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ABSTRACT: Tailoring the interaction of electromagnetic radiation with matter is central to the 

development of optoelectronic devices. This becomes particularly relevant for a new generation 

of devices offering the possibility of solution processing with competitive efficiencies as well as 

new functionalities. These devices, containing novel materials such as inorganic colloidal 

quantum dots or hybrid organic-inorganic lead halide perovskites, commonly demand thin (tens 

of nanometers) active layers in order to perform optimally and thus maximizing the way 

electromagnetic radiation interacts with these layers is essential. In this Perspective we discuss 

the relevance of tailoring the optical environment of the active layer in an optoelectronic device 

and illustrate it with two real-world systems comprising photovoltaic cells and light emitting 

devices. 
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Optoelectronic devices are playing a decisive role in nowadays societal needs in two ways. On 

the one hand, as a means to produce energy in a sustainable way avoiding the use of fossil fuels, 

which is achieved by converting solar radiation into electrical current in photovoltaic devices. 

On the other, they allow minimizing the energetic cost of producing light, where light emitting 

devices (LEDs) offer the most efficient approach to convert electrical current into 

electromagnetic radiation. In either of these two complementary routes, converting 

electromagnetic radiation into electrical current or vice versa, the interaction of light and matter 

is at the heart of the process and thus maximizing it is central to design highly efficient devices. 

When optimizing these systems one must pay attention to the different processes involved in the 

conversion of light into current. These can be divided into: a proper exit/entrance path of light 

from/to the device, optimized charge carrier transport and tailoring the optical environment of 

the active layer. Regarding the flow of light into/out of the device, reducing reflection at its 

surface or promoting total internal reflection from its interior are traditional approaches in the 

field of photovoltaics and emission/detection. Beyond traditional approaches such as randomly 

texturing the surface or introducing anti-reflection coatings, coupling micro and nano-structures 

to the device has been a widely explored route over the past decade. [1-3] While in some cases 

the role of the micro/nano structure has only the function of improving the in/out coupling of 

light into the device, in some other cases it also promotes multiple-scattering of light and an 

enhanced light matter interaction.  

Optimizing charge carrier transport comprises several steps such as transport within the photo-

active material, the hole and electron selective layers, extraction at the contacts and a precise 

design of the interfaces between all conductive layers to minimize losses. In doing so a proper 

choice of energy levels is decisive. Here materials design is of utmost importance. In particular, 

for the case of solution processed based devices, which offer the possibility to combine roll-to-

roll mass production with a room-temperature process, a constant search for new materials 

which allow for a homogeneous coverage and new functionalities such as flexibility is pursued. 

In this direction, big efforts are being carried out in the synthesis of new molecules for organic 
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solar cells,[4,5] flexible electrodes comprising metal nanowires [6,7] or the use of two-

dimensional (2D) materials [8-11] to name but a few of the explored directions. 

Tailoring the optical environment of the optically active layer is a critical point in the design of 

any device involving the interaction of light and matter, as it strongly determines its emission 

and absorption properties. [12] This last point, which is commonly overlooked in the design of 

optoelectronic devices, is becoming critical in the development of a new generation of 

materials. These comprise solution processed approaches such as inorganic quantum dots (QD) 

and hybrid organic-inorganic lead-halide perovskites (HOIP) for which LEDs, [13-16] solar 

cells [17-19] or photodetectors [20,21] are being developed with efficiencies which are rapidly 

approaching state of the art performances of commercial devices. An established trend in these 

approximations is the inclusion of a thin layer of the photo-active materials which, in many 

cases, is in the tens of nanometers range. For QD-based systems the thickness of the active layer 

is limited by an increase in device resistance and for HOIP a reduction in the amount of material 

has environmental implications as the best performing ones contain lead. [22] Thus maximizing 

light-matter interaction within the final device, by a careful design of its optical environment, is 

a must in order to make the most out of the active layer. In this sense, the best performing 

device will certainly require a compromise between the appropriate nature and thickness of all 

the layers in order to satisfy carrier transport and light-matter interaction demands. 

