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ABSTRACT

The internal quantum efficiency (IQE) of radiation for bulk CH;NH3PbBr3 crystals was quantified by using omnidirectional photolumines-
cence spectroscopy. The angle-resolved photoluminescence revealed that the emission with photon energies higher than the absorption-edge
shows a Lambertian distribution and that the light extraction efficiency is determined by the escaping cone. The IQE value strongly depends
on the photo-excitation density (P), and a CH;NH3PbBr; crystal fabricated under the methylammonium-rich conditions gave the maximum
IQE of 62.5% under P = 28 W/cm®. A further increase in P gave rise to the decrease in IQE due to the Auger effects.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5110652

I. INTRODUCTION

Lead halide perovskite APbX3 [A = CH3NH;3; (MA), CHNH,,
Cs; X =L, Br, Cl] is a promising class of semiconductor materi-
als for application to solar cells as well as light-emitting devices
and detectors because of their excellent optical properties origi-
nating from long lifetime of photo-excited carriers.'* Due to the
strong tolerance to structural defects, APbX3 exhibits small nonra-
diative recombination rate and results in a high internal quantum
efficiency (IQE), which are the key feature not only for the wall-
plug efficiency of light-emitting devices but also for the conversion
efficiency in solar cells.'”'* Recent discovery of the photon recy-
cling effect supported by the high IQE in APbXj; also highlighted
the significance of efficient light emission on the luminescent prop-
erties and device performance.”” ”' Laser cooling, enabling novel
applications such as optical refrigerators, has also been expected

22.23

based on up-converted photoluminescence (PL).”"" For further

development of perovskite-based devices, it is essential to quan-
titatively evaluate the carrier recombination process and identify
the limiting factor for light emission efficiency. To comply with
this demand, the measurement of absolute IQE in high-quality per-
ovskite crystals without assuming predefined physical model is of
particular importance, whereas the high IQE in halide perovskites
has been estimated by model-dependent analyses of PL dynamics in
previous reports.””*

The IQE value in matter is determined by a balance between
the radiative and nonradiative recombination rates. For fluorescence
particles and chemical molecules, the measurements of quantum
efficiency have generally been done based on PL spectroscopy as
PL quantum yield (PLQY), or equivalently, external quantum effi-
ciency (EQE) by using an integrating sphere. The EQE value of these
materials is usually recognized to be very close to the value of IQE
itself owing to the large Stokes shift between absorption and emis-
sion energies in most cases. However, the number of experiments
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for such EQEs as well as IQEs of solid-state light-emitters, espe-
cially for direct bandgap semiconductors, is very limited up to now.
This is because EQE is a complicated function of both IQE and light
extraction efficiency (LEE) in such solid-state materials in contrast
to particles and molecules. Since the spontaneous emission spec-
tra of the direct bandgap materials are usually broadened across
the fundamental absorption-edge energy (E.ps), LEE has a signifi-
cant dependence on photon energy (E), which makes the accurate
estimation of LEE difficult.

To overcome this problem, the authors have recently devel-
oped the omnidirectional PL (ODPL) spectroscopy,”” which is an
experimental technique for the IQE quantification of bulk semicon-
ductor crystals. Actually, the IQE values were quantified in direct
bandgap materials such as freestanding GaN™* and ZnO"’ crystals by
this method. In this work, IQE of bulk MAPbXj crystals is measured
by the ODPL method. Our results help to evaluate the potential of
halide perovskites for the optoelectronic device applications.

Il. SAMPLES AND EXPERIMENTAL METHODS

The bulk MAPbBr3 crystals were prepared by antisolvent-vapor
assisted crystallization”® from an N, N-dimethylformamide (DMF)
solution. Purified lead bromide (3 mmol) and methylammonium
bromide were dissolved in dry DMF (3 ml) in small vials. Three
vials were prepared that contain solutions with different MA bro-
mide (MABr) concentrations (0.80, 1.00, and 1.25 mol/l) for com-
paring the IQE values. Then, these small vials were placed in a
larger Teflon-capped vial containing 75 ml toluene. Through heat-
ing the vial on a hot plate for 24 h at 40 °C, clear-faceted cubic
bulk crystals with a few millimeters in size were formed in the
small vials. Hereafter, the samples grown with the MABr concen-
tration of 0.80, 1.00, and 1.25 mol/l are labeled S1, S2, and S3,
respectively.

