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It has recently been predicted that the surface plasmons are allowed to exist on the
interface between a topological insulator and vacuum. Surface plasmons can be
employed to enhance the optical emission from various illuminants. Here, we study
the photoluminescence properties of the ZnO/Bi, Te; hybrid structures. Thin flakes
of Bi,Tes, a typical three-dimensional topological insulator, were prepared on ZnO
crystal surface by mechanical exfoliation method. The ultraviolet emission from
ZnO was found to be enhanced by the Bi,Te; thin flakes, which was attributed
to the surface plasmon — photon coupling at the Bi,Te3/ZnO interface. Copyright
2012 Author(s). This article is distributed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.3703320]

Topological Insulators (TIs) with an insulating band gap in bulk and gapless surface states have
attracted a lot of attention.' As second generation 3D TIs, Bi>Ses and BiyTes are of considerable
interest since they have a large bulk energy gap (~ 0.3 eV) and a simple stable surface state
protected by time reversal symmetry.' Their topological surfaces state may generate Majorana
Fermions through the superconducting proximity effect, which could be used to build a quantum
computer.® The presence of the surface states on Bi,Se; and Bi,Tes have been experimentally
identified by reducing the bulk conductance via tuning the gate voltage,” introducing dopants®®
or improving the sample preparation methods.!% ! Raman spectrum and the Aharonov-Bohm effect
were also used to explore the properties of surface carriers.'> !> Recently, spin and charge collective
excitation modes on the surface of a topological insulator were theoretically predicted due to
the unique topological properties of the TI materials."* Due to the coupling between spin and
charge excitations resulting from the locking of the spin and momentum, the spin-plasmon mode
was shown to be existing on the surface of a topological insulator.'* The surface plasmons (SPs)
localized at the interface between vacuum and a doped TI with bulk carrier density were also
theoretically predicted.'> Therefore, it would be very interesting to experimentally study the surface
plasmons on the TI surface. It is well-known that SP resonances can enhance photoluminescence
(PL) from semiconductor emitters and has been observed from various ZnO hybrids structures,
such as ZnO/metals,'®!” ZnO/carbon nanotube'® and ZnO/graphene.'® Accordingly, the SPs can
be indirectly detected by the SPs-enhanced PL. In this work, we report the enhanced ultraviolet
PL in a ZnO/TI hybrid structure induced by SP resonances from thin Bi,Te; flakes. To the best of
our knowledge, it is the first experimental demonstration that surface plasmons exist at the TI/ZnO
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FIG. 1. (a) Bi;Te3 sample before exfoliation; (b) Exfoliated Bi,Tes flakes under optical microscope; (c) TEM image of
BiyTes sample; (d) Selected area electron diffraction (SAED) pattern of Bi; Tesz sample; (e) High-resolution TEM image of
Bi, Te; sample. The lattice spacing is about 0.22 nm.

interface. Our work has taken an important first step towards verifying the theoretical predications
of the surface plasmons induced by the interesting topological properties of the Bi, Te; material.
We used 8x5 mm? Bi,Te; piece (Fig. 1(a)) from 100 g crystal. The crystal was obtained by
Bridgman method from Te-enriched source using procedure described in.”’ The whole crystal was
easily cleaved along growth direction; this is an indication of crystal perfection. Hall measurement
showed the n-type of conductivity with bulk carrier concentration of 1x10'® cm™ and mobility
of about 4500 cm?/Vs at liquid N, temperature.?! Bi;Te; thin flakes were mechanically exfoliated
from the bulk crystal using the scotch-tape method. The thicknesses of the exfoliated samples were
estimated under an optical microscope, as shown in Fig. 1(b). Combined with statistics from atomic
force microscope (AFM) measurements, our experiments suggest that the purple sample I (marked
in the Fig. 1(b)) is less than 100 nm thick, the yellow sample II is about 100~500 nm thick, while
the thickness of the white metal-like sample III is more than 500 nm. To characterize the crystal
nature of the microstructures, we transferred the mechanically exfoliated Bi, Tes flakes onto Cu grids
for transmission electron microscope (TEM) characterization, as shown in Fig. 1(c). The selected
area electron diffraction (SAED) in Fig. 1(d) shows that the sample is single crystal in nature. The
high-resolution TEM (HRTEM) image shown in Fig. 1(e) further indicates the mono-crystalline
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nature with a lattice spacing of about 0.22 nm, corresponding to the lattice spacing of (11-20) planes
of Bi,Tes.”> The scanning electron microscope (SEM) image shown in the Supporting Information
Fig. S1(a) clearly indicates the layered character of the Bi,Te; flakes and the exfoliation surface is
perpendicular to the ¢ axis with a hexagonal lattice.?”> Fig. S1(b) shows the x-ray energy dispersion
spectrum (EDS),?? suggesting that there are Te vacancies. Thus, a non-zero bulk carrier density is
expected.>®

