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ABSTRACT 

Photon recycling is a fundamental physical process that becomes especially important for 

photovoltaic devices that operate close to the radiative limit. This implies that the externally 

measured radiative decay rate deviates from the internal radiative recombination rate of the 

material. In the present paper, the probability of photon recycling in organic lead halide 

perovskite films is manipulated by modifying the underlying layer stacks. We observe 

recombination kinetics by time-resolved photoluminescence that are controlled by the optical 

design of the chosen layer structure. Quantitative simulations of decay rates and emission spectra 

show excellent agreement with experimental results if we assume that the internal bimolecular 

recombination coefficient is ~ 66 % radiative. 
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The radiative recombination rate describing the interaction of photons and electronic charge 

carriers of a photovoltaic absorber material is the materials’ most fundamental and relevant 

physical property with respect to its photovoltaic action. Because of the principle of detailed 

balance the recombination rate is quantitatively linked to the absorption coefficient of the 

material.1 Photon recycling, i.e. the reabsorption of emitted photons by the absorber material 

itself, harmonizes the radiative recombination rate with the radiative emission flux from a 

corresponding solar cell.2 Photon recycling is thus the fundamental physical link between the 

bulk properties of the absorber material and the inevitable radiative losses from the solar cell to 

the outside world defining the radiative efficiency limit.3 The analysis of photovoltaic materials 

close to their radiative limit4–6 therefore requires a careful consideration of the fate of internally 

generated photons.4,7,8 

Organic inorganic perovskites exhibit extraordinary charge carrier lifetimes9,10 which 

enable high internal luminescence quantum yields.9,11 In combination with the observed large 

energetic overlap of luminescence emission with the absorption profile,12–14 organic inorganic 

perovskites are therefore a paramount system to investigate photon recycling.15–20 For 

photovoltaic operation, photon recycling implies the following features: (i) A fraction of charge 

carriers is regained after being temporarily lost due to radiative recombination.21 (ii) The 

obtained (external) radiative lifetime from measurements is significantly prolonged by the 

number of photon recycling events.22–24 When the radiative lifetimes are not corrected for photon 

recycling, the internal luminescence quantum efficiencies are underestimated.25 (iii) If photons 

created by radiative recombination within the solar cell are reabsorbed (recycled) as opposed to 

being parasitically absorbed, the open-circuit voltage increases.26,27 
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Radiative recombination rates in lowly doped semiconductors like metal-halide perovskites are 

proportional to the square of the excess carrier density. While it is relatively easy to detect 

quadratic (often also referred to as bimolecular) recombination terms in transient 

photoluminescence, absorption or photoconductivity measurements,28–30 it is more difficult to 

find solid evidence that the quadratic recombination terms are indeed due to radiative 

recombination alone. Recent work by Richter et al.,31 who combined transient spectroscopy 

measurements with findings from photoluminescence quantum efficiency measurements, 

suggested that there are also non-radiative contributions to the quadratic recombination term seen 

in experiments. In order to study the nature of the quadratic recombination term in more detail, in 

this work we make use of the sensitivity of the apparent rate constant on photon recycling and, in 

turn, the sensitivity of photon recycling on the amount of parasitic absorption in the sample, as 

described in the following. 

Photons created by radiative recombination in the perovskite layer can either be emitted 

from the sample (with probability 𝑝𝑝e), be reabsorbed (with probability 𝑝𝑝r) or be parasitically 

absorbed (with probability 𝑝𝑝a) by other layers such as the metal contacts in a solar cell. The three 

probabilities have to add up to one, and therefore the amount of reabsorption that should be 

visible in the apparent rate constant of any radiative decay process is given by 𝑝𝑝r = 1 − 𝑝𝑝e − 𝑝𝑝a. 

Thus, any modification of e. g. the amount of parasitic absorption should affect this rate constant. 

