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Editors’ Suggestion

Physical vapor deposition of Yb-doped CsPbCl; thin films for quantum cutting
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Ayaskanta Sahu, and Eray S. Aydil
Department of Chemical and Biomolecular Engineering, Tandon School of Engineering, New York University,
Brooklyn, New York 11201, USA

® (Received 17 February 2023; accepted 8 May 2023; published 7 June 2023)

Ytterbium-doped CsPbCl; is the leading candidate for a quantum-cutting coating on silicon solar cells to
increase their efficiencies and durability by converting each incident ultraviolet and blue photon with energies
>2.5 eV to two 1.25-eV near-infrared (NIR) photons. This approach can potentially increase silicon solar cell
efficiencies above the Quessier limit. While photoluminescence quantum yields (PLQYs) approaching 200%
have been demonstrated with thin films made using colloidal particle synthesis and nanocrystal dispersions,
there is increased interest in physical vapor deposition as a large-area scalable method. We investigated the effect
of Yb concentration and the annealing environment on the film structure, morphology, and optical properties,
including the NIR PLQY. We found that subtle differences in the postdeposition annealing protocol significantly
affect PLQY. Specifically, the highest PLQY (~70%) is achieved by annealing the films in an N,-filled glovebox
first, followed by a second annealing step in air, both at 350 °C. X-ray photoelectron spectroscopy reveals that this
approach anneals bulk defects, brings Yb to the surface, and forms a passivating oxide layer on the surface whose
major component appears to be Yb,03. Both surface oxidation and Yb segregation to the surface suppress grain
growth during annealing. In addition, annealing only in air stops Yb segregation toward the surface. Annealing in
N, brings Yb to the surface but does not form a robust oxide. In contrast, annealing in N,, followed by annealing

in air, brings Yb toward the surface and forms a passivating oxide, resulting in the highest PLQY.

DOI: 10.1103/PhysRevMaterials.7.065404

I. INTRODUCTION

All-inorganic metal halide perovskites have garnered
significant attention as potential materials for solar cells,
light-emitting diodes, photodetectors, and lasers because
of their tunable band gaps [1,2], high absorption coeffi-
cients [3-6], and high photoluminescence (PL) quantum
yields (PLQYSs) [3,7-10]. Doping with intentionally added
impurity atoms is a proven approach to modifying, improv-
ing, or imparting new functionality to these inorganic metal
halide perovskites. For instance, rare-earth-doped inorganic
halide perovskites are studied for optical downconversion,
light emission, and quantum cutting [11-30]. In one of the
most exciting applications for renewable energy generation,
Yb-doped CsPb(Cl;_,Br,); (0 < x < 0.6) is being pursued
aggressively as a quantum-cutting coating on silicon solar
cells to increase their operational lifetime and power conver-
sion efficiencies [18,20]. Here, Yb-doped CsPb(Cl;_,Br,);
nanocrystal dispersions and films made from these nanocrys-
tals have already exhibited quantum cutting with PLQYs
exceeding 190% [14].

Quantum cutting is a form of sensitized luminescence, a
phenomenon wherein an emitter, an impurity atom, is enabled
to luminesce upon light absorption by the host (sensitizer)
and subsequent transfer of all or some of the absorbed en-
ergy from the host to the emitter [31]. Specifically, quantum
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cutting refers to a phenomenon where the material absorbs
a high-energy photon (E,,s) and then emits two low-energy
photons (Eepiss) such that 2 Eqpiss < Eaps. The energy transfer
from the host to the emitter is possible if (i) the emission
spectrum of the host overlaps the absorption spectrum of the
sensitizer, (ii) there is an intermediate energy level, or (iii)
the emission transition energy is half that of the sensitizer
excitation transition [31-33]. For two photons to be generated,
each by a different emitter, the emitters must be close, within
~10—15 A of the excited sensitizer, and have electronic tran-
sitions available with energies half that of the sensitizer [33].
The emitters act as traps for the exciton and, once excited,
will either emit light or undergo a nonradiative transition [33].
Backtransfer of the energy from the emitter to the host lattice
is unlikely because of relaxation effects [31].

Here, Yb** is an ideal luminophore for silicon photo-
voltaics because its 2Fs/»—2F;, transition is 1.25 eV and
is as good a match as one can have with the band gap of
silicon [18,32]. A suitable Yb-doped host can be used as a
quantum-cutting coating on silicon solar cells to increase their
operational lifetime and power conversion efficiencies. This
increase can be achieved by modifying the solar spectrum
entering the solar cell by quantum-cutting high-energy blue
and ultraviolet (UV) photons absorbed by the coating and gen-
erating two near-infrared (NIR) photons with lower energies
close to the silicon band gap energy. Researchers have re-
ported downconversion and quantum cutting with Yb codoped
with another rare-earth element in various optically passive
insulator hosts [34—-36]. One of the issues with this codoping
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method to achieve quantum cutting is that the absorption
spectra of many of the frequently used sensitizing rare-earth
elements are quite narrow and weak due to forbidden f-f
transitions [36,37]. Relying on narrow bandwidth absorption
of rare-earth codopants in insulating hosts severely limits
the effectiveness of quantum-cutting and downconverting lay-
ers on solar cells [38]. For practical applications, broadband
sensitization is desirable. Several semiconducting hosts with
broadband interband absorption, including CsPbX3 (X = CI,
Br), NalnS,, and CdSe, have been studied for sensitizing
Yb3t [11,27,39]. Among these Yb-doped CsPb(Cl;_,Br,);
nanocrystals have been the most successful, showing PLQY
approaching 200% [14].

