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Synergistic strain engineering of perovskite single
crystals for highly stable and sensitive X-ray
detectors with low-bias imaging and monitoring
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2 Xiaojia Zheng ©5, Liang Shen'> and Feng Gao ©® 4

Jizhong Jiang®, Min Xiong?%, Ke Fan
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Although three-dimensional metal halide perovskite (ABX;) single crystals are promising next-generation materials for radia-
tion detection, state-of-the-art perovskite X-ray detectors include methylammonium as A-site cations, limiting the operational
stability. Previous efforts to improve the stability using formamidinium-caesium-alloyed A-site cations usually sacrifice the
detection performance because of high trap densities. Here we successfully solve this trade-off between stability and detection
performance by synergistic composition engineering, where we include A-site alloys to decrease the trap density and B-site
dopants to release the microstrain induced by A-site alloying. As such, we develop high-performance perovskite X-ray detec-
tors with excellent stability. Our X-ray detectors exhibit high sensitivity of (2.6 + 0.1) x 10* nC Gy,,~'cm~2 under 1Vcm~" and
ultralow limit of detection of 7.09 nGy,, s". In addition, they feature long-term operational stability over half a year and impres-
sive thermal stability up to 125 °C. We further demonstrate the promise of our perovskite X-ray detectors for low-bias portable

applications with high-quality X-ray imaging and monitoring prototypes.

eral formula of ABX; have shown great success in different

optoelectronic devices, including solar cells, light-emitting
diodes (LEDs) and detectors'™. For radiation detection, metal
halide perovskites with attractive properties (for example, large
X-ray attenuation coefficient (a), great mobility-lifetime product
and unique defect-tolerant nature) have been considered as prom-
ising candidates for X-ray detectors with high sensitivity, high
signal-to-noise ratio (SNR) and low limit of detection (LoD)™*.
However, methylammonium (MA) remains the dominant A-site
cation in perovskite single crystals used for high-performance X-ray
detectors, with MAPbI, being the most commonly used’'*. These
volatile MA cations cause stability issues, limiting the long-term
reliability of perovskite X-ray detectors'*'°.

To improve the stability, it is attractive to shift from MA to cae-
sium (Cs) and formamidinium (FA), often in the form of Cs-FA
alloys for optimal tolerance factor and structural stability'’~"°. A suc-
cessful example is the mixed-cation/halide Cs,FA,_ Pb(I,_Br,), with
much enhanced stability'*’. Despite these advances, mixed cations
and halides bring new challenges in the kinetic control of homoge-
neous crystal growth. As a result, the performance of these mixed
Cs-FA perovskite detectors usually show inferior performance
due to the presence of crystal imperfections**, including disloca-
tions and vacancies***. For instance, halide vacancies dominate in
mixed-cation perovskites due to their low formation energy”~*. In
addition, there are several attempts to incorporate B-site dopants
for improving the optoelectronic properties of these mixed-cation/
halide perovskites*~*'. However, the influences of B-site doping

| hree-dimensional metal halide perovskites with the gen-

have been inconsistent. For example, some reports show that impu-
rity metal ions would disrupt the crystal symmetry and increase the
electronic disorder®~°. Therefore, it remains challenging to ratio-
nally design A-site alloying and B-site doping for perovskite crystals
with superior performance and excellent stability simultaneously.

Here we address these challenges and develop high-performance
perovskite X-ray detectors with excellent stability. We make use of
the strong bonding between guanidinium (GA) and iodide, and
decrease the halide vacancies by incorporating GA into stable Cs—
FA iodide-based perovskites. The detrimental tensile strain caused
by oversized GA incorporation leads to unfavourable relaxation via
Pb vacancies and hence inhomogeneous stress. We then introduce
a low concentration of strontium (Sr) to the B site to increase the
energetic cost associated with the formation of Pb vacancies, pro-
hibiting this unfavourable channel for strain relaxation. With syner-
gistic strain engineering on both A and B sites, our stable MA-free
perovskite single crystals show excellent optoelectronic properties,
enabling a high-performance X-ray detector with ultralow LoD of
7.09nGy,, s and high sensitivity of (2.6 +£0.1) X 10*pC Gy, cm™
at 1Vem™ and (2.5+0.2) x 10°pCGy,,'cm™2 at 400 Vem™.

