4

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 17, NO. 1, FEBRUARY 2008

Direct Fabrication of Nanoscale Light Emitting
Diode on Silicon Probe Tip for Scanning Microscopy
Kazunori Hoshino, Member, IEEE, Lynn J. Rozanski,
David A. Vanden Bout, and Xiaojing Zhang, Member, IEEE

Abstract—We have fabricated a silicon microprobe integrated
with a nanometer-sized light emitting diode (Nano-LED) on the
tip. This paper describes the fabrication procedure and preliminary topographic testing results. The silicon probe with electrode
pattern was made by wet-etching a Silicon-on-Insulator wafer using oxide as the mask. Subsequently, the probe tip was cut using a
Focused Ion Beam (FIB) to form a 150 nm-wide gap. Semiconductor nanoparticles (CdSe/ZnS core-shell nanoparticles) were electrostatically trapped and excited within the electrode gap made on
the probe tip. The LED-tip is approximately 150 nm × 150 nm.
The Nano-LED light intensity and current were measured as a
function of the driving voltage up to 25 V. In addition to the electroluminescence peaks from the CdSe particles, possible emission
from silicon dioxide doped in the FIB milling process was also observed in the measured spectra. Basic mechanical characteristics
of the silicon probe were measured by mounting the probe on a
tuning fork in a standard near-field scanning optical microscopy
(NSOM) set up. It was observed that the drag force reduces the
probe oscillation as the vibrating tip approached the near-field of
the sample surface. The topographic images of a chromium test
pattern on a glass substrate were successfully acquired by keeping
the probe tip within roughly 5 nm from the sample surface.
Although the probe tip shape and the location of the Nano-LED
are yet to be further optimized before realizing near-field optical
scanning experiment, the result showed its great promise as a new
type of NSOM tip with the “on-probe” light-source. [2007-0111]
Index Terms—Light emitting diodes (LEDs), near-field scanning
optical microscopy (NSOM), semiconductor nanoparticles.

I. I NTRODUCTION

N

EAR-FIELD scanning optical microscopy (NSOM) [1],
which combines scanning probe technology with optical
microscopy, measures subwavelength optical properties as well
as nanoscale topographic properties like a regular atomic force
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microscope (AFM). The conventional NSOM has a resolution
directly related to the size of the probe used, generally a fiber
optic pulled to have an aperture with a 50–150 nm diameter.
NSOM has been used in almost all optical microscopy applications such as molecular feature characterization of organic films
[2], polymers [3] and biomolecules [4], Raman spectroscopy
[5], laser ablation patterning [6] and optical recording for data
storage devices [7].
Although conventional NSOM is a powerful tool for exploring the nanoscale features of thin films, its large-scale
applications in integrated systems are limited due to the manual
assembly process of the probe with an illuminating fiber. In
addition, an external light source is required for each NSOM
probe, further increasing the system complexity. Approaches
for miniaturizing NSOM probes include microelectromechanical systems (MEMS) apertures fabricated by the low temperature oxidation and selective etching process [8], and a light
absorbing gold particle [9] and a fluorescent bead [10] manually
attached on the tips of a drawn glass tube tip and a force sensing
cantilever. All of these approaches still require an external laser
light source and retain the same problem as mentioned above.
Fabrication of vertical-cavity surface-emitting lasers on the
NSOM probes were reported in an attempt to integrate a light
source [11], [12], but the light emitting areas were larger than
several micrometers and the probes still require a metal coating
with an aperture to obtain the diffraction’s limited resolution.
Organic Light Emitting Diodes (OLEDs) are promising onchip light sources since they can be easily integrated on various
substrates like flexible thin films [13]. The integration of an
OLED on a scanning probe cantilever was reported recently
[14], but the size of the resulting LED was approximately
10 µm × 10 µm, which is too large to work as a near-field
light source. Alternatively, semiconductor nanoparticles, such
as CdSe/ZnS core-shell quantum dots, are investigated for their
electroluminescent properties [15], [16]. Similar to polymer
OLEDs, the semiconductor nanoparticle-based light source can
be fabricated by spin coating processes. However, unlike the
organic-polymer devices, the device lifetime is typically much
longer. The CdSe semiconductor nanoparticle LEDs exhibit
a size-dependent color variation due to quantum confinement
effects [17]. Therefore, the emission wavelength can be tailored
simply by choosing the particles of a specific diameter.
Direct fabrication of a nanometer-sized LED has been
demonstrated on a patterned Silicon-on-Insulator (SOI) wafer
[18]. The fabrication process was a combination of top-down
fabrication of a nanometer-sized electrode gap and bottom-up
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Fig. 1. Diagram of the NSOM setup and proposed silicon probe integrated
with Nano-LED.

