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The dynamical processes of radiative recombination of photocarriers and reabsorption of emitted photons 
in CH3NH3PbBr3 single crystals are studied using time-resolved two-photon-excitation photoluminescence 
(PL) microscopy. We find that the PL spectrum and its decay dynamics depend on the excitation depth 
profile. As the excitation depth increases, the PL spectrum becomes asymmetric, the peak energy redshifts, 
and the PL decay time becomes longer. These observations can be well explained by a simple model 
including photon recycling (photon emission and reabsorption) in thick samples with strong band-to-band 
transitions and high radiative recombination efficiencies. 
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I. INTRODUCTION 

Outstanding progress has been made in lead-halide 
perovskite CH3NH3PbX3 (X=I, Br, Cl) solar cells since the 
first report in 2009 [1]. Thin-film solar cells based on 
perovskite CH3NH3PbI3 have shown a rapid increase in 
conversion efficiency, now exceeding 22% [2]. 
Furthermore, lead-halide perovskite semiconductors exhibit 
remarkable properties as thin-film solar-cell materials, such 
as large absorption coefficients, low non-radiative 
recombination rates, and long carrier diffusion lengths [3-
8]. Since their absorption coefficients are comparable to 
those of GaAs, the incident photons are efficiently absorbed 
and converted to free photocarriers. Moreover, the observed 
high open-circuit voltage (~1 V) in perovskite solar cells 
suggests small losses due to non-radiative carrier 
recombination or trapping of photocarriers [9]. The non-
excitonic and long-lived free-carrier dynamics of 
perovskites enable a long diffusion of photocarriers, which 
leads to high power conversion efficiencies in solar cells 
[10-12]. In order to achieve further improvements in solar 
cell efficiency, a thorough understanding of the 
fundamental properties of lead-halide perovskite materials 
is needed. 

So far, extensive experimental studies have been carried 
out using thin-film samples, which usually exhibit a grain 
structure (typically several hundreds of nanometers in size). 
It is known that optical absorption and photoluminescence 
(PL) spectra depend on the grain structure of the thin film 
[13]. More specifically, it is considered that extrinsic 
defects and traps are formed mainly at grain boundaries 
rather than inside the grain [14]. The polycrystalline grain 
structure affects the diffusion and recombination processes 
of photocarriers in thin films. In fact, the PL dynamics of 
single crystals are different from those of polycrystalline 
thin films consisting of grains [11].  Two-photon excitation 
spectroscopy on single crystals revealed that the PL decay 

dynamics in the near-surface region under one-photon 
excitation are different from those in the interior bulk 
region under two-photon excitation [11,12]. These 
observations were explained by photon recycling in thick 
CH3NH3PbX3 (X=I, Br) perovskite single crystals [11,12], 
similar to the case of GaAs single crystals. In thick and 
highly luminescent semiconductors such as GaAs, long 
lifetimes are usually observed as a result of photon 
recycling or reabsorption of emitted photons by strong 
band-to-band transitions [15-17]. Because the evaluated PL 
efficiencies of CH3NH3PbX3 perovskites are extremely 
high [18,19], photon recycling is important for this material 
class [11,12,18]. Very recently, Pazos-Outón et al. also 
demonstrated that the photon recycling can enhance carrier 
diffusion length and device performance of perovskite solar 
cells [18], based on fitting of results of spatial-resolved PL 
and photocurrent (PC) profiles. In addition, Staub et al. 
recently evaluated the effect of photon recycling on the 
radiative lifetime in perovskite thin films [20]. In the 
photon recycling process, reabsorption of the bulk PL 
efficiently generates additional carriers. Note that in this 
case, the measured PL lifetimes and carrier diffusion 
lengths are longer than the intrinsic lifetimes and diffusion 
lengths of semiconductors, which improves the solar cell 
efficiency [21,22]. Therefore, the optical responses of thick 
CH3NH3PbX3 are complicated, and even in single crystals, 
the photocarrier dynamics still remain unclear. The 
experimental verification of the change in PL lifetime under 
various excitation conditions is important for acquiring a 
deep understanding of photon emission and reabsorption 
processes, which is essential for practical device 
applications such as solar cells and light-emitting diodes. 

