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ABSTRACT: Low-dimensional copper halides with high luminance have attracted increasing
interest as heavy-metal-free light emitters. However, the optical mechanisms underpinning
their excellent luminescence remain underexplored. Here, we report multiple self-trapped
emissions in Cs;Cu,ls. Power-dependent photoluminescence spectra reveal the appearance of
multiple self-trapped emission peaks with increasing excitation power, and this emission
behavior is explored across a temperature range of 80—420 K. The zero-dimensional structure
and soft crystal lattice contribute to the multiple self-trapped emissions in Cs;Cu,l;: this
explains the origin of the broad emission and the luminescence mechanism in Cs;Cu,l5 and
will assist in improving our understanding of the optical properties of other metal halides. We
incorporate the Cs;Cu,l; in light-emitting diodes that achieve a peak luminance of 140 cd/m*

and an external quantum efficiency of 0.27%.

Lead halide perovskites have advanced rapidly as light-
emitting materials in view of their narrow emission line
width, defect tolerance, and simple processing."”” Finding
routes that avoid the use of lead in light-emitting diodes
(LEDs) remains of interest.”* The ready oxidation of Sn** to
Sn** motivates continued work in other metal selections, as do
the limitations on the efficiency and conductivity in Ge-, Bi-,
and Sb-based halides.”™’

Blue-emitting Cs;Cu,l; has recently shown impressive
progress.”” A near-unity photoluminescence quantum yield
(PLQY) was also observed in the Br anallogue.Io In CsCu,l;,
white-light emission was observed in single crystals,"" while
yellow luminescence was obtained in nanocrystals.'” Interest-
ingly, strong blue emission was also observed in the new
compounds RbgCuSc;Cljg and RbgCuY;Clyg, indicating that
Cu plays an important role in the photoluminescence
mechanism. "’

Here we investigate the photoluminescence (PL) mecha-
nism of Cs;Cu,I and explore the use of this material in LEDs.
On the basis of the power- and temperature-dependent PL
spectra, we find that the broad photoluminescence centered at
436 nm arises due to distinct self-trapped emission peaks, a fact
that we attribute to the zero-dimensional (0D) structure and
soft crystal lattice. By tailoring the synthesis conditions of
Cs3Cu,ls, we achieve a record-high PLQY of near unity in as-
prepared thin films. Using NFI-modified PEDOT:PSS as the
hole transport layer (HTL) and poly-HEMA as the additive in
the emitting layer, we develop blue LEDs with a peak external
quantum efficiency (EQE) of ~0.27% and a maximum
luminance of 140 cd/m?.

© 2020 American Chemical Society
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Two known Cs—Cu—I compounds exist: Cs;Cu,ls and

CsCu,l; (crystal structures in Figure 1)."%'° Cs;Cu,l; adopts a
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Figure 1. Crystal structures of (a) Cs;Cu,l and (b) CsCu,l,. (c) X-
ray diffraction of the as-synthesized CsCu,l; and Cs;Cu,lg powders
and Cs;Cu,]g film, compared with the corresponding simulated
patterns. (d) Performance table of blue-emitting lead-free halide
materials.
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Figure 2. (a) Absorption spectrum of the Cs;Cu,l film, indicating a band gap of 3.8 eV. (b) Photoluminescence excitation (PLE) and
photoluminescence (PL) spectra of the Cs;Cu,l; thin film using a xenon lamp as the excitation source. The inset shows a photo of the as-
synthesized film with shiny blue light under 265 nm light. (c) Power-dependent PL (250 fs, 5000 Hz excitation; fluence of <1 yJ cm™) showing the
appearance of multiple emission peaks while the excitation fluence is increasing. (d) Integrated PL intensity as a function of excitation power. (e
and f) Temperature-dependent PL (at around 60 yJ cm™ excitation) showing the appearance of multiple emission peaks at lower temperatures.

0D structure composed of Cs* ions and isolated [Cu,I]*~
fragments. As shown in Figure la, Cu atoms have two types of
coordination: trigonal, surrounded by three I atoms, and
tetrahedral, surrounded by four I atoms. For CsCu,l;, Cu is
coordinated with four I atoms (Figure 1b). It crystallizes in a
one-dimensional (1D) structure with double edge-shared
[Cul,]*” chains along the ¢ axis. The structural difference
leads to different optoelectrical properties in Cs;Cu,l and
CsCu,l;.

To study the Cs—Cu—I system, we synthesized the pure
Cs;Cu,ls and CsCu,l; phases. CsCu,l; was obtained by VSA
crystallization from a 1 M precursor solution (stoichiometric
CsI and Cul) in a DMF/DMSO (50:50) solvent.” We were
unable to synthesize Cs;Cu,ls single crystals using this
method.

