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ABSTRACT

The most common way in plasmonic bio-sensing is
based on the angular modulation of surface plasmon
resonance (SPR) combined with fluorescence spectroscopy.
When the bio-molecules or nanoparticles attach on the
metal film and change the resonant condition, we can detect
the existence of specific bio-molecules by analyzing the
change of optical properties. In the article, we introduce the
transfer technique of ultra-smooth single-crystalline
aluminum thin-film and may be applied as a sensor chip for
the non-invasive plasmonic bio-molecular sensing. We
report on the transfer result of high quality and ultra-smooth
aluminum thin-film transferred onto an optical cover glass
with root-mean-square roughness of 0.474nm. The transfer
technique is based on the designed multi-epitaxial
structures of Al, GaAs, AlGaAs, and GaAs substrate. Also,
we use the properties of selective etching of citric acid and
HF solutions for GaAs and AlGaAs.
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INTRODUCTION

Resonant plasmonic metal nanostructure can break the
diffraction limit, concentrate the light into subwavelength
dimensions and provide a strong near field enhancement
[1,2]. Its unique optical properties has aroused many
interests and has been applied to achieve surface-enhanced
Raman spectroscopy [3], enhanced biochemical sensing
[4,5], subwavelength optical waveguiding [6], index sensor
[7], and optical trapping [8]. Among all the applied
plasmonic materials, aluminum has attracted much more
attention recently since its higher plasma frequency of
about 15 eV as a potential competitive in ultraviolet (UV)
applications compared with gold and silver of about 8 eV
[9]. Gold and silver have been studied for their properties
and chemical synthesis [10] as common plasmonic
materials. The applications of gold and silver are mainly for
visible to infrared spectral region since a strong interband
transition exists at wavelength around less than 550 nm and
400 nm respectively [11]. On the other hand, the interband

transition of aluminum occurs at about 800 nm, making it a
suitable material for the UV-regime applications, including
deep-UV surface-enhanced resonance Raman scattering
[12], enhanced UV photocatalysis [13], aluminumimproved absorption in organic photovoltaic devices [14],
and UV plasmonic nanolasers [15]. Also, the crystallinity
affects the optical performance of nanostructures a lot,
which has been demonstrated in the single-crystalline gold
case [16]. Single-crystalline aluminum thin-film has been
noted for its ultra-smooth surface and the lack of lattice
boundaries, resulting in high-definition of nanostructures
and high performance of optical responses [15,17].
However, there has not been a well-established method to
obtain single-crystalline aluminum by chemical synthesis.
The common way to grow a single-crystalline aluminum
film through molecular beam epitaxy (MBE) on a GaAs
substrate will drastically affect the effective optical
spectrum since the optical responses from GaAs itself [17].
Therefore, single-crystalline aluminum thin-films applied in
UV-regime is still a fancy topic. In this article, we are going
to present the transfer of single-crystalline aluminum film
grown in situ by molecular beam epitaxy from a GaAs
substrate onto another substrate along with its analysis.

2

MATERIALS AND METHODS

Our single-crystalline aluminum thin-film is prepared
following the previously reported works [17,18] with
additional designed etching-stop layers. We use a Varian
Gen II solid-source MBE system to grow our samples.
After growing the 200 nm buffer GaAs on the semiinsulating (100) crystalline surface of GaAs substrate, a 500
nm Al0.9GaAs is grown on the buffer GaAs in the ultrahigh
vacuum chamber (3×10-10 Torr ). Next, we grow a 5 nm or
10 nm GaAs on the Al0.9GaAs layer. Then we grow the 40
nm aluminum thin-film at a rate of 0.05 nm/s, resulting in a
crystalline surface of (110) aluminum. Use the plasmaenhanced chemical vapor deposition (PECVD) to deposit
SiO2 for about 1.5 μm on aluminum at 300˚C which works
as a new supporting layer. The schematic structure is shown
in Fig. 1(a). The structures from top to bottom are 1.5 μm
SiO2 / 40 nm Al / 5 nm or 10 nm GaAs / 500 nm
Al0.9GaAs / 330 μm GaAs substrate with 200 nm buffer
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Fig 1: The schematic epitaxial structures and transfer processes. (a) The epitaxial structure with
1.5 μm SiO2 evaporated by PECVD. (b) The schematic illustration of attaching the sample
upside-down with the PDMS film. (c) The schematic illustration of the sample side-protection by
PDMS. (d) The final result of the transferred sample.
layer. We have tried several thickness of the SiO2, resulting
in a limit abou 1 μm. If we didn’t evaporate a supporting
layer, the thin-film might wrinkle and split when we etch off
the Al0.9GaAs layer. We can also deposit indium-tin-oxide
(ITO) for conduction purpose instead of SiO2 if needed.
Prepare a polydimethylsiloxane (PDMS) mixture from
SYLGARD® 184 SILICONE ELASTOMER KIT with a
mixing ratio of part A : B = 10 : 1 and stir it evenly. Stand
the PDMS alone for about 1 hour or just pumping it within a
vacuum box for 30 min in order to let the air bubbles
diminish. Then spin-coating the PDMS on the optical cover
glass and attach the sample up-side-down with the PDMS, as
shown in Fig. 1(b). It is worth noting that the optical cover
glass can be replaced by an arbitrary substrate since we use
the PDMS film as a bonding layer. Spin-coat the PDMS film
with minimum 1000 rpm speed for 10s and maximum 6000
rpm for 30s. We evenly coat a 5 μm thickness of PDMS on
the optical cover glass [19]. When we attach the sample with
PDMS, it will work as a guard protecting the aluminum thinfilm from side-etching, as shown in Fig. 1(c). Pumping it
within a vacuum box for 30 min in order to let the air
bubbles between the sample and the substrate diminish. Cure
the PDMS by 80˚C for 30 min by hot-plate or oven. It is
noted that any air bubble should be diminished before curing
the PDMS or it might burst out through the thin-film when
we etch off the Al0.9GaAs layer.
Use a grinder to grind the GaAs substrate down to less
than 100 μm. Etch the residual GaAs wafer with citric acid
solution : H2O2 = 5 : 1 by volume. The citric acid solution is
prepared as anhydrous citric acid : deionized water = 1 : 1 by
weight and should be prepared one day before etching so
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that the anhydrous citric acid would be fully dissolved. It
will etch stop at the Al0.9GaAs layer at a speed of 314
nm/min.20 Then etch the Al0.9GaAs layer by H2O : HF
(49%) = 10 : 1 by volume and it will etch stop at the GaAs
layer. The selective etching of Al0.9GaAs / GaAs in a HF
system has been reported in detail [20,21]. Use another fresh
citric acid solution : H2O2 = 5 : 1 by volume to etch off the
thin GaAs layer at a speed of 314 nm/min. The step to etch
off the GaAs layer must be quick in a few seconds to prevent
from the further etching of aluminum. Finally, slowly press
and pull the surrounding PDMS film and it will easily detach
after immersing in HF solutions. Fig. 1(d) is the final
transferred result shown with an inlet top view of a real
sample. The structures are 40 nm Al / 1.5 μm SiO2 / 5 μm
PDMS / optical cover glass from top to bottom of 8 mm × 6
mm area.

