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The control of non-radiative losses in light-emitting diodes (LEDs)
based on metal halide perovskites is crucial to improve device
efficiency. Recent studies have shown a correlation between lattice
strain and electron—hole recombination. To consolidate the con-
cept, we investigate how external pressure (strain) affects the
crystal structure, electronic properties, point defect concentration,
and luminescence efficiency of CHs;NH3PbBrs. Relativistic first-
principles calculations reveal enhanced Rashba splitting and
Schottky defect disorder under compression, which produce a
pronounced decrease in the electroluminescence peak energy
and intensity in operating CH3;NH3PbBr; LEDs. The resulting model
sheds light on the factors underpinning the intricate strain—prop-
erty relationships in soft crystalline semiconductors.

Applications of halide perovskite semiconductors have
ranged from photovoltaic (PV) to light-emitting diodes (LED)
applications.’™ Although both power conversion efficiency of
perovskite PV and external quantum efficiency of LEDs have
reached over 20%,”® these are still well below their theoretical
limits. Non-radiative carrier recombination — which generates
heat rather than light - in the active perovskite layer is one of
the key factors that diminishes the efficiency of both LED and
PV devices.” Non-radiative recombination has several origins;
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for instance, indirect band to band transitions or defect mediated
recombination (.e. Shockley-Read-Hall recombination).*

There have been recent insights into how the strain present
in halide perovskite films affects non-radiative recombination
and luminescence efficiency.'™'> Strain - which can develop
within the film during the growth and crystallization process -
exhibits complex heterogeneity patterns that extend across
multiple length scales in perovskite films and is demonstrated
by spatial variation in luminescence.'® Spacial correlation
between lattice strain and photoluminescence (PL) lifetime
was directly revealed even in high-quality perovskite thin
films."* A recent study by Kim et al.'® reported that relieving
the strain by cation exchange could reduce trap density and
suppress non-radiative recombination, which results in higher
open-circuit voltage of perovskite PV devices. Another study by
Ye et al'® also has demonstrated that strain relaxation in
perovskite solar cells displayed an 1.2 times higher PCE and
considerably longer stability than control groups. Nonetheless,
the defect species that strongly couple with the strain in halide
perovskites, and the other factors that could lead to non-
radiative recombination, are poorly understood.

Herein, we aim to better understand the relationship
between strain and carrier recombination. We set pressure
as the sole control variable as it is a thermodynamic para-
meter that can directly induce strain in materials and tune
their properties. Operando experiments of CH3;NH;PbBr; (or
MAPDBEr;) perovskite LED were performed to probe the change
in the device properties (i.e. electroluminescence, EL) under
hydrostatic pressure. The measurements were performed with
the device immersed in an inert fluid (Fluorinert) acting as a
pressure transmitting inside a capillary high-pressure cell.
Next, complementary first-principles density functional theory
(DFT) calculations were performed to demonstrate a change in
material properties (atomic structure and electronic structure)
at each pressure point. Finally, we adopted a statistical thermo-
dynamic model to describe how defect concentration (including
Schottky and Frenkel disorders) changes as pressure is applied. Our
unique approach employs the pressure dependence of EL in
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perovskite devices to elucidate the pressure-carrier recombination
relationship. The analysis provides insights into the strain-struc-
ture-property relationships of halide perovskites.

Results and discussion

The EL evolution of a MAPbBr; device measured under the
application of various external hydrostatic pressures is shown
in Fig. 1. All EL spectra are normalised to the number of counts
per second per mA and were collated at room temperature. The
MAPDBr; LED is fabricated following Ref. 17 which under
ambient conditions (T =~ 298 K, P =~ 1 atm) demonstrates
green EL with a peak wavelength of 1,,, = 540 nm (see Methods
for device stack). The evolution of the LED EL intensity with
varying pressure is depicted in Fig. 1a. These results demon-
strate that the intensity is impaired as the pressure rises;
however EL intensity rapidly diminishes with the first incre-
ment of pressure. The reduction in EL intensity confirms that
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pressure adversely impacts the output of the MAPbBr; LEDs.
The fact there is no significant inhibition in charge injection to
the device when the pressure is applied (see Fig. S1, ESIf)
allows us to assume that an increase in non-radiative recombi-
nation is the main cause of the EL reduction.

