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Abstract: B-site doping is an emerging strategy for tuning the emission wavelength of cesium lead
halide ABX; nanocrystals. We present a simple method for the post-synthetic doping of CsPbBrs
nanocrystals with aluminum at room temperature by exposing them to a solution of AlBrs in
dibromomethane. Despite the much smaller ionic radius of AI** compared to Pb?*, nominal doping
levels in a range from 8.1% to 24.3% were obtained when increasing the Al/Pb feed ratio from 1 to 4.5.
AI** introduction leads to a hypsochromic shift of the photoluminescence (PL) emission of the CsPbBrs
nanocrystals. The PL peak position is highly stable over at least 6 months and tunable in a range of 510
to 480 nm by increasing the doping level. Structural analyses revealed a linear correlation between the

PL energy and the lattice parameter with a slope of -1.96 eV/A.
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The most common way of tuning the emission wavelength of lead halide perovskite (ABXs)
nanocrystals (NCs) is by varying the halide composition.!®> However, mixed halide perovskites
(ABCl1xBry, ABBri4ly) tend to segregate into the individual single-halide components (ABCl;, ABBrs3,
ABI3) under illumination or applied electrical current due to halide migration within the ionic lattice.*
& Although this process can be reversed in the dark, it strongly limits the applicability of mixed halide
perovskite NCs in light-emitting devices.” Cation doping of halide perovskite NCs represents a potential
alternative strategy to achieve tunable and stable photoluminescence (PL).2° As an example, Mn?*-
doping of CsPbBr; NCs induces a new emission band due to the intrinsic electronic transition of the
dopant ions and can also improve the PL efficiency and photostability.>!! Aside from Mn?', other
divalent metal cations have been explored, such as Cd?*, Zn* and Sn%,>!* which led to a blue
(hypsochromic) shift of the emission wavelength and maximum achievable doping levels for the
method reported of 16 at% (Cd?*), 10 at% (Sn**), and 5 at% (Zn*).: Finally, doping of perovskite NCs
with trivalent ions has been investigated.'*¢ In this case, when Pb?* and the dopant ions share similar

sizes, the optical properties are mostly affected by the extra charge from the dopant. While Bi**

generates trap states deeper below the conduction band, reducing the PLQY with increasing dopant



concentration,*'” Ce3 creates shallow defects of radiative nature, which can lead to QY
enhancement.’*!® |n contrast to these examples, AI** is a trivalent ion with a significantly smaller size
(54 pm) than Pb?* (119 pm). Nonetheless, AI** could be successfully doped into CsPbBrs NCs by adding
AlBrs to the reaction precursors at the beginning of the synthesis.'® Once again a hypsochromic shift
of the absorption and emission spectra was observed, which was attributed to a change in the
electronic structure of the doped NCs. Theoretical calculations indicated the widening of the bandgap
when AI** was introduced into the host lattice, with only a minor contribution of crystal lattice
contraction. Here, we devise a novel and fast method for the post-synthetic room-temperature doping
of CsPbBrs NCs with AI** giving access to a wide range of doping levels. Furthermore, we correlate
doping-induced changes in the lattice parameter with the PL emission energy, revealing a linear
relationship with the opposite sign of the slope than that observed in bulk CsPbBrs, i.e., increase of the

PL energy with decreasing lattice parameter.

Post-synthetic doping is a convenient way to tune the properties of perovskite NCs without
complicating the synthesis reaction by the addition of dopant precursors. The method we developed
here for aluminum doping is particularly simple: it consists of the dropwise addition of the dopant
precursor solution (AlBrs; in CH,Br,) at room temperature within 1 h. As will be discussed below, the
choice of dibromomethane as the solvent is of crucial importance for the successful doping process.
Fig. 1 and Fig. S1 show TEM images of doped and undoped CsPbBr; NCs. Up to an Al/Pb input ratio of
4.5 a small size increase was observed without affecting the size distribution, namely, for the ratio of
4.5 from 7.6 £ 1.2 nm (Fig. 1, undoped sample) to 9.4 + 1.1 nm (Fig. 1, doped sample). For larger Al/Pb
ratios the NC size slightly decreased. Moreover, the organization of the NCs on the TEM grid became

