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Abstract: This work reports on a computational analysis of how a modified perovskite cell can work as
a refractometric sensor by generating surface plasmon resonances at its front surface. Metal-dielectric
interfaces are necessary to excite plasmonic resonances. However, if the transparent conductor
(ITO) is replaced by a uniform metal layer, the optical absorption at the active layer decreases
significantly. This absorption enhances again when the front metallic surface is nanostructured,
adding a periodic extruded array of high aspect-ratio dielectric pyramids. This relief excites surface
plasmon resonances through a grating coupling mechanism with the metal surface. Our design
allows a selective absorption in the active layer of the cell with a spectral response narrower than
1 nm. The photo-current generated by the cells becomes the signal of the sensor. The device employs
an opto-electronic interrogation method, instead of the well-known spectral acquisition scheme.
The sensitivity and figure of merit (FOM) parameters applicable to refractometric sensors were
adapted to this new situation. The design has been customized to sense variations in the index of
refraction of air between 1.0 and 1.1. The FOM reaches a maximum value of 1005 RIU−1 , which
is competitive when considering some other advantages, as the easiness of the acquisition signal
procedure and the total cost of the sensing system. All the geometrical and material parameters
included in our design were selected considering the applicable fabrication constrains.
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1. Introduction
Surface Plasmon Resonance (SPR) sensors are well known optical platforms for label-free
sensing and testing applications. They are widely used in industrial and research labs for different
purposes such as gas sensing [1,2], chemical sensing [3], colorimetric sensor [4], and bio-materials
identification [5]. In most of the commercially available SPR devices, the excitation of SPR is based on
a Kretschman configuration, which requires light-prism coupling under oblique incidence [6]. As an
improvement, the excitation of SPRs in normal incidence conditions is key to simplify the optical
scheme, ease the illumination and acquisition signal system, allowing a lower cost solution [7–12].
Plasmonic resonances, excited at noble metal surfaces by nanostructures, result in deep spectral
reflection dips. They generate large field enhancements near the metal surface [13]. This response is
highly sensitive to changes in the optical characteristics of the surrounding materials. Therefore, they
are used in many sensing-related applications as mentioned above. Beyond the advantages of a sensor
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operating at normal incident conditions, the next simplification included in this paper derives from
the replacement of the spectral interrogation procedures, which requires high resolution spectrometer.
The idea is to use the electric response of solar cells as the base to generate an optoelectronic
interrogation of the device. The available low-cost technology used in electrical measurement can
greatly simplify the sensing system [14]. This method ensures high measurement reliability and reduces
the cost of the whole system. As an additional desirable is to have low-cost flexible devices that can be
obtained with proper substrates and thin film technology. Such a sensor generates electrical currents
upon light exposure and becomes self-powered, being the extracted signal sensitive to environmental
changes. Although a solar cells exemplifies this situation, its plane exposed interface is not selective
enough in wavelength, and its sensitivity to small changes in the index of refraction of the exposed
medium is not relevant. Therefore, to sensitize a solar cell, it is customary to modify its design and
provide the required capabilities.
A perovskite solar cell has a high absorption coefficient, and the photo-generated charge carriers
present a large diffusion length compared to most of the thin-film solar cell materials [15]. Moreover,
we are witnessing a progress in efficiency [16,17] and stability [18] of perovskite solar cells that is
boosting the scientific interest. This type of cell requires a transparent conductive oxide (TCO) electrode