A host material band gap of at least 2.5 eV is required to
excite two Yb** ions to emit two 1.25 eV NIR photons with a
single >2.5 eV photon absorption [13]. The CsPb(Cl;_,Br, ),
band gap ranges from 2.25 eV (x = 1) to 3 eV (x = 0) de-
pending on the halide composition (x), which can be easily
varied during synthesis either by selecting the appropriate
ratios of CI™- and Br™-containing precursors or via anion
exchange. Here, CsPb(Cl;_,Br,); is a suitable Yb*t host
when its band gap is wider than 2.5 eV which corresponds
to CI concentrations >35% CI (x < 0.65). Most research on
Yb-doped CsPb(Cl;_,Br,); has been conducted on nanocrys-
tals made using colloidal synthesis, which consistently yields
high PLQY s approaching 200% [12,14-16,27,28,40—46]. The
highest PLQYs have been achieved in nanocrystal disper-
sions or thin films with band gaps of 2.5 eV (=35% Cl
and 65% Br) [13,14,43]. Here, Yb-doped CsPb(Cl;_,Br,);
NIR PLQY remains constant for band gaps from ~ 3 to
2.5 eV and then decreases precipitously once the band gap
is lowered below the 2.5 eV threshold [13]. Most reports
show that PLQY increases with Yb concentration in the
~ 0—10% range reported in percent of the Pb lattice positions
(i.e., %YDb[Yb]/([Yb] + [Pb]) x 100%) [47]. In this paper,
Yb concentrations are also reported in percent of Pb lattice
positions.

There is evidence that, in moderate concentrations (e.g.,
<2.71%), Yb substitutes into Pb lattice positions (Ybpy) in
the crystal structure [48]. Two Yb*t ions must replace three
Pb’>* ions to maintain charge neutrality, resulting in a Pb
vacancy Vpy. Figure 1 depicts a defect complex comprising
two Ybp, and a Vp, suspected of facilitating quantum cut-
ting [12,49,50]. The thinking is that the exciton is trapped by
this defect which conveniently has two Yb** ions for (each)
receiving half the exciton energy. The formation energies
of various Pb-vacancy-related defects were studied recently
by Sommer et al. [22], who found that Ybp, is a shallow
donor, but (Ybp, + Vpp)™ and (2Ybp, + Vpp)° complexes are
deep acceptor levels near the conduction band minimum with
(2Ybpy, + Vpp)° being more stable because it is charge neutral.
The close spatial coupling between the two Ybpy, and a Vpy in
a complex is consistent with Dexter’s [31] estimate that the
emitters must be close, within ~12 A of the excited sensi-
tizer, in this case, the exciton trapped at the defect. Sommer
et al. [22] also found that, at Yb-doping concentrations > 1%,
most Yb ions are within 12 A of each other, the quantum-
cutting sensitization distance cutoff predicted by Dexter [31],
and long-range Coulomb interactions form Ybp,—Vpy
complexes.
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FIG. 1. The hypothesized mechanism of quantum cutting in
CsPbCl; with the energy diagram on the left and a Pm3m CsPbCl,
cubic unit cell (stable 7>46 °C) with a defect complex comprising
two Ybp, substitutional defects and a Pb vacancy Vp, on the right.
The defect is illustrated using the cubic structure for clarity. At room
temperature, the stable CsPbCl; structure is orthorhombic (Pnma)
in which the octahedra are tilted. On the right, (1) a blue photon
is absorbed to create an exciton which is then (2) trapped in a
defect. (3) The exciton transfers the energy to two nearby Yb** ions,
exciting them from the *F;, ground state to the excited *Fs/, state.
(4) The excited Yb*>" ion relaxes and emits two near-infrared (NIR)
photons (~1.25 eV). Yb*" levels are placed superimposed on the
band diagram for illustration purposes only [49,50].

The highest NIR PLQY values have been obtained from
Yb-doped CsPb(Cl,_,Br,); nanocrystal dispersions produced
using colloidal synthesis approaches and from films formed
by spin-coating and annealing solutions containing the pre-
cursors. However, these methods suffer from the problems
associated with solution-based and colloidal halide perovskite
synthesis, for instance, precursor solubility and scalability:
CsX and PbX, have limited solubility in the same solvent
and must be spun-cast in two steps. In addition, controlling
Yb concentration and incorporating high Yb concentrations
(e.g., >7%) into CsPb(Cl;_,Br,); nanocrystals have been
difficult in solution-based synthesis. Two approaches to avoid
these problems have been two-step spin coating and single-
source vapor deposition from Yb-doped CsPb(Cl,_Br,);
powders [13,17,19,47,51]. Two-step spin coating and single-
source vapor deposition have achieved PLQYs as high as
193 and 183%, respectively. In the two-step spin coating,
a layer of PbX, is first deposited, followed by a layer of
CsX and YbX; solution. The resulting two-layer coating is
annealed to form the Yb-doped CsPb(Cl,_,Br,); film. The
film halide composition can be tuned by varying the ratios
and concentrations of Cl- and Br-containing precursors in the
deposition solutions. This is particularly useful because the
perovskite band gap is easily tuned to the ideal band gap of
~2.5 eV, and the Yb content is easily varied by changing
the ratio of Cs:Yb with Yb doping as high as ~54% being
demonstrated by Ishii and Miyasaka [51], though it is not
clear if all this Yb is substitutional or ends up in the grain
boundaries. While solution-based techniques have achieved
PLQYs approaching 200% in colloidal dispersions and films
cast from them, difficulties in scalability, precursor solubility,
and sub-band-gap absorption limit their commercialization.

