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Abstract

The development of a novel, low power optical sensing platform based on light emitting diodes
(LEDSs) is described. The sensor is constructed from a pair of LEDs fused together at an angle
where one LED functions as the light source and the other LED is reverse biased to function as
a light detector. Sensor function is based on the level of light received by the detector diode,
which varies with the reflectance of the interface between the device and its environment, or
the chemochromic membrance that covers the device. A simple microprocessor circuit is used
to measure the time taken for the photon-induced current to discharge the detector LED from
an initial 5V (logic 1) to 1.7V (logic zero). This sensing device has been successfully used
for colour and colour-based pH measurements and offers extremely high sensitivity, enabling
detection down to the sub micro molar level of dyes.
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Abstract

The development of a novel, low power optical sensing platform based on light emitting diodes (LEDs) is described. The sensor is constructed
from a pair of LEDs fused together at an angle where one LED functions as the light source and the other LED is reverse biased to function as
a light detector. Sensor function is based on the level of light received by the detector diode, which varies with the reflectance of the interface
between the device and its environment, or the chemochromic membrane that covers the device. A simple microprocessor circuit is used
to measure the time taken for the photon-induced current to discharge the detector LED from an initial 5V (logic 1) to 1.7V (logic zero).
This sensing device has been successfully used for colour and colour-based pH measurements and offers extremely high sensitivity, enabling
detection down to the sub micro molar level of dyes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction a PC) or a data display unit. The heart of the assembly is
the LED and the photodiode, which are either arranged on

The increasing range of inexpensive optical componentsthe same side of the sensor platform for reflectance mea-
such as light emitting diodes (LEDSs), optical fibres and pho- surements, or are arranged such that the colorimetric chem-
todiodes coupled with the recent advances in electronic, ma-istry occurs between the light source and the detector for
terial sciences, computer technologies, and the wide rangetransmittance/absorbance measurements. These design con-
of synthetic reagents for colorimetric analysis have made straints have been resolved somewhat by using fibre-optics
optical and chemochromic systems a very attractive and im-where light can be directed to wherever the configuration
portant area of sensor research. requires.

In most optical sensor configurations the use of LEDs  Numerous optical sensing systems reported in the litera-
as the light source has become very common as a resulture have used these basic desifhs7]. Matias et al.[8]
of the wide range of devices available, covering the ultra- developed a very simple and low-cost reflectometer for dif-
violet to infrared range (ca. 380—900 nm). They also offer fuse reflectance measurements. This device uses an LED as
the advantages of low power requirements, long working a light source and a light dependent resistor (LDR) as a de-
lifetime, stable emission, availability in various sizes and tector for reflectance measurements.
shapes, and low cost. In general an optical sensor consists Photodiodes are more commonly used as a detector
of a light source (LED), a light detector (e.g. a photodiode), along with an LED as a light source. Worsfold et E]
a power source (mains or batteries) and electronic circuitry designed a double beam photometric detector that has an
to run the system that includes a means of data transfer (toLED and a photodiode all enclosed in a 20%cbox. Opti-

cal fibres have been adapted for chemical sengifg13]

- ) and as wave-guides. Hauser et[d4,15] have used seven
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sensing devices have proved to be successful for specific Photon coupling path
applications. Emitting LED
In this paper, we propose a novel, simple optical sensor Detecting LED
device based on a pair of LEDs. One of the LEDs is used [ [ LM7805 v PIC
as the light source and the other LED is reverse biased to?Y == | Power " cpU
act as the light detector. The LEDs are fused together to gﬂ‘;;‘;e'— regulator 16F876 il
form a unique sensor platform where the light source and
the detector are a single unit. This paper discusses the use of Ll
this device to measure colour, and to monitor colorimetric Ry | RS232 interface
chemical reactions (pH induced colour change). ToPC+=2259 L IAX232ACP

) Fig. 2. Block diagram of circuitry used for the optical probe.
2. Experimental

2.1. Fabrication of fused-LEDs sensor and optical probe  exposed at the other end. The tube was then filled with
fast set epoxy glue (Lennihans, Dublin, Ireland) so that

