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Abstract

Cesium copper halides Cs;Cu,Xs (X=Cl, Br and I) have attracted much attention for
optoelectronic  applications because of their self-trap excitons (STE) and high
photoluminescence quantum yield (PLQY). Intrinsic point defects play a critical role in the
optoelectronic performance of these materials by affecting fundamental properties, such as
carrier mobility, lifetime, and recombination rate. In this work, we have calculated, by means
of quantum mechanical calculations, formation energies and transition levels of all possible
intrinsic point defects in Cs;Cu,Xs. We have found that only X; and Xc, defects show
simultaneously, deep transition energy levels and negative formation energies. Interestingly,
the dominant defect under halide-rich growth condition exhibits much higher concentration
than that under halide-poor condition. Thus avoiding the halide-rich condition could help in

reducing the defect concentration.



Introduction

Lead-free metal halide materials have attracted considerable interest to replace lead halide
perovskites (CsPbX;, X=Cl, Br and I) due to their low-toxicity, high-stability and optimal
optical properties.!? Among them, inorganic cesium copper halides Cs;Cu, X5 (X=Cl, Br and I)
with superior luminescence properties (near-unity photoluminescence quantum yield (PLQY),
have been regarded as promising candidates for their potential applications in
photoluminescence, LED, photodetector and so on.*? The superior PLQY properties of
Cs;Cu,Xs materials compared with other lead-free materials, such as Cs;Bi,Xy, CsGeX;, and
Cs,AgBiX;,0 are generated by their stronger quantum confinement, site isolation, zero-
dimensional structure at the molecular level (0D), and correspondingly strong self-trap excitons
(STE) emission, and large exciton binding energy. These outstanding factors make Cs;Cu,Xs
ideal candidates for optoelectronic devices.””

Any deviation from periodic crystal lattice would result in crystal imperfections, namely
defects, which might form localized electronic states (defect energy levels)!” that, if are located
inside the band gap region, will trap photo-excited charge carriers and limit their mobility, with
serious repercussion on the efficiency of the device.!" From reported experimental results, the
PLQY varies under different synthesis conditions as defects formation will primarly rely on
the growth environment.?*!2 Therefore, understanding the role of defects, and particularly of
intrinsic point defects, is thus of pivotal importance. Although the synthesis and superior
properties of low-dimensional copper halides Cs;Cu,Xshave been recently reported,*813:14 a

comprehensive theoretical investigation of the properties of the defects, from their formation



energies under different growth conditions to their charge-transition levels, is still missing.!>-16
Here, by studying defects properties with atomic-scale simulations, we aim to provide a
guideline to reduce the defects concentration and ultimately synthesize high-quality Cs;Cu,Xs
with high PLQY. We perform Density Functional Theory (DFT) calculations to estimate the
formation energies and transition levels of all possible intrinsic point defects in Cs;Cu,Xs. We
find that despite their differences as pure elements, the three halides form compounds with
similar properties in terms of electronic structures, defect formation energies and charge
transition levels. Among all the possible point defects considered, Cu;, X; and X, are easier to
form, with negative formation energies and higher defect concentration. Only X; and X defects
show, simultaneously, deep transition energy levels in the band gap region and negative
formation energies, which is energetically favorable to trap the photo-generated charge carrier
from the band edge excited states. Therefore, these two kinds of defects should be avoided
during synthesis. By calculation of formation energy under different growth condition, we find
that the defects formation energies depend on the synthesis conditions: under halide-poor
growth condition, the dominant defects (X;) exhibit much higher formation energies than under
halide-rich conditions, which could thus help to reduce the defects concentration and avoid the

formation of trap states.

Method
DFT calculations were performed with the VASP package.'” The generalized gradient
approximation (GGA)' in the description from Perdew—Burke—Ernzerhof (PBE) was used as

exchange-correlation functional and the projector augmented wave (PAW)! potentials for Cs,



Cu, CI, Br and I atoms, with a 500 eV plane-wave cutoff. We used a 4 x 4 x 3 I'-centered
Monkhorst—Pack k-point mesh for the unit cell composed of 40 atoms, while for the 2 x 2 x 2
supercell, necessary to avoid the interaction between defects, we used a single k-point (I").2°
The possible intrinsic points defects considered are vacancies (V¢s, Veu, Vx), interstitial (Cs;,
Cu;, X;) and antisites (Csx, Cscy, Cux, Cucs, Xcs, Xcu) as shown in Figure S1-3. The crystal
structures and internal atomic positions were fully relaxed until the forces were below 0.02
eV/A. The exciton binding energies were calculated using the Wannier-Mott (WM) model: E,
= Rwp/(mye?), where the reduced effective mass of the e-h pair, y, is equal to (m,'+m;*!)!, R«
the Rydberg constants. € is the dielectric constant, calculated using Density functional
perturbation theory (DFPT)?! and both average static dielectric constant € and average
macroscopic dielectric constant €o calculated from the frequency-dependent dielectric
functions were considered.”? The formation energy of a defect or impurity X in charge state q
is defined as:

Er(Xy) = Eu(Xy)-Ew(host)+Y;(n; + p)+qEAEFAV ) oo (1)

where E, (X,) s the total energy of a supercell with defect X with charge q in the cell. E,, (host)
is the total energy of the supercell without any defects. n; indicates the number of atom i that
has been added to (or removed from) the supercell when the defect is created. y; is the chemical
potential of corresponding atom i. E, is the valence band maximum (VBM) of the perfect
supercell. g is the fermi lever referenced to the E,. The correction term AV is the shift of the
VBM between different defects charge states and the defect-free supercell.?® It can be obtained
by calculating the shift of the 1s core level of a Cs atom in the defect-free and defect supercell."

The defect charge-transition energy level €(qi/q,) is the Fermi energy at which the formation



energy of a defect with charge q; is equal to the one with charge q,:**

€(qi/q2) = [Eq, + Eq,+Q(Ev+AV | )-Qu(Ev+AV)) 1/(q2-qQ1) «ovnvneeeiii 2)

where q; and q, are the initial and final charge states. AV, (AV,) is the shift of VBM between
q: charge defects (q, charge states) and the defect-free supercell. We are aware that the band
gap calculated with at the PBE level is underestimated and this might affect the values of the
band gap. However, as it has been shown previously that GGA and hybrid exchange-correlation
functionals predict similar defect Kohn—Sham levels.”> More in details, the charge transition
levels of dominant defects calculated at the HSE hybrid functional with Spin Orbit Coupling
(SOC) correction and at the PBE level, without SOC correction, has been shown to be in good
agreement. Therefore, we consider that the choice of using the PBE functional to calculate the
defect formation energies and charge-state transition levels is reasonable. All the structures and
outputs of the calculations are stored and freely available in the DTU DATA repository (DOI:

10.11583/DTU.12981887).

Result and discussion

The crystal structures of the materials investigated here are shown in Figure 1. These crystals
have orthorhombic symmetry (Pnma space group) and their lattice parameters increase
following the trend I > Br > CI (the experimental and theoretical values are listed in Supporting
Information, Table S1).26%” Typically, in these structures, [Cu,Xs]*~ clusters are isolated from
the Cs* cations, forming a unique 0D structure at the molecular level and they exhibit two types
of Cu* sites, a tetrahedral site (for X=Br and I) and a trigonal site (for X=Cl, Br and I). Because

of the unique 0D structure, these materials show remarkably large exciton binding energy, high



PLQYs, and increased stability."?

Figure 1. Crystal structure of Cs;Cu,X;sfor X=ClI (a), Br (b), and I (c). (d) The three- and (e)
four-coordinated Cu ions are shown in the orange and blue, respectively. (f) Cs and Cu are
indicated with cyan and blue spheres, respectively. The halides, CI, Br, and I are shown with

green, brown and purple spheres.

Band structures (Figure 2a-c) and the projected density of states (PDOS, Figure 2d-f) are
calculated to investigate the electronic properties. Both conduction band minimum (CBM) and
valence band maximum (VBM) are located at the I' point, which indicates that Cs;Cu,Xshave
direct band gaps. The calculated band gaps of Cs;Cu,Cls, Cs;Cu,Brs and Cs;Cu,lshave similar
values (2.35 eV, 2.10 eV and 2.33 eV, respectively), which is consistent with previously
reported results at the PBE level.* For better accuracy, we have calculated the band gap using
the HSEO6 hybrid functional and adding the SOC correction.”® The gaps now follow the trend

expected by the change in electronegativity of the anions (Cl > Br > I) and equal to 3.66, 3.40
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and 3.29 eV, respectively as shown in Table 1. We would like to point out that, as indicated in
the method section and shown previously in the literature, 2 the results reported here regarding
the defects calculations performed at the PBE level are still valid. The conduction band (CB)
is predominantly composed of Cu 4s.? The valence band (VB) is, instead, mainly formed by
Cu 3d orbital hybridized with the halide p orbitals (3p, 4p, Sp for Cl, Br and I, respectively).
The Cs* ions do not contribute to either the CBM or the VBM, acting purely as an electron
donor, which can be evinced by looking at the Cs;Cu,X; structures (Figure 1).%°