Results and discussions

A-site alloying of MA-free perovskites. We start with the struc-
turally stable Cs, FA,,Pb(I,,Br,,); (denoted as CsFA) single crys-
tals (Fig. 1a)'”*>, grown using a modified inverse temperature
crystallization method (Supplementary Fig. 1)*>*. As shown in
Supplementary Fig. 2, the X-ray diffraction (XRD) pattern of our
CsFA single crystals shows no signs of impurities. Compared with
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Fig. 1| Characterizations of CsSFAGA single crystals. a, Goldschmidt tolerance factor of APbl; perovskites with different A-site cations. The bottom-right
inset shows the crystal structure of CsFA. The Pb atoms are depicted with green balls; Br, red; |, pink; Cs, yellow; C, black; N, blue. The top-left inset
shows the structural model for APbl, with a large organic cation, such as dimethylammonium (DMA) and GA, where a 3D perovskite structure cannot be
maintained. b, XRD patterns of grounded powders obtained from Cs,;FA,,_,GA,Pb(ly4Bry;); (z=0, 0.03, 0.05, 0.08) precursor solution; for convenience,
they are simplified as pristine (CsFA) and GA, (z=0.03, 0.05, 0.08) crystals, respectively. ¢, Enlarged powder XRD spectra of the (100) plane of CsFA
and CsFAGA (referring to Csy,FA,sGA,0sPb(losBrg)3). d, X-ray 20 scan on the top facet of CsFA and CsFAGA single crystals and a photograph (inset)

of the CsFAGA single crystal. e, High-resolution XRD rocking curve of the (110) diffraction of CsFA and CsFAGA crystals. The insets in ¢ and e show the
schematic of the macrostrain and microstrain after GA incorporation, respectively.

pure FAPDI, crystals, an expected systematic shift to higher angles
is observed due to the partial replacement of FA and I ions with
smaller Cs and Br ions, respectively. In addition to excellent envi-
ronmental stability (Supplementary Fig. 3), the CsFA crystal shows
satisfying thermal stability without decomposition until 320°C,
much higher than that of MAPbI, (240°C) (Supplementary Fig. 4).

We then demonstrate that the incorporation of a small amount
of GA maintains the three-dimensional (3D) structure with cubic
symmetry. As shown in Fig. 1b, the CsFA structure can accom-
modate the lattice tensile strain and maintain a stable perovskite
structure on the alloying of a small amount of GA (from 0% to 5%).
Further increasing the GA ratio (for example, 8%) results in phase
separation’*!. These results indicate that the solubility limit of GA
cations in the CsFA perovskite lattice for sustaining a stable 3D
structure is around 5%. From nuclear magnetic resonance (NMR)
spectroscopy and X-ray photoelectron spectroscopy (XPS) results
(Supplementary Figs. 5 and 6 and Supplementary Table 1), the com-
position ratios (Cs/FA and I/Br) in the crystals are close to those in
the feed solution. Tensile strain from the large-sized GA ions leads to
the expansion of the lattice (Supplementary Fig. 7) and causes a shift
in the perovskite XRD peaks towards a lower angle’' (see the exem-
plified (100) reflection of Fig. 1c). We perform single-crystal XRD
measurements on CsFA and Cs, ,FA,;sGA,,sPb(I,4Br,,); (referred
to as CsFAGA), both of which show an octahedral framework in
cubic symmetry (Fig. la, inset). The calculated lattice parameters
derived from the single-crystal XRD measurements also support
the lattice change (Supplementary Table 2).

Photoluminescence lifetime measurements of CsFAGA sin-
gle crystals reveal a remarkably longer carrier lifetime, two times
greater than that of a CsFA single crystal (Supplementary Fig. 8),
indicating substantially reduced trap states in CsSFAGA. In addition,
the trap density of states extracted from the thermal admittance

spectroscopy measurement is almost one order of magnitude lower
in the CsFAGA crystal than in the pristine CsFA sample.

Microstrain in CsFAGA perovskites. Although mixed cations
of Cs, FA and GA demonstrate a positive effect on suppressing
non-radiative recombination, the consequent tensile strain induced
by large-sized GA easily leads to non-uniform stress. Compared
with CsFA, the CsFAGA crystal exhibits broadened XRD peaks (Fig.
1c), indicative of a strong microstrain (inhomogeneous strain)®.
As shown in Fig. 1d, the incorporation of GA into the CsFA single
crystal causes the shift and broadening of the peaks in the XRD
pattern. We further measure the high-resolution X-ray rocking
curves of the (110) and (220) peaks of the reference CsFA sample
(Fig. le and Supplementary Fig. 9), which shows a small full-width
at half-maximum (FWHM) of only 92 and 90arcsec, respectively.
In contrast, the CsSFAGA samples show inferior quality with the
FWHM as wide as 425 and 398 arcsec for (110) and (220), respec-
tively. The large FWHM confirms that GA alloying introduces
microstrain into the CsFAGA crystal.