The EL spectra have been normalised to the intensity value
at the emission peak in Fig. 1b. The peak energy gradually
shifts to longer wavelengths (lower energies) at a rate of
7 meV kbar ! as the sample was compressed. Fig. 1c and d,
demonstrate that the EL emission peak is negatively correlated
with the applied pressure, indicating a pressure-induced band
gap reduction. These results are consistent with previous
studies of thin films and crystals of perovskite materials®>*
that have shown the same trend in band gap pressure relation.
In our case and within the studied range of pressure, the
MAPDBr; LED proved to be considerably flexible in terms of
band gap where the emission peak wavelength exhibited a
gradual shift back to shorter wavelengths as the sample was
decompressed slowly (see Fig. S2, ESIi).
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Fig. 1 Spectroscopic measurements of a MAPbBrs perovskite-based device operated at a constant current of 12 mA, under externally applied
hydrostatic pressure within the range of 0 kbar < P < 7 kbar at room temperature. (a) The measured electroluminescence (EL) spectra as a function of
wavelength at different pressures. The EL intensity axis is shown in counts per second. (b) Normalised EL spectra as a function of wavelength. The black
arrows in (a) and (b) show progression with increasing pressure. (c) The pressure dependence of EL peak intensity. (d) The pressure dependence of EL

peak energy.
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(a) Atomic structure of MAPbBrs, where the MA™ molecule is oriented in the [110] direction on a (002) plane. 0c_y is defined on ab-plane to

describe the rotation of molecules within the cavity. Structural parameters in (b) length, (c) angle, and (d) volume dimension as a function of pressure. a/2,
dpp-gr, and dc_y stand for half of the lattice constant, averaged Pb—Br bond length, and C—N bond length in the unit cell, respectively. og,—pp-s, denotes
the standard deviation of the Br—Pb—Br bond angles deviated from the right angle (90°). v and UpbBr, are volume of the unit cell and PbBrg octahedron

where veayity = ¥ — Uppgrg-

In our experimental settings, it is beyond our capabilities to
obtain material specific properties such as change in crystal
structure and defect concentration. Moreover, to attain insights
into the causes of the observed quenching in EL intensity, it is
necessary to decipher the origin of carrier recombination
behavior at an atomic level; therefore, we performed first-
principle DFT calculations. These are used to provide insights
into the pressure-induced structural changes, as well as the
impact of compression on defect formation to link with the
macroscopic observation of EL quenching.

The optimised crystal structure of MAPDbBr; is shown in
Fig. 2a. The calculated lattice constant of a, = 5.93 A coincides
well with previously reported values of 5.91 A (calculated)** and
5.94 A (measured).”® From fitting to the third-order Birch-
Murnaghan equation-of-state,** a bulk modulus of B, = 18.2
GPa is obtained, which implies hybrid MAPbBr; is softer than
inorganic CsPbBr; (B, = 21.5 GPa).>® A report of B, = 16.8 GPa
measured from Brillouin scattering is in good agreement.>®
Based on the calculated a, and B, the unit cell volume (v) as a
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function of pressure is obtained following

y:u0<1—3%) (1)

where v, is the equilibrium volume of the unit cell at 0 pressure
(vo = (a)®) and P is applied pressure. According to Eqn 1 we
compressed the volume of MAPDbBr; unit cell isotropically (i.e.
a = /v) and fully relaxed the internal coordinates of all atoms.
Changes of structural parameters as a function of pressure are
plotted in Fig. 2b.

