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Recently, a great attention has been devoted
to three-dimensional hybrid organic perovskites
(HOP) due to their remarkable results as light-
harvesting material for low-cost solar cells. In
particular, a breakthrough has been achieved
with solar energy conversion reaching 22% using
hybrid perovskite as active material. ™3 More-
over, HOP demonstrate impressive emission
properties which make them an attractive ma-
terial for light emitting diodes and laser appli-
cations.

A better understanding of the photophysical
properties underlying these performances is im-
portant for further device improvements. The
study of the photoluminescence (PL) of semi-
conductors at low temperature has proved to
be an efficient tool not only to understand the
material physics but also to assess the crys-
talline quality, the nature of defects, and impu-
rities. Studies on the emission of CH;NH;PbI,
at low temperature are relatively scarce and the
majority concerns polycrystalline thin films. 7 1°
Yet, the grain structure of the perovskites thin
films have a strong influence on their optical
and electronic properties and then on the device
performances. '''*2 For instance, the band gap
position, the carrier diffusion, the recombina-
tion and the excitonic effects depend on the de-
gree of crystallinity of the sample. 113717 Hence,
the study of bulk single crystals appears neces-
sary in order to measure the intrinsic charac-
teristics of HOP. Although bulk single crystals
are less suitable for the realization of large area
solar cells than thin films, they should serve as
a reference material.

Among the fundamental properties of HOP,
the nature of the photoexcited states, exci-
tons or free charges, is an important question
to understand the remarkable performance of
CH3;NH;PbI; in solar cells and optoelectronic
devices. 81821 Recent studies suggest that free
carriers are the dominant species at room tem-
perature, while excitons prevail in the low tem-
perature orthorhombic phase.??2* At low tem-
perature, excitons could generally be observed
in bulk semiconductors through the emission of
sharp lines with Full Width at Half Maximum

(FWHM) of ca. 1 meV.?

However, previous studies on both films and
single crystals report multi-component, broad
emissions, with a FWHM of several tens of
meV, presenting a weak broadening with tem-
perature.¥10:26728 Tp comparison, a recent study
of CH;NH,;PbBr; single crystals unambigu-
ously led to the observation of sharp, Wannier-
Mott excitonic emission.?’ These obervations
suggest that the previously reported PL emis-
sion of CH;NH;PbI; at low temperature was
dominated by trap states. 3° This short review of
the literature clearly indicates that the low tem-
perature photoluminescence of CH;NH;PbI,
has still to be thoroughly investigated on a
single crystal exhibiting very narrow emission
lines, in order to definitively identify the intrin-
sic emission at low temperature.

In this study, we performed temperature-
dependent Steady-State and Time-Resolved
Photoluminescence on high quality CH;NH;Pbl,
single crystals. Single crystals present a narrow
emission line (FWHM ~ 5 meV at 10K) on
the high energy side of the PL spectrum. This
emission is absent of the PL spectra of thin
films. From the position, line-shape and power
dependence, this line is attributed to the free
exciton. Analysis of the thermal evolution of
this emission demonstrates a strong homoge-
neous broadening in the orthorhombic phase in
strong contrast with previous studies. A large
Exciton-LO-Phonon coupling explains this be-
haviour in good agreement with recent studies
on polarons in HOP. Besides, this emission
presents a non-exponential, fast recombination
dynamic, with sub-nanosecond leading time.
On the other hand, a broad multicomponent
line is observed on the low energy side of the
spectrum, and is assigned to trap states. In
comparison, thin polycrystalline films present
only the trap state emission, likely formed at
the surfaces/interfaces of materials.

Figure 1(a) shows a SEM view of the mor-
phology of the samples. Despite some local in-
homogeneities, single crystals present clean and
relatively flat surfaces that allows to probe the
emission properties of large monocrystalline do-
mains of CH;NH;PbI; (see Figure 1(b)).

Figure 1(c) displays the PL map of a
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Figure 1: (a) Top view SEM image of a mm-sized CH;NH,Pbl, crystal. (b) Higher resolution SEM
image of the surface of the crystal. (¢) PL map as a function of temperature of a single CH ;NH,PbI,
crystal with an enlarged view of the FE and LE band below 60K (d) Few PL spectra at different

temperatures with a zoom on the FE emission.