Although the PbI; octahedra containing large GA are under
more tensile strain than those in metastable FAPbI, (Fig. 1a)*, the
presence of small A-site cations (Cs*) and X~ anions (Br") in the
octahedron with a decreased void size of the unit cell can com-
pensate for this tensile strain with compressive strain. Therefore,
the presence of Cs and Br ions in the CsSFAGA structure is critical
for balancing the tolerance factor and stabilizing the cubic phase.
Nevertheless, this compensation is highly dependent on the local
distribution of GA in the A site. We consider different configura-
tions of GA distribution (Supplementary Fig. 10 and Table 3), and
calculate the change in enthalpy (AH) and defect formation ener-
gies (DFEs) using density functional theory (DFT) (Supplementary
Information provides the computational details).
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Fig. 2 | Mechanisms of microstrain reduction through B-site doping. a, Schematic of the local tensile strain in CsFAGA crystal, which can be relaxed either
by compensation with compressive strain (Channel 1) or by forming point defects (Channel I1). b, DFEs of iodine vacancies (V|+) (left) and Pb vacancies
(ng_) (middle) of CsFAGA with respect to that of CsFA. Both supercell models of relevant CsFAGA perovskites are investigated. The right image exhibits
the energy increase in Pb (Vrz,;) vacancy formation when Pb?* are substituted with Ca?*, Sr* and Ba?*. ¢, Ab initio energy diagram revealing the alloying
channels of the GA cation with and without Pb vacancies. Note that the relative saddle point depth is undefined. d, Schematic of vacancy inhibitor played
by the Sr dopant in CsFAGA. The incorporation of Sr restores the local strain, which prohibits the unfavoured pathway for GA alloying and improves the
structural coherence. e, Correlation between FWHMs from X-ray rocking curves of the (110) diffraction and microstrain from XRD line broadening of CsFA
and CsFAGA crystals doped without and with alkaline-earth metal ions (0.5 mol%, feed ratio), namely, Ca?*, Sr>* and Ba?* series; for convenience, it is
simplified as w/0, GA, GA:Ca, GA:Sr and GA:Ba crystals, respectively. The error bars are from experimental and fitting uncertainties.

The most favourable GA configuration with the lowest total
energy is the situation where two Cs atoms occupy the neighbour-
ing sites of GA (Supplementary Fig. 10a). In this case, the tensile
strain can be relaxed by an atomic arrangement through Channel I
(Fig. 2a, right), where the reduced Ry, 5, of a unit cell pulls the small
Cs ion away from its A site, leaving sufficient room for the nearby
GA cation. Meanwhile, the calculated DFE of iodine vacancies (Vfr)
for CsFAGA shows a substantial increase by 0.16 eV compared with
pristine CsFA (Fig. 2b and Supplementary Fig. 11). This is con-
sistent with the previous report that the strong hydrogen bonds
between GA and halide ions suppress halide vacancy formation®.

Another possible yet unfavourable GA configuration is the situa-
tion where GA is next to only one Cs atom, where AH turns slightly
positive, indicating the increased difficulty of GA introduction
compared with the previous configuration. In this case, the inter-
nal tensile strain could be relieved via vacancy formation**!. We
account for this strain relaxation mechanism through the Channel
II pathway (Fig. 2a, left, and Supplementary Fig. 12)*>*. Similar to
Channel I, the formation of iodine vacancies in Channel II remains
unlikely, given their increased formation energy compared with
pristine CsFA (Fig. 2b). In contrast, compared with Channel I,
we notice a remarkable decrease in Pb-vacancy formation energy
by 0.36eV. As shown in Fig. 2c, the presence of Pb vacancies
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significantly enhances the probability of Channel II by decreasing
the formation energy of CsFAGA relative to CsFA (Supplementary
Table 3), making the Pb vacancy formation a thermodynamically
preferred process to stabilize the cubic phase. This unfavourable GA
incorporation pathway leads to structural incoherence with differ-
ent atomic arrangements and electronic disorder in the CsFAGA
crystal, which explains why the incorporation of GA increases
the microstrain.