2.1.1. Fused-LEDs sensor only the tip of the optical device (ca.2 mm) was exposed.
The optical system was fabricated using 2 identical This configuration allows the sensor to operate in solution

LEDs (broad band emission withynax at 621 nm) (LiteOn and restrict the amount of ambient light from reaching the

Corp. LTL-2F3VAKNT, USA). The optical system was detector LED.

fabricated by grinding the epoxy housing of each of the

LEDs from the centre of the tip at a 4angle (to the base  2.2. Circuitry and operation of fused-LEDs sensor

of the LED) so that the two LEDs join together to form a

90° angle Fig. 1A). The ground surface is then polished 2.2.1. Circuitry

with increasingly fine grades of silicon-carbide abrasive of  Fig. 2 shows the simple circuitry that makes use of the

up to #400 to smooth the surface prior to bonding. The internal parasitic capacitance of the LED itself to indirectly

LEDs are then fused together using UV curable epoxy glue measure the incoming light intensity in terms of decay time.

(Edmund Scientific: Orland 81 extra fast curing, USA), and The main components are a microprocessor (PIC 16F876),

placed under UV light (280 nm) for 30 min. The finished a voltage regulator, and a MAXIM MAX232 RS232-TTL

fused-LEDs detector is shown Fig. 1A level shifter for communication with a PC. The emitter LED
is driven directly from microprocessor control pins. The de-
2.1.2. Optical probe tector LED is also connected to the microprocessor I/O pins,

An optical probe was prepared as follows; The fused-LEDs so that it can be charged t5V very quickly, and then
detector prefitted with connection leads was inserted into the control pins switched into the high-impedance (approx-
an opaque poly(propylene) tubing (10cm) x D (1cm)) imately 13° ohm resistance) digital input state. This de-
(Atlantic Homecare, Dublin, Ireland) so that the tip of the creases the leakage current through the control pin down
detector was~5 mm from the opening and the leads were to on the order of 2« 10-**A (0.002 pA). Compared to

(A) (B) Emitting LED Detecting LED
To PIC (control To PIC (I/O pin)
Pin)
Emitting LED Detecting LED
l lem l/
\\ p / <— Polypropylene
q% p tube
; . v Y,

™ Fa

Opaque epoxy
filling

Line of Fusion

Fused LED

Fig. 1. Schematic of (A) a fused-LEDs and (B) cross-section of the optical probe.
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a typical photocurrent of 50 pA through the diode itself, 2.4. Data capture
this 0.002 pA pin leakage current is insignificant. Once this
control-pin changeover to digital input mode is done, the Data was acquired via the PC serial port by a custom
PIC 16F876 microcontroller measures the time needed for software interface that was developed in-house using Visual
the 5V charge on the LED to decay down to 1.7V (logic Basic 6 (Microsoft). The microcontroller board was pro-
zero) and communicates this information to the controlling grammed such that the sampling rate was 7 data points/s
PC. (differential readings). Raw data collected was exported into
Excel (Microsoft) for subsequent analysis and visualisation.

2.2.2. Measurement rationale

The photon emitted from the light emitting LED hits the 2.5. Calibration procedure
detector LED (reverse biased LED). This results in a small
photocurrent being produced. The photocurrent produced is The following was the calibration procedure; the optical
in the range of 102A (1pA) in total darkness to about probe was dipped into a 150 ml beaker containing 50 ml of
108 A (1 pA) under strong illumination. With normal room  pH buffer or dye solution and secured with a clamp, with
illumination the current produced is in the order of ca. 50 pA. the end of the device immersed approximately 1 cm into a
This is a very small current and measuring it directly would 2.5 cm deep liquid. To vary dye concentrations small aliquots
require expensive instrumentation. Instead, the internal par-(4—400p.l) of stock dye solutions (NY, RB and BCP) were
asitic capacitance of the LED itself is used to reproducibly added into a pH 9 buffer solution to give calibration curves
measure the current. shown inFigs. 4 and 5For pH titration experiments, A