for its operation as an energy harvester [19]. Presently, TCO electrodes made of ITO (indium tin oxide)
and FTO (fluorine tin oxide) remain as the most efficient in terms of its optical transparency and
electrical conductivity. However, these electrodes are expensive to manufacture, rigid, and difficult
to apply in flexible devices, which is one of the main advantages of thin-film solar cell technology.
It is also known that metallic nanophotonic structures enhance the spectral selectivity of thin-film
solar cell [20–22] at the cost of a lower transmission than TCO. Therefore, the thickness of the metallic
film needs to be smaller than the penetration depth (10–50 nm depending on the material). In this
contribution, we present a design applicable to perovskite solar cells that is highly sensitive to small
refractive index changes of the surrounding medium, for example a gas. We replace the TCO contact
in a standard perovskite solar cell with an Ag layer 50 nm-thick. This substitution strongly decreases
the absorption of the solar cell. To make the cell operative again, we add a high aspect ratio dielectric
grating on the top of the Ag layer. This nanostructure is capable of generating SPRs that are absorbed
within the active layer. Now, as far as SPRs are strongly sensitive to small changes in the refractive
index of the media, the photocurrent delivered by the cell will also echo these environmental changes
in an electric signal. We have analyzed several variations in the proposed structures until reaching an
optimum design. We have checked that the well-know spectral interrogation translates well into the
optoelectronic interrogation, showing a high sensitivity, linearity and an ultra-narrow response.
2. Design Parametrization and Methods
A typical perovskite solar cell arrangement has the following structure (from bottom to top):
Au [200 nm]/SPIRO OMeTAD [160 nm]/CH3 NH3 PbI3 perovskite [300 nm]/TiO2 [30 nm]/ITO
[70 nm]/SiO2 substrate/air [23,24], where light is incident from the substrate side (the squared brackets
embrace the dimensions of the layers). The layout of this structure is presented in Figure 1a. We modify
this structure for sensing application as follows: (i) the SiO2 substrate moves to the other side, adjacent
to the gold layer; (ii) the ITO layer is replaced with a 50 nm-thick silver (Ag) layer (this thickness is
optimized for better performance); and (iii) we add an extruded dielectric grating with triangular
profile on top of the Ag layer. This nanostructured relief is responsible for the spectral selectivity of
the device. The parameters of this nanostructure are its period, P, and the width and height of the
triangular shape, GW, and GH, respectively. They will be optimized to maximize the absorption at the
active layer maintaining a narrow spectral response for better sensing performance. The triangular
nanostructure is made of Si3 N4 to have a favorable contrast in the index of refraction of the medium
under test (in this case, the sensed material is air). Therefore, the modified structure is (from bottom to
top): SiO2 substrate/Au [200 nm]/SPIRO OMeTAD [160 nm]/CH3 NH3 PbI3 perovskite [300 nm]/TiO2
[30 nm]/Ag [50 nm]/Si3 N4 [P, GW, GH]/air (see Figure 1). The insets in Figure 1 represent the
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mechanism at play in both designs. In the standard arrangement, ITO works as an antireflection
mechanism at play in both designs. In the standard arrangement, ITO works as an antireflection
coating and as an electrode to extract the photo-generated current from the device. The silver layer
coating and as an electrode to extract the photo-generated current from the device. The silver layer
in the modified design works as a reflector and rejects most of the incoming radiation except those
in the modified design works as a reflector and rejects most of the incoming radiation except those
wavelengths where the nanostructure generates a SPR [25,26]. These resonances result in strong
wavelengths where the nanostructure generates a SPR [25,26]. These resonances result in strong
absorption peaks at the active layer of the cell. Moreover, this absorption is very sensitive to refractive
absorption peaks at the active layer of the cell. Moreover, this absorption is very sensitive to refractive
index changes of the medium on top of the grating, i.e., air.
index changes of the medium on top of the grating, i.e., air.

