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Abstract—A simplified integration process including packaging
is presented, which enables the realization of the portable flu-
orescence detection system. A fluorescence detection microchip
system consisting of an integrated p–i–n photodiode, an organic
light-emitting diode as the light source, an interference filter, and
a microchannel was developed. The on-chip fluorescence detector
fabricated by poly(dimethylsiloxane) (PDMS)-based packaging
had a thin-film structure. A silicon-based integrated p–i–n pho-
todiode combined with an optical filter removed the background
noise, which was produced by an excitation source, on the same
substrate. The active area of the finger-type p–i–n photodiode was
extended to obtain a higher detection sensitivity of fluorescence.
The sensitivity and the limit of detection (LOD; = 3) of the
system were 0.198 nA/ M and 10 M, respectively. [1710]

Index Terms—Finger-type p–i–n photodiode, interference filter,
microchannel, on-chip, organic light-emitting diode (OLED),
poly(dimethylsiloxane) (PDMS)-based packaging.

I. INTRODUCTION

MICROFABRICATION technology has greatly influ-
enced the development of modern analytical devices

in chemistry and biology. Integrated and scaled biological
analysis systems have been applied in the areas of bio-warfare,
clinical medicine, and biological experimentation. Therefore,
the use of miniaturized microchips in portable and disposable
systems can be envisioned. Past research has been dedicated to
microchip applications, where all of the optical elements are
integrated directly onto the on-chip devices to miniaturize the
fluorescence detection components in the microsystems [1]–[3].
On-chip devices provided advantages such as portability and
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low manufacturing cost. In particular, the light-emitting diodes
(LEDs) and vertical cavity surface-emitting lasers (VCSELs)
have been used as light-sources in miniaturized fluorescence
detection systems, which have the photodiodes integrated with
nondisposable units. The microfluidic chips are disposable
cartridges [4]–[6]. However, these integrated chips remain as
nondisposable elements and are aligned with discrete elements
(photodiode and microchannel). Realization of such integrated
chips needs expensive laboratory techniques. Therefore, novel
light-sources of thin-film structure (which can be freely aligned
owing to the overall surface emission) need to be developed
by a simple and low-cost integration process. Because organic
LED (OLED) can be deposited directly on a glass substrate, it
can be integrated directly onto a microfluidic chip as a novel
light-source. It can produce green light of sufficient intensity
and has a thin-film structure.

The full packaging of an on-chip fluorescence detector using
poly(dimethylsiloxane) (PDMS) is described. Polymers are at-
tractive materials for the fabrication of microfluidic systems be-
cause they are less expensive, have the ability to bond with ex-
ternal components (e.g., glass, silicon, and other PDMS), have
variable thickness, and are less fragile than silicon and glass,
which are the two most common materials for fluorescence de-
tection systems. The optical and chemical properties of PDMS
are particularly attractive for the fabrication of a microfluidic
system with an integrated optical detection system. PDMS is
optically transparent from 235 nm to the near-infrared wave-
lengths. This transparency enables optical detection over the
entire visible spectrum. The autofluorescence of PDMS is also
lower than those of many polymers such as polystyrene [7]–[9].

A fully packaged fluorescence detector (i.e., photodiode,
OLED, interference filter, and microchannel) for portable and
disposable on-chip by PDMS-based bonding method using soft
lithography was developed. For higher detection sensitivity of
fluorescence, the finger-type p–i–n photodiode was designed
and fabricated [10]. The interference filter is deposited directly
onto the photodiode substrate to transmit fluorescence emission
and to block the background noise from excitation light. The
microchannel is fabricated by using the method described in
this study to integrate the OLED onto a microchannel substrate
[11]. Using the PDMS as an interlayer, both fabricated glass and
silicon devices are bonded to form the monolithic on-chip flu-
orescence detector. We proposed this PDMS-based packaging
method for application to the disposable fluorescence detection
system [12]–[14]. Finally, the fluorescence detection chip is
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Fig. 1. Schematic view of the microchip fabricated using PDMS-based pack-
aging.

used to analyze a minute quantity of tetramethylrhodamine
(TAMRA) for biochemical assays [15]. In the following results,
we demonstrate the feasibility of fully integrated on-chips for
fluorescence detector applications.

II. EXPERIMENTAL

The structure of an integrated fluorescence detection system
is shown in Fig. 1. The components of a fabricated microsystem
are similar to those used by other microsystems. These compo-
nents enable integration of optical elements with the microflu-
idic system. We carefully considered various simple approaches
to the integration process for developing a fully packaged and
disposable on-chip. A sensor part (photodiode and optical filter
on a silicon substrate) was embedded in a liquid PDMS, which
was cured. The channel part including the light source and mi-
crochannel was located on the opposite side of the glass sub-
strate.

