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Mling and carrier diffusion are the two plausible processes that primarily affect the carrier
i halide perovskites, and therefore the evaluation of the performance of their photovoltaic
andlp devices. However, it is still challenging to isolate their individual contributions because
S8@8MEcsult in a similar emission redshift. Herein, we confirm that photon recycling is the
iodect responsible for the observed redshifted emission. By applying one- and two-photon
corffocal emission microscopy on Ruddlesden—Popper type two-dimensional (2D) perovskites, of
w}hlane carrier diffusion is strictly supressed, the substantial PL redshift (72 meV) is well
rep y the photon transport model. A comparison of 3D bulk CH;NH;PbBr; single crystal to

2 by depth resolved two-photon PL spectra reveals the contribution of carrier diffusion on
ener, sport at a distance beyond diffusion length is constantly negligible, though the carrier
dif i eed exists in the 3D crystal. Our investigation resolves the fundamental confusion and

IT, ndmg the issue and provides significant insights into carrier kinetics in perovskites, which
is important for future developments in solar cells and other optoelectronic devices.

1. Introdu

The e ead halide perovskites have attracted enormous attention due to their excellent

oelectronic applications, such as solar cells,*” light emitting devices (LEDs),®*"!

and lasers."**"! Regarding the solar cells, the diffusion of photogenerated
oton recycling are the two possible energy transport pathways that could affect the
internal carrier dynamics and device performances.[18'21] Both processes may cause a similar
influence ifithe external emission wavelength. Whereas, their influences on carrier lifetime, external
photoluminescence (PL) quantum vyield (QY), as well as open-circuit voltage (Voc) and efficiency of
the solar c @ ifferent."®* Photon recycling refers to the regeneration of an excitation via the

self-reabsorption of emission from recombining photo-generated charge pairs.“gl For solar cells,

[18-21] pq

generally, ghe performance can be boosted by a highly efficient photon recycling process.
demonstra iously, photon- recyclmg will boost an additional open-circuit voltage (AVO )
according kTCIn( ) where k is the Boltzmann constant, g is the elementary

charge of n, T¢ is the cell temperature, 1y is the internal quantum efficiency, and p,- is the

probability of n recycling. On the other hand, for LEDs, strong photon recycling implies a low

This article is protected by copyright. All rights reserved.

2



WILEY-VCH

out-coupling probability (1.s.), which is detrimental for external efficiency. For example, an internal
PL QY lower than 95% can result in an external PL QY lower than 50%.™ Moreover the photophysics
behind Wcling and carrier diffusion are different. The high photon recycling efficiency
generally r a large overlapping of its PL spectrum with the absorption spectrum, a strong
photon co&nd a high-internal PL quantum yield.!"*?% While long carrier diffusion length is
ensuredsbyslemgseanrier lifetime, high carrier mobility, and low defect density.”>?”! These two energy
transport imply different applications, therefore, it is crucial to evaluate the contributions

of photon cliig and carrier diffusion in lead halide perovskites.

In perovskites, very long diffusion lengths exceeding one micron in solution-fabricated films and

hundreds rofifs in single crystals have been reported,’””?” enabling the radiative recombination

SCI

of charge t positions far away from the excitation spot. On the other hand, due to the

highly efficient d-to-band transitions, large absorption coefficients, and small luminescence

3

Stokes-shiftsgemathe recycling possibility of luminescence photons is also quite high.®!%3038

A

Conseque there has been a fierce debate whether carrier diffusion or photon recycling,

[18,19,39-41]

dominates rgy transport and internal recombination processes in perovskites.