Furthermore, any changes seen in the quadratic decay constant that can be modulated by a 

change of the amount of parasitic absorption and that cannot be attributed to any change in 

electronic properties will provide evidence that the quadratic recombination term is at least partly 

radiative. 
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We therefore prepared two simple layer stacks as illustrated in Fig. 1 (see supporting 

information for more details). Silicon dioxide layers of distinct thicknesses (200 nm and 2.3 nm) 

are thermally grown on a crystalline silicon wafer, and CH3NH3PbI3 perovskite films are formed 

on top by spin coating. The 200 nm-thick silicon dioxide layer in the stack of Fig. 1 (a) 

eventually causes total internal reflection of photoluminescence at the perovskite/SiO2 interface 

due to the lower refractive index of SiO2 (𝑛𝑛r,SiO2 ≈ 1.4)32 compared to perovskite (𝑛𝑛r,pero ≈

2.6)33 at photon energies around (1.4 – 1.9) eV, i. e. in the range of the perovskite 

photoluminescence. Consequently, all photons emitted in angles larger than the critical angle of 

total internal reflection 𝜃𝜃c ≳ 35∘ are expected to be emitted into modes guided within the 

perovskite layer which are eventually reabsorbed. Waveguide modes have been observed for 

similar stacks.34 In the case of the 2.3 nm-thin SiO2 layer (Fig. 1 (b)), the light reflectance is 

strongly suppressed through evanescent light coupling. Therefore, radiation is efficiently coupled 

into the silicon wafer (𝑛𝑛r,Si ≈ 3.7),35 where it is directly absorbed. We use a thin residual layer of 

SiO2 to enable sufficient wetting by the perovskite solution, because solution-processed 

perovskites on top of bare silicon cannot be realized due to inadequate adhesion. Furthermore, 

electrically insulating SiO2 prevents charge transfer from perovskite into silicon, which would 

hamper the analysis of photoluminescence transients because the effect of charge carrier 

quenching on the shapes of transients is not easily unraveled.36–38 By employing SiO2 as 

substrate for the growth of perovskite in both stack designs, the formation of crystalline 

perovskite with comparable quality can be ensured, which will be confirmed below. 

Both samples finish with the perovskite layer and thus have the same interface with a 

surrounding medium in common, which is nitrogen as an inert atmosphere for the 

photoluminescence measurements. For optical simulations, we assume a non-absorbing medium 
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with a refractive index of 𝑛𝑛r = 1, which we denote here as air. The amount of photon recycling 

is tuned by the underlying layer structure alone. Thus, if there is a substantial amount of radiative 

recombination, the structure embedding the thick silicon dioxide layer is expected to show a 

pronounced effect of photon recycling, while the structure with the thin silicon dioxide layer will 

result in a reduced amount of photon recycling on the other hand. 

 

  

Figure 1. Schematic depiction of the experimental stack designs that allow us to manipulate 

reabsorption by modifying parasitic absorption. Isotropic photon emission arising from radiative 

electron-hole annihilation inside the perovskite layers (~340 nm) is indicated as a circle. The 

colored circular segments illustrate various emission cones, which facilitate photon outcoupling 

(blue), parasitic photon absorption (red) by entering the crystalline silicon wafer (250 µm), and 

photon reabsorption (green), respectively. By significantly changing the thickness of the low 

refractive silicon dioxide layer embedded between perovskite and crystalline silicon from 