CH3;NH,Pbl,; single crystal between 10K and
200K. The emission at 200K is composed of
a single band. It presents a blueshift in the
range of 170 K and 150 K, which is related
to the tetragonal-orthorhombic phase transi-
tion that induces a band gap energy switching
of ~100 meV.%2?% Qutside the thermal range
of the phase transition, the PL band shows
a redshift with decreasing temperature, which
indicates a reduction of the band gap with
lattice contraction. This behavior is in con-
trast with typical semiconductors, such as Si or
GaAs, 32 and is connected to the antibonding
nature of the states of the top of the valence
band.?*3* This unusual trend is also observed
in lead chalcogenides.?33¢ Below 150 K, in the
orthorhombic phase, the crystal shows a well-
defined PL line at high energy (see Figure 1(c)
and (d)). The high energy sharp emission, cen-
tered at ~ 1.638 eV with a FWHM of only
5 meV at 10K, presents a large temperature-
induced broadening between 10K and 160K. It
is completely absent of thin films PL spectra
(as will be discussed in the next section) and
of the PL spectra reported in the single pre-
vious study on the low temperature emission
of CH;NH,PbI; single crystals.? The energy
position of the band is very close to the low
temperature excitonic absorption. 2

The narrow linewidth observed could be com-

pared to the typical linewidth of excitonic peaks
in high quality bulk inorganic semiconductors,
which is approximately 1 meV at ~10K.3740
We note that narrow free excitonic emissions of
ca. 5 meV have also been reported in CsPbX,
(X=Cl1,Br) and PbL,**? and very recently in
CH3;NH;PbBr4 but is observed here for the first
time for CH,;NH;Pbl,. By comparison, the
FWHM previously reported at low temperature
for CH;NH;PbI; remains larger than 80 meV
on thin films®® and 30 meV on single crystals, 26
likely because the reported emission originated
from extrinsic trap states. Besides, the observa-
tion of such a narrow linewidth at low temper-
ature is an indication of a weak inhomogeneous
broadening and of the good crystallinity of our
samples.

To further analyze the nature of the sharp
PL emission, experiments as a function of the
excitation power density has been performed.
Figure S3 shows the power density dependence
of the PL integrated intensity of the FE emis-
sion at 10K. The intensity could be fitted by
a power law of the form I* with A = 1.17.
In direct band gap semiconductor, A should be
comprised between 1 and 2 for free and bound
excitonic transition.*®* The near band edge po-
sition of the high energy peak suggests that the
emission could be assigned to Free Excitonic
(FE) recombination. We remark however that
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we could not completely exclude the possibil-
ity of an exciton bound to a very shallow trap
state. However, if bound excitons induce sharp
emission line at low temperature, they gener-
ally present no thermal broadening due to the
lack of kinetic energy.** Finally, crystals show
broad and multicomponent emission on the low
energy (LE) side of the spectra. Its nature will
be discussed in the next section.

Unlike thin films emission, 3’ the well-defined
PL spectra of crystals allow to study for the
first time the temperature evolution of the free
exciton of CH;NH;Pbl,; down to very low tem-
peratures. Figure 2 displays the FWHM of the
FE PL as a function of temperature. A large
broadening with temperature is observed, from
5 meV at 10K to 40 meV at 160K. This broad-
ening is quite stronger than in typical semicon-
ductors in the same thermal range. For ex-
ample, in the inorganic direct band gap semi-
conductor GaAs, between 10K and 150K, the
linewidth increases very slightly of approxi-
mately a factor 2 (from approximately 1.5 to
3 meV). Hence, the thermal evolution of the
FE linewidth suggests an important homoge-
nous broadening due to electron-phonon cou-
pling. Note that a strong phonon coupling in
CH;NH;Pbl,; has been hypothesized to explain
the large homogenous broadening observed at
room temperature.’ The following relation has
been proposed to describe the evolution of exci-
ton linewidth with temperature in semiconduc-
tors: 4°

