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The response of graphene surface plasmon (SP) in the ultraviolet (UV) region and the realization of
short-wavelength semiconductor lasers not only are two hot research areas of great academic and practical
significance, but also are two important issues lacked of good understanding. In this work, a hybrid
Fabry-Perot (F-P) microcavity, comprising of monolayer graphene covered ZnO microbelt, was constructed
to investigate the fundamental physics of graphene SP and the functional extension of ZnO UV lasing.
Through the coupling between graphene SP modes and conventional optical microcavity modes of ZnO,
improved F-P lasing performance was realized, including the lowered lasing threshold, the improved lasing
quality and the remarkably enhanced lasing intensity. The underlying mechanism of the improved lasing
performance was proposed based on theoretical simulation and experimental characterization. The results
are helpful to design new types of optic and photoelectronic devices based on SP coupling in graphene/
semiconductor hybrid structures.

n recent years, short-wavelength semiconductor lasers have drawn much attention due to their unique

properties and wide applications in optoelectronic devices'?. Among the wide band gap semiconductor

materials, zinc oxide (ZnO) has been considered as a versatile building blocks for photonic applications
and demonstrated as a competitive candidate to realize ultraviolet (UV) lasing based on its wide direct band
gap (3.37 eV) and high exciton binding energy (60 meV)>*. So far, UV lasing of ZnO has been observed in various
micro/nanostructures through random>, Fabry-Perot (F-P)”®, and whispering-gallery mode (WGM)’™"! res-
onant approaches. Nevertheless, it is difficult to realize high lasing output or miniaturized dimension lasers with
high efficiency based on micro/nanostructures due to the big cavity losses and the diffraction limit. Recently,
surface plasmon (SP) has attracted intense interests in a wide scope of scientists, ranging from physicists, chemists
and material scientists to biologists, due to its particular properties and many applications, such as surface-
enhanced Raman scattering (SERS)'>", biosensing', photoresponse'® and surface-enhanced fluorescence'®'®.
Though noble metals have been regarded as the best available plasmonic materials for the improved photonic
applications'~??, the metal SP is inconveniently tunable in fixed devices and generally has large Ohmic losses.
These unfavorable factors astrict the flexible design and development of novel functional photonic materials and
devices.

Graphene, a flat monolayer of carbon atoms tightly packed into a honeycomb lattice, has attracted much
attention ever since its discovery in 2004 due to its remarkable properties and potential applications®*~*°. Nair and
Sun et al. have demonstrated that graphene has about 2.3% absorption in visible region but an abnormal
absorption in the UV region due to its unique electronic structure and the Dirac-fermionic energy dispersion®*’.
This abnormal absorption indicates the excitation of the spectrally broadened SP modes in graphene. The 7 — n*
transition would response to the excitation in low-energy UV region according to the theoretical research by
Eberlein and Trevisanutto et al’**. Koppens et al. further revealed graphene-induced strong light-matter inter-
action and the corresponding optical field confinement®. So it is significant to use graphene to improve the
optical performance and even develop new types of optic and photoelectronic devices. For graphene/ZnO system,
a representative research has revealed a SP dispersion relation and demonstrated an important role in the
response of the resonant excitation of graphene plasmon due to the abnormally increased UV absorption®.
Similarly, Chen et al. reported an enhancement of the random lasing action in a nanocomposite of reduced
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Figure 1| (a) SEM image of an individual ZnO microbelt. (b) The schematic diagram for the optical measurement setup.

graphene oxide nanoflakes and ZnO nanorods®”. Though these
reports have indicated that the graphene SP can be used to improve
the performance of optoelectronic devices in UV region and assumed
the action of graphene SP, the mechanism is unclear, even in some
controversy™. Theoretical simulation and experimental observation
are really needed to support the assumed SP effect at the interface of
graphene/ZnO.