Physical vapor deposition (PVD) by evaporation is an al-
ternative to solution-based methods for synthesizing halide
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perovskite thin films. While PVD has been used widely for de-
positing various halide perovskites, to date, only single-source
vapor deposition of Yb-doped CsPbCl; has been demon-
strated [17,19]. Single-source deposition requires forming the
perovskite via another method and evaporating it onto the
substrate. PVD of Yb-doped CsPbCls from a single source
is difficult because it is unclear if CsPbCl; can be evaporated
congruently at slow and controllable rates (~1 A/s) that lead
to reproducibly high-quality films. Previous work used flash
evaporation (~1000 A /s deposition rate) to achieve the same
film composition as the source material, but flash evaporation
is difficult to control to achieve high-PLQY reproducibly [17].
Multisource evaporation is an alternative approach that affords
more flexibility in tuning the film stoichiometry. Precursor
salts (e.g., CsCl, PbCl,, and YbCls) are evaporated simultane-
ously (coevaporation) or sequentially using multiple sources.
These precursors react on the substrate either during depo-
sition (depending on the substrate temperature) or during a
postdeposition annealing step.

Herein, we report on the effects of coevaporation pa-
rameters on the PLQY of Yb-doped CsPbCl; thin films.
Specifically, we investigated the effects of film stoichiometry,
Yb concentration, substrate temperature during deposition,
and postdeposition annealing conditions such as annealing
duration, temperature, and environment. All Yb-doped films
showed emission from the Yb 2Fs /2—>2F7/2 transition cen-
tered at 985 nm. We demonstrate Yb-doping as high as 10%
and NIR PLQY as high as 70%. Visible PL and UV-vis ab-
sorption onset show that the films have a band gap of ~2.95
eV. X-ray diffraction (XRD) spectra show that the films are
phase-pure CsPbCl; with no noticeable shift in peak positions
with increasing Yb concentration. Scanning electron micro-
scope (SEM) images show the incorporation of Yb severely
limits grain growth. Annealing CsPbCl; thin films in the air
with or without Yb also limits grain growth in the films.
X-ray photoelectron spectroscopy (XPS) measurements pro-
vide insight into the effects of the annealing environment on
the location of Yb ions and the importance of their position
within the film, with Yb being present on the surface of films
annealed in air-free environments but being absent from the
surface of films annealed solely in air.

II. EXPERIMENTAL

Here, Yb-doped CsPbCl; thin films were deposited in a
gloveboxed (GB) PVD system (Angstrom Engineering) with
six evaporation sources and equipped with a masking shut-
ter (Fig. 2). The shutter comprises two knife edges whose
positions can be translated close to the substrate to expose
regions with predetermined widths (typically 25 mm in this
paper). The rotatable substrate stage can accommodate nine
25 x 25 mm substrates, as shown in Fig. 2. The substrate
holder is heated with circulating fluid, and its temperature is
controlled between 25 and 200 °C with a closed feedback loop
comprising a thermocouple and a controller. The substrate
temperature has been calibrated with respect to the circulating
fluid temperature, and the temperatures reported herein are
the substrate temperatures. In typical experiments discussed
herein, nine 25 x 25 mm glass substrates were loaded onto
the substrate holder, and triplicates of 25 x 25 mm samples
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FIG. 2. Schematic illustration of the physical vapor deposi-
tion (PVD) system and the masking shutter. QCM: quartz crystal
microbalance.

were deposited by positioning the shutter over a 25-mm-wide
column. This way, a deposition parameter, such as the ratio of
precursor fluxes, could be changed, and three different values
could be explored at the same deposition temperature in a
single deposition experiment.

