RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Green Fabrication of Sulfonium-Containing Bismuth
Materials for High-Sensitivity X-Ray Detection

Allan Starkholm, Dominik Al-Sabbagh, Sema Sarisozen, Alexander von Reppert,
Matthias Rossle, Markus Ostermann, Eva Unger, Franziska Emmerling, Lars Kloo,

Per H. Svensson, Felix Lang, and Olena Maslyanchuk*

Organic—inorganic hybrid materials based on lead and bismuth have recently
been proposed as novel X- and gamma-ray detectors for medical imaging,
non-destructive testing, and security, due to their high atomic numbers and
facile preparation compared to traditional materials like amorphous selenium
and Cd(Zn)Te. However, challenges related to device operation, excessively
high dark currents, and long-term stability have delayed commercialization.
Here, two novel semiconductors incorporating stable sulfonium cations

are presented, [(CH;CH,);S]¢Bisl;, and [(CH;CH,);S]AgBils, synthesized

via solvent-free ball milling and fabricated into dense polycrystalline

pellets using cold isostatic compression, two techniques that can

easily be upscaled, for X-ray detection application. The fabricated detectors

including  medical imaging, non-
destructive testing, security, nuclear indus-
tries, and scientific research. Traditional
materials such as amorphous selenium
(a-Se) and Cd(Zn)Te have been widely used
for direct X/y-ray conversion,! but issues
persist regarding their complex crystal
growth processes and operational require-
ments, for instance strong electric fields. In
medical imaging, in particular, the need for
detectors with higher sensitivity and lower
detection limits is highly desirable, as these
would enable the use of lower radiation
doses, thereby reducing patient exposure.

exhibit exceptional sensitivities (14 100-15 190 uC Gy,;, ' cm~2) and low
detection limits (90 nGy,;, s~ for [[CH;CH,);S],Bigl;, and 78 nGy,;, s for
[(CH;CH,),;S]AgBil;), far surpassing current commercial detectors. Notably,
they maintain performance after 9 months of ambient storage. The findings
highlight [(CH;CH,),S]¢Bigl;, and [(CH;CH,);S]AgBil; as scalable, cost-
effective and highly stable alternatives to traditional semiconductor materials,
offering great potential as X-ray detectors in medical and security applications.

1. Introduction

Semiconductor X- and gamma-ray (X/y-ray) detectors with high
performance and durability are critical across numerous fields,

Key performance indicators (KPIs) for
X-ray detectors include sensitivity, the
limit of detection (LoD), mobility-lifetime
product (ur), and resistivity. Sensitivity
measures the detector’s ability to convert
X-ray photons into an electric signal, while
the LoD indicates the minimum detectable
radiation above the background noise.
Since 2013, there has been a revival in the
field of new X-ray detector materials after
lead-based metal halide perovskites were reported as promis-
ing alternatives for X-ray detection due to their high resis-
tivity, excellent pzr products, high atomic numbers (Z), and
ease of synthesis.**] However, their instability under ambient
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conditions and the high dark currents remains a significant lim-
itation for commercialization.[*]

Bismuth-based (Bi-based) organic-inorganic hybrid materials
have emerged as a promising alternative, offering superior ther-
mal and moisture stability compared to lead-based perovskites.®!
These materials are often synthesized via low-temperature, non-
vacuum methods, making them cost-effective alternatives.l>*! Bi-
halides, in particular, display favorable bandgaps (1.8-2.5 eV)
and high atomic numbers (Z = 83 for Bi, Z = 53 for I), con-
tributing to low thermal noise and high X-ray absorption. These
properties make them ideal for X-ray detection applications,
where high-Z materials are preferred for their superior stopping
power and sensitivity.’! Among the most studied Bi-halides is
Cs,AgBiBr,, a double perovskite known for its indirect bandgap,
long charge-carrier lifetimes, and excellent stability. Cs,AgBiBr,
has been evaluated as an X-ray detector in the form of single
crystals,[®! films,['% and thick pellets,/’! showing sensitivities of
up to 1 974 uC Gy,, ! cm~? in single-crystal detectors.'!! Fur-
thermore, other Bi-based materials, such as MA,;Bi,l,, BiOI,
Cs;Bi, 1y, and Rb,Bi,I,, have shown promising properties, with
reported sensitivities as high as 10 620 pC Gy,,”' ecm2 for
MA,Bi, [, in single crystal form.['>"*] Single crystals (SCs) gen-
erally outperform other forms, given their superior crystal qual-
ity, absence of grain boundaries, and minimal defects.['>! How-
ever, scaling SCs for practical applications remains challenging
due to the difficulty of growing large crystals using conventional
techniques like the Bridgman and Czochralski methods, which
are both time-consuming and costly, limiting their scalability for
practical use.['!