technique of nanoparticle trapping. The fabrication process is
compatible with the silicon-based fabrication techniques used
in MEMS. We use this technique to create a nanoscale LED
(Nano-LED) on the tip of a MEMS-fabricated probe for nearfield optical microscopy applications. In this paper, we describe
the detailed fabrication procedures and preliminary topographic
testing results for future NSOM application. The proposed
silicon probe will be installed in an NSOM setup, as shown
in Fig. 1. The probe tip scans the sample surface similar to a
regular AFM. The Nano-LED is fabricated on the probe tip. It
can be driven by a current supplied from the electrodes and does
not require any additional optical components such as lenses,
apertures and waveguides. Measured basic characteristics of
the fabricated Nano-LED are described in this paper. We also
discuss the problems we have to overcome before realizing
successful NSOM measurement in the described setup.

Fig. 2. Fabrication procedure of the MEMS NSOM probe. The probe was
made by wet-etching of silicon.

II. D ESIGN AND F ABRICATION
The silicon probe is made from an SOI wafer with the device,
insulation and handle layers having a thickness of 2.2, 1.1 and
185 µm, respectively. The probe body is typically 300 µm
wide and 2500 µm long to fit in an NSOM scanning head. Both
the device and the handle silicon layers were wet-etched by
tetra-methyl-ammonium-hydroxide (TMAH), which resulted in
tapered shapes of the probe and electrode tips. Wet-etching procedures are shown in Fig. 2. First, the wafer was wet-oxidized
by 300 nm at 1000 ◦ C and patterned with CF4 Plasma (step 1
in Fig. 2). The device layer was then etched by 25% TMAH at
85 ◦ C for 4 min to form the electrode (step 2 in Fig. 2).
The wafer was wet-oxidized again by 300 nm followed by
patterning of the back-side etch mask. The wet-etching for
the probe body was carried out until the length of the etched
probe became approximately 2–3 µm longer than that of the
prepatterned electrode (step 4 in Fig. 2). The dimensions of the
oxide etch masks are roughly estimated by using an anisotropic
crystalline etching simulation (ACES) program [19]. Fig. 3(a)
shows the optical micrograph of a fabricated silicon probe
with electrode pattern. Fig. 3(b) shows the mask design and

Fig. 3. (a) Photograph of the wet-etched silicon probe. (b) Wet-etching
simulation for the electrode and the probe body. The wet etch masks are shown
in black lines. Calculation was performed on an ACES program.

the simulation result. The masks are shown in black lines. The
electrode was doped by deposition of phosphorous oxychloride
for 50 min at 900 ◦ C to obtain higher electrical conductivity
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Fig. 4. Fabrication procedure (continued). The electrode and the probe tip
were cut with a FIB (step 7). Nanoparticles were then trapped to the electrodes
in a toluene solution to make an LED (step 8).

before the probe was detached from the substrate (steps 5 and
6 in Fig. 2).
The fabrication of the nanogap used to attract nanoparticles is
shown in Fig. 4. The electrodes and the probe tip were precisely
patterned with a focused ion beam (FIB) to form a 150-nm-wide
gap about 100–200 nm from the tip of the probe body (step 7
in Fig. 4). Fig. 5 is a Scanning Electron Micrograph (SEM) of
the probe and the probe tip with 150-nm-wide gap. The probe
is then assembled onto a miniature circuit board through wirebonding to connect to both the signaling circuitry and power
supplies.
The Nano-LED was made by electrostatically trapping semiconductor nanoparticles (CdSe/ZnS core-shell nanoparticles)
between the facing electrodes [18] on the probe tip. To trap
the nanoparticles, the electrodes were immersed in the toluene
solution (step 8 in Fig. 4). When the voltage (typically 5–10 V)
was applied, the nanoparticles were polarized and attracted to
the gap along the electric field gradient. We prepared particles
with the average diameter of 4.8 nm, which has a designed
luminescence peak around 550 nm. The probe was then annealed at up to 120 ◦ C for 2 min to dry the organic solvents.
Fig. 6(a) shows an SEM photograph of trapped particles in the
nanogap. Although the particles cover the entire surface of the
electrodes as shown in the figure, the electroluminescence is
thought to be emitted from the part where currents go through,
i.e., from the bridges made within the gap. Operation of an
NSOM probe requires the LED to act as a near-field emitter.
The light source should be placed as close as possible to the
probe tip. The precise positioning of the nanoparticle bridge
relies on the FIB-created nanogap. With the milling precision
as shown in Fig. 5 and the multidimensional freedom (x, y, z,
rotation and tilt) of the stage in the FIB apparatus (FEI Strata

Fig. 5. SEMs of (a) fabricated silicon probes and (b) FIB-cut electrode with a
150 nm-wide gap.