In typical experiments, the powders of the three precursors,
CsCl1(99.9% Alfa Aesar), PbCl, (99.999 Sigma Aldrich), and
YbCl; (99.9% Alfa Aesar), were packed into separate alumina
crucibles and loaded into three of the six RADAK evaporation
sources. The glass substrates (25 x 25 mm) were cleaned
by sonicating for 10 min in a 1:1 (by volume) solution of
acetone and isopropanol and dried in an oven before loading
into an ozone plasma cleaner. The substrates were exposed
to ozone plasma for 20 min before loading into the substrate
holder. The deposition rates for CsCl, PbCl,, and YbCl; were
measured by separate quartz crystal microbalances (QCMs)
and, in most of the experiments reported here, maintained at
0.89, 1.0, and 0-0.16 A/ s unless noted otherwise. A closed-
loop feedback controller maintained the deposition rates at the
set point to within 2%. The tooling factors for CsCl, PbCl,,
and YbCl; (deposition rate/deposition rate at the QCM in
%) were 39.7, 39.3, and 39.7, respectively (see below and
the Supplemental Material [52] for details). These evapora-
tion rates result in a molar flux ratio of 1:1 for CsCl and
PbCl,. Off-stoichiometric films were deposited by varying the
evaporation rate of CsCl. Here, Pb-rich films were formed by
decreasing the CsCl rate to 0.8 A/s, and Cs-rich films by
increasing the CsCl rate to 0.98 A/s. The evaporation rate
controller manipulates the source temperatures to maintain the
deposition rate at the set point. Thus, the temperatures of the
CsCl, PbCl,, and YbCl; sources were manipulated to keep
the deposition rate constant but were ~600, 350, and 700 °C,
respectively, except for small fluctuations, up or down, to
maintain the deposition rates constant at their set points
within 2%. The deposition time for the films was 2000 s.
The deposition chamber base pressure is ~10~® Torr which
typically rises to ~107% Torr during the deposition. After
the deposition, the films were annealed on a hotplate set to
250, 300, 350, or 400°C either in an N,-filled GB for 2 h
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or in the air for 2 h. Films were also annealed first in the
GB for 2 h and then in the air for 2 h for a total of 4 h.
The hotplate was preheated before the films were placed on
it and remained at that temperature for the annealing duration
until after the films were removed and allowed to cool while
off the hotplate. Films were kept in the GB before annealing.
Annealing was typically started after 1 h of taking them out
of the PVD chamber vacuum into a nitrogen-filled GB. The
annealing protocols were kept consistent across all samples.

The thicknesses of the CsPbCl; and PbCl, films were de-
termined from the thin-film interference fringes in the optical
transmission data at energies below the band gap energy (e.g.,
<2.95 eV for CsPbCl3). A model based on the Fresnel equa-
tions and valid for transparent thin films on a semi-infinite
transparent substrate was used to fit the interference fringes
appearing in the optical transmission data and using the pub-
lished refractive indices for CsPbBr; [53] and PbCl, [54].
The model and fitting procedure are described in detail in
the Supplemental Material with example fits (Figs. SI1 and
SI2) [52]. The nominal targeted thickness was ~375 nm, and
the range of all film thicknesses was 350—400 nm. Sources of
error include scattering and absorption, which decrease the fit
quality of the optical model. Optical models and thicknesses
obtained from scanning electron micrographs produce the
same thickness within experimental error.

All films were characterized under ambient conditions.
XRD patterns were collected using a Bruker AXS D8 Dis-
cover GADDS microdiffractometer equipped with a Cu-Ko
source. The XRD spot is elliptical with an approximate av-
erage size of 800 um. The samples were oscillated in two
orthogonal directions to average the data over a 2 x 2 mm?
area. Optical absorption by the films was measured using an
Agilent Cary 5000 UV-Vis-NIR spectrometer in the range
of 3002000 nm. PL was excited between 300 and 400 nm
(5-nm bandwidth) using a 75 W Xe arc lamp filtered by a
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double monochromator and detected, after filtering with a
single monochromator, using an infrared intensified R13456
photomultiplier tube (Hamamatsu) in a Horiba Quantamaster
fluorometer. Films were examined using an Oxford Instru-
ments Merlin field emission SEM (5 kV, 110 pA). Their
average elemental composition, over ~10 um?, was deter-
mined using energy-dispersive x-ray spectroscopy (EDS) and
vendor-provided sensitivity factors. Physical Electronics Ver-
saprobe II XPS was used to identify the electronic valence
state of the elements in Yb-doped CsPbCl; (CsPbCls:Yb).
The Al-Ka source was operated at 50 W and 15 kV with
an energy resolution of 0.25 eV /step and 200 wm spot size
to probe the thin films. All high-resolution element-specific
spectra were obtained with a pass energy of 29.35 eV,
while survey scans were taken at 117.4 eV pass energy and
1 eV /step, with 100 ms time per step. Multiple scans were av-
eraged to improve the signal-to-noise ratio: carbon (3 sweeps);
Cs and Pb (5 sweeps); and Cl, Yb, and O (15 sweeps). Before
acquiring XPS data, a 3 x 3mm? area was sputtered for 15
s with 5 keV Ar* ions. Spectra were collected before and
after sputtering, the major difference being the reduction in
adventitious carbon in the spectra taken after sputtering. XPS
peaks were fit by first subtracting either a Shirley, linear, or
polynomial background from an appropriate spectrum region
for each elemental peak. After the background subtraction,
we fitted the spectra with one or more Gaussian functions by
varying the peak area, peak center, and width. For peaks with
spin-orbit splitting, the area ratios for the two components
were fixed to appropriate values for the orbital.