less ordered, suggesting that the surface of these NCs has been altered.
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Figure 1. (a), (b) TEM images of the undoped and doped NCs (Al/Pb ratio: 4.5). (c) Absorption and PL
spectra of undoped and doped NCs (Al/Pb ratio of 4.5 and 7.7), the inset showing the PL of doped NCs
(Al/Pb ratio 4.5) recorded directly after synthesis and after 6 months. (d) Variation in absorption and

PL peaks with the doping input ratio.

As visible in Fig. 1c, the UV-vis absorption and photoluminescence (PL) spectra exhibited a
hypsochromic shift after introducing AI** and by varying the concentration of the AlBrs precursor, the
PL peak of the doped NCs could be adjusted in a range of 509-482 nm. The photoluminescence
guantum yield (PLQY) slightly decreased upon doping from 72.5% for the undoped NCs to 57.4% and
63.5% for the doped sample with an Al/Pb ratio of 4.5 and 7.5, respectively. This decrease is attributed
to the additional washing step of the doped samples.?° Importantly, for a given doping level no spectral
shift was observed even after 6 months of storage (Fig. 1c inset), which implies that the doping process
led to a stable structural configuration. Increasing the Al/Pb input ratio above 8 resulted in a reverse
spectral behavior, i.e., a bathochromic shift in both the absorption and PL emission spectra. A similar

trend has been observed for the doping of CsPbBrs NCs with the divalent cations Sn?*, Cd** and Zn*".13



Determining the AlI** content with EDX spectroscopy turned out challenging, as the Ka energy
of Al (1.4867 keV) is very close to the La energy of Br (1.4804 keV), rendering them indistinguishable.
Moreover, increasing the incident energy to record the Ka energy of Br (11.9242) presents a significant
risk of destroying the sample. Therefore, XPS and ICP-AES were employed to analyze the doped NCs in
more detail. In Fig. 2, it can be seen that after the post-synthetic treatment with the AlBr3/CH,Br,
solution, a new signal related to Al2p was detected at 74.2 eV, corresponding to the AI** oxidation
state. ICP-AES measurements yielded an Al concentration of 8.1%, 15.2%, and 24.3% of Pb when the
input Al/Pb ratios were 1, 2.5, and 4.5. Therefore, here the term “doping” is not appropriate stricto
sensu, as it is generally applied for dopant concentrations in the low percent or sub-percent range. It
is noteworthy that the same doping procedure but with the aluminum precursor (AlBrs;) dissolved in

toluene instead of dibromomethane resulted in no AlI**

signal (cf. Fig. 2b). In this case, no spectral shifts
were observed either, demonstrating that the doping process was unsuccessful. We hypothesize that
this difference is due to the molecular structure of AlBrs. In the solid-state, AlBrs molecules exist as the
dimer Al;Brs (Fig. 2b, inset). When these molecules are dissolved in aromatic solvents such as benzene
or toluene, they retain their dimeric structure.?! The steric hindrance as well as the coordination
sphere of Al,Brs make it unfavorable for AI** ions to be incorporated into the perovskite structure. In
contrast, when CH;Brzis used as the solvent, due to the strong nucleophilicity of the bromide group, it
can coordinate more easily with Al,Brg, and possibly dissociate the dimer into the AlBrs monomer or
AlBr4 ion, both of which can be inserted more easily into the host lattice. Although no direct reference
for CH;Br, was found, molecular weight determination and conductivity measurements of AlBr;

dissolved in similar solvents (C;HsBr or CH3Br) agree with this hypothesis.?%?2
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Figure 2. Cs4d XPS spectra of (a) undoped CsPbBr; NCs, and doped NCs (Al/Pb input ratio: 2.5) using

(b) AlBrs/toluene and (c) AlBrs/CH,Br; solutions for the doping process.