3

RESULTS AND DISCUSSION

The RMS roughness of the transferred thin-film is 0.427
nm over 5 μm × 5 μm area, which is ultra-smooth as an
untransferred epitaxial single-crystalline aluminum thin-film.
As a comparison, we prepare a 200 nm electron-gun
evaporated poly-crystalline thin-film. It is of 2.484 nm RMS
roughness over 5 μm × 5 μm area, as shown in Fig. 2(b).
The random voids and grains can cause the structural
imperfections and optical signal scatterings [15,17]. Also,
Reiss et. al. [22] has calculated the transmission probability
of an electron through a single grain boundary of a poly-
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Fig 2: (a) Atomic force microscope (AFM) result of the transferred single-crystalline aluminum
(top) and representative SEM image with ultra-smooth surface (bottom). (b) AFM result of the
poly-crystalline aluminum (top) and representative SEM image (bottom).
crystalline metal film, resulting in the probability of 0.7 
0.1. It means that for about 30% of the electrons will be
scattered when passing through a grain boundary elastically
and inelastically. The scattering process will influence the
electron-photon interaction and the performance of the
plasmonic devices.
In Fig. 3(a), we compare the 2θ scanning X-ray
diffracometer result of our transferred single-crystalline
aluminum thin-film with a background signals which was
measured without any sample on the XRD metal stage. The
diffraction peak Al(220) occurred at 2θ = 65.35˚ is clearly
detected without any GaAs diffraction peak [18]. Also, Fig.
3(b) shows the result of the optical reflectivity of the
transferred sample and a 40 nm poly-crystalline aluminum
film evaporated by conventional electron-gun system as a
comparison. It shows that the transferred sample has higher
reflectivity in the visible and UV regime as the untransferred
case [17,18].
The energy dispersive X-ray spectroscope (EDS) results
are shown in Fig. 4 with three different samples under
process. Fig. 4(a) is the result of sample A with 10 nm GaAs
etching stop layer. Fig. 4(b) is the result of sample B with 5
nm GaAs etching stop layer. Both of the two samples were
etched and stopped at the GaAs layer through the transfer
process. Fig. 4(c) is the result of sample C without 5 nm
GaAs which has been etched off. By Comparing Fig. 4(a),
Fig. 4(b), and Fig. 4(c), we confirm that the GaAs layer was
etched off via rapid GaAs etching in a few seconds since Ga
and As elemental signals are undetectable.

Fig 3: (a) The XRD result of the transferred sample
(black-solid line) and the background signals (reddashed line) which comes from the XRD metal stage.
(b) The optical reflectivity of transferred singlecrystalline aluminum (black-solid line) and polycrystalline aluminum (red-dashed line) as a
comparison
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Fig 4: The EDS results of three samples with different
GaAs thickness. (a) 10 nm GaAs. (b) 5 nm GaAs.
Both (a) and (b) were etched and stopped at the GaAs
layer. (c) The sample without 5 nm GaAs which has
been etched off.

4

CONCLUSIONS

We present a process to transfer the single-crystalline
aluminum thin-film from a MBE-grown GaAs substrate onto
an optical cover glass. It is ultra-smooth, with a 0.427 nm
RMS over 5 μm × 5 μm area and a higher optical reflectivity
in the visible and ultraviolet regime compared with the polycrystalline aluminum thin-film. The transfer process
overcomes the influence of GaAs substrate and provides a
method to obtain ultra-smooth single-crystalline aluminum
thin-film on a new substrate, which can be applied in
plasmonic and metal-based electronic devices.
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