III. RESULTS AND DISCUSSION

A. Effect of annealing environment on the PLQY

We investigated the effects of Yb concentration and the
annealing environment on the film structure, morphology,
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FIG. 3. (a) Optical absorption, visible, and near-infrared (NIR) photoluminescence (PL) from stoichiometric CsPbCl; films (Cs:Pb = 1)
doped with 5% Yb and annealed in three different ways: (1) in a nitrogen-filled glovebox (labeled GB) for 2 h, (2) in the air for 2 h (labeled Air),
and (3) in a nitrogen-filled GB for 2 h, followed by further annealing in the air for another 2 h (labeled GB+Air). The annealing temperature
was 350 °C. The visible and NIR PL intensities in (a) are in arbitrary units (arb. units), but the NIR PL peak intensity is scaled with the PLQY
value of the corresponding film. (b) Yb-concentration dependence of NIR PLQY for stoichiometric CsPbCl; films (Cs:Pb = 1) annealed in

three different ways.
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FIG. 4. X-ray diffraction (XRD) from (a) undoped and (b) 5% Yb-doped stoichiometric CsPbCl; films annealed in three ways as labeled
in the Fig. 3 caption. The powder diffraction pattern, calculated using VESTA software and the crystallographic information file (CIF) from
Ref. [50] for the orthorhombic Pnma CsPbClj; structure, is shown for comparison [49,50].

and optical properties, including the NIR PLQY. Figure 3(a)
shows the optical absorption and PL spectra of the stoichio-
metric CsPbCl; film doped with 5% Yb. The PL was excited at
360 nm with 5-nm bandwidth. Optical absorption and PL for
all other films deposited using slightly different Cs:Pb ratios
(£10% deviations from stoichiometry) and Yb concentrations
are in the Supplemental Material (Figs. SI3 and SI4) [52].
Data are shown for films annealed in three ways: (1) in a
nitrogen-filled GB for 2 h (hereafter labeled GB), (2) in the
air for 2 h (labeled as Air), and (3) in a nitrogen-filled GB
for 2 h, followed by further annealing in the air for two more
hours (labeled GB+Air). The absorption shows the expected
and well-known exciton peak at ~3 eV (410 nm) and does
not change significantly with the annealing environment or Yb
concentration. Here, Cs-rich films (Cs:Pb = 1.1) are slightly
redshifted (5 nm) from the stoichiometric (Cs:Pb = 1) and
Pb-rich (Cs:Pb =0.9) films (Fig. SI3 in the Supplemental
Material [52]). The exciton PL (420 nm) from Yb-doped
films is weak, and PLQY is <1%, the detection limit in our
integrating sphere, independent of how the films are annealed.
However, the NIR PLQY from the 2F5/2—>2F7 /2 transition
(985 nm) in Yb is high, 40% for the GB and air-annealed films
and 64% for films first annealed in the GB and then in the
air [Fig. 3(b)]. NIR PLQY was maximized with an annealing
temperature of 350 °C for GB-annealed 5% YD films (Fig. SIS
in the Supplemental Material [52]). Annealing films with 5%
Yb for 2 or 4 h in a GB result in comparable NIR PLQY

(Fig. SI6 in the Supplemental Material [52]). This is also
an important control for distinguishing between the effect of
annealing time and the annealing environment. Without this
comparison, the differences in PLQY from films annealed in
GB for 2 h and films annealed in GB for 2 h followed by 2 h
in the air could be explained by the differences in annealing
time. Figure 3(b) shows the PLQY as a function of Yb concen-
tration for stoichiometric films (Cs:Pb = 1) annealed in three
different ways. Similar plots for films deposited using slightly
different Cs:Pb ratios (£10% deviations from stoichiometry)
are shown in Fig. SI4 in the Supplemental Material [52]. For
all Yb concentrations and small deviations of Cs:Pb ratios
from stoichiometry, films annealed in N, followed by anneal-
ing in the air had higher PLQY than films annealed solely
in the GB or the air. PLQY of films annealed only in Nj
increased 5—-10% (absolute PLQY) after 3—5 days of air expo-
sure, indicating that oxidation may passivate surface defects
in the films. We surmise that annealing films in the air after
annealing them in the GB makes this oxidation and surface-
defect passivation more complete, controllable, and robust
than aging the film in the air. The highest PLQY achieved
was 69.7% in stoichiometric films (Cs:Pb = 1) doped with
2.5% Yb. Here, Pb-rich films (Cs:Pb = 0.9) showed a similar
trend, with the highest PLQY of 63.2% coming from a film
with 2.5% Yb doping (Fig. SI4(b) in the Supplemental Ma-
terial [52]). PLQY decreased as Yb concentration increased
>5%. This decrease could be due to concentration quenching.
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FIG. 5. Scanning electron microscope (SEM) images and average photoluminescence quantum yield (PLQY) of undoped and Yb-doped
(5 and 10%) stoichiometric CsPbCl; films annealed in three ways as labeled in the Fig. 3 caption. See Fig. SI12 in the Supplemental
Material [52] for stoichiometric films with 2.5 and 7.5% Yb concentrations and Figs. SI13 and SI14 in the Supplemental Material [52]

for films deposited with Cs:Pb ratios 0.9 and 1.1, respectively.