In this Perspective we will focus on the relevance of the optical design of optoelectronic devices 

in order to optimize their efficiency through a proper engineering of the optical environment of 

the active layer. In particular we will show how carefully tailoring such environment has 

profound implications on the way light is absorbed or emitted from these systems. After a 

general discussion illustrated by the position-dependent photoluminescent properties of a thin 

layer of emissive material within an optical cavity we will tackle two real-world devices which 

have been recently proposed within the field of inorganic QDs [18] and hybrid organic-

inorganic perovskites. [13] These two types of solution-processed materials have become 

increasingly relevant as active layers for a new generation of optoelectronic devices as 
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evidenced by the number of publications dealing with their use in solar cells and LEDs (see 

Fig.1). The way light is absorbed depending on the position of the active layer within a solar 

cell or, conversely, the angular and spectral properties of an LED dictated by the spatial 

distribution of the emitters will be discussed. We demonstrate how introducing small variations 

in the thickness of the layers of the final device can introduce considerable changes in the 

absorbed/emitted intensity from the active layer. While further considerations have to be taken 

into account, such as the conduction properties of the final device or the possibility of producing 

homogeneous films that prevent shunt paths, a careful design of the optical environment of the 

active layer in emerging optoelectronic technologies will certainly play a decisive role.  

  

Fig. 1 Number of publications and citations over the past few years dealing with 

the use of colloidal quantum dots (a,b) and perovskites (c,d) as active layers for the 

fabrication of solar cells (blue) and LEDs (red bars). Data taken from the Web of 

Science taking “colloidal quantum dot” and “perovskite” as search terms together 

with “LED” and “solar cell”.  

 

As a means to exemplify the importance of tailoring the optical environment of the active layer 

in an optoelectronic device let us consider the case of an arbitrarily thin layer of emissive 
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material embedded in a 150 nm thick dielectric cavity with refractive index n=1.5 sandwiched 

between two metal (silver) films (Fig.2). The PL spectrum of the emissive layer is that of a 

realistic light source (Lumidot
TM

 CdSe/ZnS 590m QDs from Sigma-Aldrich). Also, one of the 

metal film covers was considered to be thin enough (thickness 30 nm) as to allow the PL to exit 

the optical resonator. The PL extracted from the whole structure was modelled employing full 

three-dimensional (3D) simulations performed with a finite-difference in the time-domain 

(FDTD) commercial code (Lumerical Solutions Inc.). [23] All parameters employed in the 

FDTD simulations are detailed in the Supplementary Material. The spectral properties were 

retrieved in two configurations. In one case, from a two-dimensional (2D) detector placed right 

after the surface of the system over all exit angles; in the other, emission was collected only 

within a solid angle of 5° around the normal to the layers. In order to study the effect on the PL 

of placing the emissive layer at different positions in the resonator, an isotropically emitting 

dipole (averaging the emission from three identical orthogonally oriented dipoles) was 

introduced in the modelled structure at different depths with respect to the outer surface. 

For the case of a reference free standing emissive layer (Fig.2a) we can already see that emitters 

placed at different depths of the embedding dielectric layer yield different PL intensities both 

integrated over all angles (Fig.2b) and within a solid angle of 5° (Fig.2c). These changes 

become more pronounced as we introduce the emissive layer within the metal cavity (Fig.2d). 

Here variations of ca. 50% in PL intensity can be appreciated depending on the position of the 

dipole from which we collect the intensity (Fig.2e,f). The observed variations in PL are dictated 

by two factors. On the one hand the optical environment of the emitter, given by the position-

dependent photon local density of states (LDOS), affects the radiative component of the decay 

rate and thus can improve/quench its quantum yield (QY). [12] In fact, the emissive properties 

of the active layer within the device are dictated by Fermi’s golden rule which for a dipole 

transition between an initial (i) and a final (f) states gives a fluorescence decay rate: 

Γ(𝒓) =
2𝜋

ℏ2
∑ |⟨𝑓|𝑯̂|𝑖⟩|

2
𝛿(𝐸𝑓 − 𝐸𝑖)|𝑓⟩                                          (1) 
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Fig. 2 Numerical simulation of the PL properties. Schematics, (a) and (d), and PL 

spectra integrated over all angles, (b) and (e), and within a 5º solid angle, (c) and 