200 nm in (a) to 2.3 nm in (b), the probabilities of parasitic absorption (𝑝𝑝a), outcoupling (𝑝𝑝e) as 

well as of photon recycling (𝑝𝑝r) are tuned. The corresponding values derived from optical 

simulations are indicated. 
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As a consequence, the corresponding externally measured radiative decay rates of the 

layers are expected to be different (see Eq. (3)). In order to investigate the (radiative) 

recombination dynamics, we show time-resolved photoluminescence (TRPL) spectroscopy 

measurements of the perovskite films on top of the two distinct layer stacks in Fig. 2. Here, green 

symbols represent the sample with the embedded 200 nm-thick silicon dioxide layer, whereas red 

symbols mark the TRPL data for the stack with the 2.3 nm-thin silicon dioxide layer. In the 

normalized depiction of Fig. 2 (a), the decay dynamics at low excitation fluences (0.12 µJ/cm2, 

circles) are found to be equal for the two samples. As trap-assisted Shockley-Read-Hall 

mechanisms govern recombination upon low level injection conditions,25,39,28 the two stacks are 

best comparable concerning the influence of defects within the perovskite films. When higher 

excitation fluences are applied, the photoluminescence transients of the two stacks clearly 

diverge. This finding can be explained by differences in higher order recombination kinetics as 

one would expect from the experimental design. In order to quantify these observations, the 

experimental decay curves in Fig. 2 (b) are globally fitted according to the commonly applied 

recombination model in order to derive Shockley-Read-Hall, radiative and Auger recombination 

parameters. In doing so, the obtained TRPL intensity 𝐼𝐼(𝑡𝑡) is a function of the transient excess-

charge carrier concentration 𝑛𝑛(𝑡𝑡) and is expressed under high level injection conditions as 

𝐼𝐼(𝑡𝑡) ∝ 𝑘𝑘radext𝑛𝑛(𝑡𝑡)2.     (1) 

Here, 𝑘𝑘radext  denotes the externally observed radiative recombination coefficient. In order to 

simulate the TRPL decays, the excess-charge carrier concentration 𝑛𝑛(𝑡𝑡) has to be modeled by 

solving the continuity equation25,29 numerically 

𝜕𝜕𝜕𝜕(𝑡𝑡)
𝜕𝜕𝜕𝜕

= 𝐺𝐺exc(𝑡𝑡) − 𝐶𝐶𝑛𝑛(𝑡𝑡)3 − 𝑘𝑘ext𝑛𝑛(𝑡𝑡)2 − 𝑛𝑛(𝑡𝑡)
𝜏𝜏SRH

,   (2) 
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where 𝐺𝐺exc(𝑡𝑡) represents the temporary generation rate due to the excitation pulse (see 

supporting material for more details), 𝐶𝐶 denotes the Auger recombination coefficient and 𝜏𝜏SRH is 

the lifetime attributed to Shockley-Read-Hall recombination statistics. Here, 𝑘𝑘ext indicates the 

externally observed bimolecular recombination coefficient, which is the sum of 𝑘𝑘radext  and a 

potential non-radiative contribution 𝑘𝑘nrad as proposed by Richter et al.31 

 

Table 1. Recombination parameters (Auger recombination coefficient 𝐶𝐶, external bimolecular 

recombination coefficient 𝑘𝑘ext and Shockley-Read-Hall lifetime 𝜏𝜏SRH) derived from global fits of 

the respective time-resolved decays obtained from two samples of the same layer sequence 

perovskite/SiO2/Si but with different silicon dioxide thicknesses, namely 200 nm and 2.3 nm. 

SiO2 thickness 𝑘𝑘ext (cm3s−1) 𝐶𝐶 (cm6s−1) 𝜏𝜏SRH (ns) 

200 nm (4.6 ± 0.2) × 10−11 (8.0 ± 2.1) × 10−29 870 ± 140 

2.3 nm (6.3 ± 0.3) × 10−11 (9.7 ± 1.4) × 10−29 990 ± 150 
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Figure 2. (a) Measured normalized time-resolved photoluminescence decays of perovskite films 

on top of two layer stacks with different silicon dioxide thicknesses: perovskite/200 nm SiO2/Si 

(green symbols) and perovskite/2.3 nm SiO2/Si (red symbols). Panel (b) shows a selection of the 

same experimental data without normalization. Equal excitation fluences are applied for both 

layer stacks (15 µJ/cm2 (squares), 1.2 µJ/cm2 (triangles) and 0.12 µJ/cm2 (circles)). The solid 

lines represent fitted photoluminescence transients. 