Suppression of Pb vacancies via B-site dopants. To suppress this
unfavourable GA configuration, we need to increase the formation
energy of Pb vacancies without introducing new trap states. Based
on our DFT results (Supplementary Fig. 13), we choose isova-
lent B-site dopants, namely, alkaline-earth metal ions (Ca, Sr and
Ba), as candidates. We find that the passivation reaction of Vlz)g is
favoured by 0.22, 0.34 and 0.38¢eV for Ca®*, Sr** and Ba?*, respec-
tively (Supplementary Table 4). Considering the similar ionic radius
of Sr** (118 pm) and Pb** (119 pm)*, the incorporation of Sr is cho-
sen as a promising dopant (Supplementary Fig. 12). Interestingly,
we find that the inclusion of Sr into the perovskite lattice increases
the Pb-vacancy formation energy by 0.26eV (Fig. 2b), correspond-
ing to decreased vacancy densities by an estimated factor of 10*. The
suppression of vacancy formation is against the strain relaxation,
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Fig. 3 | Photodetection performance of perovskite single-crystal detectors. a,

Photoconductivity of CsFA, CsFAGA and CsFAGA:Sr devices. Fitting

lines for the i product are also shown. b, Dark-current-voltage curves of the Au/perovskite/GA photodetectors. ¢, Specific detectivity spectrum of the
detectors. d, Normalized response varying with the frequency of input signals indicates a 3dB cutoff frequency. e, Long-term operational and thermal
stability test on an unencapsulated CsFAGA:Sr detector. All the tests were carried out at 1V.ecm™.

indicating that the incorporation of GA through Channel II is now
thermodynamically unfavoured (Fig. 2d). This suggests that Sr dop-
ing in the low-doping regime is beneficial for the structural coher-
ence of CsFAGA crystals.

Since the vacancy concentrations in halide perovskites are
expected to be below 1% of Pb** ions*®’, we prepare the CsSFAGA
single crystals doped with Ca?*, Sr** and Ba?* at sub-percent molar
(0.1-1.0mol%). We employ inductively coupled plasma optical
emission spectrometry and hard X-ray photoelectron spectroscopy
to quantify the exact dopant content in the crystals (Supplementary
Fig. 14). At a low-doping regime (0.5mol%, feed ratio), similar
results derived from hard X-ray photoelectron spectroscopy and
inductively coupled plasma optical emission spectrometry demon-
strate the successful incorporation of alkaline metals into CSFAGA
perovskite lattice with a uniform distribution. In addition, we find
that the main compositions of the CsFAGA single crystal basically
remain unchanged after doping (Supplementary Table 1). Both
single-crystal and powder XRD patterns of doped CsFAGA crystals
reveal no systematic shifts of the diffraction peaks (Supplementary
Figs. 15 and 16), indicating the absence of macrostrain in the crystal
structure under regimes with low B-site doping.

The microstrain, estimated from peak broadening, shows a nota-
ble decrease on B-site doping (Fig. 2¢) and a higher dependence on
metal dopants (Supplementary Figs. 17 and 18). In particular, after Sr
doping, the microstrain induced by GA incorporation in the CsSFAGA
crystal (0.39%) decreases to a value of 0.15%, back to the level of the
pristine CsFA crystal (0.15%). Furthermore, the FWHM is as low
as 85arcsec in the rocking curves of the (110) plane of Sr-doped
CsFAGA (CsFAGA:Sr) single crystals (Fig. 2e and Supplementary
Fig. 16), indicating enhanced structural uniformity in the crys-
tal planes. The high-resolution transmission electron microscopy
image of the CsFAGA:Sr crystal shows high-quality crystals without
twinning and dislocation, with the selected area electron diffraction
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pattern exhibiting a homogeneous and pure cubic phase
(Supplementary Fig. 19). The relative change in crystalline prop-
erties after doping is in agreement with the calculation prediction.
Therefore, we conclude that the Sr dopant can be incorporated into
the CsFAGA perovskite lattice as a vacancy inhibitor, which effec-
tively prohibits lattice strain relaxation through Channel II.