In this work, we study space- and time-resolved PL 
spectra of CH3NH3PbBr3 single crystals by means of time-
resolved two-photon excitation PL microscopy. Because 
under two-photon excitation, the carrier density is 
proportional to the square of the excitation intensity, the 
photocarriers are selectively excited at the focal point, 



 

where the excitation intensity is high. By changing the focal 
point of the excitation laser, we clarify the influence of 
reabsorption on the PL from the interior region. As the 
distance between the focal point and surface increases, the 
PL peak redshifts and the PL lifetime becomes longer. This 
behavior can be explained by considering carrier diffusion 
and photon recycling. We clarify that the enhancement of 
the PL lifetime is caused by an intrinsic bulk property. The 
impact of photon recycling on the PL lifetime and carrier 
diffusion in CH3NH3PbBr3 single crystals is discussed. 

II. SAMPLES AND EXPERIMENTAL SETUP 

CH3NH3PbBr3 single crystals were fabricated by inverse 
temperature crystallization [23]. The single crystals were 
prepared from a 1.0 M N,N-dimethyl-formamide (DMF) 
solution at 110 °C. Purified lead bromide (734 mg, 2.0 
mmol) and methylammonium bromide (224 mg, 2.0 mmol) 
were dissolved in dry DMF (2.0 mL) at 70 °C by stirring. 
The resulting solution was poured into a screw-cap vial, 
which was placed on a hot plate at 110 °C for 2 days to 
produce a single crystal with dimensions of around 6 mm × 
5 mm × 2 mm. The obtained single crystals were washed 
with dry hexane before being used for the measurements. 

Time-resolved PL measurements were conducted using a 
monochromator and a streak camera; the time resolution 
was 50 ps. A femtosecond wavelength-tunable laser system 
set to a repetition rate of 200 kHz and a pulse width of 250 
fs was used for excitation. The excitation wavelength was 
1028 nm, and the excitation fluence was 120 µW. Under 
this excitation condition, we consider that the photocarrier 
density was high enough that the bimolecular 
recombination dominated the recombination dynamics. The 
microscope setup allowed us to probe at various depths by 
adjusting the focal position. A 100× objective lens was used 
to focus the excitation light and collect the fluorescence. 
The excitation and fluorescence light were separated by a 
short-pass filter. The size of the excitation spot was 
measured using a beam profiler. The excitation spot size at 
the beam waist was 4.1 µm, and the Rayleigh length of the 
excitation light was 23 µm. The sample was mounted on a 
xyz micro stage for accurate positioning. The PL image was 
monitored using a complementary metal-oxide-
semiconductor (CMOS) camera, and we defined the zero 
point of the excitation depth to when the focal point fell on 
surface of the sample. The excitation depth, d, was 
evaluated by using a micrometer scale to measure the 
distance change of the objective lens from the surface, dshift, 
and considering the refractive index via ݀ ൌ ݊ୣ୶݀ୱ୦୧୤୲,     (1) 

where nex represents the material’s refractive index for the 
excitation light (nex = 1.97) [24]. By checking the 
reproducibility of the PL spectrum, intensity, and dynamics 
before and after experiments, we confirmed that there is no 

effect due to sustained illumination of excitation light. This 
is in contrary to the long time dependence observed in thin 
films [25]. All experiments were conducted in vacuum at 
room temperature. 