235), positioning a light source within subwavelength distance,
i.e., 100–200 nm, is possible. Light emission from the fabricated LED on the probe tip can be clearly observed, as shown
in Fig. 6(b).
III. N ANO -LED C HARACTERIZATION
The basic parameters of a Nano-LED, made on a flat substrate rather than a probe, were measured. A quartz substrate
was used to observe the LED emission from the bottom using
an inverted microscope objective. The electrodes were 800-nmthick CVD polysilicon doped with phosphorous oxychloride
and cut with FIB in the same condition as the described
Nano-LED on the probe. The dimensions of the electrodes
and the other fabrication steps were also kept the same. We
can therefore expect the same optical properties such as light
intensity–current–voltage characteristic and electro- and photoluminescence spectrum for the probe LED.
Fig. 7 shows current and light intensity as a function of
applied voltage measured for the Nano-LED. Both results show
clear diode characteristics with the on-voltages at around 15 V.
The on-voltages varied from 5 to 100 V in our experiments,
largely depending on the gap width and the resistivity of
the silicon electrodes. Lower on-voltages were measured for
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Fig. 6. (a) SEM photograph of trapped particle bridge. (b) Microscopic
photograph of the Nano-LED emitting light at a driving voltage of 25 V.

thinner CdSe layers and electrodes with higher conductivities.
Driven within a proper voltage range as shown in Fig. 7, the
LED showed good repeatability and stability. It was functional
after an hour of operation and showed almost the same operating voltages after being kept for a month in atmosphere. No
significant intensity change was observed in either case.
Fig. 8(a) shows the electroluminescence spectra of the NanoLED for different applied voltages. Although the clear linearity
of the light intensity–current relationship in Fig. 7 suggests that
the emission is electroluminescence, broader emission wavelengths with peaks around 600–700 nm rather than the particle’s
designed emission of 550 nm were observed. FIB milling of the
electrodes and following redeposition of silicon and gallium
on the cut area [20] created a highly doped silicon/silicon
oxide interface, which is reported to work as a light-emitting
diode [21]. In addition to that, the relatively low-lying highest
occupied molecular orbital levels of CdSe makes hole injection
difficult [22], and as a result, hole-electron recombination rate
across the CdSe layer should be lower. Therefore, silicon oxide
electroluminescence is one major factor in the broad spectra.
Fig. 8(b) shows the electroluminescent spectra of the electrodes
before trapping nanoparticles. In Fig. 8(a), one can observe
several emission peaks which are not found in Fig. 8(b). These
peaks are likely from aggregated CdSe particles which form
larger particles. The authors’ experiments with larger silicon
electrodes, which were patterned with standard RIE, showed
several emission cases not only with the wavelength obviously
coinciding with the nanoparticle photoluminescence, but also
with longer wavelength. An electroluminescence spectrum similar to a photoluminescence peak was also reported for FIB-cut
electrodes in [18]. The emission wavelength will be tailored by
introducing a silicon fabrication process, such as e-beam lithography, to avoid FIB-induced doping. It is also reasonable to
create a layered structure in the LED to improve recombination
efficiency. The improvement of the emission efficiency at a spe-

Fig. 7. Optical Characterization of Nano-LED. (a) I–V curve: Current and
(b) L–V curve: Light intensity as a function of voltage. L–I curve is also
embedded in (b).

Fig. 8. Electroluminescence spectra of (a) the Nano-LED for different applied
voltages and (b) the FIB-cut nanogap without any particles.

cific wavelength in inorganic/organic multilayered nanoparticle
LEDs are reported in [15] and [16].
In some cases we also see thermal blackbody radiation
from silicon electrodes. We found several differences which
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discriminate blackbody radiation and the electroluminescence.
First, the required current for the blackbody radiation is much
larger than the electroluminescence by an order of 102−3 ,
which results in obvious damage to the silicon electrodes after
radiation. The linear relationship between light intensity and
current was not observed for the blackbody radiation case.
Second, the observed color of the blackbody radiation changes
to shorter wavelengths as the applied current increases, which
is not the case with the electroluminescence (see Fig. 8 for
electroluminescence spectra).
Assuming the emission wavelength is approximately 600 nm
to simplify the calculation, emission power pe of a single
photon becomes
pe = hν = h ·

c
= 3.3 · 10−19 [J].
λ

(1)

The photon counts of 20 000 [counts/s] at 20 V in Fig. 10(b)
defines the emission power as
p = pe · counts
= (3.3 × 10−19 ) · (2.0 × 104 )
= 6.6 × 10−15

[W].