Silicon-based p–i–n photodiodes were fabricated by im-
planting the entire surface of a 4000- cm, , n-type Si
wafer with phosphorus. A high-resistivity substrate was used to
increase the depletion region. The photodiode was fabricated in
the substrate by two successive ion implantation and
steps. A thermal oxide layer of 0.4 m was grown on the
substrate as a doping mask. After patterning the doping mask,
arsenic ions were implanted first with an energy of 80 keV at a
dose of cm . A drive-in process of dopants included
furnace annealing at 400 C in ambient. ions were
implanted the same way with an energy of 30 keV at a dose
of cm (The implant concentration was increased
to compensate for the vaporization loss of a dopant). A
passivation layer with a low-temperature oxide of 0.3 m was
deposited on the photodiode surface by a plasma-enhanced
chemical vapor deposition (PECVD).

The interference filter was then directly deposited on the sub-
strate to transmit fluorescence-emission light at 580 nm from the
dye and to block the incident light at 530 nm. The 2.5- m-thick
filter consisted of 32 alternative layers comprised of SiO and
TiO thin films on the surface of the photodiode. Al metalliza-
tion of photodiodes was performed in the last step because elec-

trodes could be oxidized by filter deposition upon heating in an
oxidizing atmosphere.

To incorporate the OLED on the microchannel, a soda-lime
glass wafer (100 mm in diameter, 1 mm in thickness, 20 ;
Samsung Corning Corporation) precoated with an indium tin
oxide (ITO) layer was used as a substrate [see Fig. 2(a), step
1]. The glass substrates were cleaned in acetone and methanol
solutions for 15 min and then rinsed in deionized (DI) water.
The dehydration process was performed by baking the glasses
on a hot plate at 100 C for 3 min to remove residual water
molecules. Both the ITO coated surface and clean surface were
coated with an AZ 9260 positive photoresist (PR). Then, a
novel baking process was used as follows. First, a hard-baking
process of the PR for passivation of the ITO surface as the
latent OLED anode was performed on a hot plate at 115 C
for 1 min [see Fig. 2(a), step 2], and then the bare surfaces
were spin-coated with a hexamethyldisilazane (HMDS; J. T.
Baker Chemical Company, Phillipsburg, NJ) solution and the
PR [see Fig. 2(a), step 3]. Second, a soft-baking process (baked
at 110 C for 30 min) of the PR to pattern an etch mask of
the microchannel was performed. This two-step process can
reduce the thermal stress between the glass substrate and the
PR, resulting in a longer survival time of the thick PR in a
buffered oxide etching (BOE) etchant. The thickness of the PR
was approximately 12 m after soft-baking. The lithography
was processed by using a mask aligner [see Fig. 2(a), step 4].
The PR was developed for 4 min by immersing the exposed
substrate into the developer (500 MIF developer). After rinsing
in DI water and drying by gas, the PR was hard-baked at
115 C for 30 min [see Fig. 2(a), step 5]. After the hard-baking,
the glass substrates were etched in the BOE (6:1) solution.
To remove precipitated particles, we interrupted the etching
process every 5 min and dipped the substrates in a 1-M hy-
drochloride (HCl) solution for 10 s during the etching process.
After HCl dipping, the substrates were cleaned by dipping
in DI water and then immersed into the BOE etchant again.
The etching and deprecipitation processes were iterated until
the etching process was finished [see Fig. 2(a), step 6]. The
dimensions of channel fabricated were 70 m (width) m
(depth) [see Fig. 2(b)].

The ITO layer on the opposite side of channel was used as
an anode [see Fig. 2(c)]. The organic multilayer consisted of a
hole injection (CuPc) layer, a hole transport ( -NPD) layer, and
an emitting or electron transport layer. The Li:Al layer
with a thickness of 3 nm was deposited as the double-layer metal
cathode. All layers were deposited by thermal evaporator in the
vacuum chamber with a base pressure of 1.333 Pa. The
deposition rates of the organic and metallic layers were approx-
imately 0.5–1.0 and 5.0–10.0 , respectively. De-
posited OLED has an active area of 3 mm 12 mm and a total
thickness of 0.5 nm. The alignment of a fabricated microchannel
with an integrated OLED is shown in Fig. 2.