Due to the configuration of the light paths in the 1.85uM BCP solution was made up in ultra pure water and
fused-LEDs assemblies, a significant amount of light pro- adjusted to pH3 with a small amount of concentrated HCI
duced by one LED can strike the other LED. Typically, (ca. 1-2ul). Aliquots of 2—4ul 4 M NaOH were added to
with a photocurrent of 50 pA in normal ambient labora- 50 ml of this BCP solution to change the pH. A Metrohm pH
tory lighting (emitting LED off), and a capacitance (LED) meter (model 691) and glass electrode (Metrohm, Switzer-
of 20 pF, the voltage decay rate is approximately 2.5V/s. land) were used to continuously monitor the actual pH of
Energising the exciter LED increases the photocurrent the solution during the experiment. In all experiments the
typically by an order of magnitude. By means of a small reagents were added and stirred for ca. 2—3 min to ensure
program executing in the PIC 16F876 microcontroller we thorough mixing and to allow the pH meter reading to stab-
can accurately measure the time required for this discharge lise. Then the stirrer was turned off to minimise turbulence
and hence measure the diode photocurrent, thus indirectlyand the light dependence discharge time of the detector LED
measuring the incoming illumination on the LED itself. was measured continuously for 10s (sampling rate: 7 data
This obviates the need to directly measure these extremelypoints/s).
small photocurrents using expensive instrumentations. By
alternately measuring the decay times with the exciter LED
on and off, we can make a differential measurement and 3. Results and discussion
compensate for the effects of ambient lighting. As imple-
mented, the base sample rate is 14 Hz., alternating betweerB8.1. Optical probe configuration and colour detection
measurements taken with the emitter LED on and off for
differential measurement. Hence, the signal is measured in The configuration of the fused-LEDs optical probe pre-

time units, typically microseconds (s€&s. 4-7. vents one LED from directly illuminating the other LED.
Instead, light must either exit the transparent plastic case, re-
2.3. Chemicals and reagents flect from an external material, and re-enter the case, or the

light must reflect directly from the inner surface of the case

All the reagents used were of analytical grade. The (internal reflection). It is supposed that if the fused-LEDs
pH indicator dyes used were nitrazine yellow (NY), assembly is immersed in a liquid, the liquid in close prox-
bromocresol purple (BCP), and rhodamine B (RB) (all from imity to the surface of the assembly can have a large effect
Sigma—Aldrich, Dublin, Ireland). All samples were made on the amount of light propagated from one LED (emitter)
from ultra pure water, and a 0.1 M pH 9 buffer solution to the other LED (detector) due to a change of refractive
was made from phosphate buffer tablets (Lennox, Dublin, index of the medium. It follows that if the surface of the
Ireland) according to the instructed method. Stock solutions fused-LEDs assembly is modified with a coloured material,
of 4mM NY and RB were prepared by dissolving 0.21 and then the absorption characteristics of the material may have
0.19 g, respectively, in 100 ml of pH 9 buffer solution. BCP a large effect on the amount of light reaching the detect-
stock solution (0.92 mM) was prepared by dissolving 50 mg ing LED. These hypotheses form the basis of our present
solid dye in a 100ml pH 9 buffer solution, from which a and future investigations. The first optical probe was con-
1.85uM BCP solution was made up in the same buffer structed from a pair of identical broad band orange LEDs
solution. (emission band ca. 400—-800 nkig. 3) which is convenient
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wavelength /nm Fig. 5. Response of the fused-LEDs optical probe to a change in rhodamine

B concentration. Each data point represents an average of three repeats
Fig. 3. Emission spectrum of LED used in optical probe and the absorption and the error bars represent the standard deviation. The dotted line acts
spectra of nitrazine yellow (NY), rhodamine B (RB) and bromocresol as a visual aid.
purple (BCP).