I(T) = Ty + Tae + Ts0
= 1—‘0 + ’YacT + %—O (]-)

Ero
eksT —1

[y is the temperature independent inhomoge-
nous broadening, the terms I',. and I'yo arise
from the scattering by the acoustic phonons
and the optical phonons respectively with the
coupling strength ~,. and vyro. FELo is the
energy of the optical phonons. The broaden-
ing mechanism is dominated by the coupling
to LO-phonons and the fitting procedure re-
turns a negligible value for the acoustic phonon
term, which could not in consequence be de-

40

o  FE Band
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(=]
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Figure 2: FWHM of the FE line as a function of
temperature (blue squares). Error bar reflects
the standard deviation of repeated measures.
The red curve is a fit of the data with ['(T") =
Lo+ T'ro(T) (see the text)

termined and has been fixed to zero in the fol-
lowing. The fit leads to the following values
Iy = 4.6 x£0.5 meV, 7,0 = 12 £ 2 meV and
Ero = 4.2+ 0.8 meV. The vibrational proper-
ties of HOP are not well established but experi-
mental and theoretical progresses have recently
been made. *°*° For instance, A.D. Wright and
coworkers have reported very recently experi-
ments on thin films of HC(NH,),PbX;, X=I,Br
and CH;NH;PbX,, X=I,Br. They report a neg-
ligible interaction with acoustic phonons and
the prevalence of Frohlich coupling to LO-
phonons, mostly supported with theoretical
considerations. However due to the presence of
very broad low energy contributions in the or-
thorhombic phase of CH;NH;PbX; compounds,
the authors were only able to perform extrapo-
lation of the FWHM measured in the tetrag-
onal phase. They estimate v.o to 40 meV
for CH;NH4PbI;, using the LO phonon energy
of 11.5 meV deduced for CH;HC(NH,),PbI;.*
Our present study on single crystal shows that
the 'y p and E; o have to be strongly revised.
The value of the effective LO-phonon mode ex-
tracted from the fit is in much better agree-
ment with a recent study based on vibrational
spectroscopy and calculation by Leguy and
coworkers.?® The authors have identified opti-
cal phonon modes in hybrid perovskite at very
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low energy compared to typical semiconductors,
with in particular, a lowest optical mode ac-
tivated from 4 meV in CH;NH,PbI;,. More,
Soufiani et al.?® have also proposed an estima-
tion of an effective polaronic LO-phonon en-
ergy of 4.1 meV based on permittivity mea-
surements. Recent calculations and symme-
try analysis show that the main contribution
to the mobility of both electrons and holes
in CH;NH;Pbl; arises from coupling with po-
lar optical phonons.*® For polar semiconduc-
tors, such as GaAs, Frolich interaction to LO-
phonons is generally responsible for the ma-
jority of the broadening at room temperature.
This interaction is expected to be important in
HOP due to the polar lead-iodide bonds and the
ionic character of this material. The quantita-
tive knowledge of the low energy LO-phonon
excitations is thus very important since carrier
mobility models based on the Frolich interac-
tion exhibit power-law dependence on the LO-
phonon energy.

In the following, the connection between the
FE and LE lines is investigated. First, the
thermal evolution of both FE and LE bands
PL intensities is discussed. Figure 3(a) repre-
sents the PL integrated intensity of the free ex-
citonic emission (blue squares) and of the LE
band (red squares). The PL intensity of the
FE peak presents a non-monotonous thermal
evolution: it increases first with temperature
and reaches a maximum at 50K and then de-
creases. This behavior is associated with the
quenching of the LE defect emissions (red dot).
This unambiguously shows that both contribu-
tions are connected. The thermal quenching of
the PL integrated intensity could be described
with the familiar equation:

Iy

Ipp = ————
P 1+ Aexp

i (2)
ksT

Where [, is the PL intensity at 0K. E, is
the activation energy of a non-radiative pro-
cess and kg is the Boltzmann constant. We
estimate an activation energy of approximately
E, =19.9 £ 0.6 meV for the quenching of the
low energy band, associated to the exciton de-
trapping (solid red line on Figure 3(a)). This