Friend’s gheu claimed that photon recycling plays a pivotal role on power conversion

d

efficien

LEDs and solar cells."®**! On the other hand, Huang’s group suggested the role

of photon re is minor, highlighting the intrinsically long carrier recombination lifetime instead

of the

Iength.[39'41]

cling-induced photon propagation as the origin of their long carrier diffusion

M

This as frequently investigated by the PL variation as a function of separation of

—
-,

are different, thereby allowing photo-generated carriers or emission photons to

excitation ssion position.[19'42'43] In these experiments, the excitation spot and emission
collection
travel inte ore measurements. For example, when the excitation beam is irradiated on the

front o

n

e crystal, the PL emission spectra collected from the front and from the rear of

[

the crys rent, which is explained by the pure photon reabsorption process.[42] Tian et al

measured | single-crystal MAPbIl; (MA=CH;NH;) and MAPbBr; nanowires (NWs) and

U

nanoplate ing PL-scanned imaging microscopy with a galvano-mirror./*® The excitation laser

spot was n a specific position of the NWs and NPs, and the PL signal collection spot was

A
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changed over the entire sample by rotating the galvano-mirror. Through monitoring the time-
resolved PL at different collection spots, carrier diffusion coefficient, charge mobility, recombination
rate COIW carrier diffusion length were determined based on a carrier diffusion model
completely ing the photon recycling effect. Besides these two contrary explanations, in many
other repo&rier diffusion and photon recycling are ambiguously included.!**3%3234 These
reports elaimmthatsenergy transport is not limited by diffusive charge transport but can occur over

long dista ugh multiple re-absorption-diffusion emission events implying the repeated

1

recycling bgfwe hotons and electron-hole pairs.*” In addition, the same physical effects were

&

also intens died by the excitation depth dependent PL or cathode-luminescence and PL of

perovskite Mt erent thickness.**¥ Very similar redshifts of the PL maximum were consistently

S

observed.! ortunately, to date, conclusions based on the same observation are often

conflicting, leadin@to an unresolved puzzle.#193%43]

U

This ¢ y commonly exists in various perovskites and device studies. The confusion on

this issue Makes the photocarrier dynamics unclear and misestimation of conversion efficiency of

Fl

perovskite lar cells,”** affecting the understanding of practical devices such as solar cells
and LEDs. lar, the long carrier diffusion length is regarded as a crucial parameter leading to
the ad voltaic properties of perovskite-based solar cells. However, misunderstandings

may lead to i ct insights, for example, the underestimation of photon recycling will result in an

incorre ent of the intrinsic carrier diffusion parameters and internal recombination

vl

coefficients.

or

2. Results

th

2.1 Thickn dent photoluminescence of 2D perovskite platelets

U

A

This article is protected by copyright. All rights reserved.

4



WILEY-VCH

As shown in Figure 13, in the carrier diffusion model, the excited carriers are generated at the
excitation spot and then diffuse to other sites along the carrier gradient before radiative
recombinaoﬂus‘” A portion of the photogenerated electrons and holes may reach the PL
collection mbine. During the diffusion, the excited carriers may lose a small amount of
energy,-rermgm a redshift of emission. While in the photon recycling model (Figure 1b),

fluorescencegphqgtons are firstly emitted by the carrier recombination at the excitation spot and then

C

propagate e perovskite.’®!3%3% The photon reabsorption-emission repeats over a long

propagatiaf diStange, resulting in a reduced PL photon energy and intensity. It is worth noting the

$

photon re n without reemission, also known as inner filtering, should be distinguished from

U

t’[39]

the photo g effec see discussion in Figure S1, Supporting Information (Sl). Both carrier

diffusion aRd photon recycling can occur in perovskite, but normally they lead to similar red-shifts in

[}

peak posi gesting it is a formidable challenge to distinguish between these two

5

photophysical esses, and to quantify the contribution of each effect.