III. RESULTS AND DISCUSSION 

Time-resolved PL measurements were conducted using 
two-photon excitation microscopy with different excitation 
depth profiles. The photocarriers were directly excited in 
the interior region, which suppresses extrinsic effects such 
as surface oxidation and surface recombination. Fig. 1(a) 
shows the PL spectra for different focal distances (in the 
following referred to as the excitation depth d, i.e., the 
distance of the excitation focal point from the surface) just 
after excitation (delay time: t = 0 ns). When the laser pulses 
were focused on the near surface region (d = 9.87 μm), the 
PL peak appeared at around 2.28 eV and the spectral shape 
was symmetric. As d increased, a redshift in the PL peak 
energy was observed. In addition, the high-energy side of 
the PL spectrum showed a significantly lower intensity, and 
the shape of the PL spectrum became asymmetric. Such an 
excitation-depth dependence of the PL spectrum can be 
explained in terms of the reabsorption of luminescence 
from the interior region. 

Lead-halide perovskite semiconductors exhibit strong 
band-to-band transitions, large absorption coefficients, and 
small luminescence Stokes shifts [3,6,26]. Thus, photons 
emitted by radiative band-to-band recombination should be 
reabsorbed while travelling from the interior region towards 
the surface. Photons emitted by carrier recombination in 
deep regions of the sample are unable to reach the sample 
surface. In particular, photons with energies above the 
band-gap energy are strongly absorbed in the material. 
According to the Lambert-Beer law, the transmitted light 
intensity from the excitation spot towards the surface can 
be described as follows, ܶሺܧ, ݀ሻ ൌ ݁ିఈሺாሻௗ,    (2) 

where α(E) and E represent the absorption coefficient and 
the photon energy, respectively. 

In the single crystal samples, the light emission is caused 
by spontaneous recombination. According to the van 
Roosbroeck-Shockley relation, the spontaneous emission 
spectrum γspon(E) at room temperature can be described as 
follows [27], ߛୱ୮୭୬ሺܧሻ ן ݊ሺܧሻଶܧଶߙሺܧሻ exp ቀെ ா௞B்ቁ,  (3) 

where n(E), kB, and T represent the refractive index, 
Boltzmann constant, and temperature, respectively. The 
observed PL spectrum is modified by intrinsic or extrinsic 
effects, such as thermal broadening and inhomogeneous 
broadening. The PL spectrum is also modified by photon 



 

reabsorption effect. To take the broadening and photon 
reabsorption effects into account, the PL spectrum should 
be calculated with 

ሻܧPLሺܫ ן ׭ ,ߝሻଶܶሺݖሺߩሻߝୱ୮୭୬ሺߛ ሻ݁ିቀಶషഄ഑ݖ ቁమ ୢ௭ୢఌඥగఙమஶ଴ . (4) 

Here, z, ρ(z), σ, and ε are the distance from the sample 
surface, the carrier depth profile, the Gaussian width of the 
total broadening, and photon energy. We consider that the 
electron and hole densities are proportional to ρ(z). For 
simplicity, we can approximate the carrier depth profile to a 
Dirac delta function as ρ(z) ~ δfunc(z-δ) because the carrier 
depth profile is quite sharp relative to the crystal thickness. 
Here, we introduce a mean depth, δ, which represents the 
carrier distribution. Then, Eq. (4) can be simplified as 
follows, 

ሻܧPLሺܫ ן ׬ ,ߝሻܶሺߝୱ୮୭୬ሺߛ ሻ݁ିቀಶషഄ഑ߜ ቁమ ୢఌඥగఙమஶ଴ . (5) 

The PL spectra shown in Fig. 1(a) have been numerically 
fitted using Eq. (5). The fitting parameters are the 
amplitude, δ, and σ. The absorption and refractive index 
data of a single crystal in Ref. [24] were used for fitting. At 
the low-energy side (i.e., less than 2.29 eV), we estimate a 
band tail absorption with an Urbach energy of 15 meV [26]. 
The absorption data and calculated spontaneous emission 
spectrum (see Eq. (2)) are plotted in Fig. 1(b). The peak 
energy of the spontaneous emission is located around 2.32 
eV. This value is consistent with the one-photon excitation 
PL spectra of CH3NH3PbBr3 single crystals reported 
previously [12], and is larger than all observed peak 
energies of the PL spectra in Fig. 1(a). In CH3NH3PbBr3 
single crystals, the luminescence below the band edge, 
which originates from shallow traps and defects, is 
enhanced in a similar manner as in thick III-V 
semiconductors [21,28,29]. 