(f), for both the freestanding film (first column) and the film contained within the 

metal optical cavity (central column). In both cases, the layer of isotropically 

emitting dipoles is placed at different depths within the embedding dielectric slab: 

120 nm (green), 75 nm (red) and 30 nm (blue curve). (g) Spectral and spatial map 

of the quotient between the photon LDOS in the dielectric slab (n=1.5) within the 

resonator and that of the same slab freestanding. (h) and (i) show the ratio of the 

PL spectra attained from the two configurations under analysis  for all exit angles, 

(h), and for a 5º cone, (i). 

Which, using the interaction Hamiltonian 𝑯̂ = −𝝁̂ · 𝑬̂ can be further expressed as: 

                                                Γ(𝐫) =
2𝜔𝑖𝑓

3ℏ𝜀0
|𝝁|2𝜌(𝒓, 𝜔𝑖𝑓)                                                (2) 

Where 𝜇 is the dipole moment and ρ(r0,ωif) is the LDOS. While these particular expressions 

deal with a single dipole emitter, Fermi’s Golden Rule can also be applied to band to band 
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transitions of free carriers in direct gap semiconductors. [24] Please notice that even the 

homogeneous film shown in Fig.2a presents an uneven photon LDOS, which explains the weak 

PL intensity variations observed when the emitting thin layer is located at different depths (Figs. 

2b and 2c). This effect is even more intense when the same film is located within a metallic 

resonator, as in Figs. 2d, 2e and 2f. Any further structuration of such medium will bring about 

an even stronger spatial and spectral redistribution of the LDOS. A second relevant factor is the 

out-coupling efficiency of the structure, as, in a film, total internal reflection determines the 

amount of the radiated power by the dipole that is able to exit the structure, this being smaller as 

the refractive index contrast between the inner (emitting) and outer (propagating) media 

increases. 

Fig.2g shows a spectral map of the photon LDOS change within the dielectric slab containing 

the emissive film sandwiched between the two silver mirrors. Results are normalized to the 

LDOS of a free-standing homogeneous medium of similar refractive index. Here we can see a 

modulation which qualitatively reproduces the changes that we observe if we take the PL ratios 

of the three dipole positions with and without the metal layers (Fig.2h and Fig.2i). While the 

map in Fig.2g points to expected QY changes, only the full simulation provides us with 

information on the amount of generated radiation which is able to exit the film. Fig.2h and 

Fig.2i show the actual directional enhancement expected both for the PL integrated over all 

angles and for that emitted within a 5º solid angle reaching an external detector. These two 

graphs evidence that the position of the emitter within the structure will drastically determine 

not only the enhancement in PL but also the spectral components being enhanced at a given 

angle. Further, the full simulation allows us to detect the role of the metal layers, which 

introduce ohmic losses at regions close to the metal boundaries where a large LDOS would lead 

us to expect enhanced emission (see Fig.S1 in the Supplementary Material).  

While the above example offers an intuitive way to decide where to place an optically emissive 

layer of nanometric dimensions to optimize its emission from a dielectric slab, real world 

devices usually have a more complex structure with several layers of different thickness and 



9 
 

optical constants. Here a simulation of the optical environment of the emitter/absorber is 

mandatory in order to maximize the device efficiency. In the remaining of this Perspective we 

will consider two real world devices which have been recently reported, dealing with inorganic 

QDs [18] and hybrid organic-inorganic perovskites, [14] and study how tailoring the optical 

environment of the active layer can dramatically affect the performance of the device. Here we 

will only concentrate on the proposed device architecture and introduce slight variations in the 

thickness of the different layers of the reported structure. Employing a numerical approach 

combining the Transfer Matrix Method (TMM) and Genetic Algorithms we obtain the most and 

least favorable structures (changing the thickness of all the layers but the optically active one) 

and analyze them from the point of view of the way the optically active layer absorbs/emits 

light. The thickness of all films comprising the studied devices are listed in Tables 1 and 2 of 

the Supplementary Material.  