Figure1.1.(a)
(a)Standard
Standardperovskite
perovskitematerial
materialarrangement.
arrangement.(b)
(b)Modified
Modifieddesign
design
sensing
applications,
Figure
forfor
sensing
applications,
where
the
top
ITO
contact
is
replaced
with
an
Ag
layer
and
a
dielectric
grating
with
triangular
shape
where the top ITO contact is replaced with an Ag layer and a dielectric grating with triangular shape
withthe
thetop
topmedium
mediumabove
abovethe
thecell
cellwith
withrefractive
refractiveindex
indexn n.aIn
. Inboth
bothcases,
cases,
light
coming
from
top
with
light
is is
coming
from
top
a
oscillating
in
Z
direction
and
propagating
in
−
Y
direction,
the
2D
cross
section
of
the
structure
oscillating in Z direction and propagating in −Y direction, the 2D cross section of the structure is is
containedin
inthe
theXY
XYplane,
plane,asasseen
seenthe
thethe
thecoordinate
coordinateinset
insetininthe
thetop
topmiddle.
middle.The
The
insets
dashed
contained
insets
inin
dashed
rectangles
show
the
mechanisms
at
play
in
this
structures.
rectangles show the mechanisms at play in this structures.

Inthis
thiscontribution,
contribution,we
wehave
haveused
usedthe
theFEM
FEMpackage
packageCOMSOL
COMSOLMultiphysics
Multiphysics
evaluate
the
field
In
toto
evaluate
the
field
distribution,
and
the
reflection
and
absorption
losses
within
different
layers
at
the
cell.
A
transverse
distribution, and the reflection and absorption losses within different layers at the cell. A transverse
magnetic polarized
polarizedlight
light(TM)
(TM)was
wasset
setfor
forthe
theincident
incidentfield
fieldwith
withananamplitude
amplitudeofof
1 A/m,
oriented
magnetic
1 A/m,
oriented
along
the
Z
axis.
along the Z axis.
3. Results
Resultsand
andDiscussion
Discussion
3.
To begin
begin with,
with, we
we compare
comparethe
thespectral
spectralresponses
responsesofofthe
thestandard
standardand
andmodified
modifieddesigns.
designs.
To
This evaluation
evaluationshows
showshow
howthe
thestandard
standardperovskite
perovskitesolar
solarcell
cellisiswell
wellsuited
suitedfor
forenergy
energy
harvesting,
This
harvesting,
meanwhilethe
themodified
modifieddesign
designshows
showsspectral
spectralfeatures
featuresapplicable
applicabletotosensing.
sensing.Actually,
Actually,
the
modified
meanwhile
the
modified
design needs
needs further
furtheroptimization
optimizationtotomaximize
maximizethe
thecoupling
couplingofofthe
theincident
incidentradiation
radiationtoto
the
SPR,
design
the
SPR,
and the
the availability
availabilityof
ofthis
thisresonance
resonancetotogenerate
generatephoto-currents
photo-currentsatatthe
theactive
activelayer.
layer.AsAs
the
and
farfar
asas
the
SPR
layer
will
also
reflect
SPR is
isaffected
affectedby
byaachange
changeininthe
therefractive
refractiveindex,
index,the
theabsorption
absorptionatatthe
theactive
active
layer
will
also
reflect
those
thosechanges.
changes.
3.1.
3.1. Responses
Responsesand
andOptimization
Optimization
From
absorption
atat
the
active
FromFigure
Figure2a,
2a,perovskite
perovskitesolar
solarcells
cellswith
withITO
ITOcontacts
contactsshow
showhigh
highoptical
optical
absorption
the
active
layer
due
toto
reflection
layer (red
(reddashed
dashedline)
line)within
withinmost
mostofofthe
thevisible
visiblespectrum.
spectrum.The
Thelosses
lossesare
aremainly
mainly
due
reflection
and
electrode
is is
and parasitic
parasiticabsorption
absorptionin
indifferent
differentlayers.
layers.As
Asan
anexample,
example,the
theabsorption
absorptionofofthe
theITO
ITO
electrode
represented
as
a
green
solid
line.
This
figure
also
compares
the
behavior
of
the
standard
structure
represented as a green solid line. This figure also compares the behavior of the standard structure
when
most
ofof
the
when the
the transparent
transparentelectrode
electrodeisisreplaced
replacedwith
witha asilver
silverone
one(50
(50nm-thick)
nm-thick)that
thatreflect
reflect
most
the
incoming light, and account for some absorption mainly at lower wavelngth in the range 300–400 nm