Unlike the ideal perovskite structure (e.g. cubic CsPbBrj)
where the Pb-Br bond length is half of its lattice constant, the
averaged Pb-Br bond length of MAPbBr; (dpp-g;) in MAPDbBT; is
larger than a/2. This is because the MA" molecular cation allows
internal distortion of PbBrs octahedron in MAPbBr;. While
dpy_pr shortens as more pressure is applied, the C-N bond
length of MA" (d¢_n) remains constant, which means that the
applied pressure mainly affects the 3-dimensional PbBrg octa-
hedral networks and leaves the molecular cation unperturbed

This journal is © The Royal Society of Chemistry 2022
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due to its stiffer bond. As a result, internal distortion of the
PbBr, octahedron becomes severe. A quantitative measure, the
standard deviation of the octahedral angles (op,pp-p;) defined
by eqn (2),%”?% is plotted as a function of pressure in Fig. 2c.
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> (OBr—pb—Bri — 90°)
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It confirms that pressure distorts the octahedra and conse-
quently MA" rotates to fit in the cavity. It is notable that the
volume of PbBrg is kept constant while the volume of the cavity
shrinks under the pressure (see Fig. 2d). This could explain the
microscopic origin of the organic cations locking under pres-
sure that have been observed.*’

Hybrid lead halide perovskites are known to exhibit Rashba
splitting in their band dispersion due to a break of the
centrosymmetry by the presence of the molecular cation.?%*"
To assess the impact of pressure on the electronic structure of
MAPDBr; including its Rashba splitting, we sampled a dense 3D
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k-point mesh near the R point in the momentum space. Fig. 3a
depicts the band structure of MAPbBr; and physical quantities
that can make quantitative analysis of Rashba splitting avail-
able. The evolution of actual band structures is plotted in
Fig. S4 and S5 (ESIf). Band gap values shown in Fig. 3b are
underestimated with respect to our measurement due to the
level of theory. The use of the generalised gradient approxi-
mation with relativistic corrections can capture correct trends
in relative changes of atomic and electronic structures for
halide perovskites.?®

Both the indirect and direct band gap of MAPbBr; (Eg indir)
and (Egqi;) decrease under applied pressure, Fig. 3b. This
positive volume deformation potential (negative pressure coef-
ficient) of the band gap arises through contributing the Pb 6s
orbitals to the band structure.*” The band gap shrinkage of
~25 meV at 7 kbar from our calculation is in the same order as
the EL peak shift of our device (~45 meV) at 7 kbar. When the
band gap is simply measured right at the R point (E,z), it
exhibits an opposite (increasing) trend as a function of the
pressure, which means that sampling k-mesh properly near the
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(a) Schematic electronic band structure of MAPbBr3 near the R point in energy-momentum space. Change of (b) DFT band gap, (c) eigenvalue,

(d) momentum at band extrema as a function of pressure. Eg g stands for the band gap at R point, Egingir and Eg - are indirect and direct band gap. AE.
(AE,) and Ak (Ak,) denote eigenvalue and momentum difference between the R point and the conduction band minimum (valence band maximum),

respectively. Aknet = Akc—AK,.
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high symmetry point is necessary to capture the Rashba split-
ting. We also note that the Rashba splitting mitigates band gap
shrinkage (see Fig. S3, ESI¥).

We further analysed how the shape of the Rashba pockets
evolves under pressure as the shape of band structure could
impact charge carrier recombination dynamics.>'**** Fig. 3c
and d display that the actual band extrema drift apart from the
R point both on the energy axis and momentum (wavevector)
axis as pressure is applied, which indicates the Rashba pockets
on the upper valence band and lower conduction band become
deeper and wider under pressure. Exact band extrema positions
in the reciprocal space and values used to plot Fig. 3c and d are
tabulated in Table S1 (ESIt). We attribute the shift of AE and Ak
to the distortion of PbBrs octahdera under pressure, as the
correlation between octahedral distortion and spin-orbit cou-
pling has been previously reported in halide perovskite
systems.?®*>*® Nonetheless, it is important that the k-space
separation between electrons and holes (represented by Ake)
remains constant, since it implies a change in band structure
does not result in the enhancement of phonon-assisted indirect
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recombination that is a result of momentum mismatch. We
conclude that the primary origin of the EL intensity decrease
observed in our experiment is not related to the change of
electronic structure. An interesting point is that no indirect to
direct band gap transition occurs in MAPbBr; unlike previous
reports from MAPbI;.>"