To addre challenge, a two dimensional (2D) perovskite (BA),Pbl, (BA=CH3(CH,);NH;) single

\

crystal is investigated here using combinations of thickness/depth dependent steady state PL and

time-resolg€d PL (TRPL) on confocal microscopy measurements. The Ruddlesden-Popper type 2D

£

perovskite t of well-defined inorganic perovskite layers intercalated with bulky

0

butylammo A) cations acting as spacers between these fragments (Figure 1c).*** Structural

characterizgtion of the (BA),Pbl,, including transmission electron microscopic (TEM) images, selected

a

electro ief), X-ray diffraction (XRD) pattern, and optical microscopy images can be found in

t

Figure S2-4, SI. this special multi-quantum-well structure, the carriers are therefore tightly

U

confined in the inorganic Iayers.lso] The excitons feature large binding energies and fast

A
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recombination within the quantum-well, as validated previously.[‘“] It suggests the diffusion of
photogenerated carriers in the direction perpendicular to the 2D plane is highly suppressed (Figure
S5, SI). Acw‘Hﬂcroscope set-up depicted in Figure 1d is used for measuring the PL spectra and
TRPL deca smission configuration, in which the excitation beam is perpendicular to the
perovskﬂe —!ampes with various thicknesses and only emission at the focussed spot is collected by
the detectog viagthe objective due to the spatial selection of the confocal microscope. The two

objectives pendently controlled to ensure the transmitted PL is largely acquired. Further
details of Wment setup can be found in Figure S6, Sl. For such sample and detection design,
the off—axi;n originating from carrier diffusion is negligible because of the filtering effect of

the defocu by the confocal pinhole.

The ZCkite platelets with different thicknesses (d) were fabricated by a mechanical
exfoliationmand then selected by atomic force microscopy (AFM). Typical AFM images and

corresp ectra are shown in Figure 2a-f. All the exfoliated 2D perovskites are flat platelets

with lateral si m several to tens of microns. When the thickness is about 51 nm, the PL peak
appears at around 521.6 nm, with symmetric spectral shape, which can be well fitted by a Gaussian
function (F!ure 2g). As the thickness increases, a redshift in the PL peak wavelength is observed. The

PL peak m 527.8 nm when the thickness is approximately 2.2 um (Figure 2c,f). When the

O

thickness in s to 30 um and even bulk of 396 um, further redshifted emission still can be

observed. I addition, the profile of the PL spectrum becomes asymmetric. This observation is very

q

similar reports on 3D type perovskites (Table S1, SI),[19’3°’31] implying our following

{

conclusion is gen®&kally applicable. The quantum confinement caused PL redshift is excluded here

Ul

because it has onljgbeen demonstrated in 2D perovskite materials with limited monolayers.“el While

A
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in our case, 2D perovskite materials with a large layer number are employed. As plotted in Figure 2h,

the PL peak would continuously redshift to 538 nm with further increase of the thickness to ~396 um

t

(a bulk crystal

The a ectrum shown in Figure 3a is characteristic of direct bandgap excitation with
|

a strong aliorption above the band edge. The absorption coefficient (o) is up to 10* cm™, which

rapidly degf€asesWhen the photon energy is below the excitonic transition. Based on the absorption

C

coefficient, the gffect of reabsorption through the thickness of the 2D platelet was calculated using

the Beer—L3mexfeabsorption model.'>***

U

IAd) =1 —ayd). (1)

where [,(M\js_the initial emission spectrum without reabsorption, A is wavelength, and d is

thickness. he Gaussian function fitted in Figure 2g is approximately regarded as I5(4). The

d

calculated PL spéctra at different thicknesses are presented in Figure 3b. The emission spectra

continuously ift and become asymmetric as the thickness increases, which is in good

\Y

experimental results. The dependences of the PL peak position on thickness are

agreem

plotted in gigure 3c from both experimental and calculated results. The coincident relationships

[

confirm that observed PL redshift is mainly caused by the photon transport without carrier

diffusion. r, the photon recycling was further evidenced by PL measurements based on

O

reflection fode (Figure S7, SlI). And the existence of photon transport within the perovskites is

§

directly vismalized fay waveguiding effects (Figure S8, SI).

t

When the thiickness is about 30 um, a comparison of the experimental and calculated PL

Gl

spectra is sho Figure 3d. Although the peak positions are the same, the spectral shapes show

A
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some discrepancies. In detail, the experimental spectrum matches well with the calculated one in

the high energy range (500-530 nm), while the experimental spectrum shows a higher long tail

t

P

extending nm. This inconsistency is likely caused by re-emission of photon recycling, which is
not consid Beer-Lambert predictions. As discussed in Figure S1, Sl, the experimentally

coIIecteEe ission includes both the filtered photons and recycled photons.