To better explore the optical properties, the effective mass and exciton binding energy were
calculated and reported in Table 2. The calculated exciton binding energies for Cs;Cu,Xs
ranges from 261 to 675 meV (275 to 723 meV) are in the same magnitude order as the reported
results.'>!16 Because excitons binding energies are considerably higher than the thermal energy
kT at room temperature (~26 meV), excitons are the majority of the photo-excited species,
which indicates that the robust photoluminescence is originated from exciton recombination.
Among all Cs;Cu,Xs compounds, Cs;Cu,Cls shows the largest exciton binding energy,
consistent with its superior PLQY properties (near one-unity).” This suggests that improved
efficiency could be achieved by simultaneously increasing the exciton binding energies and
decreasing defect concentration. We note that the exciton binding energies of Cs;Cu,Xs
materials are much larger than for conventional cesium lead perovskite halides (the estimated
exciton binding energies for CsPbCl;, CsPbBr;, and CsPbl; QDs are 75, 40, 20 meV,
respectively).’! This indicates thatexcitons play a more critical role in the photophysics process

and photoelectric properties for Cs;Cu,Xs compared with CsPbX;.
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Figure 2. Band structure and projected density of states (PDOS) of Cs;Cu,Xs (X=ClI, Br, I). (a,

d) Cs;Cu,Cls, (b, e). Cs;Cu,Brs and (c, ) Cs;Cusls. The Fermi energy (Er) was set to 0 eV. The

PDOS values are normalized by atoms orbital numbers.

Table 1. Calculated band gap of Cs;Cu,Xs (X=Cl Br and I) using the HSE hybrid functional

with and without SOC correction

Cs;Cu,Cls (eV) Cs;Cu,Brs (eV) Cs;Culs (eV)
HSE without SOC 391 3.65
HSE with SOC 3.66 340

Table 2. Calculated electron effective mass (m."), hole effective mass (m,"), average static

dielectric constant (gs), average macroscopic dielectric constant (€0) and exciton binding

energies (E, (meV))



m."/mg (Y-I) my"/my (F—Z) Es €0 E, ( Es) E, ( Eo)

Cs;CuCls  0.503 12.346 3.121 3.015 675 723
Cs;Cu,Brs  0.381 11.338 3435 3365 425 454
Cs;Cusls 0.321 3.230 2901 3852 261 275

Defects in the materials will affect the photophysical properties.*> According to equation (1),
the formation energies for different defects in neutral charge states are affected by the chemical
potential of the corresponding atom,*-* which dependents on the synthesis conditions. In this
work, the chemical potential, W;, is referenced to Cs metal, Cu metal, Cl, molecule, Br, molecule,
or I solids. To prevent the formation of elemental solids, all p; should be negative (ucs < 0, pey
< 0, and px < 0). In addition, to avoid the phase separation into known binary and ternary

compounds, the following constraints also need to be satisfied:

For Cs;Cu,Cls,

Mos + UO<AH(CSC) o e e 3)
Heu + 2Ha<AH(CUCLY) o v 4)
Mes + Hou F3Ua<AH(CSCUCT) oo %)
Hes + 2Hcu F3Ua<AH(CSCULCL) wovieie e (6)
2pcs + Heu FUa<AH(CSyCUCLY) vnveeeiie e (7
For Cs;Cu,Brs,

Mos + B <AH(CSBI) e (8)
Meu + Mpr<AH(CUBY) ..o e 9
Meu + 22U <AH(CUBI)) .o e (10)



Hes F 3UB<AH(CSBIS) o e oo, (12)

Mes + Mou F3Ue<AH(CSCUBT3) .o (13)
Mes + 2Hcu 3 <AH(CSCUBT3) e e (14)
For Cs;Cu,ls,

Mos + USAH(CSD) o (15)
Meu + M<AH(CUL). ..o e (16)
Meu + S<AH(Culs). e (17)
Meu + AU<OH(CULy) .o (18)

where AH is the formation energy of the compounds and the structures are taken from the
Materials Project database.*
Last, to form the stable Cs;Cu,Xs, the following equation should be satisfied:

3pcs + 2Ucpt+ Spx=AH(Cs;Cu,Xs) (X=Cl,Brand I)...........coviiiiiiiin.., (19)

Set these constraints, the chemical potential of Cs is calculated as a function of the chemical
potential of Cu and X. The stability region as a function of the chemical potential of Cs;Cu,Xs
is indicated with a yellow area in Figure 3. The four points defining the yellow region are
chosen to calculate the neutral defects formation energies, where point B represents the X rich
and Cu poor condition while point D corresponds to X poor and Cu rich condition. The
formation energies of these defects (vacancies, interstitials, and antisites) at these four points
are listed in Tables 2-4, for CI, Br, and I, respectively. It is interesting to note that, both under
halide X-rich (B) and X-poor condition (D), the interstitials X; have the lowest formation