Three different PL measurements were carried out, namely,
standard PL (SPL), ODPL, and angle-resolved PL (ARPL) spec-
troscopy for the near-band-edge (NBE) emission of the samples. The
SPL and ODPL measurements, schematically shown in Fig. 1, were
done for the quantification of IQE as well as EQE. The numbers of
input excitation photons (Nj,), excitation photons absorbed by the
sample (N,ps), and PL photons emitted (escaped) from the sample
(Npr) are independently measured by using a photodetecting system
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FIG. 2. Schematic of the ARPL measurement.

(C10027-01, Hamamatsu) composed of an optical fiber, a spectrom-
eter, and a CCD camera. The absorbance of the excitation laser and
EQE values can be quantified as Nyps/Nin and Npr/Naps, respectively.
For the validity verification of the IQE quantification based on the
ODPL method, ARPL spectroscopy was carried out, where the spa-
tial distribution of PL intensity was measured, as illustrated in Fig. 2.
For ODPL spectroscopy, the sample was placed in the integrating
sphere (customized C9920-02, Hamamatsu) and the photodetection
was done by using the measurement system via the optical fiber. A
solid-state cw laser (3.06 eV) was commonly used to excite PL. All
experiments were carried out at RT.

lll. RESULTS AND DISCUSSION

Figure 1(a) indicates a typical SPL spectrum of sample S1 with
P = 89 W/cm?, where the experimental scheme of the SPL is shown
in Fig. 1(b). In this experiment, PL photons emitted from the sam-
ple surface were collimated and transferred by an off-axis parabolic
mirror to the detecting system via a collecting lens with an effec-
tive NA of 0.20. The SPL sspectrum shows a single-peak form with
the peak photon energy Epgk = 2.264 eV. By contrast, the ODPL
spectrum shown in Fig. 1(c) gives a two-peak structure, where the
experimental setup is schematically illustrated in Fig. 1(d). One of

the maximum energies (E}?e]a)kPL’H) is located at 2.267 eV, which is

close to Ef,gk of 2.264 eV, and the other is at 2.158 eV (=E§£§L’L).

Such a two-peak structure in ODPL spectra is commonly observed
in direct bandgap materials such as GaN” and ZnO,” where Egps

Excitation Off-axis parabolic mirror

(b)

=
to detector

FIG. 1. (a) A typical SPL spectrum of sample S1 and (b)
schematic of the SPL measurement. (c) A typical ODPL
spectrum of sample S1 and (d) schematic of the ODPL mea-
surement. The inset in Fig. 1(c) indicates appearance of a
bulk MAPbBr; crystal under the illumination of the excitation
laser, where green emission (E > Ejps) occurs as a spot and
yellow emission and orange emission (E < Eps) are seen
in the entire crystal.

Integrating sphere
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FIG. 3. The escaping cone (EC), which has a double-cone structure (upper and
lower cones) with a common apex as a point light source.

matched with the local minimum energy of the two-peak spectrum.
We note that there are several publications in which PL spectra
exhibiting a shoulder with E of a few tens of meV lower than ESh

peak
were attributed to the polar fluctuation,”’ mixed phases,w and exci-
tons with different binding energies.”’ However, the energy differ-
ence between ES;I:L’H and El?elzlf L is as large as 109 meV, which
cannot be accounted for by the above mechanisms. Moreover, such
two-peak spectra are commonly observed in direct bandgap mate-
rials but not in single-crystalline phosphors and indirect bandgap
materials such as h-BN because of their sufficiently separated emis-
sion and absorption energy bands. Above E,ps, a crystal behaves as an
absorptive medium for PL photons. Similar to the cases of GaN and
ZnO, absorbance of the MAPDbBr; crystal is quickly elevated with
E around E,ps = 2.207 eV, as shown in Fig. 1(c). Therefore, the PL
photons with E > E,,; must be emitted from the crystal via an upper
escaping cone (EC). The EC has a double-cone structure with a com-
mon apex, which is a point light source, and consists of the upper
and lower cones, as shown in Fig. 3. However, the lower EC can-
not contribute as an escaping channel for PL photons with E > E,p
due to the sample thickness (sub-millimeter). By contrast, PL pho-
tons with E < E,ps can travel inside the crystal; therefore, escaping
channel is not limited by the EC. Actually, green emission (E > Eqps)
can be observed as the excitation spot, and yellow and orange emis-
sion (E < Egbs) can be seen in the entire crystal, as indicated in the
inset of Fig. 1(c). Since the photodetection is done via the upper EC
in SPL spectroscopy while the ODPL setup can omnidirectionally
observe PL photons, detection probability of photons with E < E,p is
much higher in the ODPL setup than in case of the SPL, resulting in

the formation of the additional lower peak E]?elzf LL in ODPL spectra.

scitation.org/journal/apm

In short, LEE is much higher for E < Eps than that for E > Egp,s, and
the origin of the two-peak ODPL spectra is the strong E-dependence
of LEE.

