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PACS 85.60.Gz – Photodetectors (including infrared and CCD detectors)
PACS 73.20.Mf – Collective excitations (including excitons, polarons, plasmons and

other charge-density excitations)
PACS 78.67.Sc – Nanoaggregates; nanocomposites

Abstract – The development of high-effective photodetectors operating in a wide spectral range is
an important technological task. In this work we have demonstrated that the detection bandwidth
of h-BN photodetectors in the UV range can be extended due to the surface plasmon resonance
(SPR) effect. Theoretical calculations showed that, among Al, Au, Ag, and Cu, Al is the most
suitable metal for the h-BN UV sensible detectors due to the SPR effect in the middle UV range.
Based on the theoretical predictions, a simple and highly efficient method for obtaining h-BN/Al
nanocomposites for localized SPR-based UV detectors was developed. It was demonstrated that
the h-BN/Al material is sensitive to UV radiation with a wavelength of 266 nm that is far away
of the detection limit of 240 nm inherent for pure h-BN.

Copyright c© 2021 EPLA

Exploration and design of plasmon active materials are
indispensable to explore, design, and build nanophotonic
devices [1].

Monitoring and acquisition of information on the UV
radiation in a 200–280 nm region is an important as-
pect for the environmental and medical research, studies
of optical phenomena, and various industrial applica-
tions [2–4]. The following materials are most commonly
used as UV detector components: Ga2O3 [5], SnO2 [6,7],
WO3 [8], ZnO [9–11], Si [12–14], SiC [15], AlN [16,17],
GaN [13,18,19], GaO [20], perovskites [21], diamond [22]
and TiO2 [23]. The hexagonal boron nitride (h-BN) is
widely utilized in optoelectronics [24–26] due to its unique
physical properties, high chemical and thermal stabil-
ity, and insulating nature. Due to the wide bandgap
(∼6 eV), the h-BN is a promising material for solar blind
detectors operating in a far UV region [27–30], and the

(a)E-mail: ilia.volkov@outlook.com

best performance of photonic cell was reported for a thin
h-BN active layer [31–33]. A photodetector consisting of
a few atomic layers h-BN film produced by ion beam
assisted deposition (IBSD) exhibited an on/off ratio of
>103 under illumination at 212 nm wavelength and the
cutoff wavelength at around 225 nm [32]. Carbon-doped
h-BN atomic layers prepared by IBSD and wet-transfer
method were also demonstrated to be a promising ma-
terial for high-performance far UV photodetectors [33].
Their cutoff wavelength was about 226 nm. The largest
cutoff wavelength of approximately 250 nm was reported
for a photodetector made of pulsed laser deposited h-BN
nanosheets containing a significant amount of boron ox-
ide [31]. Thus, an urgent and highly demanded task is
to expand the detection range of far UV radiation and to
develop a simple and reproducible technology for manu-
facturing such detectors.

The surface modification can significantly improve
performance of photodetectors. In particular, the
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optoelectronic properties of photonic detectors can be
increased by the surface plasmon resonance (LSPR) ef-
fect [34–40]. The mechanism of the effect can be in general
described as following. Under the incident electromagnetic
radiation (light) collective oscillations of conduction elec-
trons in metals can be excited. The quanta of these
oscillations are called plasmons. At the specific light
frequency, depending on electron concentration and their
effective mass in metal, these oscillations may become res-
onant. The corresponding frequency is called plasmonic
resonance frequency, and the effect is called surface plas-
mon resonance (SPR) because at the plasmon frequency
plasmons are exited in a thin surface layer. In metallic
nanoparticles SPR is called localized SPR (LSPR), be-
cause plasmons’ habitat is limited by the nanoparticle.
Besides, plasmons can be localized by tip-shaped surface
perturbations of metallic nanoparticles, and in this case
they are called superlocalized plasmons [41]. Nanoparti-
cles of Au, Pt, and Ag are widely studied as the plas-
monic nanoantennas because of strong SPR effect in these
metals. Mono- and bi-metallic NPs exhibit the dynamic
LSPR peaks in the visible region (450–700 nm) based on
their morphology and elemental composition [42]. Elec-
tron transfer from Au NPs to ZnO quantum dots (QDs)
mediated by LSPR leads to the decrease of visible-range
emission and the increase of UV-range emission [10]. Un-
like noble metals, aluminum possesses a much shorter ab-
sorption wavelength of ∼143 nm [43]. Therefore, the use
of aluminum for plasmonic nanostructures opens up new
possibilities, such as access to short-wavelength regions of
the spectrum, complementary metal-oxide–semiconductor
(CMOS) compatibility, and the possibility of low-cost,
sustainable, mass-producible plasmonic materials [44].