In contrast, polycrystalline pellets present a practical alterna-
tive for flat panel X-ray detectors, as they can be fabricated quickly
and cost-effectively using hydraulic compression, which enables
the production of thick samples essential for effective X-ray ab-
sorption. Although pellets typically exhibit lower performance
than SCs due to the presence of grain boundaries (which is
generally absent in SCs), known to be sites of recombination
losses, recent studies have demonstrated that Bi-based materials
in pellet form still show promising sensitivities and LoDs, often
outperforming traditional materials such as a-Se and Cd(Zn)Te
(Figure 1; Table S1, Supporting Information).>”7-2!] Moreover,
lead-based perovskites, such as MAPDI;, have shown compara-
ble results in pellet form, further encouraging research in this
area. The trend of SC detectors displaying better performance
than the same material in compressed pellet form can be ob-
served in Figure 1 when comparing the sensitivities and detec-
tion limits of the materials studied in the form of SCs and com-
pressed pellets. Despite the advancements in Bi-based materials,
there is still a need to explore new compositions and structures
to expand the portfolio of potential X-ray detector materials. Bi-
halides, with their diverse structural motifs—from 0D cluster
anions to 2D frameworks—offer rich opportunities for tuning
material properties and optimizing the performance for specific
applications.[??! Furthermore, the role of the organic cations in
shaping the inorganic structural framework and impacting op-
toelectronic performance is not yet fully understood, especially
for sulfonium cations, which have been largely overlooked in
perovskite- and Bi-based hybrids. Recent results suggest that,
due to their superior chemical resistance and ambient stability,
sulfonium cations could be highly effective in enhancing long-

Adv. Mater. 2025, 37, 2418626 2418626 (2 of 10)

www.advmat.de
6 MAPb; [3] B i
10 [(CH CH?S]A Bil %
3 3 ils @
e MAPbI3 [35] s
1051 [(CH:CH2):S]AgBils [(CH:CH2):S}EBisld  § .
& CsPbBrs-CsPb:Brs-CsPbl,B i, WeeEbEg ] §
S R r}?] MAPBIs [32] 1 =
S 4otl e MaPgRE 9CsPbBrs [33] ]
G i A
>0 MAsB2ls [12]  f gCs3Bials [40] NMAPDI3 [36]
O Cs2AgBIBIE[11]
L:)L 103k BiOI [13] @ BAzPbl/MAPbI; [37] 'MAPDIs [39]]
= MAsBizle [17] @ OCs3Bizls [30] &
= BiVOa4 [21] @®Cs,AgBiBrs [7]
2 102  ResBilel141®a cssBicis [19] CdznTe [42] ]
g @M This workMAD—'CS-(O)sBIZk‘ [l O, [5]
(% A Commercial (F-PEA)BIls[18] _ o 414
10" £ m Bibased single crystal Cs2AgBBrs [5] 5
© Bi-based compressed pellets Cs;Bi%BrEIb [5]
Pb-based single crystal ® ®
100t Pb-based compressed pellets CssBiale [5]
1l 1l 1l 1