1

The kinefles without photon recycling can be simply described by the following rate

G

equation:“g’

where n is er density and t is time, G is the generation rate of the charge density, and the

L

kin, kon present defect trapping (Shockley-Read-Hall recombination) and exciton

recombinafiio ectively.®? The radiative recombination of photogenerated carriers in multi-

dl

[47,50]

guantu cture 2D perovskites is dominated by excitons, thus it is a first-order term.

t[51]

Due to the lo er coefficien and the low excitation power density used (0.375 W/cm?), here

Auger recombination is negligible. When considering photon recycling, a photon density term y; is

added.*” s

d
d_’t‘:G+k1n—k2n (3)

where cis Se speed of light, ng is the refractive index (Figure S9, Sl). y; is described as,
@ _ ’ p, — < (a)

This article is protected by copyright. All rights reserved.
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in which Py, is the probability of the photon staying in the platelets, and P, is the probability that
light will be emitted with a given wavelength. According to these equations, the photon-recycling

process ge! s additional carriers leading to a measured PL lifetime longer than the intrinsic

lifetime, w n verified previously.%*"***%

H I
2.2 Depth endent two-photon photoluminescence of 2D perovskite crystal

i

In order tahobtaigymore robust support from carrier lifetime, the depth dependent two-photon-

C

excitation PE ( easurements are conducted, by using 960 nm femtosecond laser.” Since the

S

two-photo tion and thus TPL intensity is proportional to the square of instantaneous

U

excitation y the photocarriers are selectively excited at the focal point, where the excitation

h [30-32,34,55,56]
’

intensity isthigh enoug implying the TPL signal can be collected at a high temporal and

f

spatial resol B¢ More details of the setup can be found in Figure S6, SI. As depicted in the inset

&_

of Figure anging the focal plane of the excitation laser (960 nm), the TPL spectra are

acquire unction of depth (distance between the focal plane and surface). Obviously, photons
emitte iative recombination will experience reabsorption before being acquired by the
detector while propagation from the initial emitting spot (excitation spot) towards the surface
(emission L spot). As shown in Figure 4a and 4b, the PL peak gradually redshifts as the depth
increases, e increasing number of photon recycling for the detected PL. The TPL spectra at
depths of pm are compared with the one-photon excited PL spectra from the same 2D
perovsiﬁcknesses of 0.7 and 30 um, respectively (Figure 4c). The two independent

techniques*oth confirm that the similar PL shift as a function of the distance/thickness between the

excitation @:ﬂ detection emission. The good coincidence of the TPL and PL spectra indicates

the simqshoton transport process in thickness dependent PL and depth dependent TPL. In

This article is protected by copyright. All rights reserved.
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the TPL measurements, a high quality bulk crystal with a thickness close to one millimetre is
investigated. Moreover, the photocarriers are directly generated in the interior region, where defect
trapping i! expected to be extremely low,®**7 %% therefore the TPL decay exhibits a minor

interferen ct trapping when obtained directly at different depths (= 1 um).

H I
As sh@wn in Figure 4d, the TPL lifetime increases with depth as expected (equation 3),

4

confirming@he actiye role of the photon-recycling process rather than the simple inner filtering (the

G

TPL decay traces_are shown in Figure S10, Sl). The relationship between lifetime and depth is

S

l.,12%

numericall y the following equation developed by Yamada et a in which a carrier

diffusion term is al¥sent.