 

A good agreement between the globally simulated photoluminescence transients with the 

experimental data is demonstrated in Fig. 2 (b). The recombination parameters obtained from the 
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fits are listed in Tab. 1. While the SRH lifetimes as well as the Auger recombination coefficients 

each coincide within the error margins, the external bimolecular recombination coefficients 𝑘𝑘ext 

vary by a factor of 𝑘𝑘ratioext = 𝑘𝑘2ext 𝑘𝑘200ext⁄ ≈ 1.4. Here and in the following, the indices “200” and 

“2” of stated physical quantities relate to the layer stacks exhibiting the 200 nm-thick and the 2.3 

nm-thin silicon dioxide layer, respectively. The external radiative recombination coefficient 𝑘𝑘radext  

is reduced with respect to the internal radiative recombination coefficient 𝑘𝑘radint  due to photon 

recycling events25 

𝑘𝑘radext = (1 − 𝑝𝑝r)𝑘𝑘radint .     (3) 

For the investigated samples, 𝑘𝑘2ext is found to be 1.4 times larger than 𝑘𝑘200ext , which, according to 

Eq. (3), we can directly relate to a smaller probability 𝑝𝑝r,2 of photon recycling compared to 

𝑝𝑝r,200. Taking a non-radiative bimolecular contribution 𝑘𝑘nrad into account, we find 

𝑘𝑘ratioext =
𝑘𝑘rad,2
ext +𝑘𝑘nrad

𝑘𝑘rad,200
ext +𝑘𝑘nrad

= �1−𝑝𝑝r,2�𝑘𝑘rad
int +𝑘𝑘nrad

�1−𝑝𝑝r,200�𝑘𝑘rad
int +𝑘𝑘nrad

= �1−𝑝𝑝r,2�𝜅𝜅+1−𝜅𝜅
(1−𝑝𝑝r,200)𝜅𝜅+1−𝜅𝜅

= 1−𝑝𝑝r,2𝜅𝜅
1−𝑝𝑝r,200𝜅𝜅

.  (4) 

Here, 𝑘𝑘radint  is assumed to be an intrinsic material property and, thus, is considered to be identical 

in both perovskite layers. As the origin of 𝑘𝑘nrad remains unknown, it is not clear whether 𝑘𝑘nrad 

can also be treated as a material-specific, intrinsic parameter. Besides, 𝑘𝑘nrad could be coupled to 

defect-related recombination in the sample. However, as similar trap-assisted Shockley-Read-

Hall lifetimes are obtained for both stacks, also 𝑘𝑘nrad should be rather identical in this scenario. 

For the last two terms in Eq. (4), we made use of the definition of the radiative fraction 

𝜅𝜅 = 𝑘𝑘rad
int

𝑘𝑘rad
int +𝑘𝑘nrad

.     (5) 

Solving Eq. (4) for 𝜅𝜅, finally yields 
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𝜅𝜅 = 𝑘𝑘ratio
ext −1

𝑝𝑝r,200𝑘𝑘ratio
ext − 𝑝𝑝r,2

.     (6) 

Thus, with the knowledge of the experimental ratio 𝑘𝑘ratioext ≈ 1.4 and the 𝑝𝑝r values of both 

samples, we are not only able to verify the existence of a non-radiative bimolecular 

recombination channel but also estimate the fraction 𝜅𝜅 of radiative, quadratic recombination. 