A correlation between strain and non-radiative recombina-
tion has been reported, where local defect density plays an
important role.'* To assess this effect, we sampled 6 charged
vacancies and interstitials (i.e. Vsa ™, Vono , Var', MA;, Pb/",
and Br; ) that can be found in MAPbBr;. To quantify how
applied pressure can affects defect population, we predicted a
change in relative defect concentration of all vacancies and
interstitials as a function of applied pressure following eqn (7).
In Fig. 4a, concentration of Br anion vacancy is expected to
increase (~ 10’ times at 7 kbar), while the concentration of MA
and Pb cation vacancies is expected to decrease. In Fig. 4b,
interstital defects exhibit opposite tendencies, i.e. concen-
tration of Br anion interstitial is predicted to decrease and
concentration of the other cation interstitials are predicted to
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and Vg, " stand for MA, Pb, and Br vacancy,

(b) interstitials where MA;*,Pb? *, and Br;~ stand for MA, Pb, and Br interstitial, (c) Schottky disorder where Dsmagr. Ds posr, and Ds maposr, denote MAB, PbBr,, and,
MAPDbBrz Schottky pair, and (d) frenkel disorder where D¢ma, D¢pp, and Dgg, denote Frenkel pair.
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Table 1 Calculated formation energy of Schottky and Frenkel defects in
MAPbBrs (AH4) from DFT for a 2 x 2 x 2 pseudo-cubic supercell

Reaction AHg (eV defect™)
Schottky ~ Nil — Vi~ + Vg, + MABr 0.14
Disorder Nil — Vpp>~ + 2 Vg, '+ PbBr, 0.24
Nil > Vpa~ +Vp,>~ + 3Vy '+ MAPbBr;  0.20
Frenkel  Nil — Vya~ + MA/" 0.07
Disorder Nil - Vp,>~ + Pb* 2.15
Nil - Vg.'+ Br;~ 0.24

increase. Here, it is found that V' is the most pressure-
sensitive defect species.

The predictions shown in Fig. 4a and b assume local
equilibrium at each pressure point, which is reasonable con-
sidering the relatively high ion mobility at in these materials at
room temperature. Once an ion escapes from its lattice site and
forms a vacancy, this ion can induce another vacancy to
compensate the charge (Schottky disorder) or form an inter-
stitial (Frenkel disorder).?” Possible balanced defect reactions
are summarised in Table 1. The partial and full Schottky defect
formation energies of MAPbBr; are similar to previously
reported values of MAPbI;,*® which implies that Schottky dis-
order is common in bromide perovskites, as well as iodide
perovskites. Interestingly, MA and Br Frenkel disorder is found
to be as accessible as Schottky disorder, whilst Pb Frenkel
disorder is energetically unfavourable.

The variation of defect concentrations under pressure is
shown in Fig. 4c and d, respectively. Schottky disorder is
expected to increase up to 1000 times at 7 kbar. MA and Br
Frenkel disorder is also predicted to increase, whereas Pb
Frenkel disorder is predicted to decrease. The driving force
behind the enhancement of Schottky and Br Frenkel disorders
is stabilisation of Br anion vacancy under compression - in
other words, reduction of Vi, formation energy overcomes the
rise of Vs, Veb~, and Br;” formation energies. On the other
hand, the driving force behind the enhancement of MA Frenkel
disorder is stabilisation of the MA interstitial.