Appl. Sci. 2019, 9, 4850

4 of 10

(see blue solid line in Figure 2a. Accordingly, the absorption at the perovskite layer drops, precluding
the use of the cell as an energy harvesting device (see black solid line in Figure 2a). The reflectance of
the structure for the standard design is represented in Figure 2b as a red dashed curve. We have also
plotted the reflectance of the cell when the ITO electrode is replaced with a silver layer (50 nm-thick)
on top
the TiO
Appl.
Sci.of2019,
xx, 52 layer, Again, we can see how this metallic layer strongly disturbs the performance
of the structure as a energy harvesting device. In Figure 2a,b, neither of the structures contain the
pyramidal dielectric grating.
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Figure 2. (a) Optical absorption in the active layer and top contact for the planer perovskite solar
cells. (b) Spectral reflection for this two planer cases without grating. (c) The absorption in perovskite
layer (red line), absorption in Ag top contact (blue line) and the total reflectance of the whole device
(black line) for the proposed design with Ag-grating layer. (d) Magnetic field maps for the device with
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which means a high absorption at the silver and active layers (see red and blue solid lines). These
results are confirmed when evaluating the magnetic field distribution (see Figure 2d). These three
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At the same time, when maximizing the absorption at the perovskite layer, the lineshape become
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layer as hot spots (for the silver plus grating case) instead of a plane wave distribution (when using
plane-parallel thin layers).
To improve the capabilities of this device as a refractometric sensor for gases, we perform an
optimization of the geometry of the device. This optimization relies on the maximization of the
absorption at the active layers of the modified structure and combines a good coupling to the SPR with
the device output. Therefore, the merit function is defined as:
MF = Aactivelayer .

(1)

At the same time, when maximizing the absorption at the perovskite layer, the lineshape becomes
narrower, what is good to increase both sensitivity and the figure of merit of the device taken as a
sensor. This optimization is made by changing the profile of the triangular dielectric grating using
parameters GW and GH for a fixed period P = 600 nm. We will also fix the wavelength of interest
at λ = 610 nm. The parameter P is left for additional tuneability of the device. After obtaining the
optimum profile parameters of the grating, we will make a refinement of the design in terms of the
thickness of the silver layer.
Appl. Sci. 2019, xx, 5
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3.1.1. Optimization

The merit function map in terms of the geometrical parameters of the grating (GW and GH)
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Figure 3. (a) Optical absorption in the perovskite layer with the grating parameters GW, and GH for
a fixed Period P 600 nm at a single wavelength at, λ = 610 nm, using TM polarized light of 1 A/m
amplitude the highlighted black dashed circle defines the location of the point where the absorption
in perovskite is maximized. (b) The absorption in perovskite layer (red line), absorption in Ag top
Figure(blue
3. (a)
Optical
absorption
thewhole
perovskite
thethe
grating
parameters
contact
line),
the total
reflectance in
of the
device layer
(black with
line) for
optimized
geometry, GW, and GH for
and
the
absorption
in
perovskite
layer
(brown
dashed
line)
for
the
arbitrarily
selected
geometry light of 1 A/m
a fixed Period P 600nm at a single wavelength at, λ = 610 nm, using TM polarized
before
optimization.
amplitude the highlighted black dashed circle defines the location of the point where the absorption

in perovskite
is the
maximized.
(b) The layers,
absorption
in total
perovskite
layer
line),
absorption
The
absorption in
Ag and perovskite
and the
reflectance
are(red
shown
in Figure
3b in Ag top
(blue
line), the
the
whole
device
(black line)
for the
for thecontact
optimized
geometry.
Tototal
betterabsorption
understandofthe
effect
of the
optimization,
we have
alsooptimized
plotted geometry,
and the absorption
in perovskite
(brown dashed
line)(see
fordotted
the arbitrarily
before
the absorption
at the perovskite
layer for layer
the non-optimized
values
line) usedselected
in Figuregeometry
2c.
optimization.

