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We present the simulation and design optimization of an

integrated Light-Emitting

Diode/Photodetector (LED-PD) sensor system for monitoring of light absorbance changes devel-
oping in analyte-sensitive compounds. The sensor integrates monolithically both components in a
single chip, offering advantages such as downsizing, reduced assembly complexity, and lower power
consumption. The changes in the optical parameters of the analyte-sensitive ink are detected by
monitoring the power transmission from the LED to the PD. Ray tracing and coupled modelling
approach (CMA) simulations are employed to investigate the interaction of the emitted light with
the ink. In highly absorbing media, CMA predicts more accurate results by considering evanescent

waves.

Simulations also suggest that approximately 39% change in optical transmission can be

achieved by adjusting the ink-deposited layer thickness and varying the extinction coefficient from

107* to 3 x 107,

I. INTRODUCTION

The optical properties of many substances develop
changes in the presence of external stimuli [1], like tem-
perature, radiation, mechanical stress or chemical sub-
stances, both inorganic and also of biological nature.
Among them, optical absorption is one of the most ap-
parent, simple and widely used ways to track the presence
of these stimuli. When optical absorption variations take
place in the visible light spectral range, they can often be
directly observed even with the naked eye leading to the
so-called colorimetric indicators (or colorimetric inks).

In analytical chemistry, colorimetric indicators are
know since more than a century and are the backbone of
basic molecular recognition and quantification schemes
[2]. They are so reliable and trusted that they are
considered one of the golden standards to detect haz-
ardous emissions in field operations [3]. More recently,
the same principle has been extended to the recognition
of molecules of interest in biology and medicine, to build
quick and inexpensive diagnosis kits [4]. However, the
potential of colorimetric sensing goes beyond molecular
recognition. Temperature can be measured by tempera-
ture indicators behaving in many different ways, like for
example continuous color changes to measure continu-
ous temperature values, or discrete changes triggered at
specific temperature thresholds either reversibly or non-

* auf.der.maur@ing.uniroma2.it

reversibly. They are applied as cost effective temperature
indicators in cold-chain monitoring [5] and as counterfeit-
ing measures [6]. Similarly, color changes have been used
to fingerprint the exposure to non-visible radiation, and
to build from UV to highly-ionizing-radiation dosimeters
[7]. Even mechanical stimulus can be detected by means
of colorimetry, to quantify and map strain in engineering
structures [8] or as anti-tampering indicators in packag-
ing [9]. Therefore, the possibility of monitoring contin-
uously the signal of colorimetric indicators is of interest
in many fields of sensing and instrumentation.

There exist a broad literature that describe different
arrangements to measure these color changes in more or
less convenient and sensitive setups [10, 11]. Most of
them consist of a light source, a light detector and an
optical path where light is allowed to interact with the
colorimetric indicator (in the following, we will refer to it
indistinctly as indicator, ink, or sensitive layer). Changes
in the physical and chemical properties of the sensitive
layer affect the transmitted electromagnetic field from
the light source to the detector, enabling monitoring of al-
terations in the optical parameters of the sensitive layer.
Therefore, maximizing sensitivity usually involves max-
imizing the optical path of interaction of the light with
this layer. This method has facilitated the design and
fabrication of a wide range of sensors [12-14]. Optical
spectral selection (i.e. the light variations are mostly
measured at the wavelength where the ink develops most
of its optical changes) is either made at the emitter side
(with sharp band emitters like Lasers, narrow band emit-
ters like LEDs, or employing filters) or at the detector



side (using filters in most of the cases). Also, interfering
effects like variations of the light emission, differences in
the optical alignment of individual devices or degradation
over time of the optoelectronic performance of either the
emitter or the detector pose challenges on the stability
and repeatability of this type of measurement system.