PDMS prepolymer and its curing agent were mixed at a 10:1
weight ratio. All air bubbles in the mixture were removed in
a vacuum desiccator. PDMS was spin-coated to a layer thick-
ness of 100 m on the polyether sulfone (PES) flexible sub-
strate [see Fig. 3(a), step 1; used as a mold master], and was
cured in an oven at 85 C for 4 min [see Fig. 3(a), step 2]. The
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Fig. 2. Fabrication of microchannel part integrated with OLED: (a) process flow, (b) cross-sectional SEM micrograph of a microchannel after etching, and (c)
alignment of the microchannel with the light-source.

photodiode was embedded in PDMS by placing it face down
on the coated PDMS [see Fig. 3(a), step 3] and then pouring
liquid PDMS around it. PDMS was cured at room temperature,
which prevented the possibility of mechanical stress on the pho-
todiode [see Fig. 3(a), step 4]. This procedure allowed PDMS
to flow under wire by capillary forces and created a thin PDMS
( m) over the surface of the photodiode. The flexible PES
substrate was easily removed from cured PDMS chip by only the
peel-off process [see Fig. 3(a), step 5]. The cured PDMS chip is
flipped and the exposed wires are connected to the external elec-
trodes [see Fig. 3(a), step 6]. Photodiode and microchannel parts
were bonded on a PDMS surface by O plasma treatment. The
packaged fluorescence detection system is shown in Fig. 4(a).
Fig. 4(b) shows the microchannel with photodiode bonded by
PDMS interlayer.

Finally, the fully integrated on-chip was characterized
through the fluorescent signal detection of TAMRA diluted
in phosphate-buffered saline (PBS). To prevent the sticking
problem, the microchannel was coated with the bovine serum

albumin (BSA) solution. The microchannels were filled with the
TAMRA using a vacuum pump. A standard probe station was
used for the electrical contact of photodiode. The finger-type
p–i–n photodiode and the OLED were supplied with voltages
of and 6 V, respectively. Fig. 5 shows the fluorescence
detection experimental setup of the prototype on-chip.

III. RESULTS AND DISCUSSION

One of the most important components in an optical detection
system is the fluorescence detector. Silicon-based p–i–n photo-
diodes with interference filters, which are one of the components
in the fluorescence detector, were packaged in the PDMS. The
interference filter was directly deposited on photodiode, because
the oxide passivation layer on the photodiode was also used as
the adhesive layer between the photodiode and the interference
filter.

A finger-type photodiode that allows the formation of a lateral
and shallow depletion region was designed to improve the col-
lection efficiency. The majority of the visible spectra was, there-
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Fig. 3. PDMS-based packaging: (a) process flow and (b) fabricated sensor part. The photodetector is isolated from the external environment, because it is inserted
into PDMS.

fore, absorbed to a depth of about 2 m from silicon surface. The
depletion region of the photodiode was increased to the width
of the channel, and this lead to the improvement of the collec-
tion efficiency [10], [16]. The finger-type p–i–n photodiode had
a leakage current of 0.1 nA and a ratio of above
4000 at the bias voltage of V. Low dark current is important
for high-sensitivity and high-speed fluorescence sensing appli-
cations [17]. The large amount of background current is due to
the emission from the excitation source.

The microchannel was fabricated on a soda-lime glass con-
sisting of multicomponent ingredients such as Si O, Na O,
CaO, MgO, Fe O , and Al O . The insoluble products (MgF
and CaF ) formed while etching soda-lime glass in a hydroflu-
oric acid (HF)-containing solution were easily removed in a
1-M HCl solution, which turned the insoluble products into
soluble products (MgCl and CaCl ) [11]. For both the etch
mask and passivation of the ITO layer, only PR was used during
the fabrication of the microchannel, so the operation time was
reduced, and, more importantly, the original morphology of
the ITO layer was preserved after the channel etching process.
In our integrated devices, the excitation efficiency of the flu-
orescence was improved by the short distance between the
microchannel and OLED due to short optical path and the
monolayer characteristic of the glass [3], [18], [19].

PDMS-based bonding method for combining the sensor
and channel parts can reduce the thermal stress and more
importantly, preserve the original geometry of the etched
channel [11], [20]. After the PDMS packaging, the dark-cur-
rent of photodetector affected the PDMS autofluorescence

was increased about 6 nA. However, the background signal
measured from the PDMS autofluorescence was negligible
because the OLED source generates a background signal of
142 nA [3], [9], [17], [21]. The room-temperature sealing
process of the microchannel is watertight and fast [22]. This
integration architecture optimized the alignment of the optical
elements. Since the distance between the photodetector and the
microchannel was approximately as short as the nearby edge
of the microchannel, the shorter distance between the channel
and the photodiode, which corresponds to the thickness of the
PDMS interlayer, leads to the improvement of the collection
efficiency The shorter distance between the photodetector and
the microchannel leads to the high detection sensitivity [20],
[23], [24]. An on-chip designed in such a way can inherently
provide sufficient sensitivity without the addition of complex
optical components (microlens and optical fiber) [19], [25].
Moreover, this type of on-chip includes a microfluidic channel
and OLED. While maintaining electrical isolation between the
photodiode and fluids (device to device), such a fully encased
device provides the appropriate interfaces to other devices or
the external environment.