The sensitivity of up-to-date h-BN–based photodetec-
tors is below 240 nm because of insufficient photon en-
ergy to excite localized electrons to enter the conduction
band [16,40,45–49]. This limitation can be overcome by
local enhancement of electromagnetic field strength in a
thin h-BN layer caused by the surface plasmon resonance
(SPR) effect in metal in the vicinity of h-BN. Regard-
ing photoconductivity, two major processes of energy re-
distribution of exited plasmons have been proposed [50]:
i) direct transfer of electrons from the metal nanoparti-
cles to the conduction band of the semiconductor upon
electron resonance energy absorption of incident photons;
ii) the LSPR-powered bandgap breaking effect. The for-
mer process is also called the “LSPR sensitization effect”
because of similarities with the sensitization of TiO2 by
organic dyes. This process was suggested to explain di-
rect transfer of electrons from Au nanoparticles to TiO2
mediated by LSPR under irradiation with visible light [51]
and even with near-infrared light [52]. The latter process
requires the energy of the surface plasmon to be equal to
or larger than the bandgap of the semiconductor. Upon
LSPR an enhancement factor |E|2/E2

0 | of the local elec-
tric field amplitude |E| to the original electric field |E0|
of the light for single nanoparticles can reach values of

10–100 [53–55], but in the case of nanoparticle aggre-
gates field enhancement of at least one order of magnitude
larger can be achieved [54,56]. Based on a combination of
the enhanced near-surface electric field by the LSPR and
the “hot electron” injection process the photoresponse of
ZnO/Au heterostructures photodetectors was effectively
extended to the visible range with a remarkably improved
photoresponse [55].

The SPR effect was evaluated based on the extinction
section (Cext) of metal spheres and was compared for sev-
eral metals (Al, Au, Ag, and Cu). The details of the-
oretical approaches for assessing this quantity could be
found elsewhere [57]. Here the calculations were car-
ried out according to the equation for the simplified
case of a spherical nanoparticle placed inside the dielec-
tric material [58] (fig. 1 in the Supplementary Material
Supplementarymaterial.pdf (SM)):

Cext = 9
ω

c
ε3/2

m V
ε2(ω)

[ε1(ω) + 2εm]2 + ε2
2(ω)

, (1)

where Cext and V are the extinction cross-section and vol-
ume of metal spheres, ω is the frequency of electromag-
netic radiation, c is the speed of light in a vacuum, εm is
the dielectric permittivity of the dielectric medium (h-BN
in the case under consideration), ε = ε1 + iε2 is the dielec-
tric function of the metal which depends on the incident
radiation frequency. The Cext is the sum of cross-sections
for scattering and absorption of light by metal spheres.
The real part of the metal dielectric function is negative
in case of frequencies lower than the plasma frequency.
Therefore, this may lead to the resonance increase of the
Cext value under the ε1(ω0) = −2εm condition. The ω0
frequency in this case is called the SPR frequency [58].