1Gl

Qe

- ) exp(— 1) (5)

Tmax Imin _ Tmax

lis the depth corresponds to the TPL lifetime without the photon recycling effect, and 7,4y

d

corresp limit of the TPL lifetime as | = oo. L, = , in which npr = n;yNg- Ly is the

a
—In(npr)

photon ion length which indicates the average distance travelled by emitted photons

Y

propagating through the sample, n, is the fraction of reabsorbed photons. n;y is the internal

1

luminesce i given by
o &N
MmN = S (6)

h ,

The fitti give Tin = 0.247 ns, T4, = 0.711ns, and Ly = 10.36 um. n;y = 0.8, when

I

assumin =10.54 according to the reference.®” These results from the depth dependent TPL

measurements arg well consistent with the conclusion that photon recycling is the dominant

U

contributor.

A
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Consequently, the important role of photon recycling for the red-shifted emission is confirmed

in 2D perovskites, but it is in the case of the absence of carrier diffusion. The contribution of carrier

t

D

diffusion is"inyestigated by the transmission-separated detection configuration illustrated in Figure
5a. As ex Figure 5b, the photon propagation lengths are almost identical when

separatBn— and 15 um. Thereby, the additional photon recycling repetition is negligible. It is

£

reasonable no discernible redshift is added in this configuration according to equation (5). However,
regarding ignal collected from the bottom, the channel for carrier diffusion is switched

on/off by n-plane separation, so that we can solely investigate the contribution of carrier

SC

diffusion g the photon recycling effect. If it is assumed in general 3D perovskites that

U

carrier dif the main pathway for energy transport and produces the redshifted PL with

extended lifetime. When the carrier diffusion channel is switched on by the in-plane separation, the

[N}

PL peak p d the TRPL collected at the bottom should significantly change, because the

d

redshifted pé€a sition and extended lifetime are the two indispensable features for the emission

detected a rgy transport. However, as shown in Figure 5c and d, no discernible changes can

\(

be obs PL peak position and TRPL at different separations (0-15 um), indicating the

carrier diffusion, when it indeed exists in general perovskites, scarcely contributes to the PL collected

{

separated from the excitation spot.

D

2.3 Depth ent two-photon photoluminescence of 3D perovskite crystal

n

w contribution of photon recycling in general 3D perovskites directly (Figure S11-

{

13, SI). T epth dependent TPL measurements are conducted on a MAPbBr; single crystal. A

similar emission ra@shift as a function of depth can be observed (Figure 6a and 6b). A comparison of

U

the TPL pe ions between 2D perovskite and 3D MAPbBr; crystal is presented in Figure 6¢c. The

A
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relationships between peak position (E(l)) and depth are fitted by exponential decay curves,
E(l) = Eqin + Egexp(—1/Ly), where Eiy + Eo and E,,;, are the photon energies of the initial
emissiorﬁedshift and the emission through a distance [ > oo, respectively (See details in
Note S1, 02 umis acquired for 2D perovskites, approximately equal to the value
acquireEfrm!mifetime results. Interestingly, the 3D crystal exhibits a very close L, of 11.04 um.
Since the photog recycling related parameters of MAPbBr;and (BA),Pbl, crystals are very similar,
such as, ba .3-2.4 eV), absorption efficiency (10*-10% cm™1),"*? internal PL QY (60-80%),2*"
refractive m 1.7-2),"*% and intrinsic stokes-shift (90-100 meV)." It is logical to accept the

photon remrms, Npr, Lo of MAPbBrsand (BA),Pbl, crystals are very close, so they exhibit a

similar L hout contribution from carrier diffusion. Even if supposing the contribution of

carrier diffulsiommin the 3D crystal is not negligible, Ly is expressed as?” La2+LD2/lnnpR.

However, &, <® 5 um (See details in Figure S13, SI) is evidently smaller than Ly and L,. Thus,

LO(2 + & L, suggests Ly is dominated by L, and that the long-distance (>Lp) transport of

energy Is is primarily realized by photon propagation, with prominent role of recycling

but insignificant contribution from carrier diffusion. Furthermore, a comparison of the depth-

r

resolved TPL intensity between 2D perovskite and 3D MAPbBr; crystal is presented in Figure S13, SI.