Optoelectronic properties and X-ray detection performance.
Encouraged by the excellent crystal properties, we move forward to
investigate the properties and X-ray detection performance of our
perovskite single crystals. The carrier lifetime 7 composed of fast
and slow decay can be obtained through time-resolved photolumi-
nescence measurements (Supplementary Fig. 20a). The CsFAGA:Sr
crystal shows longer lifetime (7, = 94ns; 74, = 1,059 ns), compared
with that of CsFAGA (r,,=33ns; 7,,,=523ns). In addition, the
thermal admittance spectroscopy results demonstrate a much lower
density in the entire trap depth region for the CsFAGA:Sr crystal
compared with the CsFAGA crystal (Supplementary Fig. 20b).
All these findings are consistent with the high crystalline quality
of the Sr-doped CsFAGA crystal, which minimizes unfavourable
non-radiative recombination, thereby increasing the photolumines-
cence lifetime. In addition, a comparison of the trap density of states
(Supplementary Fig. 20b) also indicates that Sr is a better dopant
compared with Ca and Ba, consistent with the microstrain inves-
tigations discussed earlier. Thus, the following device studies focus
on the CsFAGA:Sr composition.

To calculate the mobility (u) after multisite doping, the
space-charge-limited current method based on the hole-only device
is performed (Supplementary Fig. 21). The CsFAGA:Sr crystal has
an increased mobility of 288cm?>V~'s™!, compared with 241 and
162cm?V~'s! of CsFAGA and CsFA, respectively. The photocon-
ductivity measurement is often used to characterize the uz prod-
uct for detectors, and the surface recombination velocity s can also

NATURE PHOTONICS | VOL 16 | AUGUST 2022 | 575-581 | www.nature.com/naturephotonics


http://www.nature.com/naturephotonics

NATURE PHOTONICS ARTICLES

2 107 p s MR
C'dTe 7.09 Gy, s~ '
2 L .
~ 10 —— MAPYb, 10° 6 £ CsFAGA:St
‘e —— CsFAGA:Sr [ g, T
= ——a-Se 5 [
p o« ‘ & CsFAGA
S 10° z 0 5 10 15 2 o
g @ 101 L e
: £ 10° |-
< 107 - Lo /:CsFAGASI B CsFA
= CsFAGA S
= CsFA @«
10_5 . 100 L 102 I L L L L
10 100 1,000 10° 10’ 102 10° 0 02 04 06 08 10 12
Photon energy (keV) Dose rate (nGy,;, s™') Electric field (V cm™)
d €0 15 0 30.0 60.0 90.0 885 90.0
— CsFAMAG, 400V em™, ~12.7 uGy,, 5
‘T‘E r I This work
1
G 5 -
T 10 Ihls work o : oMAPbBI‘h‘CL( é
Z I GAMAPb, | % A B, 3
Q 10° | ! 3
= FAPbBr, : Cs,AgBiBr, % 1Vem™, ~228 nGy,, s~
%‘ r | a-Se £ )
£ oL ! » ) S
2 LoD (nGy,; s™') =z
38 L 107 s 10 L=
I
10*1 1 1 1 1 L L L
10 100 10" 1 100 10° Toim (m:n.;s 0 74.0 ] n1]4si.r?“n) 2220 296.0 2;;;;.\5 ( :]?ne).o
Bias voltage (V) © © ©
f g
' X-ray

source

nA cm2

7 8 9 10 11 12
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be obtained by fitting the photocurrent to the Hecht equation. The
current-voltage (I-V) curve and fitting curve of the detector are
shown in Fig. 3a. Compared with CsFA, the CsFAGA:Sr sample
shows an enhanced pt product of 1.29x 10-2cm?V~! and decreased
sof 82cms™.

We then investigate the detector performance. In Fig. 3b,
the CsFAGA:Sr detector shows the lowest dark-current density
of .0X10°Acm™ at —1.0V bias compared with other detec-
tors, which is consistent with the conductivity calculated by the
space-charge-limited current method (6cgagas: < Ocsraca <Ocsea)-
The CsFAGA:Sr detector has the lowest noise (4x107* AHz '?)
(Supplementary Fig. 22). The external quantum efficiency of the
CsFAGA:Sr detector at 800 nm increases from 15% of the value of
CsFA to 18%, corresponding to a responsivity (R) of 0.12AW~!
(Supplementary Figs. 23 and 24). The specific detectivity (D*) of
the CsFAGA:Sr detector determined by the noise current and
responsivity (Fig. 3¢) is close to 6 X 10" Jones at 800 nm. As shown
in Fig. 3d, the 3dB cutoff frequency for the CsFAGA:Sr detector
is 880Hz, which is much faster than that of CsFAGA (720Hz)
and CsFA (478Hz) detectors. Finally, the response stability of
the devices is systematically studied and the results are shown in
Fig. 3e. After a continuous test for 180 days, CSFAGA:Sr detectors
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maintain a stable response with less than 10% decay. In addition,
given its high-temperature stability, the CsSFAGA:Sr detector can
work continuously for over 30 min at 125 °C. The long-term opera-
tional stability and thermal resistance ensure the long-term perfor-
mance to meet specific standards*.