B. Effect of annealing environment on film structure
and morphology

Figure 4 shows the XRD patterns for stoichiometric
CsPbCl; films with no Yb and 5% Yb doping. XRD patterns
for other Yb concentrations and off-stoichiometric films are
in Figs. SI7-SI11 in the Supplemental Material [52]. The
XRD from the CsPbCl; films is consistent with the equilib-
rium orthorhombic (Pnma, #62, a = 7.902 A, b = 11.248 A,
c =7.900 A) structure [50]. XRD peaks do not shift signifi-
cantly when the films are doped with Yb. Comparison with the
powder diffraction pattern shows that the films are textured.
Moreover, XRD patterns of films with the same composi-
tion annealed in different environments have nearly identical
patterns.

Figure 5 shows the SEMs of undoped CsPbCl; films
and films doped with 5 and 10% Yb. Figure 5 also shows
the effect of annealing these films in three ways (GB, Air,
and Air+GB; SEMs of films at other Yb-doping levels and
Cs:Pb ratios are shown in Figs. SI12-SI14 in the Supple-
mental Material [52]). The annealing environment and Yb
doping strongly affect the microstructure of the film. SEM
images of undoped CsPbCl; films annealed in the Nj-filled
GB show easily distinguishable 1-2-um-size grains, while the
grains of undoped films annealed in the air are much smaller
(~ 100 — 300 nm) and less distinct. We attribute the smaller
grain size in the air-annealed films to oxygen passivation
of grain boundaries restricting grain growth. The films an-
nealed in the GB followed by annealing in the air also show
1-2-um-size grains, confirming that grain growth in the N, en-
vironment is facile in the absence of oxygen and water vapor.

When the films are doped with Yb, the grain size decreases
significantly (~100 — 300 nm) regardless of the annealing
environment. This grain growth retardation, even in the Nj-
filled GB, suggests that Yb may preferentially segregate to the
grain boundaries and slow grain growth just as oxygen does
for the undoped films. The grain growth is suppressed even at
the lowest Yb-doping levels (2%), and there is little difference
in grain sizes even as the Yb concentration increases to 10%.

C. XPS results: Effect of annealing environment on the surface
and grain boundaries

XRD, EDS, and SEM show that films with simi-
lar compositions, XRD, and microstructure can exhibit
significantly different PLQY. This absence of bulk struc-
tural and composition differences in films with different
PLQYs and changes in PLQY with aging in air impli-
cate surfaces and grain boundaries as having a signif-
icant role in determining the PLQY. We thus turn to
XPS measurements to provide insight into the effects of
the annealing environment on PLQY. Figures 6(a)-6(c)
show the XPS Yb 4d peak ~184.4 eV for CsPbCl; films
with 5% Yb-doping annealed in three ways (GB, Air, and
GB-+Air). In the three spectra, we deconvoluted these pho-
toelectrons into three peaks at 187.8, 184.4, and 181.3 eV.
The latter is weak, present only in films annealed in air and
assigned to Yb® [55,56]. To assign the peaks at 187.8 and
184.4 eV, we turn to the location of Yb 4d peaks when Yb
is bonded to Cl and O and assume that their location and
order of appearance will be similar in CsPbCl;. The Yb 4d
peaks in YbCls and Yb,O3 have been reported at 186.6 eV
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FIG. 6. X-ray photoelectron spectroscopy (XPS) from 5% Yb-doped CsPbCl; films annealed in three different ways: (1) in a nitrogen-filled
glovebox (labeled GB) for 2 h, (2) in the air for 2 h (labeled Air), and (3) in a nitrogen-filled GB for 2 h, followed by further annealing in the
air for another 2 h (labeled GB-+Air). XPS spectra were taken after sputter cleaning the surface as judged by the disappearance of adventitious
carbon. The XPS spectra of as-annealed films before sputter cleaning are in Fig. SI17 in the Supplemental Material [52]. (a)—(c) C1 2p and Yb
4d peaks. Cl 2p,,, and 2p3,, peaks are at 199.3 and 197.6 eV, respectively. Yb 4d peaks at 187.8 and 184.4 eV are assigned to Yb bonded
to Cl and O, respectively: the Yb 4d peak at 181.3 in (b) is assigned to Yb°. (d)—(f) O 1s peak. O 1s peaks at 530.3, 528.8, and 527.5 eV
are assigned to O bonded to Yb, Pb, and Cs, respectively. (g)—(i) Pb 4f peaks exhibit spin-orbit splitting (4.87 eV) with each component
further split into Pb bonded to CI (at 138.1 and 143 eV) and Pb°® (136.1 and 141 eV). The presence of the Pb° is attributed to its formation
by x-ray photolysis during measurement, a well-documented artifact [71]. (j)—(1) Cs 3d peaks exhibit spin-orbit splitting (14 eV), with each
component further split into Cs bonded to C1 (724 and 738 eV) or bonded to O (722 and 736 eV). The broad weak feature at 747 eV is assigned
to plasmon loss.
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and between 183.8—185.2 eV, respectively [57-62]. Based on
where these peaks are observed in the pure Yb chloride and
oxide materials and the expected shifts due to the relative
electronegativities of O and Cl, we assign the Yb 4d peaks
observed at 187.8 and 184.4 eV to Yb bonded to Cl and O, re-
spectively. The 0.8-eV shift from 186.6 eV in YbCl; to 187.8
eV in CsPbCl;:Yb would be consistent with Yb substituting in
the Pb lattice position because Yb is in a more electronegative
environment bonded to six Cl atoms than in YbCls. The Yb
oxide 4d peak at 184.4 eV is present only when films are
annealed in the nitrogen-filled GB or annealed in the GB,
followed by in the air (GB4-Air). The strengths of these peaks
(area under the curve) are similar for films annealed in GB
and GB+-Air. We detect Yb oxide even in films annealed in an
N;-filled GB with no O, or H,0, indicating that Yb oxidizes
when the films are removed from the GB. Surprisingly, how-
ever, the Yb 4d peak is significantly reduced in films annealed
only in the air. A broad and very weak photoelectron signal is
attributable to Yb bonded to Cl and Yb° [Fig. 6(b)], but no Yb
oxide is detected even after sputtering ~3 nm off the top of the
film. EDS and PL measurements show that Yb is present in all
films. We conclude that air-annealing prevents Yb migration
to the surface and grain boundaries. Thus, the grain growth
during annealing in the air is suppressed by oxidation of
the grain boundaries and the surface, not Yb segregation. In
contrast, grain growth is suppressed by Yb migrating to the
surface and grain boundaries when the film is annealed in an
N,-filled GB.