A common challenge in utilizing micro-scale LEDs in
sensory applications is the requirement of an external
photodetector and its alignment. Moreover, incorporat-
ing an external detector on top of the micro LEDs, as
seen in previous designs [13, 14], could complicate the
deposition of the ink and potentially restrict the inter-
action of the ink with the analyte. A possible path to
improve these aspects is the microelectronic integration
of the optoelectronic components into a single substrate
[15]. First, miniaturization offers the possibility of incor-
porating multiple measurement channels (i.e. LED-PD
pairs) to integrate the measurement of multiple inks at
once, or to add reference channels for signal compen-
sation, without increasing significantly system. Second,
microelectronic processing offers the highest standards of
geometry definition and repeatability, that minimizes the
differences due to optical miss-alignment of the compo-
nents. Third, smaller form factors possibly contribute to
minimizing the light intensity needed and thus the electri-
cal power consumption. This effect, however, can also be
detrimental for the system sensitivity due to the shorter
optical path, if appropriate measures are not applied. For
all these, the monolithic integration of LED-PD systems
applied to colorimetric sensing is very promising, but not
straightforward, and therefore requires specific studies in-
vestigating and optimizing the complex optical propaga-
tion taking place in the system.

Among the different optoelectronic materials suitable
for operation in the visible range, IlI-nitrides and espe-
cially GaN and its alloys have attracted considerable at-
tention in the research community due to their excep-
tional properties, including high brightness, low energy
consumption, and stability [16-18]. From the point of
view of applications, its high efficiency at short visible
wavelengths turned it into the primary material for solid
state lighting by means of down conversion schemes. But
the applications of GaN optoelectronic devices extend
beyond solid-state lighting [18]. Various devices have
emerged utilizing GaN technology, such as sensors [13],
optical communication systems [19], and microdisplays
[20]. For instance, in [21], an integrated visible light com-
munication system was designed and fabricated based on
InGaN/GaN multiple-quantum well diodes. Suspended
waveguides were employed to optically couple the trans-
mitter and the detector, achieving full-duplex communi-
cation on the same channel. This was made possible by
leveraging the dual functionality of the p-n junction In-
GaN/GaN multiple-quantum well diode as both a light
emitter and a photodetector. Also, it is a very capa-
ble semiconductor in special applications requiring high-
power and high-speed. For all this, GaN is often referred
to as the second-Silicon. In regards to the integration of

colorimetric interrogation systems operating in the visi-
ble range it appears like an excellent candidate.

In this study, we present optical simulations of an in-
tegrated GaN LED-photodetector (LED-PD) system de-
sign to interrogate the optical changes developing in col-
orimetric sensitive layers. Two distinct optical devices
are formed through etching of a standard blue-emitting
InGaN/GaN LED wafer, leading to an extremely sim-
ple monolithic configuration. We considered two config-
urations. A first one, where the analyte-sensitive ink is
deposited in the gap between these electrically isolated
devices, with one device operating as an LED and the
other as a PD. A second one, where the ink coats the
backside of the device. A ray tracing model coupled with
wave optics is employed to investigate the interaction of
emitted light with the ink. Additional simulations are
performed to optimize the sensitivity and power trans-
mission of the sensor design, leading to a set of design
recommendations.

II. DETECTOR DESIGN

A schematic diagram depicting the designed struc-
ture is presented in Fig. 1. A commercially available
InGaN/GaN blue-emitting multi-quantum well (MQW)
LED epitaxial structure fabricated on a sapphire sub-
strate was utilized in our experimental implementation
and considered in the simulations. Through etching, two
distinct devices were formed by removing all layers down
to the n-GaN layer, creating a gap between them. To
complete the fabrication of these two electro-optic ac-
tive regions, electrical contact metalizations where de-
posited on the common n region and the independent
p regions of each device. Only the p-side metalizations
are relevant for the simulations since they lay on top of
the junction regions of LED and the PD (the common
n-side contact is deposited further away, far from the op-
tically active region). This gap was subsequently filled
with an analyte-sensitive ink using spin coating. How-
ever, to prevent electrical contact between the ink and
the semiconductor, as well as to passivate the surface, an
SU-8 epoxy-based photoresist layer was deposited first.