In this work, to provide sufficient evidence of graphene SP’s res-
ponse in UV region and extend its functionality, a hybrid F-P micro-
cavity consisted of monolayer graphene covered ZnO microbelt was
designed and fabricated. ZnO microbelt with rectangular cross-sec-
tion can be treated as an intrinsic F-P type microresonators, whilst as
the gain medium. Graphene covered on the surface of the microbelt
acted as the external modulation. Graphene SP excited along the
interface of graphene/ZnO could modulate the local field, which
can compensate the optical loss and make the radiative photons be
better imprisoned within the F-P microresonators. Through the
coupling between graphene SP modes and conventional optical
microcavity modes, obviously improved F-P lasing performance
was achieved. The interaction mechanism was investigated through
theoretical simulation and experimental characterization. The
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results are helpful not only to understand the interaction between
graphene and semiconductor under the optical excitation in physics
but also to inspire novel design of graphene-based optic and photo-
electronic devices in technology.

Results and Discussion

ZnO microbelts were synthesized by a vapor phase transport (VPT)
method and Figure 1(a) shows the SEM image of the ZnO microbelt
used in this experiment. It can be seen that the microbelt has flat and
smooth side surfaces and rectangular cross-section with width and
thickness of the cross-section about 30 um and 5 pm, respectively.
The measurement setup for the optical experiment is schematically
shown in Figure 1(b), where the excitation lasing was focused by a
microscope objective (40X) to a spot size of about 15 pm on the
samples. The PL signals were collected by the same microscope
objective and recorded by a CCD detector.

By using a finite difference time domain (FDTD) method, the
optical field distribution and the mode structure in the bare and
the hybrid microcavity were simulated. Figure 2(a) shows the optical
field distribution in the x-y plane (i.e. the cross-section) of the bare
ZnO microcavity. In Figure 2(a), the yellow line denotes the interface
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Figure 2| (a) The standing-wave pattern of the optical field in the x-y plane (the cross-section plane) of the bare microbelt. The yellow line denotes the
interface of ZnO/air, i.e. the cavity mirror of the microcavity, and the length direction of the microbelt goes along the zaxis. (b) The resonance spectrum of
the stored energy for the bare microcavity with air/ZnO interface. (c) Graphene SP excited along the interface of graphene/ZnO. The region between

graphene and the red dash line denotes the crossover region of graphene SP evanescent wave field and the optical microcavity modes. (d) The resonance

spectrum of the stored energy for the hybrid microcavity.
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of ZnO/air, which can act as mirror of the microcavity and provide
feedback of the photons oscillation. From the simulation, it can be
seen that the photons of the cavity modes could be trapped inside the
cavity body, and the corresponding standing wave pattern of the
oscillation was formed between the two lateral sides of the micro-
cavity. Perfect standing wave field distribution was observed and the
wave beam could propagate back and forth between the two lateral
sides of the microcavity to form the F-P resonance mechanism. It
should be noted that a proper of the light leaks out of the cavity and
transfers to free space, indicating some optical loss at the ZnO/air
interface. Figure 2(b) shows spectrum of the stored energy as func-
tion of the wavelength for the bare ZnO microcavity. In doing this,
we use a source with a variable frequency to excite the modes in the
cavity. The calculation result demonstrates that the stored energy of
different modes has almost the same intensity, the small deviation
between them come from the small variation in the refractivity at
different mode wavelengths. The calculation result also demonstrates
that the full width at half maximum (FWHM) of the resonant modes
are broad, meaning the poor lasing quality of the bare F-P micro-
cavity due to the optical loss shown in Figure 2(a). The aforemen-
tioned discussion gives an important signal that the ZnO microbelt
can be used to realize F-P lasing based on the two lateral sides of the
cavity acted as mirrors, but with relatively poor lasing quality due to
the optical loss of the bare microcavity. This will be directly observed
and discussed in the experimental observation.

As aforementioned, in order to improve the performance of con-
ventional optical microcavities, a kind of hybrid plasmonic micro-
cavity system was proposed to achieve the coupling of SP modes with
conventional optical cavity modes®**. Likewise, graphene SP is also
expected to strengthen the light-matter interaction due to SP pro-
vided subwavelength confinement, guided modes and so on****. As
shown in Figure 2(c), after graphene was covered on the ZnO
microbelt, its abnormal UV absorption can induce collective oscil-
lation of the two-dimensional electron gas, which can promote mul-