107 10° 10 102 10° 10* 10°
Limit of detection (nGy,; s™")

Figure 1. X-ray detector performance of organic-inorganic hybrid mate-
rials based on Bi-based!>7:"7-2130] and Pb-based!*'3°! compressed pel-
lets (CP), solution-grown Bi-based!"™"144% and Pb-based!?! single crys-
tals (SC), commercially available amorphous selenium (a-Se)l*'l and
polycrystalline Cd(Zn)Tel#?] with sensitivity and detection limits reported
in the literature, as compared to the results obtained in this work for
[(CH3CH,);S]¢Bigl3o and [(CH3CH,);S]AgBils compressed pellets, as
well as on [(CH;CH,;);S]AgBils as single crystal. Bi-based compressed
pellets (highlighted by orange oval) exhibit sensitivity and detection lim-
its comparable to single-crystal detectors (highlighted by orange triangle).
However, Bi-based detectors remain inferior to the Pb-based counterparts
(orange and blue symbols). Notably, the hybrid Bi-based detectors pre-
sented in this study are comparable in performance to Pb-based detectors
reported in the literature.

term device stability.?*?*] Unlike the more conventional protic
ammonium cations, sulfonium cations are aprotic and chemi-
cally resistant to moisture-induced degradation due to the ab-
sence of hydrogen bonding.*>2] Moreover, the sulfur atoms
form strong electrostatic interactions directly with the halides
of the inorganic framework, leading to compact anionic motifs
with short interlayer distances, whereas ammonium cations in-
teract through hydrogen bonding, resulting in distinctly differ-
ent structures. Sulfonium-based hybrid materials have demon-
strated intriguing properties, including broad red emission in
a lead-based perovskite-like material and photochromism in
polyoxometalates through electron transfer involving sulfonium
cations.!”””2%] These attributes render sulfonium-based hybrid
materials promising candidates for exploration in advanced ap-
plications. Understanding and deriving structure-property rela-
tionships in these materials will be key to unlocking their full
potential. By correlating the unique structural features of Bi-
halides with their electronic, optic, and transport properties,
future studies can guide the rational design of materials that
meet the specific requirements of high-performance X-ray de-
tectors. This approach will facilitate the development of tailored
materials with enhanced sensitivity, stability, and operational
efficiency.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Fabrication and Characterization of [(CH3CH,)3S]¢Biglsg and [(CH3CH,)3S]AgBils. a) Schematic illustration of the device fabrication process,
where powders of the materials were first synthesized by ball-milling and subsequently subjected to a pressure of ~1 GPa using a hydraulic press, followed
by the deposition of gold contacts to fabricate X-ray detector devices. b) and c) Experimental and simulated PXRD pattern of [(CH3CH,);S]AgBils and

[(CH3CH3)3S]6Bigl30.

In this study, we introduce two novel hybrid semiconduc-
tors, [(CH,;CH,);S],BisI;, and [(CH,CH,);S]AgBil;, as promis-
ing candidates for X-ray detection. These materials were iden-
tified during a broader exploration of perovskite-inspired com-
pounds for energy applications.[?”) The high atomic numbers of
the constituent atoms, suitable bandgaps, and unique structural
features—incorporating stable sulfonium cations over tradition-
ally used hygroscopic ammonium cations—make them ideal for
X-ray detection. Structurally, [(CH;CH,),;S]¢BisI;, comprises 0D
polynuclear iodobismuthates, while [(CH,CH,);S]AgBil; con-
tains 2D bimetallic Ag/Bi-iodides. Both materials were syn-
thesized via a solvent-free mechanochemical method, produc-
ing polycrystalline powders that were subsequently compressed
into dense pellets using isostatic compression (Figure 2a). This
combined process is not only scalable but also well-established
in industry, ensuring precise stoichiometric control and rapid
production for large-scale applications. The combination of
mechanosynthesis and isostatic compression provides an effi-
cient and scalable approach for screening and evaluating new ma-
terials for X-ray detectors—a method underexplored in the litera-
ture. Furthermore, SCs of [(CH;CH,);S]AgBil; were grown and
evaluated for X-ray detection to enable a thorough performance