Regarding its application in photovoltaics, solution processed devices comprising hybrid 

organic inorganic perovskites are certainly attracting increasing attention due to its meteoric rise 

in efficiency. [25] Nevertheless in the architectures presenting the highest device efficiency the 

active perovskite layer is in the hundreds of nanometers range and thus absorption of most the 

incident solar radiation is already achieved. While for these devices the optical environment of 

the active layer certainly plays a role, as already shown for MAPbI3 solar cells, [26,27] it is not 

expected to be as critical as those devices for which much thinner active layers are employed. 

This is the case for QD-based solar cell devices where, as mentioned above, the active layer 

cannot be made arbitrarily large. It is in this kind of solution processed devices where one 

expects the largest impact of the optical environment. Here we consider the structure proposed 

by Bernechea and co-workers [18] where solar cells based on AgBiS2 colloidal QDs were 

fabricated yielding a power conversion efficiency of 6.3%. This approach relies on the 

possibility of employing an active material made from non-toxic abundant elements, which 

would overcome one of the main limitations of most QD-based solar cells which rely on 

materials containing heavy metals. [28] Nevertheless the above results can be extended to 
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devices relying on more conventional QDs. As mentioned above, while a thick QD film 

increases the possibility of absorbing the incident solar radiation, it also contributes to increase 

the resistance of the final device. Hence it becomes relevant to maximize the absorption of the 

thin (35 nm in the present case) active layer considered. 

The absorbed power density within a given volume of a material is dictated by the normalized 

electric field intensity at that volume and the optical constants of the material: [29]  

𝑃𝑎𝑏𝑠 =
1

2
𝜔𝜀0(2𝑛𝑘) ∫ |𝑬(𝒓)|2

𝑉
𝑑𝒓                                                         (2) 

where ω is the angular frequency, ε0 the free-space permittivity, E(r) is the normalized electric 

field, n and k are the real and imaginary components of the refractive index and V is the volume 

occupied by the absorber. In order to determine the role of the optical environment and optimize 

the structure (from the point of view of light absorption) we have calculated the absorption of 

the 35 nm film by using the normalized electric field intensity obtained with a home-made 

TMM code. This was combined with a Genetic Algorithm in order to, within a 50% variation in 

the thickness of all the layers but the active one, obtain the most and least favorable cases. The 

optical constants of the different materials used in the simulations were taken from refs. 30 

(Ag), 31 (ZnO and MoO3) and 32 (ITO). For AgBiS2 and PTB7 the optical constants were 

extracted from spectroscopic measurements provided by the authors of Ref.18. Fig.3a shows the 

structure we used for the numerical simulations (where layer thicknesses were extracted from 

Ref. 18) and Fig.3b the absorptance weighted over the AM 1.5 solar spectrum in the proposed 

structure as well as the best/worst case scenarios (detailed thickness of the layers for all three 

cases can be found in Table 1 of the Supplementary Information). Here it can be appreciated 

how an overall enhancement in absorption of 4% is attained in the best case as compared to the 

proposed structure and 13% as compared with the worst case by changing the position of the 

active layer within the final device.  
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Fig. 3 Numerical simulation of the absorption at the active layer of a QD solar 

cell. (a) Shows the simulated device according to Ref. [18]. (b) Solar spectrum 

weighted absorptance over the whole active layer for the proposed device (blue) 

and the best/worst scenario cases (red/green curves respectively). (c) and (d) show 

the total field intensity throughout the QD layer for the best/worst performing 

devices respectively. (e) and (f) show the solar spectrum weighted power absorbed 

per unit length of the same devices. Dashed lines represent the boundaries of the 

QD layer within the solar cell.  

In order to understand these changes we have plotted the spatial and spectral distributions of the 

normalized light field intensity (Fig.3c,d) and the solar spectrum weighted power absorbed per 

unit length (Fig.3e,f) for the best and worst case scenarios. Here it becomes evident that altering 
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the optical environment (i.e., modifying the thickness of the surrounding layers, in this case) it 

is possible to maximize the light field intensity within the QD slab, thus increasing the power 

absorbed by it. This can be readily seen by comparing the absorption profiles along the 35 nm 

width of the QD layer attained for the best (Fig.2e) and worst (Fig.2f) case. While further 

considerations should be taken into account for the optimized multilayer cell structure, such as 

the resistance of the final device, these results clearly show the relevance of paying attention to 

the optical environment of the QD layer.  