The excellent photodetection performance indicates the poten-
tial applications of our perovskite single crystals for X-ray detec-
tion. As shown in Fig. 4a, simulation calculations (obtained from
the NIST database*’) show that the CSFAGA:Sr crystal has a similar
a value as MAPbI, and CdTe, which is much higher than that of Si.
By testing the relationship between current density and dose rate
under 27 and 60kVp X-rays (Supplementary Fig. 25), the response
of the CsFAGA:Sr detector at the same dose rate is around 40 times
higher than that of the CsFA detector. According to the definition
of the International Union of Pure and Applied Chemistry, LoD
corresponds to the dose rate when the generated signal is greater
than three times the noise level™. As shown in Fig. 4b, by fitting the
SNR at different doses, the obtained LoD is as low as 7.09nGy,, s™*
when SNR =3, which shows a significant decrease compared with
both CsFAGA and CsFA devices. A low LoD of 7.09nGy,,s™
is among the best results of perovskite X-ray detectors until now
(Supplementary Table 6).
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In addition to the LoD, sensitivity is also an important param-
eter for evaluating the overall performance of the detector. The
CsFAGA:Sr detector reaches a sensitivity of (2.5+0.2)x10°uCG
Var - cm~ under an electric field of 400 Vcm™ for 60kVp X-rays
(Supplementary Fig. 26a). In addition, the dark-current drift of
CsFAGA:Sr under a high electric field is beyond one order of mag-
nitude lower than that of CsFA (Supplementary Fig. 27), suggest-
ing the effective suppression of ion migration'’. Normally, a high
bias field can lead to better charge collection and increased sen-
sitivity. However, it raises concerns about system complexity for
mobile equipment. Therefore, we also characterize the performance
of X-ray detectors under low electric fields. Encouragingly, the
CsFAGA:Sr device operated under a field of 1 Vcm™ still exhibits
a high sensitivity of up to 2.7 x 10* pC Gy,;,~* cm™ (Fig. 4c), which is
about 2 and 33 times higher than that of CsSFAGA and CsFA devices,
respectively, at a dose rate of 155nGy,, s™'. Moreover, we achieve a
stable sensitivity ((2.6 +0.1) X 10*pC Gy, cm™) of the CsFAGA:Sr
device characterized under different dose rates (18-940nGy,; s™)
(Supplementary Fig. 26). The excellent performance is comparable
to those of state-of-the-art perovskite detectors measured under
much higher voltages (Fig. 4d and Supplementary Table 6). We
notice that the drift length of the photocarriers under such a low
electric field is smaller than the perovskite thickness; the underlying
mechanism requires further investigations.

Another critical parameter that is important for future applica-
tions is long-term stability. As shown in Fig. 4e, the CsFAGA:Sr
detector exhibits excellent stability with no attenuation under
long-term continuous operation at 1 and 400V cm™'. Furthermore,
after storage of 180days, CsSFAGA:Sr detectors without encapsula-
tion retain excellent X-ray performance with a reduction in signal
current within 10% (Supplementary Fig. 28).

The excellent stability, coupled with the predominant LoD
and high sensitivity of the CsFAGA:Sr detector achieved under a
low field, make our CsFAGA:Sr detectors especially attractive for
low-bias portable applications, such as mobile medical equip-
ment’’ and hand-held environmental radiation monitors™. A
prototype X-ray monitor with low energy consumption has been
successfully developed to highlight its excellent performance
(Fig. 4f, Supplementary Fig. 29 and Supplementary Video 1).
Powered by a button cell, the low LoD in the range of nGy,, s~ indi-
cates a great breakthrough in the balance between performance and
power consumption for portable X-ray equipment.