(a)
PMMA/graphene

N

-

timode oscillation and lead to localized SP excited along the interface
of graphene/Zn0O, and a crossover region will exist along the inter-
face. The excited evanescent wave field would be confined in the
crossover region and strongly localized at subwavelength scale.
Therefore, the crossover region can provide a platform to achieve
the coupling between the SP modes and conventional F-P resonant
modes, which would modulate the total energy distribution and the
oscillation process in the microcavity. Figure 2(d) illustrates the res-
onance spectrum of the stored energy for the hybrid F-P microcatity.
It demonstrates that the FWHM of each resonant mode become
narrower, reflecting the improved lasing quality of the hybrid micro-
cavity relative to that of the bare one. This indicates the coupling
between graphene SP and ZnO emission, and supports the experi-
mental observation on the PL enhancement discussed later.

Experimentally, in order to investigate the influence of graphene
on the optical behaviors of the ZnO microbelt, a hybrid microstruc-
ture was fabricated by partially covering ZnO microbelt with mono-
layer graphene. Figure 3(a) shows optical image of the fabrication.
For comparison, two marks were ablated on the substrate near the
two lateral sides of the microbelt at the boundary of the PMMA/
monolayer graphene. By this way, one can easily find the part of the
ZnO microbelt with/without graphene, which contacts tightly on top
surface of the microbelt after dissolving of PMMA, as shown in
Figure 3(b).

To assess the coverage state of graphene on the ZnO microbelt,
Raman spectrum from the graphene covered ZnO microbelt was
measured, as shown in Figure 3(c). The spectrum shows not only
the typical E,(high) modes of wurtzite ZnO at 437 cm™', but also the
sharp and intensive 2D peak and G peak of graphene. The strong E,
mode demonstrates the good crystal quality of the ZnO microbelt.
The sharp 2D peak and G peak of graphene present single-
Lorentzian curves with FWHM of 31 cm™" and 14 cm™, respect-
ively, and the intensity ratio of 2D mode to G mode (I,p/Ig) is ~2.2,
indicating the high quality of the monolayer graphene. Based on
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Figure 3| (a, b) Optical images of the ZnO microbelt partially covered with monolayer graphene: (a) before and (b) after dissolving of PMMA. The red
dash line denotes the boundary of the areas with and without graphene. (c¢) Raman spectrum from spot 2 of the graphene/ZnO microbelt hybrid
microcavity. (d) PL spectra from the two spots on the microbelt with (spot 2) and without (spot 1) graphene under the same excitation condition.
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these characteristics, we can believe that the monolayer graphene was
successfully covered on the ZnO microrbelt and the graphene/ZnO
hybrid microcavity was fabricated. Two spots labelled as spot 1
(without graphene covering) and spot 2 (with graphene covering)
were selected to compare the optical behaviors of ZnO with/without
graphene. Figure 3(d) exhibits the PL spectra from spot 1 and spot 2
under the same excitation condition. It can be seen that the intensity
of the emission from spot 2 is about four times strong as that from
spot 1, meanwhile, the FWHM is remarkably reduced after graphene
being covered on the microbelt. This indicates that the graphene/
ZnO hybrid microcavity is favorable for the lasing generation.

Besides the enhanced PL intensity, an interesting phenomenon,
i.e. the optical field confinement induced by graphene covering was
also observed distinctly. As shown in Figure 4(a), when the bare ZnO
microbelt was irradiated by 325 nm UV laser, it clearly displays a
broad astigmatic emission spot, and the light emitted from the lateral
sides of the microbelt propagates a proper distance along the length
direction of the microbelt. While, as shown in Figure 4(b), when the
same microbelt was covered with graphene and irradiated at the
same excitation condition, the graphene/ZnO microbelt hybrid
microcavity emits out much brighter blue-violet dazzling light, and
the emission was almost confined in the close region of the excitation
spot, showing obvious optical field confinement relative to that
shown in Figure 4(a). This is a direct evidence for the optical field
confinement induced by graphene SP.