Finally we would like to highlight again the fact that the above design becomes more critical as 

the thickness of the active layer lies in the tens of nanometer range. For conventional state of the 

art perovskite solar cells [33] presenting efficiencies above 20% a similar variation in structural 

parameters of the device to modify the optical environment of the active perovskite layer yields 

much smaller variation in its absorptance as shown in Section S4 of the Supplementary 

Information.  

Next we shall consider the role of the optical environment on the active layer of an LED based 

on hybrid organic-inorganic lead-halide perovskites. [14] Many reports have highlighted the 

relevance of including a thin film of perovskite, dense or nanocrystalline, as active material in 

order to overcome their small exciton binding energy and promote radiative recombination 

through the spatial confinement of the exciton. [34] As a matter of fact, most of the devices 

presenting the highest efficiencies present active layers with a thickness in the tens of 

nanometers range (see Section S5 of the Supplementary Information and references therein). 

This factor adds to the reduced amount of lead present in the device, already mentioned above. 

As an efficient radiative recombination is crucial for light emission applications, beyond the 

structural contribution provided by the confinement, a proper engineering of the optical 

environment also plays a key role as the radiative component of the recombination rate is 

dictated by the local density of radiative states at the emitter’s position, as expressed in equation 

(1). [12] In this sense, the high efficiency attained in ref. [14], accompanied by an enhanced 

material stability due to the addition of long-chain ammonium halides in the perovskite 
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synthesis can be in principle further improved. For instance, the electroluminescent QY of the 

active material in the best performing devices was 6.6% for iodide-containing perovskites and 

40.1% for bromide-containing ones. We have chosen the former as test-bench to study the effect 

of the optical environment as there is further room for improvement. The optical constants for 

the simulations performed for this system were taken from Refs. 35 (Al), 36 (LiF), 37 (TPBi), 

33 (CH3NH3PbI3), 38 (PolyTPD) and 32 (ITO). 

In order to simulate the effect of the optical environment on the above mentioned device (Fig.4a 

shows a schematic diagram of the structure) we obtain a first estimate by calculating with our 

TMM code the product of the total field intensity within the active layer (averaged over all 

angles of incidence of an external white light plane wave) and the spectral shape of the 

emission. According to the reciprocity theorem [39,40] this should be a good estimate of how an 

isotropic source emitting from within the device would couple to propagating modes in the free 

space. Again a Genetic Algorithm approach is used to vary the thickness of the different layers 

within 20% of the original values and extract the best/worst case scenarios (a complete list of 

layer thicknesses for all three cases can be found in Table 2 of the Supporting Information). 

Once the two extremes are found, a full 3D FDTD calculation is performed in order to simulate 

the emissive properties of the active layer. Fig.4b and 4c show the PL spectra collected over all 

exit angles and within a 5º solid angle respectively for the original device and the best and worst 

performing devices (from the point of view of the optical environment). Here it becomes 

evident that a rational design of the structure strongly influences the way light is emitted from it. 

In order to understand such different behaviors we will next discuss the spectral and intensity 

characteristics of the emission from the active layer depending on the spatial position from 

which light is emitted.  
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Fig. 4 Numerical simulation of the emission from the active layer of a lead-halide 

perovskite LED. (a) Shows the simulated device according to Ref. 14. PL spectra 

from the active layer of the device collected for all exit angles (b) and in a 5º solid 

angle (c) for the proposed device (blue) the best case (red) and the worst case 

(green curve) scenarios. (d-f) PL spectra collected over all exit angles from the 

LED depending on emitting dipole position for the proposed device, (d), the best, 

(e), and the worst, (f), performing ones. 