To achieve the desired functionality, one of the diodes
can be electrically biased to operate as an LED, while the
short-circuit current of the other diode can be measured,
acting thus as a detector. As both devices are identical,
either of them can serve as both an LED and a PD, in
principle.

The emitted light from the LED propagates in all di-
rections, with a fraction of it expected to interact with
the ink and eventually be absorbed by the detector. By
monitoring the photocurrent of the detector, which is di-
rectly proportional to the optical power transmitted from
the LED to the active MQW layer of the detector, it be-
comes possible to detect changes in the ink along the op-
tical paths. These changes occur due to the interaction
between the sensitive ink and the external target (either
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FIG. 1: a) Schematic diagram of an LED-PD based
integrated sensor. The blue regions inidcate the
GaN/InGaN MQW stacks forming the active region of
the devices. The analyte in contact with the ink
(purple) is shown in yellow. The red arrows indicate
schematically the optical transmission from the LED to
the PD. b) An optical image of a real device and a 3D
profile measured with a Confocal Laser Scanning
Microscope LEXT OLS5000.

a chemical analyte or a physical stimulus, as discussed in
the introduction).

The selection of the optimal wavelength is mostly de-
termined by the properties of the ink. Notably, the
changes in optical absorption are not uniform across all
wavelengths, but they depend on the properties of the
sensitive layer and analyte [22, 23]. To enhance sensi-
tivity, it is essential to choose a wavelength within the
range where the ink’s absorption coefficient undergoes
maximum changes. The tunability of the InGaN LED’s
emission peak, achieved mainly through adjustments in
material composition [24, 25], provides a means to op-
timize the alignment between operating wavelength and
the ink’s optical properties. In this investigation, the uti-
lized ink exhibits increased sensitivity within the 420-450
nm wavelength range (Fig. S2), while based on Fig. S1
the emission peak of the blue LED is around 450 nm,
which is precisely where InGaN LED technology exhibits
its peak electro-optic conversion efficiency, and the over-
lap between emission and absorption peaks at 430 nm.
This alignment not only leverages the inherent sensitiv-
ity of the ink but also mitigates optical losses, thereby
enhancing the overall efficiency of the system.

IIT. MODELING APPROACH

Numerical simulation has been proven to be an effec-
tive tool to predict performance of integrated electronic
systems and enable designers to optimize the correspond-
ing parameters to archive the desirable performance [26].
Since the geometry and dimensions of the layers are con-
siderably larger than the wavelength of the emitted light
of around 450 nm in vacuum for the studied devices, a
geometrical optics approach has been chosen to avoid the
excessive computational cost of solving Maxwells equa-
tions. Moreover, it allows for a simpler treatment of the
spatially distributed incoherent light source. Specifically,
the ray tracing module of COMSOL has been used to
study the light propagation from the LED to the de-
tector and the interaction with the analyte-sensitive ink.
COMSOL Multiphysics Ray-tracing package offers a sim-
ulation platform for electromagnetic wave propagation
using the ray tracing approach in 2D and 3D geometries
[27].

Initially, a 2D geometry shown schematically in Fig. 2
has been created using the data in Table I, and mate-
rial parameters have been set according to Fig. 2 and
Table II. To model the emission of the light in the ray
tracing approach, several light sources with spherical and
uniform emission patterns have been added inside the
LED’s MQW layers. It is also assumed that the MQW
layer on the detector side is a perfect absorber that ab-
sorbs all the rays reaching the active detector volume.
By monitoring the absorbed power in the detector, which
is proportional to the detector’s short circuit current, it
would be possible to track changes in the optical param-
eters of the medium between the LED and the detector.