According to eq. (1), the SPR frequency is also influ-
enced by dielectric permittivity εm. We calculated εm

based on the density functional theory (DFT) [59] with
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) parametrization [60] using the Vi-
enna Ab initio Simulation Package (VASP) software [61].
h-BN was modelled as a hexagonal layered structure with
AA′ layer stacking. Grimme’s van der Waals correc-
tion [62] was used to describe the interlayer distance. The
lattice parameters obtained after both ions and cell re-
laxation were a = 2.51 Å and c = 6.17 Å. The dielectric
tensor was calculated in VASP using the density functional
perturbation theory (DFPT) as described elsewhere [63].
In h-BN, there are only 2 independent dielectric constants:
in-plane ε‖ = 5.0 and out-of-plane ε⊥ = 3.1 (in the units of
ε0 = 8.85 ·10−12 F/m). The obtained results for h-BN lat-
tice constants and dielectric constants are in good agree-
ment with the previous data [64]. For simplicity, we take
εm in eq. (1) equal to the trace of the dielectric tensor:
εm = (2ε‖ + ε⊥)/3 = 4.4. For Cu, Au, Ag, and Al metals,
the experimental dielectric function ε(ω) was used [65,66].

The extinction section calculated according to eq. (1)
for various metals is depicted in fig. 1. One can see that
resonant frequencies for Cu, Ag, and Au are in the visible

28002-p2

http://stacks.iop.org/0295-5075/133/28002/mmedia


SPR effect for improving h-BN–based UV photodetectors

Fig. 1: Extinction cross-section of various metal spheres calcu-
lated from eq. (1) and plotted as a function of incident photon
energy.

range (between 2 and 3 eV), whereas in the case of the Al
particle, ω0 ≈ 5 eV (248 nm) that is in the UV range. The
Al LSPR peak width corresponds to 210–310 nm wave-
length range and Al particles lead to the highest Cext peak.
Al nanoparticles are well known for their wide range of
plasmon tunability (200–700 nm) [67], and they were suc-
cessfully used before for modification of photodevices by
means of LSPR [68,69]. The reported LSPR peak wave-
lengths 294 nm [68] and 269 nm [69] are in good agreement
with our obtained results. The difference could be at-
tributed to the different substrates: as follows from eq. (1),
with the increase of the substrate dielectric permittivity
the resonant frequency ω0 redshifts. Therefore, the results
presented in fig. 1 indicate that Al has a maximum poten-
tial as a plasmonic metal for the SPR-activated h-BN UV
detector.

Guided by theoretical prediction we have manufactured
the UV detector cell based on the h-BN/Al and h-BN/Au
nanocomposites. Commercially available Al nanopowder
of ∼100 nm (RSS-NANO, Russia) and h-BN of ∼10–20 nm
synthesized from ammonium borate hydrate [70] were used
as powder precursors. Three mixtures h-BN:Al with a
weight ratio of 2:1, 1:1, and 1:2 were subjected to HEBM
at a speed of 800 rpm for 20 min using a Emax (Retsch
GmbH, Germany) ball miller with the ZrO2 jars and balls
(diameter 10 mm). To prevent the milled nanomateri-
als from oxidation, processing was carried out in an Ar
atmosphere (99,998%, PGS-service, Russia). A mixture
h-BN/Au composite with the weight ratio of 2:1 and an av-
erage size of Au nanoparticles of ∼20 nm was prepared by
a common citrate reduction method of HAuCl4x3H2O in
a water suspension of h-BN nanopowder (fig. 2 in the SM).

According to the XRD analysis (Cr Kα radiation,
fig. 2(A)), Al (ICCD #02-1109) is the main crystalline
phase in the composite after the ball milling stage. A tiny

Fig. 2: (A) XRD pattern of h-BN/Al composite after HEBM
(Cr Kα radiation); (B)–(D) TEM images of the h-BN/Al com-
posite after HEBM.

peak at 2Θ∼50◦ can be attributed to the AlN phase (COD
#153-5441). The h-BN peak at 2θ∼40.24◦ (ICCD #45-
0893) is very broad and of low intensity indicating the
highly defective structure of h-BN after the HEBM.

HR-TEM micrograph shows that Al nanoparticles pre-
served their initial shape and size (fig. 2(B)), whereas the
h-BN appears as nanocrystals of a few nanometers well
smeared all over the Al particle (fig. 2(C), (D)). As seen
in fig. 2(C), each particle has a core/shell structure consist-
ing of a ∼100 nm Al core surrounded by a ∼10 nm h-BN
shell. This is almost an ideal structure for the localized
SPR effect [71].