They also € w ry similar behaviour without apparent indication of carrier diffusion.

2.4 Photol@iminescence of cleaved 3D perovskite crystal

1

Inspiréd by the 2D perovskite structure, one single 3D bulk MAPbBTr; crystal (thickness ~780 um)

is carefully cleavedlinto two pieces and then reattached together by an insulating and transparent

3

polymeth crylate (PMMA, ~10 um) layer. As illustrated in Figure 7a, PL and TRPL are

A
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measured before and after the cleavage via a transmission mode setup (Figure 1d). In this design,
when focusing on energy exchange between the two separated pieces, the carrier diffusion is
disabledﬁton propagation is still allowable. Again, supposing the PL and the extended
lifetime at is purely produced by direct carrier diffusion without photon recycling, as
illustrated mgeeft panel of Figure 7b, the fluorescent photons emitted from the left (L) crystal

cannot re—eEite:ie right (R) crystal. Thereby, fluorescence is simply filtered by the R crystal. And

the decay faster due to the reduction of diffusion distance from R+L to L after cleavage. As

calculated wLambert model, the PL band significantly redshifts and almost quenches by the

filtering e:re S14). However, as shown in Figure 7c, the PL intensity is a half after cleavage.

Besides, b ak positions appear at 567 nm without divergence, evidently disagreeing with the

carrier dif!sion model. The PL lifetime increases after cleavage, which is also contrary to the

assumed c usion model. Whereas, in the photon recycling model (right panel of Figure 7b),
after cleavage, additional reflection and scattering at rough interfaces lead to a longer optical
path and etitions of photon recycling, as well as an elongated PL lifetime. The rough
interfa i ed in Figure S15. The partially supressed PL intensity is mainly caused by the

optical loss at the interfaces. In simple words, if carrier diffusion is a dominant pathway, after

cleavage, tge HE a! %he rear should be extremely weak relative to the one before cleavage. However,

if energy tmainly through photon recycling, the cleavage has minor influence on PL from
the realﬂ, the observation in Figure 7 is the latter case.

3. Discu

More discussi®n on carrier distribution, carrier lifetime, and photon energy based on a pure

carrier wdel are presented in Note S2, Figure $16,17, and Table S2, SI. We find that the

This article is protected by copyright. All rights reserved.
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main experimental results from both 2D and 3D perovskites exhibit good consistency with the

photon recycling model but deviate considerably from the pure carrier diffusion model. Note that

mt

P

high interndl PL QY (n;y) is critical for intensive photon recycling."#?**% It is generally accepted that

2D perovs ite high n;y due to strong quantum confinements and large exciton binding

energy.'] e reported external quantum vyields are as high as 60%-88%.°%? The internal QY is

3

expected to appkgach unity. Here, the external PL QY (ngx) of our 2D lead halide perovskite crystal is

measured

C

3.5%. The n;y is roughly estimated to be about 0.7 according to ngxy =

nin/ 2Ry
TIN

— A which is close to the value acquired from lifetime by equation (6). @y and d; are
2_2 —MIN

8

average absorptiofijcoefficient and absorber thickness, respectively. L = 1 — reflectivity is the loss

L

factor. n, Wis the average refractive index.®® Yamada et al have verified n;y = 0.85 is

I

sufficient ive photon recycling.®” As demonstrated by Abebe et al,”” when 1,y is higher

than 0.3, effici oton recycling is expected, even adequately enhancing the open-circuit voltage.

d

Absorp nt, Stokes-shift and refractive index are also vital parameters determining the

degree of ecycling. The evident waveguiding effect (Figure S6), high refractive index (Figure

V]

S7) and entire overlaps between emission and absorption spectra (Figure S18) suggest photon

[

recycling i sier in perovskites compared to other conventional semiconductors.