The overall bonding uniformity was good, but a few local
defects (voids) in the photodiode were observed because of an
edge step and the inherent steps of its structure [26]. To over-
come these edges, the PDMS inter-layer was not directly spin-
coated on the photodetector, but rather it was spin-coated on
PES substrate (see Fig. 3). Because of the flexible property of
PES, it is easily and safely peeled off from the cured thin PDMS
inter-layer, compared with nonflexible substrates (glass or sil-
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Fig. 4. Fully integrated on-chip fabricated by PDMS-based bonding. (a) Cross-sectional outline. Excitation light is launched directly into the microchannel on top
of the interference filter. The collected fluorescent light is passed through an interference filter and into an aligned photodetector. Interference filter is to transmit
the selected fluorescent light. (b) Cross-sectional SEM micrograph of PDMS interlayers whose depths are about 10 and 80 �m, respectively.

Fig. 5. Preliminary experimental setup for fluorescence detection. Green light
is emitted across a microfluidic channel filled with PBS.

icon). The PDMS interlayer should have a thickness of more
than about 80 m and with its thickness, the overall uniform in-
terface can be obtained.

The integrated OLED had a turn-on voltage of approximately
4.8 V. A minimum OLED drive voltage of approximately 6 V

was required for the detection system to register photons. The
maximum voltage applied to the OLED was 8 V with a high
intensity of 22 000 cd/cm . Its lifetime (from initial luminance
to 40% degradation) is 70 h. TAMRA has a peak excitation at
530 nm and a fluorescence emission at 580 nm. To minimize
this background noise, an interference filter is typically used
in the miniaturized fluorescence detection system. The inter-
ference filter had a reflection ratio of 99.03% at 530 nm and a
transmission ratio of 80.03% at 580 nm. Fig. 6 shows the OLED
electroluminescence, the fluorescence emission, and a bandpass
filter transmittance spectra.

The OLED source generates a background signal of 142 nA
and a deviation of 1.9 nA in the detection current. The detec-
tion system has the response time of 10 ms without a delay at
the detection point. Fluorescent signals have linear responses
and a high slope of 0.198 nA/ M. Fig. 7 shows the photo-
diode responses according to TAMRA concentrations from 100
to 10 M. Our fluorescence detection system had linear re-
sponse at the fluorescence concentration of microscale. How-
ever, our system eluded the linear characteristic at the concentra-
tion of nanoscale. The detection limit of this prototype is 10 M.
The limit of microfluidic fluorescence detection in our system
depended on the resolution of the incident light, the quantum ef-
ficiency of fluorescence, and the absorbance of the interference
filter. We thought that deterioration in the sensitivity of whole
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Fig. 6. OLED intensity, the fluorescence emission, and the interference filter
transmittance spectra. Interference filter further attenuates the excitation light.

Fig. 7. On-chip detector signal according to TAMRA concentrations.

system is due to an inherently broad spectrum and the flicker of
the OLED [3], [17], [27]. To solve this problem, we will have
to introduce a new source filter for the high-sensitivity fluores-
cence detection system.

We have focused on the integration of fluorescence detection
system using the PDMS-based packaging. In general, portable
fluorescence detection systems necessarily consisted of a light
source, a photodetector, a microchannel, and an interference
filter. In addition, optical fiber and microlens have been added
to increase the sensitivity. Although our on-chip did not have
additional optical elements, the integrated OLED with mi-
crochannel efficiently provided high sensitivity when compared
to other integration schemes. It is important to note that this
design achieves a high quality photodetector and microchannel
by one simple modification to a typical OLED design. Inte-
grated on-chip solved the problem that optical elements align
at fluorescence detection. This will result in reduced costs
and higher yield when compared to other integration schemes
[3]–[7]. Our miniaturized device could facilitate the portable
and disposable fluorescence detectors that are developed for
genetic analysis, clinical diagnostics, and drug screening, be-
cause the PDMS-based packaging is an inexpensive, fast, and
simple process.

IV. CONCLUSION

We have described the fully packaged on-chip composed
of a microchannel, an interference filter, an OLED as the
light-source, and an integrated p–i–n photodiode. Our on-chip
detection was performed without the addition of external op-
tical elements. Improved on-chip system plays an important
role in the development of disposable hand-held instruments for
point-of-care diagnostics. It has several remarkable advantages
such as small size, nonalignment detection, simple and low-cost
assembly, and high reliability. Prototype devices fabricated
had a high sensitivity of 0.198 nA/ M and an LOD of 10 M
in the detection of TAMRA. These results demonstrated the
feasibility of the on-chip fluorescence detector for bioassay
applications.
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