 The best-fit parameters are summarized in Fig. 1(c). The 
mean depth δ varies linearly with the excitation depth. The 
Gaussian width σ increases for shallower excitation near the 
sample surface. This is a result of a broader PL spectrum 
for shallower excitation, where the photons with energy 
higher than the band edge can also escape from the sample. 

For a deeper understanding of the influence of 
reabsorption, we derive the relation between the mean 
depth δ and the excitation depth d. First, we approximate 
the carrier depth profile by a Gaussian function, 

ሻݖሺߩ ൌ ଵඥగ௪మ exp ൬െ ቀ௭ିௗ௪ ቁଶ൰.   (6) 

Here, w is the Gaussian width of the depth profile. Then, 
the mean depth δ can be described as follows, 

ሺ݀ሻߜ ൌ ׬ ௭ఘሺ௭ሻୢ௭ಮబ׬ ఘሺ௭ሻୢ௭ಮబ ൌ ݀ ൅ ௪ ୣ୶୮ቆିቀ೏ೢቁమቇ√గ ୣ୰୤ୡቀି೏ೢቁ ,  (7) 

where erfc(z) is the complementary error function. When 
fitting the data, we replace d with a(d-d0) in order to obtain 
a better fitting result. The fitting results obtained using Eq. 
(7) are also plotted as a dashed curve in Fig. 1(c). The best-
fit parameters are a = 1.3, d0 = 14 μm, and w = 5.9 μm. The 
fitting result of the data is almost linear. Therefore, the 
carrier density profile assumed in Eq. (6) is valid. 

 
Furthermore, the spatial carrier redistribution can be 

discussed by analyzing the time dependence of the PL 
spectral shape. Figures 2(a) and (c) show the time evolution 
of the PL spectra for the cases of near surface excitation (d 
= 9.9 μm) and deep excitation (d = 98.7 μm). The PL 
spectrum and dynamics depend on the excitation depth 
profile. For the case of near surface excitation (d = 9.9 μm), 
the PL peak just after excitation (t = 0 ns) is observed at 
2.28 eV, and this peak redshifts with time. Additionally, the 
spectral shape changes from symmetric to asymmetric. The 
transient carrier distribution can be evaluated by fitting the 
PL spectral shape for different delay times. The fitting 
results for the case of surface excitation with different delay 
times are summarized in Fig. 2(b). According to this figure, 
the mean depth δ increases and the Gaussian width σ 
decreases with time. These results suggest that the excited 
carriers diffuse from the sample surface towards the interior 
region. 

Now we evaluate the expected time evolution of the 
mean depth induced by carrier diffusion. Considering that 
isotropic three-dimensional (hemispherical) carrier 
diffusion occurs from the sample surface towards the 

 
FIG 1. (a) PL spectra at different focal distances (i.e., the 

distance of the excitation focal point from the surface, d) just 
after excitation (delay time: t = 0 ns). The solid blue lines are 
the fitting curves from Eq. (5). (b) Calculated spontaneous 
emission spectrum and absorption data from Ref. [24]. (c) 
Summary of fitting parameters (δ: red circle; σ: blue square). 
The dashed line is the fitting of δ by Eq. (7). 
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interior region, the Gaussian width of the depth profile can 
be described with ݓሺݐሻ ൌ ඥݓ଴ଶ ൅  (8)    ,ݐܦ4

where w0, D, and t are the Gaussian width of the depth 
profile just after excitation, the diffusion constant, and the 
delay time, respectively. In case of surface excitation 
(substituting d with 0), Eq. (7) results in 

ሻݐሺߜ ൌ ௪ሺ௧ሻ√గ ൌ ට௪బమାସ஽௧గ ,   (9) 

The time evolution of δ is fitted by Eq. (9), and the fitting 
curve is also plotted in Fig. 2(b) (dashed curve). For the 
fitting, we fixed w0 = 5.9 μm. The best-fit parameter is D = 
18 cm2/s. By using the Einstein relation, the carrier 
mobility at room temperature is estimated to be μ = 710 
cm2/Vs. Note that the diffusion constant and carrier 
mobility here do not necessarily correspond to the intrinsic 
values of this material; that is because the values estimated 
from the PL spectra include the effect of photon recycling. 
If photon recycling occurs, then the diffusion constant can 
be overestimated [30]. We note that, the device 
performance is determined by the effective mobility 
including the photon recycling effect. 