There are currently two explanations for the hypsochromic shift of the PL peak upon B-site
doping in CsPbBr3 NCs. For divalent cations such as Cd?*, Sn%, and Zn?*, de Mello Donegé and coworkers
reported that doping created strain in the crystal lattice, as shown by the reduced lattice parameter of
the doped NCs extracted from HAADF STEM analyses.'®> However, the effect of dopants with other
valence states was not investigated. Conversely, for doping with AI**, Liu et al. proposed that the
substitution of Pb?* with AI** extended the bandgap of the material and introduced a new level within
the bandgap.’® The role of lattice contraction did not play a predominant role in this scenario for

explaining the observed spectral shifts.

To elucidate this point in our case, powder X-ray diffraction on a series of samples with
different doping levels was performed (Fig. 3). Fig. 3a evidences the differences in the relative
diffraction peak intensities between the undoped and doped samples. Due to their shape, CsPbBr; NCs
are known to adopt a preferential orientation when deposited on a flat surface. The hypothesis of an
altered surface for the doped NCs suggested from TEM observations can explain different degrees of
preferential orientation for the different samples, leading to differences in the relative diffraction peak
intensities. This was confirmed by X-ray diffraction measurements performed in capillary configuration
(cf. Fig. S5), which is known to favor random orientation of the crystallites, where the relative peak
intensities are coherent with the reference pattern. As expected, compared to the undoped NCs, the

diffraction peaks of the doped NCs (Al/Pb input ratio: 4.5) showed a shift to higher angles (Fig. 3a).



Since the ionic radius of APP* is significantly smaller than Pb?*, this shift can be a sign of the lattice
contraction induced by the substitution of Pb?* with AI**. At a first glance, the XRD patterns of both the
undoped and doped NCs correspond to that of CsPbBr; in the cubic phase (ICDD #00-054-0752) (Fig.
3b). However, two weak signals at 23° and 28.5° are visible, which can be assigned to the diffraction
of the (120) and (122) planes of the CsPbBr; orthorhombic phase (ICDD #04-014-9676) (Fig. S3). While
the reported phase of CsPbBrs NCs at room temperature is indeed orthorhombic,?®> we chose
considering the cubic structure which accounts for the main features of the diffraction pattern and
leads to better precision in the determination of the lattice parameters by Le Bail refinement (Fig. 3¢
and d). The calculated patterns fitted well with the measured diffraction patterns for both the doped
and undoped NCs showing only slight mismatches at 15° and 30.4° due to the use of the cubic structure
instead of the orthorhombic one for the refinement. The refined lattice parameter of the undoped NCs
is 5.84 A, which decreases to 5.81 A upon doping with an Al/Pb input ratio of 4.5. As the amount of

dopant was increased, the lattice contraction increased accordingly.
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Figure 3. (a) Zoom into the X-ray diffractograms of doped and undoped CsPbBr; NCs highlighting the

shift of the diffraction peaks upon AI** doping (Al/Pb input ratio: 4.5). (b) XRD patterns of the doped



and undoped NCs, the red and black bars indicate the peak positions of the cubic and orthorhombic
reference patterns, respectively. (c) / (d) Le Bail refinement of the cubic structure for the undoped (c)

and doped (d) NCs.

Using the data from the Le Bail refinement of samples with different doping levels, we
constructed a relationship between the PL peak energy and the lattice parameter (Fig. 4a). The fitted
line shows an inverse linear relationship between the lattice parameter and the PL peak energy. This
trend is similar to that reported in the study of de Mello Donegi et al.,* however, with different slopes
of -1.96 eV/A (this work) and -1.61 eV/A (Ref. 11). The apparent discrepancy in the lattice parameters
of samples with similar PL energy is due to the different experimental methods used: while in this work
the lattice parameters were extracted from X-ray diffraction, the literature study used electron
diffraction. The observed lattice contraction with AI** (0.55%, ionic radius 54 pm, Al/Pb input ratio of
4.5) is similar to that in Ref. 11 for Cd?** (0.5%, ionic radius 95 pm), albeit smaller than that for Zn?*

(0.7%, ionic radius 74 pm). In comparison with the divalent cations used at similar nominal doping

levels, AI** thus induces a lower lattice contraction than expected given its small ionic radius.
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Figure 4. (a) PL peak position as a function of the lattice parameter for NCs doped with A
divalent dopants (adapted from Fig. 6, Ref. 11). (b) Temperature dependence of the PL peak position

of undoped and doped NCs (Al/Pb input ratio: 4.5).