To accentuate differences in the spatial distribution of escaped
PL photons with E below and above E,,s, ARPL spectroscopy was
then performed. The detecting photon energy (E4er) was set to be
2.01 eV, 2.16 eV, and 2.30 eV. Figure 4(a) represents PL intensity
distribution with different Eqe;. The excitation laser was irradiated
from the front surface of the sample, where the photo-excitation
density (P) is kept to be 0.38 W/cm®. The angle 6, indicates a rel-
ative angle between the sample and an optical fiber connecting to
the detecting system, where an angle 68; = 0° (180°) is defined as
the normal to the front (back) surface of the crystal. The sample
crystal was mounted on a motorized rotation stage, and 6 can be
controlled, as shown in Fig. 2. The ARPL spectra detected from the
front and back surfaces are shown in Figs. 4(b) and 4(c), respec-
tively. The ARPL spectrum with 6, = 0°, observed along normal to
the front surface represented in Fig. 4(b), shows a single-peak form
with a peak E of 2.264 eV. This spectrum corresponds to the spec-
tral shape of the SPL measurements [Fig. 1(a)]. PL intensity with
Eger = 2.30 eV (>E,ps) decreases with the increase in 0; and reached
nearly zero when 6; = 90°. However, PL intensities with Ege
= 2.01 eV and 2.16 eV (<Eg,) have nonzero values even for 6,
=90°, and the peak ARPL intensity is given with E = 2.16 eV, which
matched with EI?QI:EL’L. Since ODPL is angle-integrating PL spec-
troscopy, the origin of the double-peak spectral form can be recon-
firmed, that is, the existence of E,p, within the bandwidth of sponta-
neous emission spectra in the crystal. We note that the distribution
pattern of emitted light with E < E,,; depends on the sample shape.
Since the sample crystals are not perfectly cubic shape, the pattern is
asymmetric.

The distribution of ARPL intensity E4er = 2.30 eV becomes
nearly perfect Lambertian distribution, as shown in Fig. 4(a),
although ARPL intensities with Eger = 2.01 €V and 2.16 eV show
sample-dependent and asymmetric distribution. Lambertian dis-
tribution of light is caused from the upper EC, as shown in the
Appendix, and can strongly support our assumption where escaping
channel for PL photons with E > E,p, is strictly limited by the upper
EC without multiple reflection and long travel inside the crystal. This
fact helps the LEE calculation to be easy and reliable. In an extreme
case, the repeatable and reliable IQE quantification is possible, even
when a sample crystal is placed outside an integrating sphere’ by

—~ 2.16 eV
gl N N
La (b) 230 eV
> —~|201e
3 33
L9 g S
2c 2= FIG. 4. (a) The PL intensity distribution measured by ARPL
< on 2 [ 90° spectroscopy with different Eget. The ARPL spectra, which
% @ _Transparent | were detected from (b) front surface and (c) back surface,
5: E L(C)—! 90° are also shown.
o
—230eV o\ 180
—2.16 eV 1.6 1.8 2.0 22 2.4 26 2.8
—2.01eV Photon energy (eV)
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the Lambertian distribution of light propagating to only the upper
direction with E > Ej.

The EQE value shown in Fig. 5(a) tends to be monotonically
elevated by the increment of P, and sample S3 gives larger EQE. The
maximum EQE was observed in $3 to be 11.3% with P = 10 W/cm?.
However, further increment of P induces the depression of EQE.
We note that this EQE depression is a reversible phenomenon, and
therefore, it should not be caused from eternal damages. To directly
correlate material properties with optical response, IQE rather than
EQE is straight forward. By the procedure proposed in Ref. 25,
the EQE values can be converted to IQE via “direct EQE.” The direct
EQE (&), of which the escaping channel is limited by the upper EC,
can be given by