Adv. Mater. 2025, 37, 2418626 2418626 (3 of 10)

comparison with the compressed pellet version. The resulting de-
tectors, assembled with symmetric gold contacts, demonstrate
high resistivity, excellent ur products, and superior sensitivity
compared to commercially used materials, such as a-Se and
Cd(Zn)Te, as well as MAPbI; in compressed pellet form. In ad-
dition, the materials exhibit remarkable stability after 9 months
of ambient storage, highlighting their potential for commercial
X-ray detection technologies. These results underscore the po-
tential of these materials, achieved without post-synthesis treat-
ments, and the methodologies used for future application in X-
ray detectors for medical imaging and other fields.

2. Results and Discussion

2.1. Material Synthesis, Pellet Fabrication and Optoelectronic
Properties

Single crystals of [(CH;CH,);S]¢Bigl;, and [(CH;CH,);S]AgBil;
were synthesized using a wet-chemical method, and their struc-
tures were thoroughly characterised in previous studies.[?) How-
ever, achieving pure phases during wet-chemical synthesis of-
ten poses challenges, frequently leading to the formation of

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Electrical and photoelectric properties of the Au/[(CH3CH,);S]¢Bigl3o/Au and Au/[(CH3CH,);S]AgBils/Au X-ray detector devices. a) Typ-
ical voltage dependence of the differential resistance of the Au/[(CH3CH,);S]¢Bigl3o/Au and Au/[(CH;CH,);S]AgBils/Au detectors in the dark
(blank circles) and under X-rays at a dose rate of 630.15 uGy,;, s~ (filled circles); b) Typical bias voltage-dependent signal current plots of the
Au/[(CH;3CH,)3S]gBigl3g/Au and Au/[(CH3;CH,)3S]AgBils /Au X-ray detectors (circles) and calculated by the Hecht equation and the derived ur product.

unknown competing phases. To overcome this, we here intro-
duced a dry mechanochemical ball-milling method as an alter-
native. This solid-state technique offers precise stoichiometric
control and scalability, making it more suitable for commercial-
isation compared to solution-based methods.[** Furthermore, it
is highly suitable for synthesising complex materials, including
metastable phases, as it allows stoichiometric control of the pre-
cursors and control over the reaction conditions, such as the
frequency and reaction time. The potential to analyse the reac-
tion outcomes at specific time intervals renders it highly appeal-
ing for controlled product formation. Mechanochemical synthe-
sis also provides an environmentally friendly approach, facili-
tating swift industrial adoption. In our experiments, precursors
were mixed in stoichiometric amounts and subjected to short
milling times. Early trials using 30 min of milling were noted
to be insufficient for complete reactions, resulting in the forma-
tion of impurities. However, extending the reaction time to 1 h
resulted in the formation of the desired target compounds, which
were confirmed via powder X-ray diffraction (PXRD) analysis
(Figure 2b,c). The PXRD patterns matched the reference patterns
obtained from the structural refinement of single-crystal X-ray
data.®! [(CH,CH,),S]¢Bigl;, came out phase pure, while minor
crystalline impurities were detected in [(CH;CH,),; S]AgBil;. One
impurity, corresponding to the two peaks at around 20 = 7.25 and
9.3, was identified as [(CH,CH,);S]Ag, Ls, previously reported by
Kloo et al.*] The resulting powders were compressed into pellets
at room temperature and ~1 GPa of pressure, with thicknesses
between 1-2 mm, for use in X-ray detector devices. Figure 2a
graphically illustrates the fabrication process of the X-ray detec-
tor devices. In parallel, SCs of [(CH,CH,),S]AgBil; were grown
according to our previously reported method to enable a com-
parison and to better understand its potential as an X-ray detec-
tor material.[?) Bandgap estimation via diffuse reflectance spec-
troscopy combined with the Kubelka-Munk function!®! yielded
bandgaps of 1.80 eV for [(CH;CH,);S]AgBil; and 1.98 eV for
[(CH;CH,);S]¢Big1;, (Figure S1, Supporting Information), which
are optimal for X-ray detection applications. These values suggest
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effective X-ray photon absorption and electron-hole pair genera-
tion, while minimizing thermal noise. The subsequent sections
will detail the evaluation of these materials’ performance as X-ray
detectors.