The observed correlation between emission energy and lattice constant, although in line with
Ref. 11, stands out against other literature reports.?*?® Unlike conventional NCs of II-VI or llI-V
compounds, in lead halide perovskite NCs both band edges are composed of antibonding orbitals.?”-?
When the lattice contracts, we have shrinkage of the Pb—Br bond length, hence stronger antibonding
coupling between Pb-6p and Br-4s orbitals for the conduction band minimum (CBM) and between Pb-
6s and Br-4p orbitals for the valence band maximum (VBM). Therefore, both CBM and VBM will shift
to higher energies. However, the CBM shift is much weaker due to negligible Br-4s hybridization with
Pb-6p, so that the overall bandgap becomes narrower and a bathochromic shift of the PL peak is
observed when the lattice parameter decreases, e.g., through temperature decrease.?*2%2?° |n our case,
this behavior is indeed observed for temperatures below approximately 200 K (Fig. 4b). Yet there is a
change in the slope, and when decreasing the temperature in the range from 300 to 200 K, the PL
energy first increases. Intriguingly, the doped NCs follow the same trend as the undoped NCs, with the
PL energy difference between both samples remaining essentially constant across the whole
investigated temperature range. Boziki et al. demonstrated that in CsPbBrs nanocrystals a large
distribution of Cs—Pb distances exists in a broad temperature range, which means that the crystalline
environment is not uniform, inducing a distribution of band gap values due to deformation and
octahedra tilting.3® Coming back to the origin of the spectral shifts observed upon doping (cf. Fig. 1
c/d), the replacement of Pb with significantly smaller Al ions not only produces local lattice shrinkage
but also octahedron tilting with respect to the octahedra network. Studies of pressure effects on
perovskites have clearly shown that the bandgap increase related to tilting is dominant over the
decrease due to lattice shrinkage.3'*? Hence this effect explains the bandgap increase observed here

in the cases of Al-doping and lowering of the temperature in the 300-200 K range.

|3+

Concluding, we successfully doped CsPbBr; NCs with Al°* ions using a facile post-synthetic
treatment at room temperature implying AlBrs; dissolved in dibromomethane. The doped NCs

exhibited a hypsochromic shift in the absorption and PL spectra, which is tunable with the AlI** dopant

concentration and stable over time. Le Bail refinement evidenced a lattice contraction when the



dopant was introduced into the CsPbBr; host lattice and revealed a linear relationship between the PL
energy (and hence bandgap of the NCs) and the lattice parameter with a slope of -1.96 eV/A. This
behavior is opposed to the established relationship between bandgap and lattice parameters for
perovskite NCs. Therefore, additional effects such as octahedral tilting and structural disorder need to

|3+

be considered for explaining the spectral shifts of CsPbBrs NCs observed upon Al** doping.

Experimental Methods

CsPbBrs NC synthesis followed the three-precursor method reported by Imran et al.3 For the
Al-doping, 5 mL of 2 0.68 uM colloidal solution of CsPbBr3; NCs in toluene were putinto a 50 mL reaction
flask under Ar flow and stirring. 10-80 pL of AlBrs/CH2Br; solution (1M, Sigma-Aldrich) were diluted in
2 mL of toluene before adding it dropwise within 1 h to the NC colloidal solution using a syringe pump.
Finally, the reaction mixture was precipitated with 10 mL of extra dry methyl acetate (ACROS Organics),

centrifuged at 10,000 rpm for 5 min, and redispersed in 5 mL of toluene.
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