Figure 3 illustrates Eq. (6) and shows which radiative fraction 𝜅𝜅 can be expected for a 

combination of possible photon recycling probabilities 𝑝𝑝r,2 and 𝑝𝑝r,200. 
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Figure 3. Simulated radiative fraction 𝜅𝜅 of the bimolecular recombination coefficient 𝑘𝑘int 

according to Eq. (6) with a fixed 𝑘𝑘ratioext = 1.4 for a combination of photon recycling probabilities 

of the two layer stacks with different silicon dioxide thicknesses of 200nm (𝑝𝑝r,200) and 2.3nm 

(𝑝𝑝r,2), respectively. The black sphere marks the situation of the best fit from the optical 

simulations resulting in 𝜅𝜅 ≈ 0.66, when the amount of diffuse internal reflection at the rough 

perovskite/air interface becomes 𝑝𝑝diff ≈ 0.7. 

 

Thus, we have to determine the photon recycling probabilities 𝑝𝑝r,2 and 𝑝𝑝r,200 in order to 

calculate the radiative fraction 𝜅𝜅. As previously explained, internally emitted photons can either 

only escape, be parasitically absorbed or be reabsorbed. Thus by estimating the probability of 
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emission 𝑝𝑝e and parasitic absorption 𝑝𝑝a, we derive the probability of photon recycling 𝑝𝑝r 

ultimately by 𝑝𝑝r = 1 − 𝑝𝑝e − 𝑝𝑝a. As shown in Ref. 8, the outcoupling probability 𝑝𝑝e is defined by 

𝑝𝑝e =
𝜀𝜀out ∫ 𝐴𝐴fsi(𝐸𝐸)𝜙𝜙bb(𝐸𝐸) d𝐸𝐸∞

0

∫ ∫4𝑛𝑛r,pero
2 π 𝑑𝑑 𝛼𝛼(𝐸𝐸)𝜙𝜙bb(𝐸𝐸) d𝑆𝑆 d𝐸𝐸∞

0
,    (7) 

where the numerator stands for the outgoing photon flux calculated from the absorptance 𝐴𝐴fsi(𝐸𝐸) 

and the denominator for the total of the internal radiative recombination inside the absorber 

layer.8 In Eq. (7) the absorptance 𝐴𝐴fsi(𝐸𝐸) of the perovskite layer is defined for the illumination 

from the air side, here denoted as front side illumination. Furthermore, 𝛼𝛼(𝐸𝐸) is the absorption 

coefficient, d𝑆𝑆 corresponds to a surface area element, 𝑑𝑑 refers to the thickness of the absorber 

layer and 𝜙𝜙bb(𝐸𝐸) is the black body radiation flux defined as 

𝜙𝜙bb(𝐸𝐸) = 2𝐸𝐸2

h3c2
1

exp[𝐸𝐸/(𝑘𝑘B𝑇𝑇)−1],     (8) 

with h being Planck’s constant, c being the speed of light in vacuum. The Boltzmann constant is 

denoted as 𝑘𝑘B and 𝑇𝑇 indicates the temperature of the sample. 𝜀𝜀out in Eq. (7) denotes the étendue 

of outgoing light, which measures the “spread out” of light rays propagating through a surface 

element into a medium of refractive index 𝑛𝑛r,out and are confined to a solid angle dΩ 

d𝜀𝜀out = 𝑛𝑛r,out
2 d𝑆𝑆 cos 𝜃𝜃 dΩ.     (9) 

Consequently, photon emission into the hemisphere of air requires an outgoing étendue of 

d𝜀𝜀out = πd𝑆𝑆 and Eq. (7) becomes 

𝑝𝑝e = ∫ 𝐴𝐴fsi(𝐸𝐸)𝜙𝜙bb(𝐸𝐸) d𝐸𝐸∞
0

∫ 4𝑛𝑛r,pero
2  𝑑𝑑 𝛼𝛼(𝐸𝐸)𝜙𝜙bb(𝐸𝐸) d𝐸𝐸∞

0
.    (10) 
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The probability of parasitic absorption is quite difficult to calculate in a general case. However, 

the samples shown in Fig. 1 are designed such that parasitic absorption is dominated by the light 

coupling into the Si substrate. Thus, for this specific case, we can calculate the probability of 

parasitic absorption in analogy to Eq. (10) by looking at the emission into the Si substrate and 

obtain 

𝑝𝑝a = ∫ 𝑛𝑛r,Si
2 𝐴𝐴bsi(𝐸𝐸)𝜙𝜙bb(𝐸𝐸) d𝐸𝐸∞

0

∫ 4𝑛𝑛r,pero
2  𝑑𝑑 𝛼𝛼(𝐸𝐸)𝜙𝜙bb(𝐸𝐸) d𝐸𝐸∞

0
.    (11) 