Obvio carrier diffusion and photon recycling cannot be strictly separated in the 3D

perovskite emission is reabsorbed in the interior, carriers are re-generated, resulting in a

N

redistri rriers locally. Nevertheless, based on the solid evidence presented and the

{

discussion, hasize in this work that the observation of PL separated from the excitation spot

U

is mainly reak y photon transport instead of pure carrier diffusion. It should be noted the

clarificat is issue is very crucial for the correct evaluation of carrier dynamics and thus the

A
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performance of perovskite based photovoltaic and photonic devices. As demonstrated, ignoring
photon recycling may lead to a serious underestimation of the open-circuit voltage (measured
value> tmmue).[zo's‘” Moreover, one of the most important factors proposed for the high
efficiency ite solar cells is their long carrier diffusion length. An insufficient understanding
of the Eorrnanrole of photon recycling will result in an overestimation of the intrinsic carrier
diffusion length fmeasured value> the intrinsic value). For the same MAPDbBr; crystal investigated in

this work, i ifetime is measured by reflection mode, carrier diffusion length (Lp) is no longer

than 1.05w—ereas Lp = 2.857 um if carrier lifetime is measured by transmission mode
(Tesr = 2. e to photon recycling. Importantly, even for common reflection geometry,
photon re;also involved.”®*% The “long” carrier diffusion lengths of perovskites include a
significant \€ontribution from photon recycling. In other words, the photon recycling should be

carefully e n all the measurements of intrinsic carrier lifetime/diffusion length by an optical

method.

OUESO will benefit the device designs and improvements. For solar cells, carrier

diffusion and photon recycling imply different impacts on open-circuit voltage. Previous calculations
revealed ;!oton recycling will induce an additional open-circuit voltage value up to 240 mv.?”

Whereas, Qusion coefficients may reduce Vqc in the presence of nonradiative surface
tioms

recombina owever, regarding LEDs, highly efficient photon recycling generally implies a low

out-couplis probability, which is a bottleneck for light output. Currently, the lack of awareness on
the don“of photon recycling, resulting in a neglect of photon out-coupling effect, thus

hinders the Eeve!iments of LEDs. For example, although much effort has been made, the state of

art external quitm efficiencies (EQEs) of 2D perovskites based LEDs are only around 10%,!%¢%¢¢!

This article is protected by copyright. All rights reserved.
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which are remarkably lower than EQE of CdSe—CdS core—shell quantum dots (20.5%).*”! Until very

recently, the EQE of perovskites based LED is largely improved to 20.7% via enhancing the extract of

£

P

the trapp .18 In other optoelectronic devices, such as luminescent solar concentrators,
photon re a pivotal factor should be considered."®® To make our conclusions convincing

while ke-ep € paper readable, more discussion are presented in Note S3, SI.

£

4. Conclus

SC

In su

U

common controversy in the photophysics of perovskites has been addressed in

this work. date, in order to explain the special properties of the perovskites, carrier diffusion or

f

photon rec both are adopted to describe the dynamics of carriers, leading to a considerable

a

confusion. ork, firstly, the Ruddlesden-Popper type perovskite, where inter-plane carrier

diffusio ligible due to the intercalation with organic spacers, is investigated. Nevertheless, a

remark redshift still occurs in the vertical direction with increasing thickness, which is

M

generally explained by the photon transport. An ordinary 3D perovskite has been comparatively
studied b th-resolved TPL spectra. Compared to carrier diffusion, photon recycling is a

dominant sical process that accounts for the experimental observations and long-distance

or

energy tra both 2D and 3D halide perovskites. The clarification of this issue will have

N

signific n the mechanistic understanding, and future development of photovoltaics, LEDs

t

U

and diverse other optoelectronic devices based on perovskites.

