. E. Schneider, E. T. Downey, M. Ghezzo, J. W. Kretchmer, R. J. Saia, and Y.
S. Liu, [EEE Trans. Electron Devices 40, 325 (1993).

15G. Lioliou, M. C. Mazzillo, A. Sciuto, and A. M. Barnett, Opt. Express 23,
21657 (2015).

18C. D. Matthus, A. J. Bauer, L. Frey, and T. Erlbacher, Mater. Sci. Semicond.
Process. 90, 205 (2019).

7E. Yan, X. Xin, S. Aslam, Y. Zhao, D. Franz, J. H. Zhao, and M. Weiner, IEEE J.
Quantum Electron. 40, 1315 (2004).

18X, F. Liu, G. S. Sun, J. M. Li, J. Ning, Y. M. Zhao, M. C. Luo, L. Wang, W. S.
Zhao, and Y. P. Zeng, Phys. Status Solidi C 4, 1609 (2007).

®w. C. Lien, D. S. Tsai, D. H. Lien, D. G. Senesky, J. H. He, and A. P. Pisano,
IEEE Electron Device Lett. 33, 1586 (2012).

20R. C. Jones, J. Opt. Soc. Am. 50, 1058 (1960).

2IE, Kus, D. Ozkendir, V. Firat, and C. Gelebi, ]. Phys. D: Appl. Phys. 48, 095104
(2015).

22T 7. Anderson, K. D. Hobart, J. D. Greenlee, D. I. Shahin, A. D. Koehler, M. J.

Tadjer, E. A. Imhoff, R. L. Myers-Ward, A. Christou, and F. J. Kub, Appl. Phys.
Express 8, 041301 (2015).

ARTICLE scitation.org/journal/apl

23B. G. Barker, V. S. N. Chava, K. M. Daniels, M. V. S. Chandrashekhar, and A.
B. Greytak, 2D Mater. 5,011003 (2018).

24y S.N. Chava, S. U. Omar, G. Brown, S. S. Shetu, J. Andrews, T. S. Sudarshan,
and M. V. S. Chandrashekhar, Appl. Phys. Lett. 108, 043502 (2016).

25y, Yang, L. Guo, Y. Guo, W. Hu, and Z. Zhang, Appl. Phys. Lett. 112, 103501
(2018).

26w. Lambrecht, B. Segall, W. Suttrop, M. Yoganathan, R. P. Devaty, W. J.
Choyke, J. A. Edmond, J. A. Powell, and M. Alouani, Appl. Phys. Lett. 63, 2747
(1993).

27y Meyers, D. Mauch, J. Dickens, and A. Neuber, ]. Appl. Phys. 121, 115703 (2017).

285, Mammadov, J. Ristein, R. J. Koch, M. Ostler, C. Raidel, M. Wanke, R.
Vasiliauskas, R. Yakimova, and T. Seyller, 2D Mater. 1, 035003 (2014).

29C. Virojanadara, M. Syvijarvi, R. Yakimova, L. Johansson, A. Zakharov, and T.
Balasubramanian, Phys. Rev. B 78, 245403 (2008).

30A. Tzalenchuk, S. Lara-Avila, A. Kalaboukhov, S. Paolillo, M. Syvéjirvi, R.
Yakimova, O. Kazakova, T. J. B. M. Janssen, V. Fal’ko, and S. Kubatkin, Nat.
Nanotechnol. 5, 186 (2010).

3ID. C. Montgomery, Design and Analysis of Experiments (John Wiley & Sons,
2008).

327, Yager, A. Lartsev, S. Mahashabde, S. Charpentier, D. Davidovikj, A. V.
Danilov, R. Yakimova, V. Panchal, O. Kazakova, A. Tzalenchuk, S. Lara-Avila,
and S. Kubatkin, Nano Lett. 13, 4217 (2013).

33A. Tzalenchuk, S. Lara-Avila, K. Cedergren, M. Syvijirvi, R. Yakimova, O.
Kazakova, T. J. B. M. Janssen, K. Moth-Poulsen, T. Bjornholm, S. Kopylov, V.
Fal’ko, and S. Kubatkin, Solid State Commun. 151, 1094 (2011).

34T, Yager, A. Lartsev, K. Cedergren, R. Yakimova, V. Panchal, O. Kazakova, A.
Tzalenchuk, K. H. Kim, Y. W. Park, S. Lara-Avila et al., AIP Adv. 5, 87134
(2015).

35Y. G. Zhang, A. Z. Li, and A. G. Milnes, IEEE Photonics Technol. Lett. 9, 363
(1997).

38, R. Jenny, D. P. Malta, V. F. Tsvetkov, M. K. Das, H. M. Hobgood, C. H.
Carter, R. J. Kumar, J. M. Borrego, R. J. Gutmann, and R. Aavikko, J. Appl.
Phys. 100, 113710 (2006).

*7C. Hettler, W. W. Sullivan, and J. Dickens, Mater. Sci. Forum 717-720, 301
(2012).

38\ Suproniuk, P. Kaminski, R. KozLowski, and M. PawLowski, Acta Phys. Pol.
A 125, 1042 (2014).

391, M. Ayedh, R. Nipoti, A. Hallén, and B. G. Svensson, J. Appl. Phys. 122,
025701 (2017).

4ON. Iwamoto, A. Azarov, T. Ohshima, A. M. M. Moe, and B. G. Svensson,
J. Appl. Phys. 118, 045705 (2015).

Appl. Phys. Lett. 120, 191101 (2022); doi: 10.1063/5.0090219
© Author(s) 2022

120, 191101-5



