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1. Structural and optical properties of RbCu,Br; crystals

Figure S1. From top to bottom are the SCXRD patterns, powder XRD patterns, and bulk XRD

patterns of RbCu,Br; crystals.

Figure S2. SEM image of the RbCu,Br; crystal and EDS spectra of elements distribution within the

white dashed box.



8 | suvey — Rb3d b | cuzp
— Cu2p — Br3d Cu 2p,, ~932.68 eV
S 5
S L
> >
= = Cu 2|;)h“2 ~952.48 eV
c c 7\
= M £ f\
= £ &
'n AN
e M\"*"‘cw... y
il
1200 1000 800 600 400 200 O 960 950 940 930
Binding Energy (eV) Binding Energy (eV)
C | Ro3d d | Brad
3d 3d
32 5/2
3d 512
: A
= r
£ &
[ = -
K0 (]
£ £
114 111 108 105 102 70 68 66 64

Bindling Energy (eV)

Binding Energy (eV)

Figure S3. HREM (a) and SAED (b) characterization of RbCu,Br; crystals.

Figure S4. RbCu,Br; crystals XPS full spectrum (a) and core-level spectra amplified in small-scale

energy regions of copper elements (b), rubidium (c¢) and bromine (d).

Figure S5. Isosurface maps of the real-space charge distribution at the bottom of conduction band
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Table S1. Crystal data and structure refinement for RbCu,Br;.

Empirical formula Rbyg sCuBry 5

Formula weight 226.14
Temperature 293.15K
Wavelength 0.71073 A

Crystal system Orthorhombic
Space group Cmcm

a=9.834(2)A  alpha =90 deg.
Unit cell dimensions b=12.362(3) A beta =90 deg.

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [[>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

c=55333(12) A gamma =90 deg.
672.73) A%
8, 4.466 g/m’
31.195 mm'!
800
0.35x 0.3 x 0.25 mm?3
6.592 to 52.688 deg.
12ShS11,-15Sk<14, 65156
863
397 [R(int) = 0.0430, R(sigma) = 0.0634]
397/0/20
1.141
R, = 0.0612, wR, = 0.1491
R, = 0.0853, wR, = 0.1599

1.60 and -3.19 ¢/A®

Table S2. Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters

(Ao2X 103) for RbCu,Br3. Ufeq) is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom X y z Uteg)
Rb(02) 0 8116(3) 7500 38.0(9)
Br(1) 2906(2) 6247.0(17) 7500 36.3(7)
Br(2) 0 3836.7(18) 7500 16.3(7)
Cu(1) 1655(3) 5000 10000 37.5(9)




o

Table S3. Selected bond lengths [A] and angles [deg] for RbCu,Br;.