The AFM image in Fig. S2 shows the Bi,Tes flakes on ZnO surface.?? The thickness of the
selected Bi,Tes flake is ~ 140 nm. The PL spectra of the ZnO/Bi,Te; hybrid structures were
measured using Renishaw inVia micro PL-Raman systems with an encoded XY-mapping stage. The
PL spectra were collected point-by-point along the dashed white line with the direction denoted by
the white arrow in the inset of Fig. 2(a). The bottom end of the dashed white line was defined as
the reference point (0 um). PL spectra collected at denoted distance away from the reference point
are presented in Fig. 2(a). An enhancement of the PL intensity was unambiguously observed as the
collection point approaches the Bi,Te; flake. As shown in Fig. 2(b), a ~ 40% enhancement was
observed in the region covered by the Bi, Te; flake. Note, such enhancement does not change the peak
position or the shape of the PL spectrum. To further study the PL enhancement of the ZnO/Bi,Te;
hybrid structure, two-dimensional mapping of the PL intensity was conducted. The measured Bi, Te;
flake on a ZnO crystal is shown in Fig. 3(a). The selected mapping area is denoted by the white rim
in the SEM image in Fig. 3(a). The thickness of the Bi,Te; flake is about 150 nm from the AFM
measurements (See Fig. $3).?? The PL intensity mapping was acquired by measuring the PL spectra
point-by-point in this area and plotting the peak values of the ultraviolet emission from individual
PL spectra. The PL intensity mapping shown in Fig. 3(b) is in accordance with the configuration
of the Bi,Tes flake. The PL intensity shows a maximum (~55% enhancement compared with
bare ZnO) in the region covered by the Bi,Te; flake, and gradually decreases as away from the
flake.

To rule out any possible laser induced heating effect and show the uniform distribution of the
PL intensity from the bare ZnO substrate, we measured the PL spectra in the bare ZnO region left
uncovered by Bi,Te; flakes in a linear scanning model with a step size of 10 um. As shown in
Fig. S4, the UV emission from the ZnO substrate is quite uniform with an intensity fluctuation less
than 10%.%

The coupling between the PL photons from the ZnO and the surface plasmons from the Bi,Tes
flake is believed to be responsible for the observed PL enhancement effect. Ordinarily, the PL
emission from the ZnO is isotropic and only a small portion of emitted photons will be detected
by the measurement system. When a Bi,Te; flake is placed onto the ZnO surface, the emitted
photons from the ZnO will be coupled with the SPs on the surface of the Bi,Te; flake and result in
a PL enhancement effect. Angle-resolved photoemission spectra studies performed on our crystal
indicated a similar Dirac cone structure as in graphene.?! Therefore, the in-plane wave number
dependent energy dispersion relation w(q) of the SPs for our TI surface can be described in a similar
way as done for graphene,'”

nee’ 3,5, 12
=|— 4+° : 1
w(q) |:30(1 +8b)m*q+4w } (1)

where n, is the surface carrier density, &y is the vacuum permittivity, €, is the background dielectric
constant, vy is the Fermi velocity, and m* is the effective mass of the electrons. The energy of
photons (fw) in the ultraviolet PL peak of ZnO is 3.3 eV. &, = 1 as the sample is surrounded by air.
The in-plane momentum g=2n/] may be calculated through Eq. (1) utilizing the parameters of n,,
vr and m* of Bi,Tes. If [ is in accordance with the ZnO surface corrugation distance &, the strong
photon-SP coupling will lead to strong PL enhancement. AFM measurements (Fig. S5) show that &
of the ZnO crystal is about 3 m, and the surface-height fluctuation is about 5 nm.??> SPs scattered
by such surface corrugation will be transformed into propagating photons and can be caught again
by the detector and thus enhance the measured PL intensity, as shown in Fig. 4(a). The SPs also can
reconvert to photons at the Bi,Te; flake edges. We also noticed that the PL enhancement appeared
when the PL collection point comes close to but is not on the Bi,Tes flake. In our experiments, the

Downloaded 23 Jul 2013 to 134.226.254.162. All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license
See: http://creativecommons.org/licenses/by/3.0/



022105-4 Liao et al. AIP Advances 2, 022105 (2012)