The absorption in the Ag and perovskite layers, and the total reflectance are shown in figure 3.
for the optimized geometry. To better understand the effect of the optimization, we have also plotte
the absorption at the perovskite layer for the non-optimized values (see dotted line) used in Fig. 2.
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Although the intensity has not increased significantly, we can see how the lineshape is much narrower
in the optimized case. This will be of importance when evaluating the system as a refractometric sensor.
It is important to check the capability to tune the response at different wavelengths in order to
adjust the device using available commercial light sources or to detect at a specific detection band.
We fix all the parameters except the period of the grating P, and we only change the grating period.
As expected, Figure 4a show a blue shifting when reducing P, and a red-shifting when increasing
it. As far as perovskite solar cells have a wide absorption band that covers the VIS-NIR (typically
from 300 nm to 800 nm), we can use the period P to tune the response to any desired wavelength in
this band.
The metal thickness, tAg , is an important parameter of the device. Figure 4b shows the absorption
within the perovskite layer. We can see how the top contact becomes almost transparent when the
silver layer is 10 or 20 nm thick. In these conditions, the SPR does not reveal itself in the lineshape.
This happens with thicker silver layers. Actually, the peak in absorption becomes spectrally narrower
as the thickness of the metal increases. However, a thick silver layer is not practical because it blocks
the light coming to the perovskite layer. In this sense, we choose a thickness for Ag as tAg = 50 nm
Appl.
Sci. 2019,
xx,value
5 we have both high absorption and narrow response. A thickness of 40 nm could
because
at this
achieve a little better absorption but the linewidth is wider than the case of 50 nm thickness.
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Figure 4. (a) Effect of the period of the grating P, on the wavelenght of resonance. The resonant
wavelength is proportional to the period of the dielectric grating P. (b) Effect of the thickness of the
metal layer on the spectral relevance of the SPR. The optimum thickness, tAg = 50 nm, is plotted as a
dashed line.

Figure 4. (a) Effect of the period of the grating P, on the wavelenght of resonance. The resonant
wavelength is proportional to the period of the dielectric grating P. (b) Effect of the thickness of the
Sensitivity and figure of merit (FOM) are two important parameters used to quantify the optical
metal layer on the spectral relevance of the SPR. The optimum thickness, tAg = 50 nm, is plotted as a
sensor’s performance and to allow comparison with other sensing technologies. The sensitivity is
dashed line.
3.1.2. Device Performance
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This happens with thicker silver layers. Actually, the peak in absorption becomes spectrally narrow
as the thickness of the metal increases. However,
a thick silver layer is not practical because it bloc
∆λ
SB =
,
(2)
∆n
the light coming to the perovskite layer. In this sense, we choose a thickness for Ag as tAg = 50 n
because at this value we have both high absorption and narrow response. A thickness of 40 nm cou
achieve a little better absorption but the linewidth is wider than the case of 50 nm thickness.
3.1.2. Device performance

Sensitivity and figure of merit (FOM) are two important parameters used to quantify the opti
sensor’s performance and to allow comparison with other sensing technologies. The sensitivity
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where SB is the sensitivity and ∆λ is the wavelength shift due to refractive index change ∆n.
The associated figure of merit (FOM) will be [27,28]:
FOM =

SB
,
FWHM

(3)

where FWHM is the full width at half maximum of the reflection response line. Our goal is to
optoelectronically interrogate the device. Therefore, we need another opto-electrical term that is the
responsivity, R, which is defined as [29]:
Appl. Sci. 2019, xx, 5

RS (λ) =

8 of 11

Iphoto
,
Pinput (λ)

(4)