At the material discontinuity between two different me-
dia, refracted rays propagate in the directions given by
Snell’s equation:

0; = arcsin(& sin(6;)) (1)
Uz

where n; and n; represent the refractive indices and 6;
and 6; the propagation angles of the incident and trans-
mitted rays, respectively. In a non-absorbing medium
with an extinction coefficient k£ of zero, the propagation
angles 0; and 0, take real values. In a weakly absorbing
medium, where the power carried by each ray decreases
gradually over a length scale much larger than the wave-
length, it is sufficient to consider only the real part of
the refractive index. Absorption of light occurs primar-
ily when the ray travels within an absorbing medium.
However, in strongly absorbing mediums, a modified ver-
sion of Snell’s law and the Fresnel equations must be em-
ployed. In these cases, the imaginary part of the refrac-
tive index, which represents absorption, becomes more
significant, and the standard equations may not accu-
rately predict the behavior of light at material interfaces.
To gain a more comprehensive understanding of the
proposed device, a Coupled Modelling Approach (CMA)
is necessary, similar to the methodology described in [28].



Parameter | Value [um]|Parameter | Value [pum)]
WLED 200 tp 0.3
Wpp 200 tmow 0.6
Wyap 1000 tn 3.64
Wink 500 ty 3.2
tetch 1.2 tGaN 7.74
tmetal 0.1 tsapphire 430

TABLE I: Parameters corresponding to Fig. 2

Materials | Refractive index
GaN 2.48
Sapphire 1.77

Ink 1.4

SU-8 1.6

TABLE II: Refractive index of the materials at
Ao = 450 nm.

This approach combines ray tracing and wave optics to
accurately calculate the reflection of light at interfaces
involving strongly absorbing layers. For this purpose the
Wave Optics module of Comsol was employed to model
the interface between two layers: a semi-infinite GalN
layer and an ink layer with significant extinction coef-
ficient. A plane wave with varying incident angles and
polarizations was applied to the interface. Reflection and
transmission for TE and TM polarization are plotted in
Fig. S3-a and Fig. S3-b in the supplemental document.
When incident waves have an angle greater than the crit-
ical angle, total reflection takes place, meaning that all
the power is reflected back and no transmission occurs.
However, this behavior changes when the ink layer ex-
hibits non-negligible extinction coefficient. In this case,
the reflectance becomes smaller than unity. When con-
sidering both TE and TM polarizations, the larger value
of extinction coefficient in the ink layer results in a de-
crease in the reflection coefficient. Specifically, for in-
cident angles near the critical angle (. ~ 35) and an
ink extinction coefficient of 103, only 80% - 90% would
reflect from the interface. This effect can be explained
by the evanescent waves, i.e. the exponentially decay-
ing tail of the electromagnetic field of the incident wave
penetrating into the ink, which suffer absorption.

The absorption caused by evanescent waves is deter-
mined by the extinction coefficient of the ink and the
penetration length of the electromagnetic field. The pen-
etration length, in turn, depends on factors such as the
angle of incidence and the refractive index of the layers
involved. Fig. S3-c in the supplemental document illus-
trates the distribution of the electric field obtained from
the full-wave calculation at an incident angle of 45. In
this figure, the presence of the evanescent field is visible
in the ink layer near the interface with GaN.
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FIG. 2: Schematic of the LED-PD chemical sensor (not
in scale).

IV. SIMULATION RESULTS

In the following subsections, we present simulation re-
sults obtained using Ray tracing and CMA (details to
follow). After thoroughly comparing the two simulation
approaches, the model is further developed to study more
realistic conditions regarding the ink deposition pattern
and spatial non-uniformity in the change of the ink’s di-
electric properties. An alternative Bottom configuration
will be also introduced, and the corresponding results
discussed.

A. Ray Tracing

Ray tracing simulation results of the proposed sensor
are plotted in Fig. S4 in the supplemental document.
The light sources are assumed to emit unpolarized rays
with spherically uniform intensity distribution from the
MQW layer on the LED side (red dots in Fig. S4-a).
Initially, these rays propagate in all directions. However,
since the top metal contact of the LED is relatively thick
and thus assumed to have high reflectivity, rays will not
be transmitted into the air. In addition, rays that travel
in opposite directions of the PD and those which hit the
bottom of the sapphire isubstrate are assumed to be ei-
ther absorbed or scattered. In order to have a clearer
picture of the propagation paths of the rays from the
LED to the detector, in Fig. S4-d only the rays that
reach the detector are shown.