energies, and therefore, they are the dominant defects. To further evaluate the intrinsic defect
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concentration, ¢;, at room temperature (T=300 K), the Boltzmann distribution exp(—AE/kgT)
was used, where AE; is formation energy of defect, kg is the Boltzmann constant and T is
temperature.*® Conventionally, for intrinsic defects, a larger value of c; means higher defect
concentration (the calculated values are reported in Table S5). Generally, the X; defect
concentration in the halide rich condition is much larger than that in the halide-poor condition.
Hence, to avoid the formation of the dominant defects, the growth should be performed under
halide-poor conditions. Meanwhile, other intrinsic defects, like Cu; and X, also show negative

defect formation energies regardless of halide poor/rich condition, meaning they could form

spontaneously, which should also be noticed during synthesis.
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Figure 3. The calculated stability region as a function of the chemical potential of (a) Cs;Cu,Cls,
(b) Cs3Cu,Brs and (¢) Cs;Cu,l;s is indicated in yellow. The positions of A, B, C and D are chosen

to investigate the defect formation energy, as shown in supporting information (Table S2-4).

Table 2. Calculated formation energies (in eV) for neutral defects in Cs;Cu,Cls at the four

chosen points A, B, C and D from Figure 3a.

Va Ves Veu Csa Cle, Cleu Cuq Cs; Cl Cu
A 4603 0492 3207 6011 -1400 1.745 1418 4081 -1.863 -0.538
B 4652 0350 3305 6207 -159 1794 1369 4228 -1912 -0.636
C 4380 0616 3578 5664 -1.053 2339 0.824 3957 -1.640 -0.909
D 4232  0.863 3578 5269 -0.658 2487 0.676 3710 -1.492 -0.909

Table 3. Calculated formation energies (in eV) for neutral defects in Cs;Cu,Brs at the four

chosen points A, B, C and D from Figure 3b.

V. Vs Veu Csgr Bres Brey Cus: Csi Br; Cu;
A 4379 0547 3290 6035 -1054 2152 1272 2711 -1.551 -0.600
B 4339 0505 3450 6037 -1056 2355 1069 2753 -1511 -0.763
C 4176 0669 3615 5710 -0.729 2.68 0.744 2589 -1.348 -0.925
D 4054 0872 3615 5385 -0404 2802 0.622 2386 -1.226 -0925

Table 4. Calculated formation energies (in eV) for neutral defects in Cs;Cu,ls at the four chosen

points A, B, C and D from Figure 3c.

Vi Vs Vau Csi Ics Icu Cu Csi L Cu;

A 4198  0.755 3.62 5.747 -0.325  2.506 1092 2791 -0.883  -0.748

12



B 4224  0.675 3.68 5.853 -0431  2.535 1.063 2.871 -0.909 -0.803

C 3988 0911 3911 5.381 0.041 3007  0.591 2.635 -0.673  -1.039

D 3.908 1.045 3911 5167  0.255 3087 0511 2.501 -0.593  -1.039

Deep transition levels might act as carrier trap states, thus induce nonradiative recombination
and weaken the optoelectronic properties. Following equation 2, we have calculated the charge
transition levels for different defects (Figure 4). Most of the calculated points defects are
located in deep transition levels, which is different from CsPbX;, where only a few defects are
found in deep transition levels.!>*¥7 Combining the calculated formation energies of points
defects in Table 2-4 and the charge transition levels for different defects shows that only Xc,
and X; with negative formation energies show deep transition energy levels. Hence, these
defects are the primary trap states that should be avoided in the synthesis conditions.
Independently from the halide, all Cs;Cu,X; structures exhibit similar phenomena for the defect

formation energies and transition energy levels.
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Figure 4. The charge transition level of defects for (a) Cs;Cu,Cls, (b). Cs;Cu,Brs and (c)
Cs;Cuyls.The green lines indicate the formation energies of these neutral defects are negative.

The black lines mean the formation energies of these neutral defects are positive.

Conclusion

In this work, we have studied the formation energies and charge transition levels of all possible
intrinsic point defects in Cs;Cu,Xs (X=Cl, Br, I) using DFT calculations. We find that
interstitial Cu; and X, and antisites X, show negative formation energies and higher defect
concentration compared to other point defects. Combining these results with the calculated
charge transition levels, only X; and X¢,defects show deep transition energy levels, which would

act as a trap state. Therefore, these kinds of defects should be avoided during synthesis. The

14



calculated formation energies indicate that halide-rich conditions will lead to high defect
concentration, such as X¢, and X;. Therefore, to reduce the concentration of defects, the growth
should be under moderate or halide-poor conditions. The large exciton binding energies could
also help to increase the PLQY once we efficiently suppress the formation of defects. Our work
can guide experiments in setting up the right conditions to synthesize materials with high-
quality optoelectronic properties by reducing the defects concentrations. Starting from the
results described here, the natural extension of this work is to investigate defects in a surface
model, which can provide insight into the position of the defects and a closer correlation to

understand the PLQY properties better.
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