Another application enabled by the excellent features of our
CsFAGA:Sr detector is high-quality X-ray imaging. As shown in
Supplementary Fig. 30, the CsSFAGA:Sr device has a faster X-ray
response than that of CsFA and CsFAGA devices, which is crucial for
scanning imaging. As shown in Fig. 4g, an x-y scanning imaging sys-
tem is built, using which a high-quality image of the internal coil of the
card is achieved (Fig. 4h)>, with a width of about 1.5 mm. To evaluate
the imaging resolution of the CsSFAGA:Sr detector, a one-dimensional
scan was performed on a mask with a 150pm channel under the
detection area of 100 X200 pm? As illustrated in Supplementary Fig.
31, high-precision scanning imaging was realized by adjusting the
integrated reading time of the signal current. The imaging resolution
was calculated to be 8.0lpmm™ using the slanted-edge method™,
demonstrating its immense potential for future X-ray imaging appli-
cations at a low bias (Supplementary Fig. 32).

Conclusion

In summary, we demonstrate a synergistic strain engineering strat-
egy to obtain high-quality perovskite single crystals with excellent
stability, by incorporating foreign cations at both A and B sites to
fine-tune the structural and optoelectronic properties. The incor-
poration of GA on the A site effectively suppresses halide vacancy
formation, whereas B-site doping with alkaline-earth metal can
relieve the microstrain induced by A-site alloying, where Sr dopants
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at low concentrations prove to be especially effective. As a result,
the detector based on dual-site-doped perovskite single crystals
reaches an excellent sensitivity of (2.6+0.1)x10*uCGy,, ' cm™
under a low field of 1 Vcm™, a state-of-the-art detectable dose rate
of 7.09 nGy,, s7' and long-term stability beyond half a year. We have
developed a novel prototype X-ray monitor with a low LoD in the
range of nGy,,s™' powered by coin-cell batteries. Besides X-ray
detection, we believe that the material design strategy developed
in our work can provide new insights into the challenges towards
y-ray spectrum acquisition and other commercial perovskite opto-
electronic applications.
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Methods

Crystal growth. All the series of MA-free perovskite single crystals were

grown using the inverse temperature crystallization method***. Specifically,

a stoichiometric molar ratio of CsFA precursor solution (1.0 M) was prepared

by dissolving 619 mg FAI (3.6 mmol), 104 mg CsI (0.4 mmol), 220 mg PbBr,

(0.6 mmol) and 1.54 g Pbl, (3.4 mmol) compounds in 4 ml y-butyralactone

(GBL). On stirring for 12h, all the clear solutions were filtered through a

0.2 pm polytetrafluoroethylene filter before being placed in a preheated (80°C)

oil bath. Then, the temperature was gradually increased at a rate of 2Kh™' to
120°C. Small crystals with sizes of 1-2 mm were collected. To obtain large-sized
crystals, the method of seed crystal induction was adopted and the obtained

small crystals with a regular shape were selected as seeds for another period

of growth. Finally, 6-8 mm large-sized single crystals could be obtained. For
Csy,1FA(9_.GA.Pb(I,4Br,,), (z=0, 0.03, 0.05, 0.08), a 1 M solution of GAI/FAI/Csl/
PbI,/PbBr, in GBL was prepared following a similar procedure, by dissolving the
five compounds in a stoichiometric molar ratio. For alkaline-earth metals (Ca, Sr
and Ba)-doped single crystal, a small amount of alkaline-earth metal iodides (Cal,,
Srl, and Bal,) were dissolved into the solution of Cs, ;FA,sGA,sPb(I,,Br,,); at a
specific concentration. The amounts of B-site dopants (0.25%, 0.50% and 1.00%) in
the perovskite solution are calculated according to the molar ratio with Pb. Except
the composition of the precursor solution, all the alloyed and doped crystals are
fabricated under similar conditions.

Device fabrication. A semitransparent 25nm gold anode was deposited on the
top surface of the single crystal by thermal evaporation, generally using a mask to
define the area of 0.3 0.3 cm? Then, an 80 nm gold cathode was deposited on the
bottom surface or over 150 pm gallium cathode was contacted by coagulation for
the X-ray detector and photodetector.

Assessment of electronic properties. The uz product and s values were
calculated according to the simplified single-carrier Hecht equation®*':

2
1—exp(— L5 . . .
I =tV M, where I, is the saturated photocurrent, L is the thickness

Eer
of crystal and V'is the applied bias. The SNR can be obtained by the following
formula:SNR = Jugnt fp —Ja , where J, is the average photocurrent

Jnoise 1SN 1)
Vo ZF0=)
density, J, is the average dark-current density and J; is the instantaneous value of
the photocurrent.