2.2. Resistivity and g7 Product

The first two key performance indicators (KPIs) used to assess
the X-ray detection capabilities of the device are (i) resistivity
(p), which contributes to low dark currents, and (ii) the ur prod-
uct, which reflects charge collection efficiency, which can be esti-
mated using the Hecht equation.**) Resistivity is estimated from
p = Ryp - A/d, where Ry is the differential resistance, A is
the metal contact area, and d is the thickness. A high resistiv-
ity and a large ur product indicate the potential for high sensi-
tivity, a large signal-to-noise ratio (SNR), and a low limit of de-
tection (LoD). The differential resistance, R, = dV/dI, was ex-
tracted from the current-voltage (I-V) characteristics (Figure 3a;
Note S1, Supporting Information). The constant Ry observed in
the voltage range of 0-200 V confirms the high quality of the
Au ohmic contacts and the absence of minority charge-carrier
injection.[647]

The resistivity of [(CH,;CH,);S]¢Bisl;, and
[(CH;CH,);S]AgBil; compressed pellet detectors varies over a
range of (0.25-5.66) x 10'° Q cm and (1.27-5.32) X 10'° Q c¢m,
with mean values of (1.18 + 0.76) x 10 Q cm (n = 7) and
(3.1 + 0.60) X 10'° Q cm (n = 6), respectively (Figure S2c,d,
Supporting Information). These values are comparable to
or exceed previously reported values for sintered com-
pressed pellets.”193934  Surprisingly, the resistivity of
[(CH,CH,);S]AgBil; is approximately 2.5 times higher than
that of [(CH,CH,),;S]Bigl;, (Table S1; Figure S2c, Supporting
Information). While the larger bandgap of [(CH,CH,),;S];Bisl;,
would predict higher resistivity, the polycrystalline nature of
the pellets results in significant defect concentrations, which
dominate the electrical conductivity. Therefore, the variation
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in resistivity is primarily attributed to differences in defect
concentrations rather than bandgap differences.

The pr product represents an estimate of the transport prop-
erties of charge carriers generated by X-ray illumination, reflect-
ing the probability of electrons and holes reaching the electrodes
before recombination. Figure 3b shows the calculated pr prod-
ucts using a simplified Hecht equation, which models a single
type of charge carrier in a detector with two ohmic contacts and
a uniform electric field.[***-50 The pr products, estimated to
be (1.52 + 0.09) x 10~* cm? V-! for [(CH,CH,),S],Bigl,, and
(156 + 0.11) x 10~* cm? V-! for [(CH,CH,),S]AgBil;, indi-
cate efficient charge transport and collection. These values com-
pare favorably with or exceed record values for Bi-based pel-
lets that were fabricated using extensive post-treatment methods
(Table S1, Supporting Information),'71%21] and are significantly
higher than for a-Se (107 cm? V~1).I1] Notably, the pr product
for the [(CH;CH,);S]AgBil; SCisabout 1.5 times higher than the
compressed pellet equivalents, indicating more efficient charge
transport and improved sensitivity in SCs.