 
 For the case of deep excitation, almost no shift of the PL 

peak was observed as shown in Fig. 2(c). When d approaches ∞, the second term of Eq. (7) goes to zero. 
This means that the mean depth should be independent of 
w(t) when the excitation depth d is sufficiently large. 

Therefore, the PL peak stayed unchanged with time under 
deep excitation conditions. This behavior can be understood 
by the following mechanism. The difference of the 
transmission between d and d+Δd can be written as, ܶ߂ ൌ െି݁ߙఈௗΔ݀.    (10) 

If d is large, then ΔT goes to zero. In this case, the 
transmission spectrum hardly changes even though the 
carrier density profile changes significantly. Therefore, for 
the case of deep excitation, the PL spectrum does not 
change even if carrier diffusion occurs and photocarrier 
profiles are changed. The fitting parameters for the case of 
deep excitation with different delay times are summarized 
in Fig. 2(d). Both δ and σ are almost constant. 

In order to obtain a deeper understanding of the 
photocarrier recombination and diffusion processes, the PL 
decay curves are shown as a function of the excitation 
position in Fig. 3(a). The PL decay curves were obtained by 
spectral integration from 2.0 eV to 2.6 eV. We found that 
the PL intensities decrease non-exponentially. One possible 
explanation for this is related to the carrier diffusion 
process; more specifically, the PL decay has to be non-
exponential if carrier diffusion takes place [11,12]. In our 
prior work, the PL recombination dynamics have been 
calculated using a rate equation including carrier diffusion 
[12]. However this model is valid only for fast time ranges 
of 1 ns. In the long time regime, the PL decay should slow 
down due to the additional photon recycling effect, and thus 
the PL dynamics become more complicated. In order to 
estimate the PL lifetime of the non-exponential decay, we 
fit the PL decays by a stretched-exponential function,  

݂ሺݐሻ ൌ exp ܣ ൬െ ቀ௧ఛቁఉ൰.    (11) 

Then, we define the effective lifetime τeff with, ߬ୣ୤୤ ൌ ఛఉ Γ ቀଵఉቁ,     (12) 

where Γ(z) is the Gamma function. We use the effective 
lifetime for discussing the excitation-depth dependence of 
the PL dynamics. The effective lifetimes for different 
excitation depths are summarized in Fig. 3(b). Here it can 
be seen that the PL lifetime becomes longer as δ increases. 
There are two possible mechanisms for this. The first is the 
enhancement of the emission below the band-edge, which 
is due to photon reabsorption and carrier relaxation. When 
the excitation depth is large, the photons emitted above the 
band-gap cannot reach the surface because of strong 
absorption in the sample. Only the lower-energy 
luminescence can pass through the thick sample. The 
second reason is the photon recycling. Because of photon 
reabsorption in combination with high luminescence yields, 
photocarriers are generated again and the PL lifetime 

 
FIG 2. (a) Time evolution of PL spectra for the case of near 

surface excitation (d = 9.9 μm). (b) Fitting results of the PL 
spectra with different delay times for near surface excitation. 
The dashed curve is the fitting result from Eq. (9). (c) Time 
evolution of PL spectra for the case of deep excitation (d = 
98.7 μm). (d) Fitting results of the PL spectra with different 
delay times for deep excitation. 
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becomes longer owing to cycles of recombination of 
regenerated carriers, luminescence, and reabsorption. 