An increase in crystal disorder, with a distribution of
charged defect centres, will enhance carrier trapping due
to band edge fluctuations in the semiconducting crystal.
Furthermore, both the Br vacancy and interstitial introduce
trap states within the band gap.*>*° These effects, which arise
from enhanced Schottky disorder and Br Frenkel disorder
under pressure, will lead to non-radiative pathways that lower
the LED efficiency. In addition to bulk processes, pressure-
induced changes at surfaces,*" interfaces, and*>** grain bound-
aries can may also play a role, but are beyond the scope of this
investigation.

Conclusions

The change in optoelectronic and material properties of
MAPDBr3;, probed using a combination of simulation techni-
ques and experimental measurements, highlights that: (i) pres-
sure distorts PbBry octahedra in the MAPDbBr; crystal, which
results in larger relativistic Rashba splitting with electron and

This journal is © The Royal Society of Chemistry 2022
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hole pockets near the R point that are deeper and wider; (ii)
the band gap is reduced under hydrostatic pressure with
indirectness of the band gap unchanged, which explains the
red-shifted EL observed in MAPbBr; LEDs; (iii) both Schottky
and Frenkel disorder is enhanced under hydrostatic pressure,
which leads to an increase in charged defect populations and a
decrease in EL intensity. The same processes that we observe
for pressure-induced behaviour are expected to be relevant for
strain effects in general where the local structure is expanded or
compressed, including carrier recombination phenomena
related to photostriction,*>** phase transitions,"**® and com-
positional gradients.*”*®

Experimental methods
Sample preparation

The following chemicals were supplied from MABr and PbBr,
(>99%, Sigma-Aldrich), and F8 was provided by Cambridge
Display Technology (CDT) Ltd. All materials were used as
received from their sources without further purification.
For the methylammonium lead tribromide (CH3;NH3;PbBr;,
MAPDBTr3) perovskite precursor solution (37.8 wt%), MABr and
PbBr, with a molar ratio of 1:1 were dissolved in a cosolvent of
N,N-dimethylformamide (DMF) with 6 vol% of an aqueous
hydrobromic acid (HBr) (48 wt%). The LED device was fabri-
cated according to the recipe given in ref. 17. The LED was
fabricated on a pre-patterned indium tin oxide (ITO) substrate
that was cleaned in an ultrasonic bath with acetone, 2-propanol
and followed by treatment in an oxygen-plasma etcher for
10 min, sequentially. A thin layer of poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonic acid (PEDOT:PSS) was used as
the hole transport layer (HTL) which was spun coated at
5000 rpm for 45 s on the substrate and then baked at 140 °C
for 10 min under nitrogen atmosphere. Subsequently, the
MAPDbBr; precursor solution was spun coated onto the PED-
OT:PSS layer at 3000 rpm for 60 s and followed by annealing at
100 °C for 2 h. The Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8)
polymer solution with a concentration of (0.8 mg ml™' in

Ag (80 nm) i
LiF (1 nm) Vi
F8 polymer

MAPDbBr; (~400 nm)
PEDOT:PSS

ITO/Glass

Fig. 5 Schematic device structure of MAPbBrs based LED, with (ITO/
PEDOT:PSS/MAPbBr3/LiF/Ag) architecture. The active area of the device
was 1 mm?.
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chlorobenzene) was spun coated onto the perovskite layer at
3000 rpm for 60 s. The device fabrication is concluded by
thermally evaporating approximately 1 nm of LiF, followed by
80 nm of Ag. The device was fabricated, had wires attached to it,
was encapsulated inside a N2-filled glove-box, and had an
active area of 1 mm” which was defined using a mask. Sche-
matic of the device is shown in Fig. 5.