The photoconductivity of as-prepared h-BN/Al pow-
der nanomaterials was measured on the UV detection cell
shown in fig. 3. The h-BN/Al and h-BN/Au powders were
pressed into pellets of 13 mm in diameter and ∼1 mm in
thickness in a die with a load of 10 tonn. Shaped pieces of
the pellets were placed between a UV transparent quartz
plate with deposited Nb electrodes and a silicone poly-
mer dielectric strip. Two pairs of electrodes (4 mm length,
100 μm width with 5 μm distance between them) were used
for the measurement on each sample.

The construction was tightly fixed between two holders
to press the pellets to the electrodes.

A mercury lamp with the UV irradiation distributed
between 4.1 eV and 6.1 eV (fig. 3 in the SM) was used in
photoconductivity measurements; the UV incident power
was calibrated with an irradiance Energy/Power Meter
PE25-S (Ophir).
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Fig. 3: Side (A) and top (B) view of the photonic cell. 1: upper
holder with the open window; 1.1: bottom solid part of the
metal holder; 2: UV transparent quartz plate; 3: sputtered Nb
electrodes; 4: h-BN/Al and h-BN/Au pellets; 5: thin silicone
strip.

For Al nanoparticles, a maximum of SPR located be-
tween approximately 4.0 eV and 6.2 eV (fig. 1) matches
well with the used irradiation range of a Hg lamp. Due
to this reason, h-BN/Al composites possess UV-induced
photoconductivity in contrast to neat h-BN (table 1).

The photocurrent was measured at an applied voltage of
30 V with a Keithley 2400 source-meter unit. The instru-
ment measurement error was below 10%. The h-BN/Al
(2:1) composite exhibited the highest photoconductivity
among the measured mixtures; decreasing photoresponse
with Al concentration is probably associated with increas-
ing shadow effect of the Al nanoparticles.

I-V curves measured on the h-BN/Al (2:1), and
h-BN/Au composites and virgin h-BN under illumination
of the Hg lamp are shown in fig. 4. Normalized photocur-
rent defined as Iphoto/Idark × 100% is shown in the insert
in fig. 4. It rises to almost 70% at 30 V. The responsivity
of the h-BN/Al cell at this voltage reaches 40 μA/W.

These measurements have shown that the photocurrent
of pure h-BN is in the range of nanoamperes, that well
correlates with photoconductivity of thin h-BN films [72].
The h-BN/Au composite shows slightly higher conductiv-
ity, which is probably related to increase in total conduc-
tivity of the composite with addition of Au nanoparticles,
but not to photoconductivity. Therefore, we consider that
there is no photoresponse on the h-BN/Au composite in
compliance with our theoretical calculations. Contrary,
the h-BN/Al composite demonstrates steep elevation of
conductivity under illumination.

Although only ∼10% of the spectral energy density
of the used Hg lamp accounts for the interval below
240 nm, i.e., in the absorption range of h-BN (fig. 3
in the SM), nevertheless, to completely exclude an ex-
citing effect from this shortwave spectrum range and
to demonstrate the extended working wavelength of the
h-BN/Al cell, it was irradiated by the 266 nm wavelength
pulses (4th harmonic of a Nd-YAG laser). The laser
pulse duration and energy were 10 ns (at the full-width-
at-half-maximum) and 0.15 mJ, respectively. Using the
12,5 Hz pulse repetition rate, samples were irradiated for

Table 1: UV-induced photoconductivity of h-BN and h-BN/Al
composites.