We instead employed a solid-state reaction with stoichio-
metric CsI and Cul (1:2 for CsCu,l; and 3:2 for Cs;Cu,l;) at
400 °C.'"° Powder X-ray diffraction (XRD) was used to
characterize the as-synthesized materials (Figure 1c). Cs;Cu,lg
and CsCu,l; were found to be pure and single-phase. The PL
spectra of these samples showed strong blue emission from
Cs;Cu,]s and weak white emission for CsCu,l;, which is
consistent with prior results.”

Both Cs;Cu,l; and CsCu,l; were found to be stable in air.
Cs;Cu,l5 powders show a unity (100%) PLQY. Figure 1d
shows the PL performance compared to that of the known
blue-emitting lead-free halide materials."*™*' Cs,Cu,l; is a
more efficient emitter but has a broader emission spectrum.
For the Cs;Cu,]; thin film, there is no diffraction signal (Figure
1c) from CsCu,l;, indicating purity of phase.

We obtained a band gap of 3.8 eV for Cs;Cu,l; from the
UV—vis absorption spectrum (Figure 2a), which is consistent
with previous reports.” A second, lower-energy, absorption
feature at ~3.6 eV is also observed, which suggests another
transition that is yet to be reported. The photoluminescence
excitation (PLE) and PL spectra of the Cs;Cu,l; thin film are
shown in Figure 2b. The PLE spectra show a second
absorption feature in the form of a red-shifted tail (in the
range of 3.6—3.8 €V) from the main PLE peak, consistent with
the lower-energy absorption feature shown in Figure 2a. Other
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features in the PLE spectra are further distinguished through
the second derivatives of the spectra (Figure S1a).® At low
excitation fluences, the blue PL is centered at 436 nm with a
high PLQY of 91%. A small asymmetry is detected in the PL
spectra of Figure 2b, which is better fit using an exponentially
modified Gaussian than by a single Gaussian distribution
(Figure S1b), suggesting an overlapped emission of the main
emission peak with lower-intensity transitions. This multi-
transition radiative behavior is accentuated with increasing
excitation fluence, as shown in Figure 2¢ and Figure S2, where
a clear second emission peak is present. The high PLQY is
maintained even at high excitation fluences, as shown by the
linear increase in radiative intensity with excitation power
shown in Figure 2d. Temperature-dependent studies at high
fluences show the appearance of other emission peaks that can
be attributed to structured emission due to strong exciton
coupling to lattice vibrations.

Previous reports about the PL mechanism of Cs;Cu,]; differ.
Some have proposed energy transfer as a result of the structural
distortion, while others offer self-trapped excitons as a possible
explanation.'” The explanation of self-trapped excitons is
consistent with the large Stokes shift in Cs;Cu,l;. The similar
emission wavelengths of Cs;Cu,Brs and Cs;Cu,ls (455 and
443 nm, respectively) indicate that the emission mechanism in
these compound originates from the copper halide clusters
contained in the structure.'® As such, it is also natural to
consider the emission mechanisms in Cul crystals, where
multiemission peaks have been reported and attributed to
defect-induced emission.””**> However, defect-induced emis-
sion often leads to fast intensity saturation,'””** a trend
different from that seen in Figure 2d. The multipeak emission
with a large Stokes shift is also present at low temperatures
(Figure 2e), which argues against a defect-based emission
mechanism. It has been previously reported that carriers are
frozen at low temperatures, leading to improved band-to-band
radiative emission due to the decreased efficiency to reach trap
centers. No signal of band-to-band emission is obtained at
cryogenic temperatures. Furthermore, the PLE spectra (Figure
2b) did not show a subgap contribution (located near the
emission center) to the PL, something that is normally seen
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Figure 3. Dynamical structure factor S(Q, E) of Cs;Cu,]; integrated over momentum transfer Q (a and c) and contour plots of S(Q, E) (b and d),
obtained from INS spectra measured with E; values of 18 meV (a and b) and 55 meV (c and d).
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Figure 4. (a) AFM picture of the as-synthesized Cs;Cu,l; film. (b) Energy band alignment of the LED device. (c) Cross-sectional SEM image of
the LED device (artificially colored). (d) Current density (J), (e) external quantum efficiency (EQE), and (f) luminance (L) vs applied voltage
characteristics of the device with a Cs;Cu,Is-poly-HEMA emission layer. A photo of the blue-emitting device is the inset in panel d.

with permanent defects. These results agree with the view that
defect-based emission is not the dominant emission mecha-
nism. It is noted that the range of fluence used in Figure 2d is
limited (roughly ranging from 7 to 80 uJ cm™ 1 order of
magnitude, while presumably characterization in a lower and
higher excitation fluence regime would be desirable). Ideally,
we would characterize the material until it reaches saturation.
The absorption edge of the material is ~3.8 eV (around 330
nm), and the 315 nm source available to us was limited in its
dynamic range. A wider range of fluences and the PL decay
kinetics at different excitation pulse densities would be
desirable in future studies.

