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Fig. S1. Rietveld refinement of crystal XRD diffractograms of (a) (PEA)2Pbls, (b)
(PEA)2MAPD2l7, (c) (BA)2Pbls, and (d) (BA)MAPh:l; crystals. Reliability factors for
(PEA)Pbls: ¢ = 5.25, R-factor = 5.79, R, = 29.10, Rwp = 25.80. Reliability factors for
(PEA)2MAPD,l7: y? = 3.22, R-factor = 2.46, R, = 6.55, Ruwp = 12.6. Reliability factors for
(BA)Pbls: ¥* = 12.32, R-factor = 43.90, R, = 15.90, Ruwp = 12.30. Reliability factors for
(BA)2MAPb:l7: ¥? = 3.40, R-factor = 13.50, Rp = 93.00, Rup = 92.30. Insets correspond to the
photographs of the crystal.

Fig. S2. Absorption spectra from (a) (PEA)2Pbls, (b) (PEA)MAPD2l7, (c) (BA)2Pbls, (d)
(BA)2MAPDl7 and their fitting curves with Elliot method in Equations S1 and S2.

Fig. S3. (a) Absorption and PL spectra excited at 375 nm with a logarithmic scale of y-axis
recorded at RT; (b) TRPL decay curve excited at 375 nm monitoring 420 nm emission at RT of
(b) (PEA)2PbBr3, (c) (BA)2PbBr4 crystals. Insets correspond to the photographs of the crystals.

Fig. S4. TRPL decay curve excited at 532 nm monitoring 620 nm emission at RT of (a)
(PEA)2PDbl4, (b) (PEA)2MAPb:I7, (c) (BA)2Pbly crystals.

Fig. S5. RL spectra mapping at different temperatures from 10 to 350 K for (a) (PEA)2PbBr4, (b)
(BA)2PbBr3, (€) (PEA)2PDI4, (d) (PEA)2MAPD2I7, (€) (BA)2Pbls, and (f) (BA)2MAPD2I- crystals.

Fig. S6. Delay distributions at 10 mV with ?Na source emitting two 511 keV y-rays back-to-back
of (a) (BA)2Pbls, (c) (PEA)2MAPD:I;. The red solid lines are the Gaussian functions, which fit the
distributions, and the black dotted lines provide the full width half maximum (FWHM) of the
distributions. CTRsampie Versus leading edge threshold values. CTRrwhwm fit to the data points is
shown as blue dashed lines of (b) (BA)2Pbls, (d) (PEA)2MAPbD:I-.

Fig. S7. The normalized light yields calculated from pulse height spectra of (PEA)2MAPb2l7 with
exposing radiation time. A *¥’Cs source, emitting 662 keV y-rays, was used as an excitation and
the sample was exposed to environmental conditions (standard atmosphere, 65% humidity).
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1. X-ray diffraction, and crystal lattice parameters

The X-ray diffraction (XRD) spectrum in Figure S1 were analyzed the peaks and determined for
the baseline. Then, using FullProf XRD software, we performed Rietveld refinement with the
inputs from previous lattice parameters for (PEA):Pbls,! (PEA).MAPD.I7,> (BA).Pbls,? and
(BA)2MAPDI; crystals.* The refinement parameters were summarized in the manuscript Table I.
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Fig. S1. Rietveld refinement of crystal XRD diffractograms of (a) (PEA).Pbls, (b)
(PEA):MAPD2l7, (c) (BA)2Pbls, and (d) (BA)MAPbh:I; crystals. Reliability factors for
(PEA)2Pbls: ¥? = 5.25, R-factor = 5.79, R, = 29.10, Rwp = 25.80. Reliability factors for
(PEA),MAPbl7: y* = 3.22, R-factor = 2.46, R, = 6.55, Ryp = 12.6. Reliability factors for
(BA),Pbls: ¥® = 12.32, R-factor = 43.90, R, = 15.90, Ruwp = 12.30. Reliability factors for
(BA)2MAPb:l7: ¥? = 3.40, R-factor = 13.50, Rp = 93.00, Rup = 92.30. Insets correspond to the
photographs of the crystals.
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2. Absorption spectra fitting

The fit to absorption spectrum in Fig. S2 was performed by Elliot formalism.> In principle, the
contributions to the absorption coefficient (o) can be defined from free carriers (continuum) (oic)
and excitons (0kex).