The Journal of Physical Chemistry Letters

value corresponds roughly to the FE-LE en-
ergy separation. Above 50K, the FE emission
quenches in turn with an activation energy of
E, = 28.4 4+ 0.6 meV. The latter process is
mainly connected to the dissociation of the ex-
citon and the energy gives a rough estimation of
the binding energy of the free exciton in the low
temperature orthorhombic phase. However, we
note that apart from the influence of the LE
emitting states, additional non-radiative, ther-
mal quenching processes may also exist and
are not taking into account here. This estima-
tion of the binding energy in the low temper-
ature phase is in good agreement with recent
measurements based on the fitting of the thin
films absorption spectrum with Elliott’s formu-
las (15-30 meV).2%:23:2751 Nicholas and cowork-
ers use a more direct method relying on mag-
netoabsorption spectroscopy of thin films and
report a binding energy of 16 meV in the or-
thorhombic phase.?? We remark that the ma-
jority of studies on the excitonic binding en-
ergy focused on thin films properties. However,
Petrozza and coworkers have observed that
the excitonic resonance depends on the crys-
tallinity of the material and suggest that the
degree of order-disorder of the organic cation
may have an impact on exciton binding en-
ergy. >1° Hence, polycrystalline thin films, with
microscale grain size, and large bulk monocrys-
talline domains may present different excitonic
properties.?? Study of the absorption spectra of
single crystals under high magnetic field would
be fruitful to clarify this point.

We performed Time-Resolved Photolumines-
cence (TR-PL) measurements to get more in-
sight on the recombination mechanisms. Fig-
ure 3(b) presents the PL dynamics decay at
10K of the FE and LE emissions. The decay
of the FE presents a very fast, non-exponential
dynamics. To be quantitative, we define a
characteristic lifetime of the decay 7 such as
I(1) = @. With this definition, the charac-
teristic lifetime of the decay is approximately
150 ps for the FE emission at 10K. For com-
parison, fast decay with leading time of the or-
der of several tens of ps has been reported for

the free excitonic emission of single crystals of
CsPbX,(X=CI,Br). %22 A non-exponential de-
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Figure 3: (a) PL integrated intensity as a function of temperature for the FE line (blue squares)
and the LE; line (red squares). (b) Time-Resolved PL in logarithmic scale of the FE line (blue)
and LE; line (red) at 10K. Inset: Time-resolved PL of the FE line (blue) and LE; line (red) at
10K, on a sub-nanosecond timescale. Note that the scale is linear.

cay with an approximately 100 ps characteristic
time has also been reported for single crystal of
Pbl,.%8 This fast, non-exponential recombina-
tion results from efficient capture processes by
the trap states. Inset of Figure 3b supports
this interpretation since it shows a rising time
on the LE emission dynamics that corresponds
to the fast decay of the FE line. Moreover, a
fast sub-nanosecond component in the PL of
CH3;NH;PbI,; thin films has been recently re-
ported at room temperature, under weak ir-
radiation, attributed to a rapid relaxation of
the carriers to defects states.> Finally, the LE
band at 10K has a ns timescale decay and non-
exponential dynamics. We note that the esti-
mation of the slower component is limited by
the time range of our measurement.

In order to enrich the discussion, the di-
rect comparison with the emission properties of
standard thin-films of CH;NH;Pbl; is very use-
ful. Figure 4(a) displays the PL map of a thin-
film of CH;NH;PbI,, recorded with the same
CW excitation than the crystal PL map. The
PL emission of thin films shares some common
features with single crystal emission (see Figure
1), but nevertheless, shows striking differences,
in particular below 150K in the orthorhombic
phase.