Approximately 63% of 8.05 keV (Cu Ka) photons are absorbed
within the first #13 pum of the detector, corresponding to ~1% of
a 1 mm thick compressed pellet (see Supplementary Note 2). As
a result, charge carriers must drift across nearly the entire pel-
let thickness to reach the back electrode. Increasing the photon
energy to 35 keV (corresponding to the Bremsstrahlung back-
ground peak under a 40 kV X-ray tube voltage) and further to
100 keV extends the attenuation depth to ~0.11 and ~1.3 mm,
respectively (Figure S3a,b, Supporting Information), is expected
to improve charge collection, even at low bias voltages. Hence,
the obtained pr product values indicate excellent charge trans-
port properties already under relatively low-energy X-ray photon
irradiation.

With these known pr products, the statistical distance that
photogenerated charge carriers can travel before recombination,
known as the Schubweg, can be estimated.>!! For an applied
electric field of 500-1000 V cm™!, the Schubweg is estimated to
be 0.8-1.5 mm, which is nearly equal to the sample thickness,
ensuring efficient charge collection across the detector.

2.3. Sensitivity and LoD

In addition to the charge-transport properties discussed ear-
lier, sensitivity and LoD are critical KPIs for X-ray detectors.
We evaluated the sensitivity of the [(CH;CH,);S],Bigl;,- and
[(CH,CH,);S]AgBil;-based detectors to Cu anode radiation (pri-
mary Ka (8.05 keV) emission line) and to synchrotron radia-
tion, using photon energies of 8 and 12 keV (see Supplemen-
tary Note 3). In practise, it is important that these detectors can
detect X-rays at the lowest possible dose rates that the used ex-
perimental setups can generate, which is ~20 times lower than
the typical medical diagnostic rate of 5.5 pGy,;, s~! (dashed line
in Figure 1), helping to minimise radiation exposure.?/ The
X-ray photocurrent showed a good on-off response, increasing
with both dose rate (Figure 4a,b, and 5b inset) and applied elec-
tric field (Figure S6a, Supporting Information). The current re-
sponse time evaluation indicates that the [(CH,;CH,);S]AgBil;
device has an on/off response time of 41.0 ms/47.3 ms, while
the [(CH;CH,);S];Bigl;, device shows an on/off response time
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of 27.3 ms/28.4 ms (Figure S6e,f, Supporting Information). No-
tably, these response times are faster than those reported for the
well-known CsPbBr;,[*¥! demonstrating our detectors’ competi-
tive performance and suitability for applications requiring rapid
and efficient X-ray signal detection.

The signal current (I was calculated by subtracting
the average dark current (I,,) from the average photocur-
rent (Tphom) (Figure 4a; Figure S6b, Supporting Information).
The relationship between I, and dose rate follows a sub-
linear power law, I;,, « D,,* with a values of 0.741 +

0.05 for Au/[(CH3CI%12)3S]()Biglm/Au and 0.685 + 0.05 for
Au/[(CH;CH,);S]AgBil;/Au, respectively, likely indicating car-
rier trapping (Figure 4b; Figure S6c, Supporting Information).

The X-ray sensitivity, S, is defined as the current density
per unit radiation exposurel3#146-8] (see Methods for details)
and was evaluated for the compressed pellets of both mate-
rials and also for SCs of [(CH,CH,),S]AgBil;. As expected
from the pr evaluation in the previous section, the SCs dis-
play significantly higher sensitivity, ~50 times greater than
the compressed pellets, which correlates well with the ob-
served trend illustrated in Figure 1. The sensitivity reached
~7.5-10° uC Gy,;, "' cm™2 for the [(CH,CH,), S]AgBil; single crys-
tal, as compared to ~(1.4-1.5)-10* pC Gy,;,~! cm~? for the com-
pressed pellets at low radiation intensities (Figure 4b; Figure
S6d, Supporting Information). To the best of our knowledge,
the latter sensitivities are the highest reported thus far for Bi-
based compressed pellet materials (Figure 1; Table S1, Sup-
porting Information). Despite the significantly better SC perfor-
mance, the more straightforward and more accessible fabrica-
tion of compressed pellets offsets the sensitivity loss, as they
still provide a sensitivity of ~10* uC Gy,,~' cm~2, indepen-
dent of dose rate within the range used for medical imaging
(<5.5 uGy,;, s71)52 (Figure 4b). This independence simplifies op-
eration and eliminates the need for complex calibration of sig-
nal output to dose rates, enhancing their potential for medical
applications.