In order to analyze the photon recycling effect on the PL 
lifetime, we use a very simple model that takes into account 
carrier diffusion, recombination, light propagation, and 
reabsorption. The details of this model are available in 
Appendix. According to this model, the PL lifetime 
including photon recycling can be described as (see Eq. 
(A8) in Appendix), 

ଵఛ౛౜౜ ൌ ଵఛಮ ൅ ቀ ଵఛబ െ ଵఛಮቁ exp ቀെ ఋ௅PRቁ.  (13) 

Here, τ0 corresponds to the PL lifetime without the photon 
recycling effect and τ∞ corresponds to the limit of the PL 
lifetime in δ → ∞. LPR is proportional to the carrier 
diffusion length, the photon propagation length, and the 
fraction of photons contributing to one cycle of photon 
recycling (see Eq. (A10) in Appendix). In this equation, τeff 
approaches τ0 when δ goes to 0. Using Eq. (13), we are able 
to analyze the effective-depth dependence of the PL 
lifetime. 

The fitting results obtained using Eq. (13) are plotted as a 
dashed curve in Fig. 3(b). We obtain the best fit for τ∞ = 71 
ns, τ0 = 20 ns, and LPR = 4.2 μm. The value of τ∞ 
corresponds to the typical value of the PL lifetime in 
perovskite thin films [31,32]. We confirm that the PL 
lifetime without the photon recycling effect τ0 is shorter 
than τ∞. This result shows that the PL lifetime is extended 
by photon recycling as the effective depth increases. Our 
calculation suggests that the long PL lifetimes of perovskite 
thin films is a result of the photon recycling effect. Previous 
results of spatial-resolved steady-state PL and PC profiles 
on thin films and devices showed an enhancement of PC 
intensity and carrier diffusion in solar cell device by photon 
recycling [18]. Our observation of the carrier lifetime 
evidences that the effective carrier diffusion is in fact 
enhanced by the photon recycling effect. The space- and 
time-resolved spectroscopy reveals that the enhancement of 
the PL lifetime is an intrinsic bulk effect rather than the 
extrinsic surface effect in perovskites. 

 

According to our model, the internal luminescence yield 
ΦPL can be written as follows (see Eq. (A11) in Appendix), ΦPL ൌ ఛಮିఛబఛಮିఎഀఛబ,    (14) 

where ηα (= 0.54, as shown in Appendix) is the fraction of 
re-absorbed photons. We obtain ΦPL = 0.85. The high value 
of ΦPL is consistent with previous reports on nanocrystals 
and films [18,19,33]. In contrary to the high luminescence 
yields of nanocrystals, low external PL yields have been 
reported for bulk [34]. The findings in this letter prove that 
the bulk yield is reduced due to strong reabsorption. The 
high internal luminescence yield means that perovskite 
semiconductors have a high potential for optoelectronic 
devices, such as solar cell, light emitting diode, and laser. 

IV. CONCULUSION 

In conclusion, we investigated the photocarrier dynamics 
in CH3NH3PbBr3 single crystals using time-resolved two-
photon excitation PL microscopy. We found that the PL 
spectral shape and PL decay dynamics depend on the depth 
of the excited and monitored region. As the excitation depth 
increased, the peak of the PL clearly redshifted and the 
lifetime became longer. Furthermore, the PL peak 
redshifted with time when the carriers were excited near the 
surface. These observations can be well explained by a 
simple model including photocarrier diffusion and photon 
recycling effects. Our data suggest that photon reabsorption 
plays an important role in the PL dynamics of perovskite 
materials. According to the findings of this study, it is 
apparent that lead-halide perovskite semiconductors have a 
huge potential for use in optoelectronic device applications 
due to high luminescence yields. 
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APPENDIX 

In order to analyze the photon recycling effect on the PL 
lifetime, we use a very simple model that takes into account 
carrier diffusion, recombination, light propagation, and 
reabsorption. First, we consider the PL lifetime τ0 for the 
case without photon recycling. The excited carriers relax by 
two paths – namely, radiative and non-radiative 
recombination. Accordingly, the following relation holds 

ଵఛబ ൌ ଵఛR ൅ ଵఛNR.     (A1) 

Here, τR and τNR are the radiative and non-radiative 
recombination lifetimes, respectively. The internal 
luminescence yield ΦPL can be written as 

 
FIG 3. (a) PL decay curves for different excitation depths. 