ear range 0 te<3 uM, data not shown). The limit of detec-
for demonstration purposes because this broad region coviion was not fully investigated but was in the order of hun-
ers wide range of dyes that are used for colorimetric anal- dreds of nanomolar in each case. It can be seen Figs 4
ysis. For more specific applications the emitter wavelength and 5that the standard deviation of the measurements (
should be chosen to be more compatible with the dye ab-3, shown as error bars) are relatively high (ca. 10%). It was
sorption spectrum for optimal sensitivity whereas the choice due to the electrical noise picked up from the long connect-
of detector is less critical because an LED is sensitive to all ing leads between the fused-LEDs and the PIC. This has
wavelengths of light equal to or shorter than the emission since been improved by reducing the length of connection
wavelength. leads used and by attaching the fused-LEDs directly onto a

The initial study involved a simple calibration of a change smaller circuit board.

in colour intensity (concentration) of a pH indicator dye,  The stability of the fused-LED sensor is good. The data
nitrazine yellow in a pH 9 buffer, in which only the depro- reported is from an optical probe that has been in continual
tonated form [Fig. 3, absorptiom.max = 590 nm) dominates  use for at least 10 months. This same optical probe is cur-
and efficiently absorbs the emission light of the source LED. rently in use and continues to function. The response time
Fig. 4is a plot obtained from three repeats that shows a de- of the sensor to a change in colour is fast and is in the order
tection range between 0 and ca.12@ with a linear range of ~ of milliseconds.

approximately 0.4—10QM nitrazine yellow. Lower detec- The optical probe developed is based on measuring the
tion ranges were observed with rhodamine B (ca. Q40 light reflected back from the LED/solution interface that
linear range 0 ta<5 pM, Fig. 5 and BCP (ca. 0—-4M, lin- discharges the reverse biased detector LED, it is therefore
possible to relate the measured discharge time to reflectance.
10150 - One can take the capacitanCeo be a constant as a result
of a constant applied voltage of 5V. Based on the equation
10100 - I { ¥ (3 C = % 3)
* !
g { whereC is the capacitanc®) the charge accumulated awd
2 10050 - is the applied voltage.The voltage change when the capacitor
§ f (LED) is discharged from an initial voltagéto a predefined
2 voltageV' is §V = V — V'’ = constant.
10000 | { The chargeQ being dissipated by the photocurrénis

Q0 = it, Eq. (3)becomessC = Q/8V or r = C/8Vi and, as

$ 8CI8V is a constant, then
9950 T T T T T T 1
0 50 100 150 200 250 300 350 . ky (@)
[nitrazine yellow] / uM T

Fig. 4. Response of the fused-LEDs optical probe to a change in nitrazine The photocurrent is proportional to the amount of light
yellow concentration. Each data point represents an average of threereaching the detector, i.e.

repeats and the error bars represent the standard deviation. The dotted

line acts only as a visual aid. i =kpl, whereksisaconstant (5)



K.T. Lau et al. / Talanta xxx (2003) XXX—XXX 5

0.00012 - . IS 9000 -
o mmmmmmem T i
8880 - .
0.00009 - )
K ¥
N ©
/ 2 87601 {
(=] ,
0.00006 - § )
i // g 105801 *
8640 1 / :
Z/ § 10480
0.00003 . P SN o
o ’
8520 : A . I o |
3 4 5 6 7 5 . o
- -
O ‘ T T T T T T T T T r . .
0 25 50 75 100 125 150 175 200 225 250 275 300 Fig. 7. Response of the fused-LEDs optical probe to a change in pH of
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repeats and the error bars represent the standard deviation. Inset: Response
Fig. 6. The Kubelka—Munk functiofi(R) vs. C plot obtained with the of fused-LEDs optical probe to a change in pH of water acidified with

fused-LED sensor probe and nitrazine yellow. HCI to pH 3.
Therefore, combinindegs. (4) and (5)we get below 15u.M and above 15Q.M were observed indicating
ks the lower limit of detection of the device for this particular
t=— (6) dye and when the system is driven into saturation. This result
I shows that the fused-LED device is suitable to use as an op-
whereks = ka/kz tical device for measuring reflectance when Kubelka—Munk