EL Measurement under hydrostatic pressure

The measurements of EL spectra as a function of pressure
dependence were carried out at room temperature using the
capillary-fed piston-cylinder cell pressure system with a man-
ganin coil acting as a pressure gauge.*® The LED was immersed
within the cell in 3MTM FluorinertTM (FC-77) liquid, which is
characterised by being very inert with high electrical resistivity
(1.9 x 10" Q cm) and is employed as a hydrostatic pressure
transferring medium.>® The electroluminescence (EL) spectra
emitted from the LED were recorded using a spectrometer
positioned outside the pressure cell. During the measurements,
the device was operated at a constant current while the light
emitted was simultaneously collected and transmitted through
an optical fiber from the device within the cell to the spectro-
meter. The collection of light emitted vertically to the substrate
was achieved through having one port of thefibre located close
to the sample. The pressure was increased gradually from
ambient to 8 kbar in steps of 0.5 kbar. The EL was recorded
using a fiber-coupled USB2000 Spectrometer with SpectraSuite
software from Ocean Optics, while driving the LED at a con-
stant current using a Keithley 2400 source measurement unit.

Bulk structure calculations

Calculations were performed based on Kohn-Sham density-
functional theory®' for a series of 10 pressures. The Vienna Ab
Initio Simulation Package (VASP)**°® was used with projector
augmented-wave (PAW)>»*® scalar-relativistic potentials. The
valence states of H, C, N, Br, and Pb are treated explicitly by
1(1s8),4 (25°2p?), 5(2s%2p?), 7(4s*4p°), and 14(5d'°6s°6p>) elec-
trons, respectively. For structure optimization, the Perdew-
Burke-Ernzerhof exchange-correlation functional revised for
solids (PBEsol)*® was employed with the plane-wave kinetic
cutoff energy of 700 eV. High convergence criteria of 10~° eV for
total energy in the unit cell and 1073 ev A~* for forces on each
atom were set to properly describe the change in atomic
structures under small volume changes.

For the primitive unit cell, a I'-centred k-point grid of 8 x
8 x 8 was used. To obtain accurate values of valence band
maximum (VBM) and conduction band minimum (CBM) in
energy-momentum space, a fine k-point mesh near the R point
(0.5,0.5,0.5) was sampled in two steps: (i)13 x 13 x 13 mesh
within |k~R| < 0.06[27/a,], where i = x, y, and z; (ii) 13 x 13 x
13 mesh within |k; — R’| < 0.006[27/a,], where R’ is the point
that has minimum (maximum) eigenvalue from the first step.
The rest of the Brillouin zone was sampled on 8 x 8 x 8 mesh.
Spin-orbit coupling (SOC) was included to describe the split-
ting of band edges.
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Defect thermodynamics

Within the modern theory of point defects in crystals, the
enthalpy of defect formation (AHSS " (1, Ex)) be calculated as
a function of chemical potential (1) and Fermi level (Eg)
following

AH:?;CC{ (H,‘7 EF) _ E;lilfcct _ Ehost + Z u; + qEF (3)
i

where ESSt and E"*' are the total energy of a 2 x 2 x 2
supercell with point defect « in charge state g and a perfect
5758 To consider the effect of strain (&) on
defect formation, we assumed that strain only affects the total
energy and re-formulated eqn (3) to

AHEE (1, Ep,¢) = ESF () — B + Yy +qEr (4)
i

supercell, respectively.

where E55“(¢) and E"*(¢) are the total energy of a strained

supercell with point defect « in charge state g and a perfect
strained supercell. From Eqn 4, the relative defect concen-
tration of strained crystal to unstrained crystal (1, (e)/
177" (0)) can be defined following

AHo[cii]reCl (Hiv EF7 6)

ndefect (() cXp |:

d ksT
d‘q = (5)
naefecl (0) AHdefect (N“ EF> 0)
4 exp 24
kgT

3 AHY (1, Ex, €) — AHYST (;, Ex, 0)
= exp T (6)
defect _ rhost _ defect _ phost
Eyg(6) = EM(e) ELq7(0) — EMH(0)
= exp T (7)

where kg and T are Boltzmann constant and temperature,
respectively. This means that the change in the relative defect
concentration can be calculated from the total energy differ-
ences as the chemical potentials cancel. We note that change in
charged defect correction term is found to be negligible at the
given pressure range (see Fig. S6, ESI}).
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