In this case, the absorptance 𝐴𝐴bsi(𝐸𝐸) has to be simulated for radiation coupled into the perovskite 

film from the silicon halfspace; i. e. upon back side illumination. As stated before, with the 

knowledge of 𝑝𝑝a and 𝑝𝑝e, the probability of photon recycling is found based on 𝑝𝑝r = 1 − 𝑝𝑝e − 𝑝𝑝a. 

The absorptances needed in order to determine the various probabilities are calculated by 

a combination of a coherent transfer matrix method (TMM),40 which is valid for the simulation 

of flat layer stacks, and an incoherent light trapping (LT) approach according to analytical 

solutions derived by Green.41 Here, we take Lambertian light scattering at the perovskite/air 

interface into account, because this particular interface appears to be rough due to similar derived 

root-mean-square surface roughnesses of 𝑅𝑅rms,200 ≈ 45 nm and 𝑅𝑅rms,2 ≈ 51 nm from atomic 

force microscopy (AFM) images. Further information on the perovskite surface topography and 

the optical simulations can be found in the supporting information. By assuming that the 

absorptance in the absorber layer is obtained based on a combination of diffuse and specular 

internal reflection at the perovskite/air interface, we weight the corresponding absorptances by 

applying a haze factor 𝑝𝑝diff according to 

𝐴𝐴(𝑝𝑝diff) = 𝑝𝑝diff𝐴𝐴LT + (1 − 𝑝𝑝diff)𝐴𝐴TMM,    (12) 
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where 𝐴𝐴LT and 𝐴𝐴TMM are the absorptances derived by assuming ideal Lambertian light trapping 

and strictly flat interfaces based on TMM, respectively. Haze parameters are commonly used to 

describe scattering properties of e. g. textured glass/TCO substrates.42,43 In order to determine the 

relevant diffusive amount 𝑝𝑝diff in our samples, we use the absorptances 𝐴𝐴fsi(𝑝𝑝diff) from Eq. (12) 

to fit the measured PL spectra (emitted photon flux 𝜙𝜙PL(𝐸𝐸)) according to44,45 

𝜙𝜙PL(𝐸𝐸) ∝ 𝐴𝐴fsi(𝐸𝐸)𝐸𝐸2 exp[−𝐸𝐸/(𝑘𝑘B𝑇𝑇)].    (13) 

The simulated PL spectra according to Eq. (13) are indicated in Fig. 4 as solid lines and match 

the experimental spectra best for 𝑝𝑝diff ≈ 0.7. The measured PL spectra of both samples are 

shown in Fig. 4 as green and red squares for the sample with the 200 nm-thick and 2.3 nm-thin 

silicon dioxide layer, respectively. A shift of the photoluminescence peak positions between the 

samples is visible. Additionally, the overall steady state PL intensity of the perovskite film on 

top of the 200 nm-thick SiO2 layer is about 2.5 times higher than on top of the 2.3 nm-thin SiO2 

layer. This finding is also apparent from the TRPL data at 𝑡𝑡 =  0 in Fig. 2 (b). As the black body 

radiation is exponentially decreasing towards higher photon energies, the resulting emission flux 

𝜙𝜙PL(𝐸𝐸) according to Eq. (13) is amplified for absorption in the small photon energy range. Due 

to varying absorption onsets of the samples (see supporting information for more details) 

according to different optical stack designs, the emission fluxes seen in Fig. 4 differ significantly 

in shape and intensity. 
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Figure 4. Measured steady state photoluminescence spectra of perovskite films coated on top of a 

200 nm-thick (green squares) and a 2.3 nm-thin silicon dioxide layer (red squares). The solid 

lines represent simulations of the spectra assuming a fraction of internal diffuse light scattering 

of 𝑝𝑝diff = 0.7 at the air/perovskite interface. 

