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Abstract: Pinhole-shaped light-emitting diode (LED) arrays with dimension ranging from 100 pm
down to 5 pm have been developed as point illumination sources. The proposed microLED arrays,
which are based on gallium nitride (GaN) technology and emitting in the blue spectral region (A =
465 nm), are integrated into a compact lensless holographic microscope for a non-invasive, label-free
cell sensing and imaging. From the experimental results using single pinhole LEDs having a
diameter of 90 pum, the reconstructed images display better resolution and enhanced image quality
compared to those captured using a commercial surface-mount device (SMD)-based LED.
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1. Introduction

For evolving applications in life sciences (e.g., non-invasive, label-free cell counting and
imaging), a compact system based on digital inline-holographic microscopy provides a lightweight
and cost-effective platform, which can be integrated inside an incubator set-up enabling a real-time,
in situ and continuous biological cell monitoring [1]. Although commercial SMD-packaged LEDs can
be employed, they still have limitations in terms of size, integration flexibility, spatial illumination
coherency and therefore achievable image resolution, especially when extension to 3D imaging and
pixel super-resolution capabilities are required [2]. Combining SMD LEDs with optical fibers [3] or a
separate metal pinhole and a piezo-stage [2] can offer quick alternative solutions for realizing an array
of small, separately controllable light emitters. However, the efficient optical interconnections
between those two elements, as well as device miniaturization still remain a challenge. Therefore,
smaller coherent point light sources forming arrays, being specifically designed and fully integrated
into a miniaturized imaging system, would offer tremendousadvantages.

In this work, blue LED wafer based on InGaN/GaN multi quantum well (MQW) is used to realize
pinhole-shaped microLED arrays with openings ranging from 100 um down to 5 pm. After
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fabrication process, the resulting pinhole LED is characterized optoelectronically prior to integration
into the miniaturized lensless microscope. The results of the cell imaging will also be compared.

2. Fabrication Method and Results

Pinhole LED arrays have been designed and fabricated from planar two-inch epitaxial GaN LED
wafers (E-Wave Corporation, United Kingdom) using processing flow steps shown in Figure 1. Each
wafer consists of several layers, including a 430 um thick sapphire substrate, 3.36 pm thick n-GaN
layer (Si-doped, ~1.5 x 10" cm=), 0.4 um thick InGaN/GaN MQW as active layer, and 0.3 um thick p-
GaN layer (doped with Mg in the range of ~8.9 x 10 cm).
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Figure 1. Fabrication process of pinhole LEDs, consisting of (a) preparation and cleaning of GaN-
based LED sample with InGaN/GaN MQW, (b) deposition of SiO2 as an insulating layer, (c) opening
of holes and contact areas on SiOzlayer, (d) dry etching down to n-GaN layer, (e) deposition of Ti/Au
as n-contact, (f) deposition of thin and semitransparent Pd/Au as p-contact, (g) metallization of Cr/Au,
subsequently defining pinhole openings, which emit blue light after contacting.

To start the fabrication of the device, an insulating 50 nm SiO:layer was deposited on the p-GaN
surface of GaN LED wafer using plasma-enhanced chemical vapor deposition (PECVD) (Figure 1b). It
was followed by sequential photolithography and etching process using buffered hydrofluoric acid to
realize openings of the holes (for semitransparent p-contact) and larger n-contact areas on the SiO»-
layer (Figure 1c).

Openings at n-contact areas were etched down by using hybrid etching method [4] (Figure 1d),
combining inductively coupled plasma dry reactive ion etching (ICP-DRIE) and potassium
hydroxide (KOH)-based wet chemical etching. The depth of the etched structure can be easily
controlled by adjusting the etching durations. To reach n-GaN layer, dry etching was performed for
12 min with controlled parameters [5], resulting in a trench depth of approximately 1.5 um. Smooth
n-GaN surface was highly required for better adhesion to the metal contact. Thus, two hours wet
etching and a cleaning step using boiled mixture of H2SOs4/H:02 were carried out. Because of
adhesion issues between GaN and gold layer [6], 10 nm thin titanium film, acting as an intermediate
layer, was deposited before depositing 300 nm gold layer to form the n-contacts. Both depositions of
metal layers were conducted using electron beam evaporation (Figure le). After sequential
photolithography, a 3 nm and 10 nm thin semitransparent Pd/Au metal layer was deposited as p-
contact (Figure 1f). Then, the n- and p-contacts were annealed at 600 °C for 30 s to ensure the formation
of good Ohmic contacts.