Ray tracing simulations reveal that a large portion of
the light is guided inside the GaN layer due to the re-
fractive index contrast, and rays can reach the detector’s
active MQW layers and be absorbed after several reflec-
tions at the interface between GaN and sapphire, ink,
and SU-8. There is also direct propagation of rays from
the LED to the detector through the SU-8 and ink layers.
Despite direct transmission having lower power compared
to guided rays, these rays have the most interaction with
the ink and these rays will play a key role in designing
a small-scale integrated optical sensor. Direct rays will
travel inside the ink, so that the effective interaction dis-



tance is proportional to the width of the ink region. In
contrast, guided rays will travel mostly inside the GaN
and interact with the ink only at the interface of the GaN
and ink during reflections.

B. Coupled Modelling Approach

Wave optic simulation results have been used to mod-
ify the interaction of the rays with the GaN-ink interface
according to CMA, as described in section III. Reflec-
tion and transmission from this interface for a given ink
extinction coefficient are calculated using the results of
wave optic simulations. By linking these results to the
ray tracing model via angle-dependent boundary con-
ditions, it is possible to implement absorption due to
evanescent waves in the ray tracing simulation.

Since the variation of the ink’s extinction coefficient
due to the presence of a specific target analyte is pro-
portional to its concentration, the latter is encoded in
the optical power transmitted to the detector. In Fig. 3
the transmitted power to the detector has been plotted
against the ink’s extinction coefficient. In this figure, we
compare the results obtained using only ray tracing with
the one of the combined full-wave/ray tracing approach.
In the ray tracing approach absorption of the light only
occurs when the rays propagate inside a lossy medium,
like the ink in our case. Therefore, only the direct trans-
mission through the ink layer suffers from absorption and
is useful for detection of differences in extinction coeffi-
cient. For increasing extinction coefficient of the ink, all
the rays that are transmitted through the ink are ab-
sorbed, while the rays guided in the GaN layer via total
reflection remain unaltered, so that the transmission lev-
els off. In the coupled model, on the other hand, absorp-
tion due to evanescent waves increases with increasing
extinction coefficient of the ink, reducing the transmis-
sion also for the guided waves.

These results indicate that for ray tracing simulations
of such types of systems linking of wave optic calcula-
tions for the correct treatment of reflection at relevant
interfaces is necessary. In particular, ray tracing-only
simulation leads to qualitatively and quantitatively in-
accurate results, which impedes its use for device opti-
misation. It is worth noting that the absorption thresh-
old, where transmission starts to decay, is influenced by
both the wavelength and the width of the ink layer. The
wavelength is usually predefined based on LED technol-
ogy and the sensitive layer, while the width of the ink
layer, denoted as Wj,r, can be adjusted to modify the
threshold value. As the total optical path within the ink
layer increases, currently set at 500 nm, it is expected
that threshold value shifts toward lower extinction coef-
ficients.
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FIG. 3: Transmission from the LED to the PD as a
function of ink extinction coefficient, for ray tracing
only (blue) full line) and Coupled Modelling Approach
(red dashed line).

C. Dependence on ink deposition pattern

Deposition of the ink on the device is done employing
spin coating. Experimentally it is observed that instead
of completely filling the etched well between the LED and
the PD, the ink will coat the surfaces. Note that here
and in the following we used a range of extinction coeffi-
cients compatible with measured data obtained from an
ink sensitive to carbon monoxide.

In Fig. 4, a model where the ink entirely fills the etched
region, and another model where the ink adheres to the
surfaces only are compared. In the former, rays travel
a longer distance in the lossy ink. In the more realistic
structure, on the other hand, the optical path in the ink
is shorter and less light is absorbed. This explains why
transmission is only 0.22 in the fully filled case, while in
the more realistic case transmission exceeds more than
0.6. A longer optical path will contribute to higher sen-
sitivity to changes in absorption of the medium, however.
As presented in Fig. 4, in the fully filled case transmission
drops from 0.22 to 0.02, which corresponds to more than
90% decrease in transmitted power. In the partially filled
case, on the other hand, only a 49% change in transmis-
sion is observed as transmission decreased from 0.63 to
0.32. This suggests higher sensitivity could be achieved
with a fully filled trench. This, however, is only true
if the changes in the absorption of the sensitive layer is
spatially homogeneous.