A
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5. Experimental Section

Synthesis oi 2D BA inI4 crystals

The s @ of BA,Pbl, single crystals is based on the method by Stoumpos et al. with some

modifications."™ Lead acetate (Pb(COO),) powder (1.6 g) was dissolved in 5 mL of 57% w/w aqueous
H I

hydroiodicw solution at room temperature under constant magnetic stirring, which formed a

bright yeII@n. Meanwhile, in another bottle, n-CH;(CH,);NH, (0.9 mL) was slowly neutralized
with 5 mL w w/w in an ice bath. Then, the n-CH;(CH,)sNHjsl solution was dropwise added to
i0

the lead s under 100 °C and stirring, which initially produced a black precipitate, and

subsequently dissived under heating the combined solution to boiling. The stirring was then

stopped, j\;olution was left to cool to room temperature during which time orange plate

shaped cr be obtained. The precipitation was deemed to be complete after about 2 hours.

The crystisolated by filtration and thoroughly dried under reduced pressure. The 2D
perovs were obtained by cleaving the bulk crystals using the well-known scotch-tape
methoEprotection of nitrogen. To avoid the structural degradation, the samples were
freshly prepared for all the measurements. A commercial type NT-MDT AFM was used to determine

the thicknes of the acquired platelets.
Synthesis d @ H3PbBr; crystals

The s!ution of the bromide salts (1 M) in dimethylformamide was prepared firstly. Then 3 vol%

of fordeded to the solution followed by a filtration with 0.45 um filter. A 5 ml portion of

the solutioﬁn incubated in a closed cap vial at 55 °C to produce some seed crystals (~500 um

scale). In another vial, a cleaned Si wafer was placed at the bottom of the vial with fresh salt

<C
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solutions. Finally, the as prepared seed crystal of CH;NHs;PbBr; was put on the substrate with further

incubation at 55 °C. The seed crystal grew on the Si substrate and we collected it when it had the

desired siz!

Structural %ﬁon
]

TEM %ization was performed with a JEOL 2010UHR operated at 200 kV. Powder XRD
pattern of@al was recorded on Bruker D8 diffractometer at a scanning rate of 1° min™, using

Cu Ka ram=1.5406 A). The optical microscopic images were captured by an inverted
i

metallurgi cope equipped with a CCD camera (Nikon Eclipse MA100).

Optical spectroscopy

Absor;ctra recorded on a Perkin ElImer Lambda1050 spectrophotometer coupled with
an integrre. Steady-state and time-resolved photoluminescence measurements were
perfor me-correlated single photon counting system (PicoHarp 300, PicoQuant GmbH).
A 405 nm | e (pulse duration 40 ps) was used as the excitation source (0.1 pJ/cm?). For the
excitation depth dependent TPL measurements, a 960 nm femtosecond laser (pulse width of 100 fs,
Mai Tai) v\s used for excitation. The focal position of a microscope (a modified Leica TCS SP5

microscope djusted to probe TPL at various depths. The depth resolution in the z-direction is

approximately"S00 nm. A 100x objective lens was used to focus the excitation light and collect the

fluorescende through a pinhole of 100 um diameter.

th

Supporting Information

U

Supporting tion is available from the Wiley Online Library or from the author.
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Figure 6. Depth resolved TPL spectra of a 3D MAPbBr; single crystal. (a) Emission contour map at
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Figure 7. P PL of a cleaved 3D MAPDbBr; crystal. (a) Scheme illustrating the cleavage of 3D
MAPDbBr; c ) A comparison of pure carrier diffusion and photon recycling models at the

PMMA intékfaces, the two pieces of crystals are designated as L and R for ease of discussion. (c,d) PL

f

(c) and a 3D MAPbBr; before and after cleavage. The solid line represents fitting by a

t

stretched-ex ial function.
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Photon rec

nd carrier diffusion are the two plausible processes that primarily affect the

photovoltaic and photonic devices. However, it is still challenging to isolate their individual

carrier dyn alide perovskites, and therefore the evaluation of the performance of their

contributioRs because both processes result in a similar emission redshift. Herein, we confirm that
photon reLhe dominant effect responsible for the observed redshifted emission.
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