(2)

Since we used a microscope objective with numerical aperture
NA = 0.6(sin θ = 0.6), the entire emission P of the LED is

 
P = p · (4π)

θ/2

2π

sin ϕ · dϕ

= 2.6 × 10−14 [W].

(3)

0

Thus, the luminous intensity is given by
Luminous intensity = P/4π = 2.1 × 10−14 [W/sr]
= 2.0 × 10−11 [cd].

(4)

When we assume the observed LED as a 150 nm × 150 nm
square, the emission area becomes
Emission area = 150 nm × 150 nm = 2.3× 10−14 [m2 ].

kprobe = 3800 [N/m], while that of a prong of the fork, with
dimensions of D = 1500 µm, E = 160 µm, F = 400 µm, is
calculated to be kfork = 120 000 [N/m]. With kprobe being 3.1%
of kfork , the stiffness of the tuning fork is dominant in the probeattached tuning fork. The resonant frequency of the tuning fork
was originally 98.7 kHz and was dampened to 93.0 kHz with
the probe attached. The Quality factor Q of the fork attached
with the probe was Q = 147, which was almost the same as
those of forks attached with conventional fiber probes (typically
about 150).
We consider the probe-attached tuning fork as a simple massspring system experiencing forced oscillation described as:
me ẍ + cẋ + kx = F cos ωt

(7)

(5)

(5) and (6) give the LED luminance as:
Luminance = 8.7 × 102 [cd/m2 ].

Fig. 9. Force curve measured with a silicon probe. A probe attached to a
tuning fork is vibrated by a piezoactuator and the oscillation is monitored
as a signal from the fork. A drag force reduces the probe oscillation as
the tip approaches within 5 nm to the substrate. Dimensions are typically
A = 300 µm, B = 50 µm, C = 185 µm, D = 1500 µm, E = 160 µm,
F = 400 µm, L = 2500 µm, respectively.

(6)

The result is well within the typical luminance order of 101 −
103 reported for OLEDs [23].

where, me , c, k, x, F , and ω are effective mass, viscous
coefficient, spring constant, probe displacement, the applied
force to the probe, and the angular frequency, respectively (see
Fig. 9 for the simplified model). The interaction between the
tip and the sample yields an additional drag force ∆c ẋ to the
equation in the following way:
me ẍ + (c + ∆c)ẋ + kx = F cos ωt.

IV. P ROBE C HARACTERIZATION
The probe was tested in an NSOM setup (Veeco Aurora
system). The probe was glued to a quartz tuning fork similar to
standard fiber tips and mechanically oscillated by a piezoelectric actuator. As the tip approaches the surface of the sample,
a drag force acting on the tip changes the probe resonance,
measured as a voltage signal from the fork, which in feedback
allows the tip to be positioned in the near-field [24]. The typical
dimensions of the probe and the fork are shown in Fig. 9. The
spring constant of the probe, with dimension of A = 300 µm,
B = 50 µm, C = 185 µm, L = 2500 µm, is calculated to be

(8)

The resonant frequencies
of the system (7) and (8) are

both given as ωn = k/me and the oscillation amplitudes are
given as (F/c ωn ) and F/((c + ∆c)ωn ), respectively. Since the
difference between them only comes from that of the viscous
coefficient, change in the oscillating amplitude gives the drag
force ∆c and thus the tip-sample distance.
A force curve measured with a silicon probe attached to a
tuning fork is shown by the graph in Fig. 9. The oscillating
amplitudes of the tuning fork were measured as the tip-sample
distance d decreased. A sudden decline in oscillation occurred
as the tip approaches the surface, and the probe finally ceased
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nanoparticles on the tip of a silicon NSOM probe. The basic
characteristics of the fabricated Nano-LED were both calculated and measured. The SEM image showed the size of the
LED to be 150 nm × 150 nm. This is as small as the apertures
used in commercially available optical fiber probes. The probe
was then tested in a standard NSOM setup. The force curve
was measured for the fabricated probe, and the probe tip was
successfully positioned roughly 5–10 nm from the surface.
Although the probe tip fabrication should be further tailored
to create a smaller radius of curvature and a more precise
location of the Nano-LED to perform successful near-field
optical scanning, the probe otherwise fitted well with the system
and shows promise as a new type of scanning light tip. The
Nano-LED probe holds great promise toward totally integrated
“light-source free” optical scanning arrays suitable for novel
applications in nanomaterial characterization and biology.
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