EI _ 1 + x8spr, ) 1
1 + SoppL
where & represents experimentally obtained EQE, as shown in
Fig. 5(a), and § is a ratio of the spectral area with E < E,, to that
with E > E,p. k is a correction parameter to compensate the disper-
sion of #; around E,p,s and usually takes a constant around unity. As
stated above, the entire spectrum of SPL and the partial spectrum
of ODPL with E > E,s are commonly originated from PL photons
escaped via the upper EC; therefore, the factor 1 + 8spr./1 + doppr,
represents a ratio between the number of PL photons escaped via the
upper EC and the total number of PL photons, of which the escap-
ing channel is unlimited. The parameters dspr, doppr, and & can be
experimentally determined by SPL and ODPL spectroscopy; there-
fore, direct EQE, &', can be derived without any theoretical analysis.
Since LEE via the upper EC () is calculated by considering the vol-
ume of the upper EC and the Fresnel transmission (T) from matter

to air,

0, .
(: [ 2 sin Oy Tp(@o) + Ts(eo)deo, (2)
0 4m

2

where T is averaged between P- and S-polarizations and 6. repre-
sents the critical angle. The angle 6, indicates an angle between the
propagation direction of light inside the crystal and the surface nor-
mal. Here, the refractive index of the bulk MAPbBr3 crystal around
the energy of NBE emission is 2.45,” and thus, { was calculated to
be 3.40% according to Eq. (2). By using &’ and {, the IQE value (1)

EQEax = 11.3% IQE ax = 62.5%

102 prrremmyreremy—rremy 102 prrremmyrerey—rremy
—- S3
82
~- 81
—_ 1 —_
§10r - o\o
w LIJ101 E
81o°r E g
—— S3
82
(a) (b) e —

10°
102 10" 10° 10" 102 10°
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107
102 10" 10° 10" 102 10°
Excitation density (W/cm?)

FIG. 5. (a) The EQE and (b) IQE curves of the samples as functions of the photo-
excitation density (P).
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can be quantified by considering the photon recycling” as
fl
N= s e
(+(1-0¢

where quantified IQE is plotted in Fig. 5(b). Similar to the trend
of EQE, IQE was elevated for P, and sample S3 gave larger IQE.
Such monotonic increment of IQE for P was also observed for the
NBE emission in other inorganic semiconductors such as GaN"* and
Zn0O.” In these cases of wide bandgap materials, the IQE elevation is
accompanied with the elongation PL lifetime. Therefore, the origin
of the IQE elevation can be the saturation of nonradiative recom-
bination centers (NRCs). However, in the case of bulk MAPbBr;
crystals, PL lifetime was reported to be shortened for P.'* This fact
suggests that the acceleration of radiative process mainly occurs in
bulk MAPbBr; crystals.

Further increment of P induces the depression of IQE. In S3,
a slight blue-shift was observed for P > 28 W/cm?, as indicated in
Fig. 6, and it suggests the band-filling effect where carrier concen-
tration is large enough to shift the quasi-Fermi levels. In this case,
the Auger recombination processes should be considered as nonra-
diative many-body effects. Yang et al. reported the coefficients A, B,
and C corresponding to nonradiative monoparticle, radiative bipar-
ticle, and nonradiative triparticle recombination processes to be
2.7 x 107 571, 49 %107 cm?® sfl, and 1.4 x 1072 cm® sfl, respec-
tively, under the simple model.”* According to that, theoretical IQE
(11“"“) can be calculated as

(©)

BN?

calc
N)z— v
T N) = N BN ON

(4)

. L. . . 1 . .
and the characteristic carrier concentration Npay, which gives the

maximum 7 (52L), can be analytically evaluated by the first

derivation of Eq. (4) to be

A _
Nl - \/; =14x107em™, (5)
calc

where #ax = 0.56. On the other hand, we experimentally obtained
the maximum IQE (#max) to be 0.63 under P = 28 W/cm?, which

corresponds the photo-excitation rate (G) as G=5.7 x 10** cm™2 s,

Wavelength (nm)
570 560 550 540 530 520

T T

>
=
7]
c
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) —28
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FIG. 6. The SPL spectra of sample S3 with different P.
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Since the coefficient A depends on the concentration of NRCs, we
tried to find appropriate value of A to equalize 72, with 7y and got
A=15x10" s}, where N = 1.1 x 1077 em >,

To obtain a broad outline, we made a rough estimation by
assuming that the penetration depth (dex) of the excitation laser
(3.06 eV) is 100 nm ™ and the quasi-equilibrium condition under cw-
excitation. The excited carrier concentration (N) can be estimated by
the relationship between G and N as