a(hm) = oc + Oex (Sl)
(o) = Pey [ 010 ~ Eg) (o) + Rex Ty 5 8 (/1o ~ Bg + 2] (S2)

where the frequency dependence of Py is a constant and related to the interband transition matrix
element, /o is the photon energy, 0(/m — Eg) is the heavyside step fuction, x is defined as p Rex/(A®
— Eg), and 8 denotes a delta function, Rex is exciton Rydberg energy, n is the principle quantum

number. From the fits, obtained E¢*® were summarized in manuscript Table 1.
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Fig. S2. Absorption spectra from (a) (PEA)2Pbls, (b) (PEA)MAPD.l7, (c) (BA)2Pbls, (d)
(BA)2MAPDI7 and their fitting curves with Elliot method in Equations S1 and S2.
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3. Absorption, PL and TRPL decay

Absorption and PL spectra excited at 375 nm of (PEA)2PbBr4 and (BA)2PbBr4 crystals at RT are
shown in Fig. S3(a). Absorption peaks at 401 nm, 346 nm and calculated band gap from Elliot fit
of 3.09 eV and 3.59 eV shown in Fig. S2(a, b) were observed for (PEA)2PbBrs and (BA).PbBr,
crystals, respectively. PL peaks excited at 375 nm at RT exhibit 438 nm (2.83 nm) and 434 nm
(2.86 eV) for (PEA)2PbBrs and (BA)2PbBr,4 crystals, respectively. The TRPL spectra were well
fitted by tri-exponential decays, as shown in Fig. S3(b, c) for (PEA)2PbBrs and (BA).PbBrs
crystals. The decay components for (PEA)2PbBr4crystal of 0.1 ns, 2.9 ns and 8.3 ns correspond to
the exciton emission as the decay curve was recorded by monitoring 420 nm emission wavelength
and an average decay times Tayg - Of 5.9 ns.® On the other hand, the decay components for
(BA)2PbBr4 crystal of 0.8 ns, 2.5 ns and 8.8 ns correspond to the exciton emission as the decay
curve was recorded by monitoring 420 nm emission wavelength and the average value of decay
times Tavg' - Of 3.3 ns. ©
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Fig. S3. (a) Absorption and PL spectra excited at 375 nm with a logarithmic scale of y-axis

recorded at RT; (b) TRPL decay curve excited at 375 nm monitoring 420 nm emission at RT of
(b) (PEA)2PbBr34, (c) (BA)2PbBr4 crystals. Insets correspond to the photograph of the crystals.

S6



o 10°
p=
>3
O
@)
O
()
N 1014 PEA,PbI,
£ t, = 3.6 ns (4%)
2 t, = 37.7 ns (96%)
o tag = 36.6 Ns
0 2 4 6 8 10
Time (ns)
. PEA,MAPb,J, b)
2 t, = 0.4 ns (40%)
§ t, = 7.2 ns (60%)
Em-‘- Ly =4.9ns
T
€
(@]
Z
1072
0 2 4 6 8 10
Time (ns)
- BA,PbI, C)
2 t=0.37 ns
-
@]
@)
©
(0]
N
T
€
O
Z
| l\l I ). IHU.I‘II'JI L LHTCA )

6 8 10

Time (ns)

Fig. S4. TRPL decay curve excited at 532 nm monitoring 620 nm emission at RT of (a)
(PEA)2Pbl4, (b) (PEA)2MAPD:I7, (c) (BA)2Pbly crystals.
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Fig. S5. RL spectra mapping at different temperatures from 10 to 350 K for (a) (PEA)2PbBra, (b)
(BA)2PbBr4, () (PEA)2PbI4, (d) (PEA)2MAPD:I7, (€) (BA)2Pbls, and (f) (BA)2MAPbD2l7 crystals.
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4. Delay distribution and CTR measurements

The CTR measurement results are shown in Fig. S6 (a, b) and (c, d) for (BA).Pbls and
(PEA)2MAPD:I7 crystals, respectively. The details of the analysis and the experiments were similar
to those previously reported for (PEA).PbBr4 crystal,” except the optical coupling which was not
applied to the crystals due to samples hygroscopicity. Since we used LSO:Ce:Ca scintillator as a
reference, the measured CTR (CTRmeas) IS given by a combination of the CTR of the crystal and
that of the reference.® In order to evaluate the CTR of two identical samples (CTRsampie), the
contribution of the reference crystal (CTRref) was subtracted in quadrature from the measured CTR
(CTRmeas) as shown in the following equation:

CTRsampIe = \/2 . CTRmeaSZ - CTRreflz (83)

From Fig. S6(a), (c), we obtained CTRmeas from the full width half maximum (FWHM) of the
delay distributions of the events with 511 keV energy depositions in both detectors. After
subtracting CTRres of 61 ps via Eq. S3, we obtained CTRsampe of 14910 ps, 207+14 ps for
(BA)2Pbls and (PEA)2MAPDI7 crystals, respectively as summarized in Table S4. To determine
the best CTR value, a series of CTR measurements were performed varying the leading-edge
threshold set on the oscilloscope. Fig. S6(b), (d) exhibits CTRsampie Values versus leading edge
threshold values. Since there is an effect of limiting the electronic bandwidth and an influence of
the electronic noise to CTRrwhm, >0 the data points were fitted by using an empirical model

formulated in'12;

