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Experimental Section

Materials: Csl, CsBr, Pbl,, formamidine hydrochloride (FACI), acetamidine hydrochloride
(AACI), and 4-fluoro-benzamidine hydrochloride (FBHCI), and benzamidine hydrochloride
(BHCI) were purchased from Sigma-Aldrich. PbBr, (99.998%) and LiF were purchased from
Alfa Aesar. PEDOT:PSS (AL4083) was purchased from Ossila. TPBi was purchased from
Lumtec.

Precursor solution preparation and film deposition: Csl, CsBr, Pbl,, PbBr;, solutions of 0.2 M
and BHCI solution of 1.0 M were dissolved in DMSO before mixing up for desired precursor
solutions. Two groups of solutions with a final molar concentration of 0.075 M (Pb>") were
prepared: (1) mixtures of 1.25CslI + 1.0PbBr, + mBHCI, donated as mBHCI (m = 0.0, 0.5, 0.7,
1.0, and 1.3); (2) mixtures of 1.0Pbl, + OPbBr, + 1.25CsBr + 1.0BHCI and 0.9Pbl, + 0.1PbBr,
+1.25CsBr + 1.0BHCI. After mixed up, all the precursor solutions were kept overnight at room
temperature before deposited into films. To form films, the precursor solutions were spin-coated
in a N-filled glovebox at 3000 rpm for 60 s and then annealed at 80 °C for 40 min. The FCPX,
ACPX, and FBCPX films were prepared as the BCPX film (1.0BHCI), where BHCI is
completely replaced by FACI, AACI, and FBHCI, respectively.

Film Characterization:

Ultraviolet-visible (UV-Vis) absorbance spectra were measured with a PerkinElmer model
Lambda 900. Steady-state PL spectra (Ax = 405 nm) were recorded by an Andor spectrometer
(Shamrock sr-303i-B, coupled to a Newton EMCCD detector). XRD patterns were acquired by
using a Panalytical Empyrean system with Cu Ka source (A = 1.54 A).

Scanning electron microscopy (SEM, Philips XL30 FEG SEM) was operated at 3 keV to
characterize the morphology of the samples. CL measurements were performed by a MonoCL4

system integrated with SEM. The acceleration voltage of the electron beam was kept at 5 keV,



which allows an acquisition of the CL signal with a spatial resolution of ~100 nm. A fast CCD
detection system have been used for spectral detection.

Transient absorption (TA) measurements were conducted by a femtosecond TA (Mai Tai,
Spectra Physics) in air atmosphere. The pump laser (800 nm, 80 fs pulse length, 1 kHz repetition
rate) was generated by a regenerative amplifier (Spitfire XP Pro). The second harmonic
generation (400 nm) from a BBO crystal was used as pump. For the probe, the super-continuum
generation from a thin CaF, plate was used.

Device fabrication and characterization: 1TO-coated glasses were cleaned for 15 min in the
ultrasonic bath and then dried by the nitrogen flow. After a further clean up by a ultraviolet-
ozone for 10 min, filtered PEDOT:PSS solution was deposited onto the ITO substrates at 4000
rpm for 30 s, followed by thermal annealing at 140 °C for 15 min in the air. Then the substrates
were transferred into the N,-filled glovebox for perovskite films deposition. The preparation of
perovskite layers followed the same procedures of film deposition described above. The TPBi
(35 nm), LiF (1 nm), and Al (100 nm) layers were deposited at the rates of 1.0 A/s, 0.2 A/s, and
3.0 A/s, respectively, at a vacuum of 2 x 1076 Torr. The current density and the driving voltage
were collected by a Keithley 2400 source meter, swept from zero bias with a step of 0.1 V. Each
step took 0.8 s for stabilization measurements. The light emission was collected by an
integrating sphere together with a QE Pro spectrometer (Ocean Optics). The active device area
is 0.0725 cm?. All the device characterizations were carried out at room temperature in a

nitrogen-filled glovebox.



Table S1. Summary of the state-of-the-art white LEDs with EMLs containing perovskites.

Approach Emissive layer(s) CIE (x, y) Luminance  EQE (%) Ref.
(cd m2)

Multiple-EML EML 1: PA,CsPbsl; (0.32,0.32) - 0.22 1
EML 2: CsPb(Br/Cl);

Single-EML CsPbBr,Cls-x mixed with MEH:PPV  (0.33, 0.34) 80 - 2

Single-EML Cs2Ago.s0Nag40InClg - ~50 - 3

Single-EML CsPb(Br;-Cly); and CsPb(Bri-,l,)s (0.33,0.33) 30 0.008 This
blend work

MEH:PPV: poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]

Table S2. Peak wavelengths and CIE coordinates of our white PeLEDs at different driving

voltages.
Driving voltage (V) Peak wavelength (nm) CIE coordinate (x, y)
4.8 493 + 626 (0.35, 0.45)
5.1 493 + 630 (0.34, 0.38)
5.4 490 + 630 (0.32, 0.37)
5.5 489 + 631 (0.32, 0.34)
5.6 488 + 632 (0.32, 0.33)
5.7 488 + 632 (0.33, 0.33)
5.8 488 + 632 (0.33, 0.33)
5.9 488 + 631 (0.34, 0.32)
6.0 488 + 631 (0.35, 0.32)
6.3 490 + 646 (0.38, 0.32)
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Fig. S1 Evolution of EL spectrum of the BCPX-based device; the device continuously operated

at a constant current density of 100 mA cm™2.
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Fig. S2 (a) SE images and (b) CL spectra of the BCPX film acquired at 5.0 keV with prolonged

beam exposure time. The grains in the red dash circle show minor damage.
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Fig. S3 TA spectra for the BCPX perovskite film.
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Fig. S4 Normalized EL spectra of devices based on mBHCI (m = 0.5, 0.7, 1.0, and 1.3) films.

*CsBr

CsBr + BHCI

Normalized Intensity (a.u.)

Sé .1I0I1I5.2IOI2|5.3I0 | 3I5.40
2-Theta (°)
Fig. S5 XRD patterns of pure BHCI and CsBr + BHCI films. The peak marked by asterisk is

from CsBr.4
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Fig. S6 (a) Chemical structures of formamidine hydrochloride, acetamidine hydrochloride, and

4-fluoro-benzamidine hydrochloride. (b) SEM images of the corresponding FCPX, ACPX, and

FBCPX films.
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Fig. S7 EL spectra of devices based on (a) FCPX, (b) ACPX, and (c) FBHCI films at different

driving voltages.
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