Realistically, the changes in the ink’s extinction coeffi-
cient are not homogeneous. Instead, near the surface the
interaction with the analyte is much larger, and can be
expected to decay with distance from the surface. To in-
clude this in the simulations, we assumed an exponential
decay of the interaction strength and thus of the modi-
fication of the extinction coefficient, using the following
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empirical model:
Kink = ko + kie™ 4/, (2)

where ki, is the local value of the ink extinction coeffi-
cient, kg is the unperturbed nominal value for the ink, &y
is the coefficient corresponding to the maximum changes
of k, d is the distance from the surface, and § is the char-
acteristic decay length of the interaction. Using equation
2 results in an inhomogeneous absorption for the ink as
shown in Fig. 5.

Both parameters § and k; depend on the details of
the interaction of the ink with the specific analyte, and
directly affect the transmission of the light and there-
fore device sensitivity. This has been studied using ray-
tracing simulation, and for simplicity only direct trans-
mission of the rays to the PD are included in this case.

While the characteristic interaction distance § is an
intrinsic feature of the material, the ink thickness ti,
can be modified by adjusting the deposition process. By

tink \ 0 |0.01 pm|0.1 pm| 1 pm
400 nm | 28.58% [31.05%(56.67%
900 nm | 26.20% |39.38%62.14%

1100 nm| < 0.1% |27.69% |85.43%

TABLE III: Drop in transmission corresponding to
Fig. 6

varying t;nk, it is therefore possible to modify the sensi-
tivity of the device in terms of the transmission, as shown
in Fig. 6. In particular, if ¢;, is too large, then sensitiv-
ity decreases unless ¢ is large also, since most of the light
travels through unaffected ink. If it becomes too thin, on
the other hand, most of the light will not travel through
the horizontal ink layer, and most of the effect is due to
the ink on the side walls only.

Table IIT summarizes the calculated drop in transmis-
sion of all cases from Fig. 6. For large values of § > 1 um,
the change in absorption coefficient in the ink is relatively
uniform. In this case, the highest drop in transmission of
85.43% would be achieved for the fully filled case (model
A), as discussed before. If the characteristic interaction
distance J is smaller than ¢;,x, a change in transmission
between 25% and up to above 35% is predicted, as long
as the ink thickness does not exceed approximately 1pum.
For small §, where changes in the ink’s absorption coef-
ficient are limited to close proximity of the ink/analyte
interface, a proper alignment between the emitting MQW
layers and the sensitive portion of the ink as in model B
is beneficial, leading to the peak of 39.38% reported in
Table III.

D. Bottom Configuration

In this section, an alternative configuration for moni-
toring changes in ink extinction coefficient is considered.
The design depicted in the schematic diagram in Fig.
7 closely resembles the one discussed in Section II. This
configuration comprises a GaN LED positioned on a sap-
phire layer, with a central etch down to the n-type layer,
thereby creating a pair of LED and PD . However, the
analyte-sensitive ink is deposited on the back surface of
the sapphire layer. In this case, the light-ink interaction
happens at the interface between the ink and the sapphire
substrate, without direct transmission through the ink.
It is expected that a portion of rays that interact with
the ink would be reflected toward the PD. To minimize
direct transmission of light from the LED to the PD, in-
corporation of a light-blocking layer (LBL) is considered,
which fills the gap between the two components. Ray
tracing simulations and CMA are utilized to model the
transmission of light to the PD and assess its sensitivity
to variations in ink extinction coefficient. Fig. 8 illus-
trates the power transmission from the LED to the PD
using both a ray tracing approach and the CMA, while
also comparing the impact of removing the sapphire sub-