Br(2)-Rb(02)#1 3.672(2) Br(1)#9-Rb(02)-Br(2)#1 137.36(7)
Br(2)-Rb(02)#2 3.672(2) Br(1)#10-Rb(02)-Br(2)#2 63.71(4)
Br(2)-Cu(1)#3 2.575(2) Br(1)#11-Rb(02)-Br(2)#2 137.36(7)
Br(2)-Cu(1) 2.575(2) Br(1)#11-Rb(02)-Br(2)#1 63.71(4)
Br(2)-Cu(1)#1 2.575(2) Br(1)#8-Rb(02)-Br(2)#2 137.36(7)
Br(2)-Cu(1)#4 2.575(2) Br(1)#10-Rb(02)-Br(1) 126.34(4)
Rb(02)-Br(1)#7 3.675(3) Br(1)#9-Rb(02)-Br(1) 71.77(5)
Rb(02)-Br(1)#8 3.5379(14) Br(1)#9-Rb(02)-Br(1)#11 154.28(13)
Rb(02)-Br(1)#9 3.5379(14) Br(1)#8-Rb(02)-Br(1) 71.77(5)
Rb(02)-Br(1)#10 3.5379(14) Br(1)#11-Rb(02)-Br(1)#8 71.21(7)
Rb(02)-Br(1) 3.675(3) Br(1)#10-Rb(02)-Br(1)#8 154.28(13)
Rb(02)-Br(1)#11 3.5379(14) Br(1)#11-Rb(02)-Br(1)#7 71.77(5)
Br(1)-Cu(1) 2.409(2) Br(1)#9-Rb(02)-Br(1)#7 126.34(4)
Br(1)-Cu(1)#4 2.409(2) Br(1)#10-Rb(02)-Br(1)#7 71.77(5)
Rb(02)#1-Br(2)-Rb(02)#2 97.79(9) Br(1)#11-Rb(02)-Br(1) 126.34(4)
Cu(1)#2-Br(2)-Rb(02)#2 87.84(4) Br(1)#9-Rb(02)-Br(1)#10 71.21(7)
Cu(1)-Br(2)-Rb(02)#1 140.53(5) Br(1)#9-Rb(02)-Br(1)#8 102.89(6)
Cu(1)#3-Br(2)-Rb(02)#2 140.53(5) Br(1)-Rb(02)-Br(1)#7 102.08(10)
Cu(1)-Br(2)-Rb(02)#2 87.84(4) Br(1)#11-Rb(02)-Br(1)#10 102.89(6)
Cu(1)#3-Br(2)-Rb(02)#1 87.84(4) Br(1)#8-Rb(02)-Br(1)#7 126.34(4)
Cu(1)#4-Br(2)-Rb(02)#2 140.53(5) Rb(02)#9-Br(1)-Rb(02)#8 102.89(6)
Cu(1)#4-Br(2)-Rb(02)#1 87.84(4) Rb(02)#8-Br(1)-Rb(02) 108.23(5)
Cu(1)#2-Br(2)-Rb(02)#1 140.53(5) Rb(02)#9-Br(1)-Rb(02) 108.23(5)
Cu(1)#3-Br(2)-Cu(1) 64.99(6) Cu(1)-Br(1)-Rb(02) 90.31(9)
Cu(1)#2-Br(2)-Cu(1) 78.41(10) Cu(1)#3-Br(1)-Rb(02)#8 89.46(5)
Cu(1)#4-Br(2)-Cu(1)#2 64.99(6) Cu(1)#3-Br(1)-Rb(02) 90.31(9)
Cu(1)#3-Br(2)-Cu(1)#2 112.10(10) Cu(1)-Br(1)-Rb(02)#9 89.46(5)
Cu(1)#4-Br(2)-Cu(1) 112.10(10) Cu(1)-Br(1)-Rb(02)#8 152.72(10)
Cu(1)#3-Br(2)-Cu(1)#4 78.41(10) Cu(1)#3-Br(1)-Rb(02)#9 152.72(10)
Br(2)#1-Rb(02)-Br(2)#2 97.79(9) Cu(1)-Br(1)-Cu(1)#3 70.10(7)
Br(2)#2-Rb(02)-Br(1)#7 65.58(5) Br(2)-Cu(1)-Br(2)#2 101.59(10)
Br(2)#1-Rb(02)-Br(1)#7 65.58(5) Br(1)#13-Cu(1)-Br(2)#2 111.81(4)
Br(2)#2-Rb(02)-Br(1) 65.58(5) Br(1)-Cu(1)-Br(2) 111.81(4)
Br(2)#1-Rb(02)-Br(1) 65.58(5) Br(1)#13-Cu(1)-Br(2) 105.90(7)
Br(1)#8-Rb(02)-Br(2)#1 63.71(4) Br(1)-Cu(1)-Br(2)#2 105.89(7)
Br(1)#9-Rb(02)-Br(2)#2 63.71(4) Br(1)#13-Cu(1)-Br(1) 118.60(15)

Br(1)#10-Rb(02)-Br(2)#1 137.36(7)




Symmetry transformations used to generate equivalent atoms:
#1 -x,1-y,1-z; 2# -x,1-y,2-z; 3# +x,+y,3/2-z; 4# -x,1-y,-1/2+z; T# -x,+y,3/2-z; 8# 1/2-x,3/2-y,1-z; 9# 1/2-x,3/2-y,2-
z; 10# -1/2+x,3/2-y,1/2+z; 11# -1/2+x,3/2-y,-1/2+z; 13# +x,1-y,1/2+z

Table S4. Anisotropic displacement parameters (A2X103) for RbCu,Br;. The anisotropic

displacement factor exponent takes the form: -2 pi?[ h? a?*U11 + ...+ 2hk a*b*U12 ].

Ull U22 U33 U23 U13 Ul12
Rb(02) 35.1(17) 53(2) 26.0(15) 0 0 0
Br(1) 30.7(12) 54.4(15) 23.7(11) 0 0 31.3(11)
Br(2) 10.5(12) 13.3(12) 25.0(14) 0 0 0
Cu(1) 32.6(15) 42.3(17) 37.6(16) 12.5(12) 0 0




2. Luminescence transition caused by symmetry breaking in RbCu,Br; crystals
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Figure S6. (a) Extraction of temperature-dependent data of the emission peak integral intensity of
STE@) and STE(q in the whole temperature range (8-295 K) of RbCu,Br; crystals. The PL
intensities of STEg)(b) and STEo)(c) are fitted with the change of temperature. The points are
experimental data points, and the solid and dotted lines are the fitting curves of formulas (1) and

(3), respectively.