CTRAwr(po. Pr, P2) = [po? + (1. v)? + (27 (s4)

where v, py, p1, p, are the leading-edge threshold, the intrinsic limit of CTR, the photostatistics
effect, and the noise contributions, respectively. From the fits in Fig. S6(b) and (d), the minimum
value CTRmin of CTRrwhm for (BA)2Pbls and (PEA)2MAPD:I; crystals were determined to be 149
ps and 207 ps, respectively. Both sample CTR are worse than 81 ps of (BA)2PbBr4 crystal.314
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Fig. S6. Delay distributions at 10 mV with ?Na source emitting two 511 keV y-rays back-to-back

of (a) (BA)2Pbls, (c) (PEA)2MAPD:I;. The red solid lines are the Gaussian functions, which fit the

distributions, and the black dotted lines provide the full width half maximum (FWHM) of the

distributions. CTRsample Versus leading edge threshold values. CTRrwhwm fit to the data points is

shown as blue dashed lines of (b) (BA)2Pbls, (d) (PEA)2MAPbD:I-.

5. Light yield stability as a function of time

We measured the pulse height spectra of the (PEA).MAPD2l7 sample for 6 hours and the derived
values of the light yield were plotted with the normalized values at the initial time as shown in Fig.
S7. To test the stability of the light yield of (PEA)2MAPb:I7, the ambient environmental conditions
with standard atmosphere and 65% humidity were recorded.
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Fig. S7. The normalized light yields calculated from pulse height spectra of (PEA).MAPbl7 with
exposing radiation time. A ¥’Cs source, emitting 662 keV y-rays, was used as an excitation and
the sample was exposed to environmental conditions (standard atmosphere, 65% humidity).

Table S1 Afterglow decay parameters

Comp. 1 (s/%) Comp. 2 (s/%) Comp. 3 (s/%) Average decay time (s)
(PEA)2PbI4 4.9/10 33.1/32 364.3/58 224.1
(PEA)2MAPb:I, 9.6/1 121.6/4 4560.1/95 4336.5
(BA)zPbl4 0.2/2 15.7/26 166.5/72 87.4
(BA):MAPD;I; 6.5/35 66.5/65 - 454
Table S2 Thermoluminescence parameters
Tiax (K) E (meV) No (a.u.) c
(s
(PEA)2PbI4 47 26 1.2x10* 1.5x10°
101 85 1.3x10% 3.2x108
144 199 2.1x10° 1.2x108
(PEA):MAPb;I, 35 86.1 1.8x10% 7.3x10°
46 121.9 3.0x10* 3.5x10°
88 200.6 6.6x10* 1.5x10°
150 337.3 2.2x10° 8.9x102
200 492.8 1.7x10° 8.9x10?
(BA)2Pbl4 54 31 2.9x10° 1.9x10°
127 146 1.5x10* 3.8x10°
(BA):MAPb;l; 39 21 1.1x10* 1.4x10°
78 32 5.5x10° 4.2x10°
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Table S3 Summary of average time-resolved photoluminescent (TRPL), light yield at RT and at
10 K for (PEA)2Pbls, (PEA)MAPDI4, (PEA)2PbBrs, (BA)2Pbls, (BA)2MAPDI4, (BA)2PbBr4

crystals.
Avg. TRPL Light yield @ RT Light yield @10 K Ref. No.
decay time (ns) (photons/keV) (photons/keV)
(PEA).PDI4 1.0 1 10 This work
(PEA):MAPDI,4 0.9 1.4 8.4 This work
(PEA).PbBr;4 5.9 10 7 This work and *°
(BA)2Pbl4 0.24 2 10 This work
(BA):MAPbDI,4 0.5 <0.6 7.5 This work
(BA)2Pbl, 0.5 0.1 0.6 16
(BA).PbBr,4 3.3 40 22 This work and */

Table S4 Gamma-ray excited scintillation decay parameters

Comp. Comp. 2 Comp. 3 Average decay time CTR (ps)
1 (ns/%) (ns/%) (ns)
(ns/%)
(PEA)2PbI4 0.5/10 22/48 450/40 190 138+10
(PEA)MAPb:I, 9.3/37 43/23 249/39 112 207+14
(BA)2PDbI4 0.4/2 15/72 380/26 111 149+10
(BA):MAPb;l;
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