0.6 r : r
Model A Model A Model A
== =Model B == =Model B == =Model B
0.51 Model c| [ Model c| 1 Model G| ]
- 6=1pm 60 =0.1pm 0=0.01pm
c 04Ff -
2 - - = _
£03 - - — _ === - ]
[} o
§ - ===
I'_- 0.2F =~ - - o - e . | E
-- - — | . T
0.1k e 1t 1
Model A Model B Model C
0 \ : : , \ \ \ , f
1 1.5 2 2.5 1 1.5 2 25 1 15 2 25
k, x107 k, x10 k, x10%
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coefficient (Eq. 2), ink deposition pattern (thickness t;,x) and characteristic interaction distance 4. The ty for
models A, B and C are 1100 nm, 900 nm and 400 nm, respectivly. Here only direct transmission of the rays from
LED to the PD are included.

strate. The propagation of rays involves two main paths:
guided modes within the GaN layer and reflection from
the interfaces of sapphire-ink or ink-air. The presence
of the sapphire layer acts as a barrier between GaN and
the ink, limiting the ability to detect changes in the ex-
tinction coefficient. Consequently, only the reflected rays
from the sapphire-ink and ink-air interfaces are affected
by the extinction coefficient. However, when the sapphire
layer is removed, the ink and GaN layers share a common
interface, enabling the guided mode rays to interact with
the ink through evanescent waves. As discussed in pre-
vious sections, the CMA is employed to account for the
effects of evanescent waves, and its results are compared
to those obtained using the ray tracing approach in Fig.
8.

It can be easily seen that for this structure removal of
the substrate is necessary to obtain a reasonable sensitiv-
ity. Overall sensitivity is lower than in the former struc-
ture, although optimization might improve the results
presented here. Specifically, the removal of the sapphire
substrate is possible by means of Laser-Lift-off methods.

V. CONCLUSIONS

We present simulation and design optimization of an
integrated optoelectronic sensor for monitoring the opti-
cal changes in colorimetric indicators. The sensing device
combines both the light emitter and the photodetector
components on a single monolithic chip, examplified with
InGaN/GaN MQW micro-LEDs structures, but extend-
able to other optoelectronic semiconductor technologies
to cover other optical wavelengths beyond the visible.
From a fundamental point of view, the color-readout de-
vices are designed to reveal changes in the complex refrac-
tive index of a colorimetric ink due to interaction with
a target analyte. This is accomplished by monitoring
the power transmission from the LED to the photodetec-

FIG. 7: Schematic diagram of the bottom configuration
LED-PD based integrated sensor.The blue regions
indicate the GaN/InGaN MQW stacks forming the
active region of the devices. The analyte in contact
with the ink (purple) is shown in yellow. The red

arrows indicate the schematically the optical
transmission from the LED to the PD.

tor. Numerical simulations combining ray-tracing and
full-wave treatment of the interface with the ink have
been used to study and optimize the device structure.
While the results of these two modeling approaches are
identical in low-loss mediums, in highly absorbing me-
dia, CMA predicts more accurate results. Ink deposition
pattern is also found to be a key parameter in sensitivity
and should be carefully adjusted. The Bottom Config-
uration of the sensor is also simulated, but it requires
further optimizations.

Although a direct quantitative comparison with exper-
imental data is difficult at present due to the approx-
imations in the simulation model and uncertainties in
material parameters and structural details related to the
ink, the simulation results appear in line with measured
changes in transmission of up to some tens of percentage
points, and thus in between the results of the fully and
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FIG. 8: Normalized transmission from the LED to the

PD in the alternative configuration as a function of ink

extinction coefficient and comparing results of the ray
tracing simulation and the CMA.

partially filled models.

In summary, our simulations, accompanied by feasibil-
ity checks, show that the device architecture discussed
here is feasible but requires considering the complex op-
tical interplay between high refraction index layers to

attain the expected functionalities and performances in
future designs.
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