Table SS. Crystal data and structure refinement for RbCu,Br; at 100 K.

Empirical formula RbCu,Br;
Formula weight 452.28
Temperature 100.02(10) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pnma

Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unique
Completeness to theta = 25.242
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [[>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

a=123099(11) A
b=5.4479(5) A
c=9.8481(8) A  gamma =90 deg.
660.44(10) &>
4, 4.549 g/m?
31.773 mm’!
800
0.14x 0.13 x 0.12 mm?

3.904 to 27.494 deg.
14Sh<1575k<7,-11SIS12
2442 / 823 [R(int) = 0.0348]

99.5 %

alpha =90 deg.
beta =90 deg.

Semi-empirical from equivalents
1.00000 and 0.03601
Full-matrix least-squares on F?
823/0/34
1.068
R; =0.0347, wR, = 0.0783
R; =0.0408, wR, = 0.0804
1254 and -1.868 ¢/A°

Table S6. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A°2><103)

for RbCu,Brj at 100 K. Uy is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom X y z Ueq)
Rb(1) 6898(1) 22500 208(1) 14(1)
Br(2) 3857(1) 2500 4909(1) 7(1)
Br(1) 6457(1) 2500 2300(1) 10(1)
Br(3) 3941(1) 7500 1851(1) 15(1)
Cu(l) 5048(1) 5006(1) 3328(1) 13(1)




Table S7. Selected bond lengths [A] and angles [deg] for RbCu,Br; at 100 K.

Rb(1)-Br(2)#2 3.6396(7) Br(3)#6-Rb(1)-Br(3)#2 128.469(13)
Rb(1)-Br(2)#3 3.6396(7) Br(3)#7-Rb(1)-Br(3)#2 128.469(13)
Rb(1)-Br(1) 3.4584(7) Br(3)#6-Rb(1)-Br(3)#5 88.06(2)
Rb(1)-Br(1)#4 3.5069(11) Rb(1)#12-Br(2)-Rb(1)#13 96.91(3)
Rb(1)-Br(1)#5 3.4584(7) Cu(1)-Br(2)-Rb(1)#12 140.01(3)
Rb(1)-Br(3)#6 3.5492(7) Cu(1)-Br(2)-Rb(1)#13 87.763(19)
Rb(1)-Br(3)#7 3.5492(7) Cu(1)#9-Br(2)-Rb(1)#13 139.49(3)
Rb(1)-Br(3)#2 3.8359(11) Cu(1)#8-Br(2)-Rb(1)#12 87.76(2)
Rb(1)-Br(3)#5 3.9835(12) Cu(1)#10-Br(2)-Rb(1)#13 88.47(2)
Br(2)-Cu(1) 2.5377(8) Cu(1)#10-Br(2)-Rb(1)#12 139.49(3)
Br(2)-Cu(1)#9 2.5844(9) Cu(1)#9-Br(2)-Rb(1)#12 88.47(2)
Br(2)-Cu(1)#8 2.5377(8) Cu(1)#8-Br(2)-Rb(1)#13 140.01(3)
Br(2)-Cu(1)#10 2.5844(9) Cu(1)#8-Br(2)-Cu(1)#9 80.09(3)
Br(1)-Cu(1) 2.4281(9) Cu(1)-Br(2)-Cu(1)#8 65.09(3)
Br(1)-Cu(1)#8 2.4280(9) Cu(1)#8-Br(2)-Cu(1)#10 113.18(3)
Br(3)-Cu(1)#11 2.4125(9) Cu(1)#10-Br(2)-Cu(1)#9 63.44(3)
Br(3)-Cu(1) 2.4125(9) Cu(1)-Br(2)-Cu(1)#10 80.09(3)
Br(2)#3-Rb(1)-Br(2)#2 96.91(3) Cu(1)-Br(2)-Cu(1)#9 113.17(3)
Br(2)#3-Rb(1)-Br(3)#5 128.184(15) Rb(1)#14-Br(1)-Rb(1)#15 113.324(16)
Br(2)#3-Rb(1)-Br(3)#2 65.766(17) Rb(1)-Br(1)-Rb(1)#15 113.324(16)
Br(2)#2-Rb(1)-Br(3)#2 65.766(17) Rb(1)#14-Br(1)-Rb(1) 103.93(3)
Br(2)#2-Rb(1)-Br(3)#5 128.184(15) Cu(1)#8-Br(1)-Rb(1)#14 143.44(3)
Br(1)#4-Rb(1)-Br(2)#3 65.903(18) Cu(1)-Br(1)-Rb(1)#15 94.14(3)
Br(1)#5-Rb(1)-Br(2)#3 135.42(3) Cu(1)#8-Br(1)-Rb(1) 85.27(2)
Br(1)-Rb(1)-Br(2)#3 62.177(16) Cu(1)#8-Br(1)-Rb(1)#15 94.14(3)
Br(1)-Rb(1)-Br(2)#2 135.42(3) Cu(1)-Br(1)-Rb(1)#14 85.27(2)
Br(1)#5-Rb(1)-Br(2)#2 62.177(16) Cu(1)-Br(1)-Rb(1) 143.44(3)
Br(1)#4-Rb(1)-Br(2)#2 65.903(18) Cu(1)#8-Br(1)-Cu(1) 68.42(4)
Br(1)-Rb(1)-Br(1)#4 125.244(14) Rb(1)#7-Br(3)-Rb(1)#14 91.94(2)
Br(1)-Rb(1)-Br(1)#5 103.93(3) Rb(1)#13-Br(3)-Rb(1)#14 154.93(3)
Br(1)#5-Rb(1)-Br(1)#4 125.244(14) Rb(1)#6-Br(3)-Rb(1)#14 91.94(2)
Br(1)#5-Rb(1)-Br(3)#5 67.334(17) Rb(1)#6-Br(3)-Rb(1)#13 103.924(18)
Br(1)#5-Rb(1)-Br(3)#2 69.690(18) Rb(1)#7-Br(3)-Rb(1)#6 100.26(3)
Br(1)-Rb(1)-Br(3)#6 71.957(16) Rb(1)#7-Br(3)-Rb(1)#13 103.924(18)
Br(1)#4-Rb(1)-Br(3)#5 149.23(3) Cu(1)-Br(3)-Rb(1)#7 94.391(19)