The XPS from the O s region corroborates the above
conclusion about the suppression of Yb segregation to the
surface during air annealing. Before sputtering, XPS data
show a strong O 1s peak at 531.1 eV from oxygen bound to
adventitious carbon and an adventitious C 1s peak at 284.4
eV. A second broad peak is at ~529 eV, which we attribute
to metal oxides (e.g., Yb, O3, PbO). After sputtering removes
the adventitious layer, this second peak is resolved into three
others assigned to O bonded to Yb, Pb, and Cs (vide infra).
XPS data before sputtering are shown in the Supplemental
Material [52]. After sputtering, the adventitious carbon peak
and O ls peak originating from O bonded to adventitious
carbon disappear, revealing three peaks at 527.5, 528.8, and
530.3 eV, assigned to oxygen bound to Cs, Pb, and Yb, based
on O ls peaks in Cs,O [63], PbO [64-66], and Yb,Os3, re-
spectively [58—62]. Surprisingly, the intensity of the O peak
is larger from films annealed in an N,-filled GB (by a factor
of ~4) than the O peak from films just annealed in air. Again,
this indicates that the films are oxidized when removed from
the GB. It also indicates that most surface oxygen is bound
to Yb,O3. When Yb is prevented from segregating to the sur-
face, the amount of O detected on the surface also decreases
dramatically. Compare, for example, Figs. 6(b) and 6(e) with
Figs. 6(a) and 6(d). When the films are first annealed in the
GB, YDb goes to the surfaces and oxidizes upon removing the
film to air.

Figures 6(g)—6(i) and 6(j)—6(1) show the Pb 4 f and Cs 3d
XPS. We assign the peaks at 138.1 eV [67,68] and 136.1
eV to Pb bonded to Cl and Pb° [69,70]. These are the 4f7,,
peaks, and a second set spin-orbit split by 4.87 eV is assigned
to 4fs,,. The presence of Pb° is attributed to its formation
by x-ray photolysis during measurement, a well-documented

artifact [71], and not interpreted further. However, larger
Cl-bonded Pb photoelectron intensity in air-annealed films is
consistent with low Yb [Fig. 6(b)], low oxygen [Fig. 6(e)],
and Pb present in larger concentrations on the surfaces of
the air-annealed films. We assign the peaks at 722 and 724
eV to Cs bonded to O and Cl 3ds,,, respectively. Here, Cs
atoms are bonded mostly to Cl and not oxidized significantly.
Again, the second set of peaks spin-orbit split by 14 eV is
assigned to Cs 3d3/, bonded to Cl and O. The XPS data are
consistent with the relative thermodynamic stability of the
oxides and chlorides of Yb, Pb, and Cs. Of all oxides and
chlorides of the elements under consideration, Yb,Oj3 is the
most stable (AG;} = —1726.8 kJ/mol), and chlorides of Pb
and Cs chlorides are more stable than their oxides. The Gibbs
free energies of formation for CsCl, Cs,0, PbCl,, and PbO
are 473.16, —389.6, —399.9, and —219 kJ/mol, respectively.
Additional XPS data on Cs, Pb, Yb, O, and C before and
after sputtering a thin surface layer to remove adventitious
carbon are shown in the Supplemental Material (Figs. SI15—
SI17) [52].