 

Identifying a perovskite surface roughness of 𝑅𝑅rms = 50 nm, van Eerden et al.46 rely on 

a similar diffuse share of 𝑝𝑝diff = 0.5 in their optical calculations. The resulting probabilities for 

photon recycling, parasitic absorption and outcoupling derived from Eq. (10) and (11) are 

indicated in Fig. 1 for 𝑝𝑝diff ≈ 0.7. Finally, the obtained photon recycling probabilities of 𝑝𝑝r,200 ≈

0.74 and 𝑝𝑝r,2 ≈ 0.44 result in a radiative fraction of 𝜅𝜅 ≈ 0.66 (see black sphere in Fig. 3), i. e. a 

significant amount of non-radiative bimolecular recombination is revealed. 

We note that the existence of a non-radiative bimolecular recombination channel already 

sets an upper limit of 66 % to the internal luminescence quantum efficiency, which is in direct 
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contrast to findings derived from laser cooling experiments on perovskite single crystals, where 

Ha et al.47 report external luminescence quantum efficiencies well above 90 %. Therefore, 

questions arise about the origin of the non-radiative bimolecular recombination mechanism and 

to what extent the sample type has an influence, e. g. in the form of significantly different 

amounts of defects present in perovskite thin films and single crystals, respectively.48–52 Richter 

et al.31 propose trap-assisted Auger recombination processes as possible cause of non-radiative 

bimolecular recombination in lead halide perovskites. These mechanisms involve transitions 

between two free charge carriers and an unoccupied trap or a bound carrier, respectively, and 

ultimately appear bimolecular.53–55 Consequently, trap-assisted Auger recombination as possible 

non-radiative bimolecular decay channel would be more relevant for polycrystalline thin films 

than for pure single crystals assuming that the latter have lower defect densities. This finding 

could be a possible explanation of the significant differences in the obtained luminescence 

quantum efficiencies. 

In conclusion, time-resolved photoluminescence measurements have demonstrated that 

the externally measured radiative decay rates and photon recycling probabilities in metal halide 

perovskite films can be controlled by the optical design of the substrate layers. Different designs 

have been realized by different thicknesses of a thermally grown oxide on a silicon wafer 

warranting that the growth and the structural properties of the metal halide perovskite films are 

the same for each type of substrate. The latter fact is proven by nearly identical SRH lifetimes for 

both films. In contrast, varying external decay rates unveil the fundamental physical fact that 

external radiative decay rates and their difference to the internal radiative recombination rate are 

controlled by optics alone. Optical simulations based on a combination of coherent and 

incoherent effects consistently explain the dependence of emission spectra and decay rates on the 
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SiO2 thickness. Furthermore, the comparison between experiment and simulation suggests that 

the internal bimolecular recombination coefficient 𝑘𝑘int (intrinsic parameter without photon 

recycling events) is not 100 % radiative but contains a non-radiative contribution of about (1 −

𝜅𝜅) ≈ 34 %, which is close to the value (1 − 𝜅𝜅) ≈ 24 % for MAPI3-xClx reported by Richter et 

al.31 Such a non-radiative bimolecular recombination channel affects the limiting radiative 

efficiency of metal halide perovskites, because it will reduce the maximum efficiency of 

perovskite solar cells. While there is currently no clear understanding of the origin of this non-

radiative bimolecular recombination mechanism, it should be one focus of future investigations 

on the metal-halide perovskite material system.  
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