Br(1)#4-Rb(1)-Br(3)#7 72.63(2) Cu(1)#11-Br(3)-Rb(1)#7 160.23(3)




Br(1)#4-Rb(1)-Br(3)#6 72.63(2) Cu(1)-Br(3)-Rb(1)#14 74.25(3)

Br(1)#5-Rb(1)-Br(3)#6 154.06(3) Cu(1)#11-Br(3)-Rb(1)#13 85.14(3)
Br(1)#5-Rb(1)-Br(3)#7 71.958(16) Cu(1)#11-Br(3)-Rb(1)#14 74.25(3)
Br(1)#4-Rb(1)-Br(3)#2 103.77(3) Cu(1)-Br(3)-Rb(1)#6 160.23(3)
Br(1)-Rb(1)-Br(3)#2 69.691(18) Cu(1)-Br(3)-Rb(1)#13 85.14(3)
Br(1)-Rb(1)-Br(3)#5 67.334(17) Cu(1)#11-Br(3)-Rb(1)#6 94.390(19)
Br(1)-Rb(1)-Br(3)#7 154.06(3) Cu(1)#11-Br(3)-Cu(1) 68.56(4)
Br(3)#6-Rb(1)-Br(2)#3 66.439(17) Br(2)-Cu(1)-Br(2)#10 99.91(3)
Br(3)#6-Rb(1)-Br(2)#2 138.51(3) Br(1)-Cu(1)-Br(2)#10 101.71(3)
Br(3)#7-Rb(1)-Br(2)#2 66.439(17) Br(1)-Cu(1)-Br(2) 111.48(3)
Br(3)#7-Rb(1)-Br(2)#3 138.51(3) Br(3)-Cu(1)-Br(2) 110.26(3)
Br(3)#2-Rb(1)-Br(3)#5 107.001(19) Br(3)-Cu(1)-Br(2)#10 113.81(3)
Br(3)#7-Rb(1)-Br(3)#5 88.06(2) Br(3)-Cu(1)-Br(1) 117.97(4)
Br(3)#7-Rb(1)-Br(3)#6 100.26(3)

Symmetry transformations used to generate equivalent atoms:

#2 x+1/2,y-1,-z+1/2 #3 x+1/2,y,-z+1/2 #4 -x+3/2,-y,z-1/2 #5x,y-1,2 #6 -x+1,-y+1,-z
#7 -x+1,-y,-z #8 X,-y+1/2,z #9 -x+1,y-1/2,-z+1 #10 -x+1,-y+1,-z+1 #11 x,-y+3/2,z
#12 x-1/2,y,-z+1/2 #13 x-1/2,y+1,-z+1/2 #14 x,y+1,z #15 -x+3/2,-y,z+1/2

Table S8. Anisotropic displacement parameters (AzX 10%) for RbCu,Br; at 100 K. The anisotropic

displacement factor exponent takes the form: -2 pi?[ h? a?*U11 + ...+ 2hk a*b*U12 ].