Figs. 4d-f show contour plots of the PL spectra collected by an external detector (placed within 

the glass substrate) from an array of isotropically emitting dipoles located across the active 

layer, normalized to the case of the best performing configuration. In the simulation all the 

dipoles are considered identical, assuming that all perovskite nanocrystals are electrically 

excited with identical efficiency. Also in this case, as it happened for the solar cell studied 

above, it becomes evident that depending on the thickness of the different layers, the optical 

environment is modified and hence the emission from the active layer varies. In the device 

structure proposed in ref. [14] (Fig.4d), the optical environment of the emitters provides the 

highest emission from those nanocrystals located at the top part of the active layer, closer to the 

TPBi film. Optimizing the thickness of the different layers comprising the structure (Fig.4e) 

alters the spectral and spatial distribution of the emission. Here an enhanced emission is coming 
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from the appearance of a broad region with higher density of photon modes in the active layer 

closer to the ITO film. As a result of this enhanced photon environment, the radiative decay 

occurring in the perovskite is maximized and the PL improved. Further, reabsorption issues are 

reduced with this configuration as the largest fraction of light is generated closer to the exit side 

of the device. On the contrary, the worst example depicted in Fig.4f shows how, in this case, 

only a fraction of the emitters closer to the top part of the active layer contribute with an 

enhanced emission to the luminescent properties of the device. 

While, as mentioned above, several factors should be considered when deciding the thickness of 

the different layers, from the possibility of growing homogeneous films to the carrier transport 

properties of the final device, here we have demonstrated how small variations can strongly 

influence the optical environment of the emissive layer through the density of states at its 

position. In particular, with a ±20% thickness variation, an overall PL intensity enhancement of 

11% integrated over all wavelengths and angles can be obtained with respect to the published 

device (18% with respect to the worst device). Further, as the position of the emitter will also 

determine the way light exits the structure, the different proposed structures present strong 

variations in the angular pattern of the exiting light. This is reflected in the 16% PL 

enhancement within a 5º cone around normal incidence compared to the proposed structure 

(27% if we compare it with the worst device) and if we compare the angular patterns of emitted 

light from all structures (see Fig.S4). This last point is a consequence of the fact that for the best 

scenario device the highest PL enhancement comes from a spatial region within the active layer 

for which light extraction close to normal incidence is optimized. While we have concentrated 

on an enhancement of the total radiated power, here it must be noted that one can refer to the 

optical environment of the active layer as a means to tailor directionality. Further, better 

improvements can be attained with larger thickness variations, depending on the flexibility of 

the fabrication procedure. 

The strong influence that the local optical environment has on the dynamics of the 

photoemission process, as established by equation (1), is at the origin of the significant spectral 
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variations observed on the luminescence extracted from the emitting layers of nanometric size 

as a function of their location. This implies that all emission coming from a light emitting 

device containing an arbitrarily thick active layer will be necessarily inhomogeneous, as it can 

be considered as the sum of the contribution of active regions exposed to many different optical 

environments, even if the emitting species is always and strictly the same all throughout the 

slab. This has relevant repercussions on the analysis of the emission spectrum and luminescence 

decay lifetime attained from any light emitting device and should always be considered. 

Finally we would like to highlight that a similar optimization procedure can be carried out for 

other LEDs comprising thin active layers as is the case for QD-LEDs as summarized in Section 

S7 of the Supplementary Information.  

A new generation of optoelectronic devices is being actively studied and reports from the past 

few years point to the possibility of reaching the performance of state of the art devices in the 

near future. These new systems will bring about the possibility of solution processing as well as 

new functionalities, but will likely demand the introduction of thin active layers in the range of 

tens of nanometers. Thus, in order to optimize their performance a careful design of their 

photonic environment will be necessary so that absorption/emission of light is maximized. As 

the final performance of the device will be affected by both light-matter interaction and charge 

transport, the present protocol could be further combined with finite element simulations in 

order to design devices which constituent layer thickness allow for optimized optical and 

electrical properties. Similar combined analysis have been employed in the past for QD, [41] 

organic [42] or conventional semiconductor solar cells [43] extending in some cases the analysis 

to heat flow effects. [44] 
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