Photocurrent, A

Weight ratio of 3 V 10 V 30 V
h-BN:Al

0 – <3.0 × 10−11 <3.0 × 10−11

2:1 0.15×10−9 0.4 × 10−9 2.7 × 10−9

1:1 – 0.3 × 10−10 1.5 × 10−10

1:2 – <3.0 × 10−11 <3.0 × 10−11

Fig. 4: I-V curves of the h-BN/Al (2:1) and h-BN/Au compos-
ites and virgin h-BN under middle-UV illumination. Curves 1,
2, and 3 show total current, dark current and photocurrent of
the h-BN/Al composite, respectively; curve 4 shows the pho-
tocurrent of the h-BN/Au composite; symbols 5 refer to pho-
tocurrent of virgin h-BN. The insert shows the normalized
photocurrent of the h-BN/Al cell.

30 seconds. The photocurrent was measured at an applied
voltage of 200 V. An instrument measurement error was
below 10%. The h-BN/Al composite had a dark current of
0.4 nA, which increased by 0.13 nA with laser irradiation,
which is ∼33% of the h-BN/Al nanohybrid without UV
illumination. Responsivity of the cell reaches 0,1 mA/W.

Thus, we have successfully demonstrated that the
nanocomposite composed of Al nanoparticles covered with
a thin h-BN layer exhibited enhanced photocurrent in the
range significantly beyond the detection limit of 240 nm
inherent for pure h-BN. This effect was ascribed to Al-
LSPR–mediated excitation of electrons in h-BN. The accu-
rate mechanism of the excitation is not clear and requires
additional research.
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In conclusion, we would like to underline some impor-
tant aspects of this work. Using the simplest model of
SPR for a metal sphere placed inside a h-BN matrix we
have calculated the light extinction cross-sections for Cu,
Ag, Au, and Al metals. We found that Al is the plasmonic
metal in UV range and therefore Al nanoparticles can be
used for the localized SPR to enhance photosensitivity of
h-BN in extended wavelength range determined by the
h-BN band gap value. The theoretical prediction was suc-
cessfully confirmed experimentally. Our results indicated
that the application area of the UV h-BN–based detec-
tor can be extended to a longer wavelength of at least
266 nm, which has never been reported before. For the
first time it was shown that a simple, highly scalable, and
well reproducible HEBM powder technology approach can
be utilized for the fabrication of a h-BN/Al UV sensible
composite used as an active material for the photonic cell
manufacturing.
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[26] Lazić S., Espinha A., Pinilla Yanguas S., Gibaja C.,

Zamora F., Ares P., Chhowalla M., Paz W. S., Bur-

gos J. J. P., Hernández-Mı́nguez A., Santos P. V.

and van der Meulen H. P., Commun. Phys., 2 (2019)
113.

[27] Chen H., Liu H., Zhang Z., Hu K. and Fang X., Adv.
Mater., 28 (2016) 403.

[28] Cassabois G., Valvin P. and Gil B., Nat. Photon., 10
(2016) 262.

[29] Ferreira F., Chaves A. J., Peres N. M. R. and
Ribeiro R. M., J. Opt. Soc. Am. B, 36 (2019) 674.

[30] Watanabe K., Taniguchi T. and Kanda H., Nat.
Mater., 3 (2004) 404.

[31] Zhou A. F., Aldalbahi A. and Feng P., Opt. Mater.
Express, 6 (2016) 3286.

[32] Liu H., Meng J., Zhang X., Chen Y., Yin Z., Wang

D., Wang Y., You J., Gao M. and Jin P., Nanoscale,
10 (2018) 5559.

[33] Wang Y., Meng J., Tian Y., Chen Y., Wang G., Yin

Z., Jin P., You J., Wu J. and Zhang X., ACS Appl.
Mater. Interfaces, 12 (2020) 27361.

[34] Homola J., Yee S. S. and Gauglitz G., Sens. Actua-
tors B: Chem., 54 (1999) 3.

28002-p5



Ilia N. Volkov et al.

[35] Willets K. A. and Van Duyne R. P., Annu. Rev. Phys.
Chem., 58 (2007) 267.

[36] Hutter E. and Fendler J. H., Adv. Mater., 16 (2004)
1685.

[37] Homola J. and Piliarik M., Surface Plasmon Reso-
nance (SPR) Sensors (Springer) 2006, pp. 45–67.

[38] Li M., Cushing S. K. and Wu N., Analyst, 140 (2015)
386.