ull1 U22 U33 U23 U13 Ul12
Rb(1) 14(1) 10(1) 18(1) 0 3(1) 0
Br(2) 1(1) 10(1) 11(1) 0 o(1) 0
Br(1) (1) 10(1) 15(1) 0 5(1) 0
Br(3) 16(1) 10(1) 20(1) 0 -11(1) 0

Cu(1) 9(1) 12(1) 19(1) 2(1) 1(1) 4(1)




3. Direct X-ray detection of RbCu,Br; crystals

The ability of an X-ray detector to collect charges can be measured by the product
of carrier mobility ¢ and charge carrier lifetime 7, that is, a larger ur means a
stronger ability. The photoconductivity is fitted using the modified Hecht

equation as follows !-2:

where 1y, V, L and s respectively refer to saturated photocurrent, applied voltage,
device thickness and surface recombination velocity. As shown in Figure S9, the
fitting result of uz is 6.586x10~ cm? V-1, which is comparable to that of other
single-crystal perovskites such as (PEA),PbBry (4.4x104 cm? V-!), Cs;Bisly
(2.03x107° cm? V1), Rb3Bi,lo (1.7x10¢ cm? V-1)3-6, It is two orders of magnitude
higher than the current mature commercial a-Se (107 cm? V-1) 7.

The sensitivity (S) of X-ray detector is a key indicator to reflect the ability
to identify changes in X-ray metering. Through the photocurrent response under
different electric fields and with different X-ray doses (Figure S10a), the

— Iph

detector sensitivity can be obtained through the formula of DA (the

photocurrent Ton = Tiigne = Idark; D is the X-ray irradiation dose rate; A is the

effective irradiation area of the detector) 8, as shown in Figure S10b. With a field
strength of 20 V. mm-!, the sensitivity of this detector reaches 29.3 uC Gy,;"! cm-
2, which is comparable to that of stabilized a-Se detector (20 uC Gy,;,! cm2) with
a working field strength of 10* V. mm! °. And the sensitivity is similar to that of
mature halide crystals (e.g. Cs,Telg 27.8 uC Gy, ' em?; MAPbBr; 80 uC Gy,
I'em?; Cs;AgBiBrg 105 uC Gy,i'! cm?), meeting the needs of X-ray detection
10-12 In addition, according to the International Union of Pure and Applied
Chemistry (IUPAC), only when the signal-to-noise ratio (SNR) is greater than 3

can the obtained signal be considered as identifiable. Figure S11 is the I-T curve



of applied electric field of 20 V mm-! with different radiation doses. Based on
the formula of SNR=/enu / Lioise (Usignar 18 the signal current obtained by
subtracting the average dark current from the average photocurrent, and I,y 18
the noise current equal to the standard deviation of photocurrent), under the bias
voltage of 20 V mm-!, the detection limit of this RbCu,Br; detector is about 1.41
UGy, s, which is much lower than the standard 5.5 pGy,;, s™! for routine medical
diagnosis 8.

The stability is another important indicator for X-ray detectors. Figure S12a
shows the I-T curves in different applied electric fields with a radiation dose of
9.74 uGy,; s!. It can be observed that this detector exhibits repeatable
optoelectronic properties in the case of periodic ray response. The rising and
falling edges of each individual X-ray response are extracted (Figure S12b,c),
where the rise (fall) time is defined as the time it takes for the photocurrent to
rise (fall) to 90% (10%) of its maximum value. As bias voltage increases, the
switching time remains in a range, indicating that the effect of applied electric

field on the carrier transport inside this detector almost can be ignored.
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Figure S8. RbCu,Br; crystals are used in the study of direct X-ray detection. (a) The
RbCu,Br; crystals-based vertical detector (Au/RbCu,Br;/Ga/Sn) prepared in this work with
the physical image shown in the inset. (b) [-V curve of the detector in the on/off state of X-

ray. (¢) I-V curves of this detector with different X-ray doses.
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Hecht equation.
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Figure S10. Photocurrent responses of RbCu,Br; with different X-ray doses and electric

fields (a), and the sensitivity of this detector in different applied electric fields (b).
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Figure S11. The I-T curves of the RbCu,Brs-based detector under 20 V mm-! electric field with

different X-ray doses. Corresponding SNRs have been calculated.
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Figure S12. Time response of RbCu,Br;-based detector. (a) I-T curves of 9.74 uGy,; s*!' radiation

dose in different applied electric fields. (b), (¢c) Switching time obtained by extracting the rising and

falling edges of a single ray response.
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