D. How do XPS results inform the effect of the annealing
environment on PLQY?

Considering the XPS measurements, the PLQY measure-
ments shown in Fig. 3(b) suggest that both Yb migration to
the surface and surface oxidation are needed to get the highest
PLQY: the highest PLQY is detected in films first annealed
in a GB to bring the Yb to the surface and then annealed
in the air (i.e., GB+4Air) to oxidize the grain boundaries and
surfaces to form Yb,0j3. Some reports on Yb-doped CsPbCls
hypothesized that NIR emission is enabled by Yb coordinated
to the surface of the perovskite nanocrystals, but other work
on solution-deposited thin films [13,47,51] and vapor depo-
sition [17,19] has shown evidence that Yb does not need to
be on the surface for efficient NIR emission. The absence
of the Yb 4d peak in the air-annealed films, while there is
still NIR emission, provides evidence that the emission in
these air-annealed films comes from Yb in the bulk CsPbCl;
and not from the surface. On the other hand, bringing Yb
toward the surface is also important. We hypothesize that the
extremely high stability of Yb,Oj3 leads to the formation of a
surface defect passivating oxide on the CsPbCl; surfaces and
grain boundaries. Thus, processing where Yb is brought to the
surface by annealing under N, and then oxidizing it in the air
provides the best passivation to get maximum NIR PLQY. The
PLQY nearly saturates after ~2% Yb incorporation, suggest-
ing that not all Yb are optically active and that some end up
in the oxide on the grain boundaries and surfaces. This is con-
sistent with finding some of the Yb oxidized on the surface.
Depending on the annealing environment, Yb diffusing to the
surface and oxidizing may leave different amounts of Yb in
the grains. Therefore, different amounts of Yb in the grains
may cause PLQY differences between GB- and air-annealed
films. However, it appears that emission is not limited by Yb
availability because PLQY saturates as the nominal amount of
Yb increases beyond 2%. Moreover, if the PLQY were limited
by the Yb in the grains, we would expect PLQY to be the
lowest with the least amount of Yb in the grains, which should
correspond to films annealed in the GB, followed by annealing
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FIG. 7. Tllustration of the coverage of Yb-doped CsPbCl; grain boundaries and surfaces deduced from the x-ray photoelectron spectroscopy
(XPS) measurements and summary of the resulting photoluminescence quantum yield (PLQY) values.

in the air. This, however, is not the case. Thus, we attribute the
differences in PLQY to differences in surface passivation.

Figure 7 illustrates the grain boundary and surface cov-
erage that emerges from the XPS measurements. When the
films are annealed in the air only, Yb is not drawn to the
surface, and the surfaces are passivated mostly by Pb and
Cs chlorides which are more stable than their oxides. The
corresponding PLQY is ~40% for 2-5% Yb doping. When
the films are annealed only in the GB, Yb is brought to the
surface and is oxidized when taken out into the air. However,
Yb oxidized naturally at room temperature is not as effective
as an ytterbium oxide formed upon annealing in air, and the
PLQY remains at ~40%. Only when the Yb on the surface is
oxidized by annealing in the air, a robust and passivating layer
of Yb,O; formed, and PLQY increases significantly to the
60—70% range. We do not think that Yb in Yb,Oj3 contributes
to the NIR emission. Yb,O3 has a band gap of 5 eV and does
not absorb at the excitation wavelengths (360 nm, 3.4 eV)
used in this paper [72]. Thus, the excitons created in CsPbCl;
by absorption must diffuse to the surfaces and then transfer the
energy to the Yb in the oxide. Fast nonradiative recombination
(<1 ns) in these films makes this an unlikely mechanism.
Perhaps the strongest reason to discount this possibility is the
efficient PLQY from air-annealed films that do not show a
significant amount of Yb,Oj3 on their surfaces.

IV. SUMMARY AND CONCLUSIONS

We used PVD to deposit Yb-doped CsPbCls thin films with
nominal Yb doping up to 10%. These films have an absorption
onset at ~2.95 eV and show weak excitonic band-edge emis-
sion at 425 nm. The films also show strong NIR PL centered at
985 nm originating from the Yb ?Fs;,—2F7/, transition. The
highest PLQY of the NIR peak was 69.7% from the films with
2.5% YD that were annealed in an N,-filled GB for 2 h and
then annealed in the air for 2 h, both at 350 °C. Here, Yb incor-
poration and annealing environment do not significantly affect
the XRD patterns of CsPbCl; films, but Yb incorporation
does suppress grain growth. Similarly, annealing in the air and

oxidation of the grain boundaries suppresses grain growth,
leading to grains of a few hundred nanometers. PLQY is sen-
sitive to the state of the surfaces, which in turn is sensitive to
the annealing environment. XPS measurements revealed that
annealing in N; brings Yb to the surface of the films, which
then oxidizes when the films are annealed in the air to form
a robust ytterbium oxide that passivates surface defects. This
results in the highest NIR PLQY values (60—70%). In contrast,
annealing in the air suppresses Yb migration to the surface.
The chloride-passivated surface results in lower NIR PLQY
values (~40%). Figure 7 summarizes the principal finding of
this paper.

Finally, the PLQY of vapor-deposited Yb-doped CsPbCl;
thin films is lower than the PLQY of nanocrystals. Two possi-
ble reasons are that either thin films have more defects that act
as nonradiative recombination centers than nanocrystals or ex-
citon confinement improves PL. These reasons are consistent
with higher visible PL from undoped CsPbCl; nanocrystals
than from undoped CsPbClj; thin films. For example, CsPbCl;
nanocrystals have shown visible PLQY as high as 60% with
PL lifetimes > 10 ns, while the CsPbClj; thin films have PLQY
<1% and PL lifetimes <1 ns [73].
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