In Figure 2f, we show that additional emission exists at ~550
nm at temperatures below 280 K. Emissive transitions from
copper halide clusters are due to Cu 3d to Cu 4s transitions. In
the ground state, Cu(I)-d'’ complexes are known to favor a
tetrahedral geometry that is transformed into a tetragonally
flattened structure upon excitation to form Cu(II)-d>.*° A
recent report about the 1D copper halides suggests the
existence of multiple emissions by first-principles calculation.”’
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They suggest that the multiple emission peaks are due to low-
dimensional copper halide clusters and the soft crystal lattice.
In Cs;Cu,], the Jahn—Teller distorted Cu(II)-d’ center arises
due to the otherwise unequal occupation of the degenerate t2
3d orbitals and may explain the observed Stokes shift and
multiple emissions. There has been no report about the
absorption cross section of Cs;Cu,ls until now, and the
accurate carrier concentration in the film is unknown.
Referring to the commonly reported halides, we coarsely
estimate a carrier density on the order of ~10"*~10' cm™ in
our film.

To evaluate the crystal lattice rigidity, we measured the
dynamical structure factor of S(Q, E), which is proportional to
the generalized phonon density of states, of the as-synthesized
Cs;Cuylg thin film. The contour plot of S(Q, E) and that
integrated over momentum transfer intensities for the spectra
measured with E; values of 18 and 50 meV are shown in Figure
3. The phonon spectrum of the Cs;Cu,l; thin film extends to
~30 meV [with three optical peaks at ~17, ~21, and ~25 meV
(Figure 3d)] and has a strong increase of intensity at energies

https://dx.doi.org/10.1021/acs.jpclett.0c01166
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below 10 meV (which is unresolved for the INS spectra for an
E; of 50 meV). The high-resolution data obtained with an E; of
18 meV (Figure 3a) show two peaks in the range of acoustic
phonons, at ~2 meV (strong) and ~3.5 meV. The observed
soft mode demonstrates that Cs;Cu,l; has a soft lattice. This
finding is consistent with multiple self-trapped emissions due
to the OD structure and ultrasoft crystal lattice.””

Encouraged by the high PLQY of films of Cs;Cu,ls, we
fabricated LEDs using Cs;Cu,I films. Atomic force micros-
copy (AFM) was used to characterize the surface of the
synthesized films. The results (Figure 4a) indicate a roughness
of ~10 nm. The film, smooth enough to avoid current leakage,
is suitable for LED fabrication. Previous reports found that
inverted LEDs do not work well for this material.®

We therefore used PEDOT:PSS as the hole injection layer
(HIL). As shown in Figure 4b, the PEDOT:PSS was further
doped with PFI for suitable band alignment.”® Figure 4c shows
the cross-sectional SEM image of the as-synthesized device.
The different layers were marked with different colors. The
architecture is ITO/PEDOT:PSS:PFI (60 nm)/Cs;Cu,I;-poly-
HEMA film (90 nm)/TPBI (50 nm)/LiF (1 nm)/Al (120
nm).

The emitting Cs;Cu,l; was mixed with the polymer poly-
HEMA to form a heterostructure.”” The emitting Cs;Cu,I;-
poly-HEMA layer forms a circular column-shaped film with a
thickness of ~90 nm. The measured voltage-dependent current
density shows an increasing curve with an increase in voltage
(Figure 4d). The maximal current is ~180 mA/cm? at 15V,
indicating acceptable carrier injection and contact among
layers. In Figure 4e, the maximal EQE is around 0.27%. The
maximum luminance is 140 cd/m?* (Figure 4f). It is found that
the utilization of the poly-HEMA greatly improves the
performance of the fabricated LED devices. As shown in
Figure S3, the device without poly-HEMA gives a much poorer
performance (maximal EQE of 0.07% and maximal luminance
of 27 cd/m?) than that with poly-HEMA. The formation of the
Cs;Cuyls-poly-HEMA  heterostructure enhances carrier in-
jection. Compared to the reported LED performances based
on lead-free halides, Cs;Cu,l; displays the highest luminance at
the highest EQE value (Figure §4).303!

We report Cs;Cu,l; exhibits a blue emission with a PLQY of
100%. We found that multiple self-trapped emission peaks
emerge at increasing excitation powers and remain at low
temperatures. This arises due to the 0D structure and ultrasoft
crystal lattice of Cs;Cu,l;, which were confirmed via
measurement of the phonon intensity. The work suggests
that the low-dimensional copper halides are promising
nontoxic and stable materials with efficient special emissions.
On the basis of the optimized band alignment between the
HTL and the emitting layer, we demonstrated an LED device.
We anticipate that Cu-based halides will provide a new
direction for the exploration of lead-free materials for
optoelectronic applications.
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