(b) Effective lifetime for different excitation depths. Effective 
lifetimes are determined from a stretched exponential 
function. The dashed line is the fitting curve from Eq. (13). 
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ΦPL ൌ ఛబఛR.     (A2) 

Second, we consider the reabsorption effect. The effective 
absorption coefficient αi can be described with 

௜ߙ ൌ ׬ ఈሺாሻఊ౩౦౥౤ሺாሻୢாಮబ ׬ ఊ౩౦౥౤ሺாሻୢாಮబ ,    (A3) 

where E, α(E) and γspon(E) are the photon energy, the 
absorption coefficient and the spontaneous emission 
spectrum, respectively. We define the photon propagation 
length as Lα ≡ 1/αi, which indicates the average distance 
traveled by emitted photons propagating through the 
sample. Using Ref. [24], we obtain Lα = 0.34 μm. The 
fraction of reabsorbed photons ηα can be written with the 
following equation, 

ఈߟ ൌ ׬ ൫ଵି௘షഀሺಶሻಽഀ൯ఊ౩౦౥౤ሺாሻୢாಮబ ׬ ఊ౩౦౥౤ሺாሻୢாಮబ .   (A4) 

By evaluating this, we obtain ηα = 0.54. One cycle of 
photon recycling can be imagined as follows. When photon 
recycling occurs, the excited carriers recombine and emit 
photons, and the emitted photons are reabsorbed and excite 
carriers again. Assuming that one electron-hole pair is 
excited by one photon, the fraction of photons contributing 
to one cycle of photon recycling ηPR can be described as 
follows, ߟPR ൌ ΦPLߟఈ.     (A5) 

Third, we estimate the repetition of photon recycling of the 
carriers excited at the mean depth δ. We suppose that the 
carriers recombine and emit photons after three-
dimensional diffusion with diffusion length LD given with ܮD ൌ ඥ6߬ܦ଴.     (A6) 

The emitted photons are reabsorbed and excite carriers 
again after propagating in the sample with the photon 
propagation length Lα. The repetition of this cycle can be 
approximated with 

PܰR ൌ ఋට௅ವమା௅ഀమ.    (A7) 

When photon recycling occurs NPR times, the radiative 
recombination rate is modified according to 1/߬R ՜ሺߟPRሻேPR/߬R . By way of contrast, the non-radiative 
recombination rate is modified according to 1/߬NR ՜ሺ1 െ ሺߟPRሻேPRାଵሻ/ሺ1 െ PRሻ/߬NRߟ  because the non-
radiative decay path exists in every cycle of photon 
recycling. At this point, the PL lifetime including photon 
recycling can be described as 

ଵఛ౛౜౜ ൌ ଵఛR ሺߟPRሻேPR ൅ ଵఛNR ଵିሺఎPRሻಿPRశభଵିఎPR   

      ൌ ଵఛಮ ൅ ቀ ଵఛబ െ ଵఛಮቁ exp ቀെ ఋ௅PRቁ,  (A8) 

where 

ଵఛಮ ൌ ଵఛNR ଵଵିఎPR,     (A9) ܮPR ൌ ට௅ವమା௅ഀమି ୪୬ሺఎPRሻ .    (A10) 

Here, τ∞ corresponds to the lifetime in the limit of δ → ∞. 
When δ approaches 0, τeff goes to τ0. 
According to Eqs. (S1), (S2), (S5), and (S9), ΦPL can be 
written as follows, ΦPL ൌ ఛಮିఛబఛಮିఎഀఛబ.    (A11) 

Now, we can evaluate ΦPL from Eq. (A11). 
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