whereIphoto is the ideal photo-generated current, and Pinput (λ) is the incident light power that is
whereIphoto is the ideal photo-generated current, and Pinput (λ) is the incident light power that is
delivered
by a tunable source. The ideal photo-generated current could be optically calculated as in
delivered by a tunable source. The ideal photo-generated current could be optically calculated as in
our previous work [20,21]. The sensitivity and FOM will be calculated using equations (2)and (3, but
our previous work [20,21]. The sensitivity and FOM will be calculated using Equations (2) and (3),
the wavelength shift will be for the reponsivity dip instead of the reflectivity dip to replace the optical
but the wavelength shift will be for the reponsivity dip instead of the reflectivity dip to replace the
interrogation with an opto-electronic one.
optical interrogation with an opto-electronic one.
The responsivity of the optimized device is very narrow in wavelength due to the SPR resonance
The responsivity of the optimized device is very narrow in wavelength due to the SPR resonance
coupled to the absorption in the active layer, we plot the responsivity for different values of refractive
coupled to the absorption in the active layer, we plot the responsivity for different values of refractive
index in figure 5.a, ranging from 1 to 1.1, that represents an air medium, that is perturbed by some
index in Figure 5a, ranging from 1 to 1.1, which represents an air medium that is perturbed by
external mechanism (change in concentration, temperature, composition, etc.). The decrease in
some external mechanism (change in concentration, temperature, composition, etc.). The decrease in
responsivity when n a increases is caused by our optimization procedure that maximized the absorption
responsivity when n a increases is caused by our optimization procedure that maximized the absorption
at the perovskite active layer for a value of n a =1.0. Therefore, if the index of refraction of the analyte
at the perovskite active layer for a value of n a = 1.0. Therefore, if the index of refraction of the analyte
changes, the design is no longer optimum and the effect is a lower responsivity. Due to their origin as
changes, the design is no longer optimum and the effect is a lower responsivity. Due to their origin as
plasmonic resonances, the spectral responsivity can be fitted to Lorentzian lineshapes. An important
plasmonic resonances, the spectral responsivity can be fitted to Lorentzian lineshapes. An important
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Figure 5. (a) Spectral responsivity of the optimized device for different values of the refractive index of
Figure 5. (a) Spectral responsivity of the optimized device for different values of the refractive index of
the analyte medium, n . (b) Resonance wavelength in terms of the refractive index change. It shows a
the analyte medium, n aa. (b) Resonance wavelength in terms of the refractive index change. It shows a
linear behavior through the whole scanned refractive index range.
linear behavior through the whole scanned refractive index range.

The resonance wavelength, which shift when the refractive index change, is nearly linear as seen
The resonance wavelength, which shift when the refractive index change, is nearly linear as seen
from Figure 5b and the linear fitting provides a value of SB,linear = 513 nm/RIU. Along with the
from figure 5.b and the linear fitting provides a value of SB,linear = 513 nm/RIU. Along with the
simple and low-cost optoelectronic interrogation at normal incident conditions compared with the
simple and low-cost optoelectronic interrogation at normal incident conditions compared with the
optical-angular interrogation, the device high sensitivity and high FOM values are comparable with
many recent reported optical sensors with high sensitivity [30–34].

4. Conclusions
A modified design of perovskite ITO-free solar cells with a metallic-dielectric grating
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optical-angular interrogation, the device high sensitivity and high FOM values are comparable with
many recent reported optical sensors with high sensitivity [30–34].
4. Conclusions
A modified design of perovskite ITO-free solar cells with a metallic-dielectric grating
nanostructured electrode is optimized for sensing applications. The excitation of the SPRs coupled to
a dielectric diffraction grating produces a very narrow absorption in the active layer of the solar
cell, and the same behavior translate to its spectral responsivity. By applying this approach to
a well-known photonic platform we take advantage of a mature technology in terms of cost and
reliability. The proposed layer arrangement can be deposited on any substrate allowing the design of
flexible sensors. The device is operated at normal incidence conditions with a collinear set-up that
overcomes the prism coupling requirement of conventional angularly interrogated plasmonic sensors.
The response of the sensor can be tuned through a wide spectral band in the visible and NIR where
the perovskite absorbs and conventional light sources are available. The optoelectronic interrogation
is a simpler alternative to the optical method that replaces the expensive spectrometers parts of the
measurement with electrical instrumentation to measure photo-currents. The performance parameters
defined in terms of the optoelectronic response compare very well with those obtained from similar
sensors spectrally interrogated. This approach has been applied to a refractometric sensor for gases,
and the involved geometrical parameters and material were selected considering fabrication constrains
of lithographic and nano-imprint techniques.
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