PL spectra from the bare and the hybrid microcavity were mea-
sured to investigate the impact of graphene SP on the lasing beha-
viors of the ZnO microbelt, as shown in Figures 5(a) and 5(b).
Figure 5(a) shows the PL spectra from spot 1 under different excita-
tion power densities. At a low excitation power density of 100 KW/
cm?, the PL spectrum presents a broad spontaneous emission, which
comes from the near band-edge (NBE) emission of ZnO*. Then the
PL intensity increases slowly with increasing of the excitation power
density. While, as the excitation power density reaches to 120 KW/
cm?, some distinct and sharp peaks emerged in the spectrum, indi-
cating the lasing generation from the bare ZnO microbelt. So we can
deduce that the threshold for the bare microbelt is about 120 KW/
cm’. The sharp peaks demonstrated distinctly the mode structure of
the stimulated emission, while the broad and strong background
indicates the optical loss and poor lasing quality, consistent with
the simulation results demonstrated in Figures 2(a) and 2(b) and
the experimental observation in Figure 4(a). For a typical lasing peak
at wavelength of 390.2 nm, the mode spacing of the two adjacent
lasing peaks is about 0.2 nm. According to the equation of mode
spacing for F-P cavity AL = (A*/[2L(n— Adn/d})]*°, where L is the
cavity length, n = 2.47 is the refractive index of ZnO and dn/d/. =
—0.026 nm™"at A = 390.2 nm denotes the dispersion relation for the
refractive index, A4 =0.2 nm as indicated by the PL spectrum, the
calculated cavity length L = 30 pm, which agrees well with the
experimental value measured by SEM. This indicates that the
observed stimulated emission belong to the F-P lasing mechanism,
which is formed in the cavity at the width direction of the cross-

Figure 4 | Dark field optical images of an individual ZnO microbelt (a)
before and (b) after being covered with graphene under the same
excitation of 325 nm UV laser.

section of the microbelt. Actually, this F-P lasing mechanism also can
be confirmed througth the dark field optical images of the bare ZnO
microbelt and the hybrid microcavity. As shown in Figures 4(a) and
4(b), the microbelt emits bright blue-violet light from the lateral sides
of the microbelt, this is a direct evidence for the F-P lasing resonant in
the width direction of the cross-section of the microbelt, agreeing
well with the calculation result discussed above and the simulation
shown in Figure 2(a).

As the microbelt was covered with graphene, the PL spectra from
spot 2 changed dramatically, as shown in Figure 5(b). With increas-
ing of the excitation power densities, the PL spectra show similar
evolution process from spontaneous emission to stimulated one, but
the lasing peaks from spot 2 are much more pronounced than those
from spot 1. For spot 2, when the excitation power density increased
to 110 KW/cm?, distinct lasing peaks have appeared in the spectrum,
indicating a lower threshold of spot 2 than that of spot 1. This can be
attributed to the graphene SP’s confinement of the optical field and
its coupling with ZnO interband emission, as has been reported by
our previous report*', where the WGM lasing enhancement and the
obvious optical field confinement in a graphene/ZnO microrod
hybrid microcavity have been systematically investigated through
p-PL mapping and the stable and transient PL experiments. In this
present work, after graphene was covered on the microbelt, the cross-
over region of the excited evanescent wave of graphene SP and ZnO
optical field could provide a platform to achieve the coupling
between the graphene SP modes and conventional F-P resonant
modes, so the total energy distribution and the oscillation process
in the microcavity were modulated and the gain of the microcavity
was improved, resulting in the lowered threshold of spot 2 relative to
that of spot 1.

Figure 5(c) shows the lasing emission intensity as function of the
excitation power density for the bare ZnO microbelt and the gra-
phene/ZnO hybrid microcavity. Here, the kinks can be observed
clearly for the threshold estimation. For the bare microbelt (spot 1
denoted), the PL intensity increases slowly with increasing of the
excitation power density. When the excitation power density reaches
to 120 KW/cm?, the slope increased sharply and some distinct and
sharp peaks appeared in the spectrum as shown in Figure 5(a), indi-
cating the occurrence of lasing from the bare ZnO microbelt. So we
can deduce that the threshold for the bare microbelt is about
120 KW/cm?. The slow increase of the lasing intensity with increase
of the excitation power density was caused by the optical loss of the
bare microcavity, as shown in Figure 2(a), where a proper of light
leaks out of the cavity at the ZnO/air interface to free space due to the
poor confinement of the bare cavity. While for the graphene/ZnO
hybrid microcavity (spot 2 denoted), the emission intensity increases
rapidly as the excitation power density increased to 110 KW/cm?, the
mode structure is clearer and the intensity of the emission is much
higher than that of the bare microcavity at the same excitation con-
dition. From this we can conclude that the threshold of the hybrid
microcavity is 110 KW/cm?, which is lower than that of the bare one.
It should be noted that the lasing emission intensity of the hybrid
microcavtiy increase more quickly than that of the bare one, indi-
cating the more efficient output of the microcavity due to the optical
field confinement induced by graphene SP and its effective coupling
with ZnO.