Thermal and long-term stability measurements. To characterize the thermal
stability, the signal response of the detector to a 450nm LED (27 mW cm™?) was
recorded as the device was heated at 125°C in a vacuum. During the experiment,
only the detector attached to the target stage was heated using the hot plate,
whereas the light source and test system were not intentionally heated. For the
characterization of long-term stability, the signal response of the detector

to a450nm LED (10 mW cm™2) was collected under ambient conditions with
20-40% humidity.

X-ray detection measurement. All X-ray detection experiments were

conducted on a home-made system housed in the chamber of a Rigaku Multiflex
diffractometer. Device responses to X-rays were measured by a low-noise current
preamplifier (SR570, Stanford Research Systems) under different bias voltages,
which were applied by a function generator (DS345, Stanford Research Systems)
and a Keithley 2400 sourcemeter. The fall time was calculated by subtracting the
decay time of the signal current from 90% to 10%, that is, T,y ime= T'o% — Toos>
under a dose rate of 232nGy,;, s™'. The dose rate of the emerging X-ray was

adjusted by changing the tube current and object positions, and the intensity was
calibrated by an ion-chamber dose sensor (Radcal Accu-Gold+).

Data availability

The main data supporting the findings of this study are available within the
Article and its Supplementary Information. Additional data are available from the
corresponding authors upon reasonable request.

References

60. Androulakis, J. et al. Dimensional reduction: a design tool for new radiation
detection materials. Adv. Mater. 23, 4163-4167 (2011).

61. K Stoumpos, C. C. et al. Crystal growth of the perovskite semiconductor
CsPbBr;: a new material for high-energy radiation detection. Cryst. Growth
Des. 13, 2722-2727 (2013).

Acknowledgements

We thank Z. Wei, Y.-X. Xu, W. Zhang, M. Yao and H. Wang for helpful discussions.
Funding: L.S. thanks National Natural Science Foundation of China (grant 61875072)
and Key Research and Development Projects of Jilin Science and Technology
Department (grant 20200401044GX). K.Y. thanks the financial support of the National
Natural Science Foundation of China (grants 51863013 and 61874052) and Excellent
Young Foundation of Jiangxi Province (grant 20192BCB23009). X.Z. thanks the National
Natural Science Foundation of China (grant 62004182). EG. thanks the Knut and Alice
Wallenberg Foundation (Dnr KAW 2019.0082) and the Swedish Government Strategic
Research Area in Materials Science on Functional Materials at Link6ping University
(faculty grant SFO-Mat-LiU no. 2009-00971).

Author contributions

K.Y. and L.S. conceived the idea and designed the experiments. K.Y,, L.S. and EG.
supervised the project. M.X. and Z.P. prepared the samples and characterized their
structural properties. K.E. conducted the DFT calculations. L.E. contributed to the XRD
measurements of perovskite crystals. H.H. assisted with the simulations and discussions.
EG., C.B. and L.Z. contributed to the discussions and assisted in the research. J.J.
systematically contributed to the X-ray detection, imaging and photoelectronic
measurements. D.X. and X.Z. tested the X-ray detection performance of the detector. J.J.,
K.Y. and L.S. co-wrote the manuscript, and EG. provided the revisions. All the authors
discussed the results and commented on the manuscript.

Funding
Open access funding provided by Linkoping University

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41566-022-01024-9.

Correspondence and requests for materials should be addressed to Kai Yao,
Liang Shen or Feng Gao.

Peer review information Nature Photonics thanks Igor Jovanovic and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

NATURE PHOTONICS | www.nature.com/naturephotonics


https://doi.org/10.1038/s41566-022-01024-9
http://www.nature.com/reprints
http://www.nature.com/naturephotonics

	Synergistic strain engineering of perovskite single crystals for highly stable and sensitive X-ray detectors with low-bias  ...
	Results and discussions

	A-site alloying of MA-free perovskites. 
	Microstrain in CsFAGA perovskites. 
	Suppression of Pb vacancies via B-site dopants. 
	Optoelectronic properties and X-ray detection performance. 

	Conclusion

	Online content

	Fig. 1 Characterizations of CsFAGA single crystals.
	Fig. 2 Mechanisms of microstrain reduction through B-site doping.
	Fig. 3 Photodetection performance of perovskite single-crystal detectors.
	Fig. 4 X-ray detection and imaging.