Becausel is related to the concentration of coloured equation is obeyed.
species in the solution; it follows that the measured time

required for the photocurrento discharge fronV to a pre- 3.2. Optical probe to monitor colour changes
set levelV' (the logic zero) is related to the concentration
of the analyte in solution. The optical probe has been used to monitor the
For absorbance, the optical density A for a light that passes pH-dependent colour change of BCP. The calibration curve
through a solution of concentratidd and a thicknes$ is obtained for BCP using similar procedure to nitrazine yel-
given by Beer—Lambert law: low indicates that above a concentration of ca.M the
A = log(lp/I) = ecl wheree is the molar absortivity of  responses were independent of concentration (i.e. response
the analyte measured at a given wavelength. saturation); a dye concentration of 1,881 was therefore
In reflectance analysis the optical density of the re- chosen to avoid saturatioRig. 7 shows the results of three
flected measurement is given ldk = —logR and R = replicates of pH titration with an inset plot to show the lack

I/lp. The value oRtherefore varies from O to 1 and is equal of response to pH changes of water acidified with HCI to
to 1 when an ideal white surface (e.g. compressed BRSO pH 3 in the absence of the dye. The calibration resulted in

is used to reflect all incident light. a sigmoidal shaped curve with a linear range between pH
FromEg. (6) R can be rewritten as 4.8 and 7.2. The g, was determined to be 6.1 which is
fo fo comparable to the reportedkp value of 6.3 for BCH16].
R=— and Ar=-log (7) () This experiment has demonstrated not only that the optical

probe is able to follow the pH-dependent colour change of a
species; with the known initial dye concentration and tkg p
determined, it is easy to estimate the lowest concentration

Kubelka—Munk theory is widely used to relate the re-
flectanceRr to the concentratio of the analyte.

(1— R)2 C of the deprotonated BCP dye detected by the optical probe
AAR) = [T] =5 (8) using the following equatiofl.7]:
o 100
wheree is the molar absorptivity of the analyte aBds the % ionization= 1+ 10-GPH-pka) (1)
scattering coefficient. Plottin§R) versusC yields a straight +
line. for acid dissociation reactions of the type
Fig. 6is a Kubelka—Munk plot for the LED based optical HA — HT - A 1)

device using the nitrazine yellow data showrFig. 4. The
plot shows a linear region between ca. 15—i80natrazine where, in this case, HA is the ionisation of the BCP dye in
yellow with an R value of 0.985. Deviations from linearity  acid form (HA, yellow colour). The addition of NaOH gives



6 K.T. Lau et al. / Talanta xxx (2003) XXX—XXX

the blue deprotonated form (A; and the source LED hits the surface of the LED casing and be-
[HH][A-] cause there is a change in refractive index from the LED
Ka= WAL (2) casing to the solution, an evanescent wave traverses along

this interface and is able to penetrate into the solution to in-
By using the intercept between the base line and the linearteract with the dye molecules. Because the evanescent wave
part of the response curve Bfg. 7, we can estimate that ~ can only penetrate a limited depth, typically a few hundred
the initial response of the titration started from ca. pH 4.8. nanometers, with the light energy decrease exponentially
Therefore equation 1 estimates that the optical probe detectgnto the solution; when there is a layer of ethylene glycol
as low as ca. 90nM deprotonated BCP in this particular molecules covering the casing surface the light-dye interac-

configuration. tion is greatly reduced and this results in reduced sensitiv-
ity. This may also explain why the calibration curves shown
3.3. Detection mechanism in Figs. 4 and 5saturate at low concentrations. The lim-

ited light energy can only detect low concentration of dye

These results have shown that the change in colour in-molecule nearest to the surface. It must be stressed that this
tensity (therefore the change in dye concentration) and ainterpretation of the observation is somewhat vague, as there
change of colour (i.e. a shift of wavelength) of the environ- may be interactions between the dye molecules and ethylene
ment that the probe is in, both have a significant impact on glycol that may change the chemical equilibrium (depro-
the amount of light reaching the detector LED. This would tonation process). Further studies of concentration change
allow the optical probe to be used as an analytical tool for of a non-pH-sensitive dye in the presence of ethylene gly-
colour measurements. An unexpected, but interesting obsercol will help to clarify this. Pre-treating the probe with a
vation is that the probe operates at a very low concentrationVvery thin layer of hydrophobic material (e.g. paraffin oil)
(nanomolar to micromolar) range. The exact mechanism is may also give useful information about the proposed surface
not entirely clear at this stage and is still under investigation. effect.