6000
] —O0 um
@ 5000+ —1.2um
§ 1 —3um
G 40001
>
£ 3000-
C
o
€ 20004
o
10004
370 375 380 385 390
Wavelength (nm)
60004 (b) o
2 o’ oo
= * ]
= AN
5 / >
55500- /o
i A
- * )
= 5000- pd
— (* )
29 o
o/
4500-

0 2 4 6 8
Position (um)

FIG. 2. (a) The PL spectra acquired point-by-point along the white dashed line in the inset. The bottom endpoint of the white
dashed line on the inset was defined as starting point (0 «m). Inset: SEM image of the BiyTe3 flake on ZnO surface. (b) The
ultraviolet peak intensity vs. distance away from the starting point in the SEM image in (a) Inset.

wavelength of the laser is 325 nm and the diameter of the laser spot is about 1 pm, which is much
smaller than the distance between the edge of the Bi,Te; flake and the onset for PL. enhancement.
The diameter of the laser spot is estimated by illuminating the laser on the polymer and measuring
the dimensions of the burned area. Nevertheless, the photons emitted from the ZnO can propagate
along the ZnO surface and then couple with the SPs on the Bi,Tes surface, resulting in the PL
enhancement, as shown in Fig. 4(b).

There are two main factors that will affect the total PL intensity detected, SPs induced PL
enhancement and the optical penetration loss through the Bi,Tes;. The former depends on the
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FIG. 3. (a) SEM image of a Bi; Tes flake on ZnO surface and the rectangle with white border indicates the PL scanning area;
(b) The 2D distribution of ultraviolet peak intensity corresponds to the rectangle in (a).

intensity of photon-SPs coupling and the relaxation time of SPs, while the later depends on the
sample thickness /. To study the optical penetration loss effect, we measured the PL of ZnO covered
by Bi, Te; flakes of varying thickness. The experimental results are summarized in Fig. 4(c). Fig. S6
shows the PL intensity in the region covered with a 1.8 um thick Bi,Te;.?> A reduced PL intensity
was observed. The weakening effect may be caused by transmission loss of the incident light on
the thicker Bi,Te; sample. To quantitatively describe the weakening effect, we first assume that
incident light intensity (/) was attenuated through the Bi,Te; flake with a factor y, and the intensity
exponentially decays with dI/I= y dh. Second, the reflection induced optical loss is given by a factor
x . Third, there is a factor « to characterize the photon-SPs coupling induced PL enhancement. Last,
the bulk influence (bulk carriers, thermal effect, etc) of the Bi,Te; flake on the PL enhancement is
proportional to the thickness (#) with a factor 8. Therefore, the PL enhancement I' (defined as the
ratio between the PL intensity on the BiyTes; flake and on the ZnO substrate) is a function of the
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FIG. 4. The scheme of SP induced PL enhancement when (a) laser excitation point is on the Bi,Te3 flake and (b) near but
not on the BiyTe3 flake. (c) Experimental data and fitting curve of the thickness dependent PL enhancement.

thickness of Bi, Tes flake and can be expressed as
T(h) = (1 = )@+ e ", )

The experimental data for the thickness dependent PL enhancement I', as shown in Fig. 4(c),
can be fitted well by Eq. (2). The parameters can be obtained from the fitting result. x= 0.36 £
0.11 that means the incident laser energy loss from reflection is about 1/3. y= 0.76+0.25 um™',
suggesting that for micrometer thick samples the optical transmission loss in the PL weakening
effect becomes dominant. «= 2.94+£0.14, suggesting that the SPs induced PL enhancement is about
3 times of the bare ZnO, similar to the PL enhancement effect of graphene under low temperature. '’
B=-1.26£0.15 um’!, and the negative value means the bulk effect weakens the PL effect. In terms
of (¢+pBh), for a thin sample around 200 nm thick |8hl~0.25, less than 10% of the surface factor c,
so the bulk effect can be neglected. The interference of the light inside Bi,Te; thin flakes can also
enhance the PL. However, in our experiments, PL. enhancement is proportional to the thickness.
No oscillation behavior is observed. Therefore, for thin Bi, Tes flakes the PL enhancement effect is
mainly a result of contributions from SPs.

In conclusion, we have studied the surface plasmons induced photoluminescence enhancement
in ZnO/Bi,Tes hybrid structures. As the thickness of the Bi,Te; flake is less than 200 nm, the
detected UV emission from the ZnO region neighboring the Bi,Te; flake was enhanced, but for
a micrometer-thick Bi,Te; flake the PL intensity was weakened. The related mechanisms were
discussed by considering SP-photon coupling and optical transmission loss.
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