Thin films present a broad multicomponent
emission with a FWHM of several tens of meV

at 10K, which is nearly temperature indepen-
dent between 10K and 100K. The direct com-
parison, on Figure 4(b), between crystals and
thin films demonstrates that the emission of
thin films is very similar (energy position and
width) to the LE bands of the crystal. In partic-
ular, at 10K, the LE emission bands, positioned
at ~ 1.60 ¢V and with a FWHM of ca. 60 meV
superimpose very well. In addition, the PL de-
cay of the LE band presents similar nanosecond
dynamics on both films and crystals (Figure
S6). However, the high energy FE emission is
completely absent of the thin films PL, despite
the fact that a clear excitonic resonance is visi-
ble on the thin film absorption spectra (Figure
S7). Hence, thin films PL is dominated by trap
states emission. The latter could be decom-
posed, as temperature is raised, in two bands
denoted LE; and LE,. The LE, emission is
quite stronger on thin films and seems to extend
in the high temperature tetragonal phase (peak
T). This observation suggests that this band
is connected to the inclusions of the tetrago-
nal phase in the low temperature orthorhom-
bic phase, due to an incomplete phase transi-
tion in agreement with previous study on thin
films.® 1% Diffuse scattering and disorder was
observed in X-ray diffraction below the tetrago-
nal to orthorombic phase transition for the pre-
vious investigation on CH;NH,Pbl, single crys-
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1 tals, but the luminescence of tetragonal phase (a) oo (b)

5 inclusions was not mentioned.?® However, we 1 T

3 observe that the LE; emission, though weak 0 % b,
4 between 60K and 130K, is still present on crys- o 180 § 150K M
2 tals spectra, indicating that tetragonal inclu- g 5 130K __ TS|
7 sions may exists also for the crystalline form. S 100 z H
8 Measurements at different points of the crys- g & 70k A4

9 tals have been performed and for specific po- i =[50

12 sitions a strong LE, component have been ob- = & ?E];

12 served. Note that the as-grown crystals present 0 i =
13 surface imperfections ( Figurel(a)). Our mea- 14 15 16 17 14 156 18 17
14 surements suggest that small tetragonal phase Ensroy{eV) Energy (eV)
ig dorr}ains exist at low temperature at the surface Figure 4: (a) PL map as a function of tempera-
17 f)f single grystals, possibly due to lpcal surface ture of a CH,NH,Pbl, film. (b) Comparison at
18 1mperfec’F1ons thafc act as nucleation centers. different temperature between normalised PL
19 Crystal imperfections might help to stabilize spectra of CH,NH,PbI, crystal (red) and film
20 the high temperature phase through mechan-

21 . . 55 ) . (black).

- ical strain.”” Recently, these inclusions have

23 been reported for CH;NH;PbI; microplate sin-

24 gle crystals through electron diffraction and PL peak and follow the thermal shift of the latter
25 measurements. °® Previously reported spectra of ~ between 10K and 150K and it disappears at the
g? CH,NH,PbIy single crystals correspond to the  orthorhombic-tetragonal phase transition. Be-
28 present LE; and LE, emissions. 20 The LE; peak sides, the LE; contribution seems to maintain
29 was attributed to a FE emission on a basis of a  its position under high fluence excitation. At
30 TR-PL lifetime measurement, whereas a bound 50K, this component is clearly visible at 1.619
g; state emission with a triplet state character was ev. Qn thin films, even at‘ the‘hi.ghe‘st .ﬂuer‘lce,
23 proposed for the LE, peak exhibiting a millisec- the high energy FE peak is still indistinguish-
34 ond dynamics. The narrow FE emission peak able (Figure S8) and the LE; band dominates
35 of the present study was not observed. the emission.

g? To get further insight in the nature of the trap Ounly the Compar‘ison with the s.ingle crystal
38 states, we study the power dependence of the PL allows us to assign the LE; emission to trap
39 PL spectra at 10K and 50K (Figure 5). The states. More precisely, this peak could be as-
40 sharp FE emission clearly dominates the spec- signed to bound excitons. However, we remark
41 tra at high fluence and maintains its position  that the LE; peak is very broad compare to the
jé and width. single crystals FE emission. Excitons bound
44 The LE, band presents a relative decrease at to shallow donnors or aceptors produce very
45 higher laser density, compatible with a satu- sharp lines. A possible origin for the LE; band
46 ration behavior, and shifts toward higher en- may arise from polaronic effect. In the polaron
j; ergy. Due to this blue-shift under high fluence, framew?rk, strong coupling of an e?(cit'on With
49 Donor Acceptor Pair (DAP) recombination in the lattice vibration could lead to its immobi-
50 CH,NH,PbI, have been suggested by Kong et lization (ie self-trapping). Self-trapping induces
51 al.1% Similar observations have been reported broad, Stokes-shifted emissions and occurs in
o in CH;NH;PbBr crystals.?” Alternatively, Li ~ Pico or sub-picosecond timescale.>” The phe-
54 et al. have proposed that this blue-shift is con- nomena has been observed in alkali-halide and
55 nected to the accumulation of carriers inside the lead-halide®"* and may account for white-light
56 small tetragonal phase inclusions, inducing a emission in 2D HOP.>*%