However, simple experiments have been carried out to eluci- This observation also raises an important issue that the
date the possible detection mechanisms. The pH calibrationpresence of some organic compounds may affect the re-
experiment was carried out with a small amount 1)0of sponse obtained by the optical senor if they adhere onto the
ethylene glycol added into the solution, resulting in a sig- surface of the LEDs. This effect of organic materials other
nificant reduction of signalFig. 8, curves A and B). This  than ethylene glycol on the response has not yet been inves-
result helps to rule out the bulk effect because if the emit- tigated and will be an important part of future studies. How-
ted light from the source LED has to travel out into the bulk ever, this interferent effect may be minimised if the surface
solution, and reflect/scatter back to the detector LED, there Of the LEDs is made more polar, possibly through plasma
should not be any suppression of response as the bulk dydreatment, to enhance surface-dye interactions.
concentration is virtually unchanged. It can also be ruled out

that the response is due to simple total internal reflection 3.4. LED-LED sensor platform versus LED-photodiode
because this phenomenon is independent of external colouroptical system

changes.

The ethylene glycol has a tendency to adhere onto the A distinctive advantage of using the fused-LED optical
surface of the LED casing, which is an organic epoxy poly- Sensor in comparison with widely used LED-photodiode sys-
mer, so it is likely that the observation was due to a surface tem is that the LED-LED combination is a lot cheaper in
effect and that an evanescent wave, propagating along the?oth component cost (35 US cents per sensor), and the cost
interface surface between the organic epoxy polymer casefor the signal transduction circuitry. With the LED-LED
and the solution may be involved. The emitted light from system, because the output as seen by the microproces-

sor digital input as a direct pulse-duration-modulated sig-

nal, so there is no need for a relatively expensive A/D con-

verter. This proposed device uses much less power (can op-
e A erate in microwatts range), can detect low absolute light

g

g

8
s

gm- g levels (~0.0001 Ix), responds to a broad bandwidth (350 to
g 1201 >900:nm, i.e. non-selective detector) and, with digital filter-
£ 7 ing, can achieve very low S/N ratio.

o B This LED—LED sensing system is very versatile. It may be

60 £ x2X

a0 £y configured as a single fused-light source-detector device as
21 {la ¢ proposed in this paper, or they may be used as two separate
0 S — components similar to conventional LED-photodiode opti-

pH cal system. More importantly, the LED—LED sensing sys-
Fig. 8. Effects of ethylene glycol to pH titration of (A) BCP dye solution, €M may be used directly in contact with the analyte which
(B) mixture of BCP+ EG and (C) EG only. may minimise the loss of signal through scattering. It is also
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probable to use the fused-LED device (or just the detector 5. Conclusions
LED) as a generic optical sensor platform where the surface
is modified with specific chemochromic reagents to achieve  We have demonstrated that these fused-LEDs devices cou-
discrete selectivity. This method of sensor fabrication is al- pled with measuring the light-induced voltage decay time of
ready under investigation in our laboratory. the detector LED are useful for colorimetric analysis. This
optical sensing system uses very inexpensive optical and
electronic components and is simple to construct. Its power
4. Future developments consumption is low and can be operated from a common
9V battery for months. The high sensitivity observed with
The current research on this fused-LEDs sensor has showrthese optical probes makes them interesting tools for optical
that the device can be used as an optical tool for colorimet- detection at low concentrations.
ric analysis in solution, and also when the device is modi-
fied with a chemochromic reagent for gas/liquid phase de-
tection[18]. This device detects extremely low concentra- References
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