In case of light coming out from other spots than the pinhole opening, the surroundings of the
gold interconnections could be covered by a layer of photoresist to act as passivation layer and a non-
transparent 200 nm Au to prevent the light leak. The wafer was then diced and bonded to a printed
circuit board (PCB), enabling a free controllable LED array as point light sources (Figure 2a).

Prior to integration into the lensless holographic microscope, the LED device was characterized
in electroluminescence (EL) measurements at room temperature. The measured I-V curves (Figure
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2b) indicate that the LED device can be operated under normal bias voltages of ~3 V, proving the
formation of a good Ohmic contact.

( ) _Metsizaton (b) 100 -
" ’
80+

60 -

Pinhole LEDs

40t

Current [uA]

20+

Voltage [V]

Figure 2. (a) Principle sketch of the pinhole LED arrays. (b) Measured I-V curve of a single pinhole
LED having a diameter of 90 um.

For testing the capability of the homebuilt pinhole LEDs as an enhanced point light source, a
single 90 um pinhole LED was assembled into a lensless holographic microscope to image
polystyrene microbeads with diameters of 20 um, 10 pm and 5 um, which was embedded in
transparent polydimethylsiloxane (PDMS). This size range is comparable to the size of most cells [7].
The images captured by the lensless microscope contain many diffraction patterns due to the large
lateral coherence length of the pLED emission. A lot of information can be extracted from this
interference patterns. After being processed in a reconstruction software using the angular spectrum
method, a high resolution image can be achieved. Further image enhancement methods and artefact
reductions can also be applied [1,2]. From the reconstructed images shown in Figure 3, we observed
that the resolution of the reconstructed images was increasing with smaller pLED dimensions.

Pinhole LED

Figure 3. Side-by-side comparison of reconstructed inline-holographic images of 5 um polystyrene
microbeads embedded in transparent polydimethylsiloxane (PDMS) mold using illuminations of (a)
a commercial blue SMD LED with a size of 230 x 230 um? and (b) a single pinhole LED with diameter
of 90 um, both at a wavelength of 465 nm. In contrast to (a), clear diffraction patterns can be seen in
(b) due to the larger spatial coherence length of the microLEDs.

Furthermore, the focus values of the images were calculated using modulation transform
function (MTF), which differentiates various spatial frequencies or contrasts in the picture and
defines “1” as the highest focus value [8]. The usage of pinhole LEDs improves the image focus value
to 0.35, in comparison to the focus value of 0.17 obtained from the usage of commercial LED,
confirming the better obtained image quality (i.e., higher focus produces clearer appearance of the
image).
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3. Conclusions and Outlook

Pinhole-shaped microLED arrays that have been fabricated from planar GaN LED wafer offer
tremendous advantages compared to the other near coherent point light sources, such as commercial
LEDs coupled with optical fibers or metal pinholes in piezo stage. The illumination coherency and
integration flexibility as a point light source have been proven by combining the pinhole LEDs with
a lensless holographic microscope, resulting in a better image quality for continuous and label-free
cell monitoring that has been demonstrated quantitatively by twofold increase in image focus value.
It is due to the fact that the reduction of the pinhole diameters can enhance the coherence of the light
source, leading to a quality improvement of the obtained microscopy images. As the next step,
fabrication of pinhole LEDs with diameter down to 500 nm will be strived for, even though the
reliability of such nanoLEDs as point light sources should be investigated thoroughly in the near
future.
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