g; band filling effect.® We focus now on the prop- ‘leferent author§ suggest that t}}e reorienta-
59 erties of the LE; band. We observe that the tion of the MA cation and its associated dipole,
60 peak is slightly redshifted compare to the FE is connected to the formation of polaronic
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states. %192 The strong exciton-LO-Phonon cou-
pling observed in this study is consistent with
the formation of self-trapped excitons. Impor-
tantly, the self-trapping could be intrinsic or
extrinsic. In the latter case, the process is me-
diated by the presence of disorder and/or de-
fects. %3 Hence, the self-trapping of excitons may
likely be formed at the surface or interfaces be-
tween grains, where reorientation of the termi-
nal MA cations and deformation of the crystal
structure in general is easier, as also proposed
by Wu et al.®!

In thin polycrystalline films, with relatively
small micrometric grain size, we suppose a fast
diffusion and self-trapping of excitons at the in-
terfaces, which completely prevent the observa-
tion of a free excitonic emission even at high
laser power density. In crystals, a large fraction
of the excitons could diffuse and recombine in
the volume of the material. Such an interpreta-
tion is well supported both by the data showing
the quenching of the LE bands with the con-
comitant rise of the FE band and by the TR-PL
data.

= 50K
e
| .
@)
<
&
(%) F 10K
c
[0)
"E I
= .
o LE,
LE, |
0.1 ndiem’
|
|
ISE——- T LT rev———
1.4 15 16 17
Energy (eV)
Figure 5: Power dependence of the PL of

CH,;NH,Pbl, single crystal at 10K and 50K.

The surface/interface origin of the trap states
could also explain the important similarity be-
tween the LE emission band of films and crys-
tals: due to the large absorption coefficient of

CH,NH,;PbI; (a &~ 10°cm™! for an excitation
wavelength of 400nm),%* the penetration depth
of the light is approximately of 100nm, which
means that we are still sensitive to the surface
states, despite the large size of the crystal. As
previously mentioned, crystals present locally
some inhomogeneities and roughness and we
have observed relative variations of the free ex-
citonic emission compared to the LE band in-
tensity at some points of the crystal surface.
However, crystals, unlike thin films, present
also large areas with clean and smooth surfaces
giving access to the intrinsic emission proper-
ties of CH;NH,;PbI,.

In summary, free excitonic emission has been
observed on CH;NH;PbI; single crystal at low
temperature. The free exciton emission spec-
tra is a sharp line, with a FWHM of 5 meV at
10K. From the analysis of the thermal evolu-
tion of the free excitonic line, we demonstrate
a strong homogenous broadening of the emis-
sion connected to Frohlich interaction with LO-
phonons. The free exciton emission presents
a non-exponential decay with sub-nanosecond
characteristic time, dominated by the rapid re-
laxation to trap states. In comparison, the
emission of CH;NH;PbI; thin films at low tem-
perature is dominated by trap states and the
free excitonic emission is never observed even
under high fluence excitation. The low energy
bands are very similar at low temperature on
thin films and crystal in term of position, width,
fluence-dependence and recombination dynam-
ics and are likely connected to the formation
of trap states at the surface/interfaces of the
material. Our results lead to a deeper under-
standing of the photophysics of 3D HOP and
highlight the importance of studying bulk single
crystals in order to access to the intrinsic prop-
erties of 3D HOP. Besides, our findings reinforce
the idea that low temperature PL spectroscopy
is a relevant tool to assess the crystalline quality
in 3D HOP.
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