G/dexc = AN + BN” + CN°, (6)

where N can be derived to be 0.78 x 10'7 cm™ for P = 28 W/cm?.
Since N = 0.78 x 107 cm™ obtained by Eq. (6) and N&%$
=1.1 x 10" cm ™2 derived from Eq. (5)withA=1.5x 107 s™! are sim-
ilar, the simple model based on A, B, and C coefficients may roughly
reproduce the experimental results. Therefore, the prime suspect
of the IQE suppression for P > 28 W/cm?* should be the Auger
recombination processes. The differences between experiments and
calculations can be due to volume averaging, where the IQE value
quantified by ODPL spectroscopy is a sort of volume-averaged quan-
tity with inhomogeneous excitation along the in-plane and the depth
directions. Actually, a microscopic PL experiment”’ gave larger IQE.
Long carrier diffusion length, which is the distinctive feature of
halide perovskites,s‘l’i‘m is also a factor to be considered. Accord-
ing to the P-dependence of IQE, photo-excited carriers can migrate
to the position with lower local IQE. In this manner, experimentally
obtained IQE should be smaller compared with no diffusion limit.
In other words, IQE quantified by ODPL spectroscopy is potentially
a lower limit value of IQE. Further studies should be done to pre-
cisely correlate the experiments with theoretical models considering
the microscopic processes.

Finally, it should be mentioned that the IQE is significantly
enhanced by changing the MABr concentrations when the sample
were grown as shown in Fig. 5(b), indicating that NRCs correlating
with the cation vacancies dominate the nonradiative recombina-
tion processes. Actually, divacancies composed of anion and cation
vacancies are realized to be the intrinsic NRCs in GaN.”® Our finding
suggests that further improvement of IQE can be achieved by opti-
mization of the crystal fabrication process to minimize the formation
of cation-vacancy-related point defects.

IV. CONCLUSION

The IQE values of bulk MAPDbBr; crystals were experimentally
quantified by ODPL spectroscopy. The ARPL measurement revealed
that the PL with E higher than E,,s shows a Lambertian distribution.
Therefore, the extraction efficiency for that is strictly determined by
the upper EC, which secures the validity of the IQE quantification by
ODPL spectroscopy. The IQE value strongly depends on P, and the
MAPDbBr; crystal fabricated with MA-rich condition gave the max-
imum IQE of 62.5% under P = 28 W/cm?. Further elevation of P
induced the depression of IQE due to the Auger effects.
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APPENDIX: LAMBERTIAN
1. Origin of Lambertian

Photon flux (F) from a point light source inside a material has
a relationship with spectral irradiance (I) which is obtained by the
detecting system existing outside of the material,

F- fA fA I(A)dAdA,

where A and A are the wavelength of the light and the surface area of
the closed space including the source. In a polar coordinate system
(1, 6, 9) having the source as the origin, I inside the crystal becomes

_ E(6o)

Iy = .
07 4nr?

On the other hand, I outside the crystal can be given as

ds
I = Iy

F=fA [AII(A)d)Ld&:fA /AIO(/\)d)LdSO

dSo
- L)AL EXgs,,
fm/ﬂ() ds; !

where the indices 0 and 1 represent inside and outside the crystal,

respectively, and S is the surface element of a unit sphere. Therefore,

the relationship between I; and I will be clear when g—g‘l’ is known.
Snell’s law gives

because

n1 sin 6 = ng sin Op;

therefore, the angle difference (df) of light in the crystal induces the
angle variation of that outside the crystal (d6;) as

ny cos 0; j—z:) = ng cos O,

no cos 6y

! ny cos 6 0

Spectral photon flux should be the same in the small variations of
dbp and d01, and thus,

IydAo = [1dA;,

where A = 27§ is an areal element of spherical zone given by the
integration of S around ¢. Defining dA between 6 and 0 + df as

dA = 2nrsin 6 rd6,

dA outside and inside the crystal, respectively, become

dA; = 2nrsin 6 rd6; = 2nr(@ sin Go)r(
ni

2 cos 6
=27 ( @) COsiosin 60d6o
co

ni

ng cos 6 dGo)
ny cos 0y

and
dAg = 27rsin 6y rd6 = 27 sin 6y dbo.
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Then, we get
day _ (ﬂ)zcosel _ (ﬂ)z
dA, \no/) cosBy \no

Here, cos 0; appears in the relationship between dAy and dA;. Actu-

cos 0,

1- (g—;)zsmz 01'

2
ally, a factor of 1/ 1 — (Z—(‘]) sin? 6; will make the light distribution
slightly broader but is not important for relatively high index materi-
als, because sin — 0, and cos — 1 when n; > ng. This approximation

gives
dhy ()
d.A] - no

In this case, spectral irradiance obtained by the detecting system
existing outside of the material becomes

dA() P (I’ll )2

cos 6y (m
2
1- (ﬂ) sin? 6,
no

L =T —=2 =
! OdA1 4mr?

cos 0, P ( ny
no

2
~——— cosb,
2 47r? no)
1- (&) sin? 6y
0

where I; is proportional to cos 6;.
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