A clearer comparison of the lasing behaviors of the two spots
under the same excitation of 140 KW/cm? is shown in Figure 5(d).
One can see clearly that the lasing spectrum from spot 2 obviously
reveals sharper peaks and stronger lasing intensity than that from
spot 1. This remarkably enhanced lasing intensity comes from the
coupling between the graphene SP modes and the ZnO F-P resonant
modes. It should be noted that a redshift of the lasing spectra profile
has been observed as the ZnO microbelt was covered with graphene.
This can be attributed to the band gap renormalization of ZnO*. In
general, electron-hole plasma (EHP) lasing would be realized when
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Figure 5 | Excitation power density dependent PL spectra from (a) spot 1 and (b) spot 2. (c) Correlation between emission intensity and excitation power

density for the bare and the graphene/ZnO microbelt hybrid microcavity. (
excitation power density of 140 KW/cm®.

the excitation intensity yielded a carrier density higher than Mott
transition density*’. In this present work, after the ZnO microbelt
was covered with graphene, the exciton density can reach easily to the
critical point for Mott transition due to the optical field confinement
induced by graphene SP, so the EHP emission arises and the system
energy decreases due to the band gap renormalization, resulting in
the emission band redshifts to the longer wavelength.

In summary, a hybrid plasmonic F-P microcavity was con-
structed and fabricated by covering monolayer graphene on the
ZnO microbelt, and unambiguously improved F-P lasing perform-
ance was realized, including the lowered lasing threshold, the
improved lasing quality and the significantly enhanced lasing
intensity. Theoretical simulation indicated that the graphene SP
wave was excited along the interface of graphene/ZnO and the
crossover region provide a platform to realize the coupling inter-
action between graphene SP modes and the ZnO F-P modes. On
the other hand, the coupling interaction can play a modulation of
the oscillation and energy storage of the ZnO F-P microcavity.
The results presented here would be valuable for both understand-
ing the interaction between graphene and semiconductor under
the optical excitation in physics and motivating new ideas for
designing of graphene-based optic and photoelectronic devices
in technology.

Methods

ZnO microbelts were synthesized by a VPT method*. In detail, a mixture of high
purity ZnO and graphite powders (1:1 in mass ratio) was placed into a small
quartz boat as source materials. A cleaned Si substrate was sputtered with 50 nm
thick ZnO film by a radio frequency magnetron sputtering system and covered on
the boat. The boat was then placed in the center of a quartz tube and the whole
assembly was put into a horizontal tube furnace, which was heated to 1050°C.
After growing for 50 min, the furnace was naturally cooled to room temperature.
Then the microbelts can be found on the Si substrate and the inner surface of the
quartz boat. It should be noted that a constant flow of high purity argon

(100 sccm) was introduced into the tube furnace as protecting gas during the
synthesis process. High quality monolayer graphene used in this experiment was
synthesized by a chemical vapor deposition (CVD) method*. The hybrid

d) Comparison of the lasing spectra from the two spots under the same

microcavity was fabricated by transferring a piece of monolayer graphene on the
ZnO microbelt with a standard method*. The morphology and structure of the
samples were characterized by field emission scanning electron microscopy
(FESEM, Carl Zeiss Ultra Plus) and optical microscopy (OLYMPUS BX53F). For
optical measurements, the samples were excited by a focused 325 nm laser
through a p-PL system, and the incident lasing was focused to a spot size of
~15 pum. The spectra were collected by an optical multichannel analyzer
(Princeton, Acton SP2500i). All measurements were performed at room temper-
ature. Theoretical simulation was carried out by using a FDTD method.
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