[39] Chen H., Su L., Jiang M. and Fang X., Adv. Funct.
Mater., 27 (2017) 1704181.

[40] Singh P., Surface Plasmon Resonance (Nova Science
Publishers, Inc.) 2014.

[41] Gorkunov M. V., Sturman B. I. and Podivilov E. V.,
EPL, 110 (2015) 57004.

[42] Sui M., Kunwar S., Pandey P. and Lee J., Sci. Rep.,
9 (2019) 1.

[43] Blaber M. G., Arnold M. D., Harris N., Ford M. J.

and Cortie M. B., Phys. B: Condens. Matter, 394 (2007)
184.

[44] Knight M. W., Liu L., Wang Y., Brown L.,

Mukherjee S., King N. S., Everitt H. O., Nord-

lander P. and Halas N. J., Nano Lett., 12 (2012)
6000.

[45] Liu H., Meng J., Zhang X., Chen Y., Yin Z., Wang

D., Wang Y., You J., Gao M. and Jin P., Nanoscale,
10 (2018) 5559.

[46] Doan T. C., Li J., Lin J. Y. and Jiang H. X., AIP
Adv., 6 (2016) 075213.

[47] Yang H., Wang L., Gao F., Dai M., Hu Y., Chen

H., Zhang J., Qiu Y., Jia D. C., Zhou Y. and Hu P.,
Nanotechnology, 30 (2019) 245706.

[48] Dahal R., Li J., Majety S., Pantha B. N., Cao

X. K., Lin J. Y. and Jiang H. X., Appl. Phys. Lett.,
98 (2011) 211110.

[49] Tizei L. H. G., Lourenço-Martins H., Das P., Woo

S. Y., Scarabelli L., Hanske C., Liz-Marzán L. M.,

Watanabe K., Taniguchi T. and Kociak M., Appl.
Phys. Lett., 113 (2018) 231108.

[50] Zhang X., Chen Y. L., Liu R.-S. and Tsai D. P., Rep.
Prog. Phys., 76 (2013) 046401.

[51] Kowalska E., Abe R. and Ohtani B., Chem. Commun.,
issue No. 2 (2009) 241 (DOI: 10.1039/B815679D).

[52] Nishijima Y., Ueno K., Yokota Y., Murakoshi

K. and Misawa H., J. Phys. Chem. Lett., 1 (2010)
2031.

[53] Mühlschlegel P., Eisler H. J., Martin O. J. F.,

Hecht B. and Pohl D. W., Science, 308 (2005)
1607.

[54] Schuller J. A., Barnard E. S., Cai W., Jun Y. C.,

White J. S. and Brongersma M. L., Nat. Mater., 9
(2010) 193.

[55] Liu S., Li M. Y., Su D., Yu M., Kan H., Liu H., Wang

X. and Jiang S., ACS Appl. Mater. Interfaces, 10 (2018)
32516.

[56] Liu Z., Hou W., Pavaskar P., Aykol M. and Cronin

S. B., Nano Lett., 11 (2011) 1111.
[57] Grigorchuk N. I., EPL, 97 (2012) 45001.
[58] Maier S. A., Plasmonics: Fundamentals and Applica-

tions, Vol. 677 (Springer, New York) 2004.
[59] Kohn W. and Sham L. J., Phys. Rev., 140 (1965) A1133.
[60] Perdew J. P., Burke K. and Ernzerhof M., Phys.

Rev. Lett., 77 (1996) 3865.
[61] Kresse G. and Furthmüller J., Phys. Rev. B, 54

(1996) 11169.
[62] Grimme S., J. Comput. Chem., 27 (2006) 1787.
[63] Wu X., Vanderbilt D. and Hamann D. R., Phys. Rev.

B, 72 (2005) 035105.
[64] Laturia A., Van de Put M. L. and Vandenberghe

W. G., npj 2D Mater. Appl., 2 (2018) 6.
[65] Johnson P. B. and Christy R. W., Phys. Rev. B, 6

(1972) 4370.
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