In summary, the [(CH;CH,);S]Bigls- and
[(CH,CH,);S]AgBil;-based devices exhibit remarkable sen-
sitivity, surpassing other Bi-based materials, such as Cs;Bi, I,
Cs,AgBiBr,, BiVO,, and most lead-based perovskites (e.g.,
MAPDI; in pellet form) (Figure 1; Table S1, Supporting In-
formation). At 200 V and a dose rate of 321 nGy,, s, the
sensitivity is ~40 times higher than for polycrystalline Cd(Zn)Te
(318 uC Gy,, ! cm=%)*?) and ~700 times higher than for a-Se
detectors (20 puC Gy,,~' cm™2), which require much stronger
electric fields (10° V c¢m™!).*!l This can be explained by the
presence of photoconductive gain in the devices along with a ur
product several orders of magnitude higher than that of a-Se. We
speculate that charge-carrier traps within the detector materials,
with concentrations of 1.15 x 10'! cm =2 for [(CH;CH,);S]AgBils
and 9.82 x 10'° ¢m~® for [(CH;CH,),S]¢Bigl;, (Figure S8,
Supporting Information), are responsible for inducing pho-
toconductive gain under high bias voltage (see Methods and
Supplementary Note 4 for details).[5:38:53-55]

The LoD, another crucial KPI, particularly for medical imag-
ing and security screening, was determined as the dose rate
at which the signal-to-noise ratio (SNR) equals 3 (Figure 4c,d;
Figure S7, Supporting Information). The mean LoD values were
90 nGy,, s7! for [(CH,CH,);S]Bigl;, and 78 nGy,, s~ for

signal)
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Figure 4. Performance of [(CH;CH,)3S]gBigl3o and [(CH3CH,);S]AgBil5 as X-ray detectors. a) X-ray-induced response of the Au/[(CH3;CH,); S]AgBils /Au
detectors at different dose rates at a given bias voltage of 200 V. Dashed lines indicate the mean values of photocurrent and dark current.
b) Dose rate-dependent signal current (circles) and sensitivity (squares) of the X-ray detectors based on [(CH;CH,);S]AgBils (green symbols) and
[(CH3CH,)3S]gBiglso (orange symbols) at a bias voltage of 200 V. Approximations of the I, « (D,;,)* dependencies are shown by solid lines.
c) and d) X-ray dose rate dependent signal-to-noise ratio of the detectors under the bias voltage fgrom 1t0 200 V. The dashed line represents an SNR of 3,
and thus the detection limit is in the range of (100-300) nGy,;, s~ and (50-100) nGy,;, s~' for the [(CH3CH,)3S]¢Bigl3o-based and [(CH;CH,); S]AgBIils-
based detectors, respectively. e) and f) distribution of the limit of detection of two sets of [(CH3CH,);S]¢Bigl3o () and [(CH3CH,);S]AgBils (f) Bar

charts of the detection limit of compressed pellets under bias voltages of 100 V and 200 V.

[(CH,CH,);S]AgBil; (compressed pellets), slightly higher than
for [(CH,;CH,),S]AgBil; single crystals (%10-20 nGy,, s7'), but
comparable to other Bi-based detectors based on compressed pel-
lets (Figure 1; Table S1, Supporting Information). These values
are 2—4 times lower than those for Pb-based perovskite pellets
and 55-500 times lower than for a-Se and Cd(Zn)Te detectors,
respectively (Figure 1; Table S1, Supporting Information).

The estimated LoD of these detectors is approximately 60—
70 times lower than the threshold required for medical diagnos-
tics, enabling reduced radiation dosage in routine X-ray exami-
nation, thereby lowering the risk of radiation-induced cancer.>?!
Increasing the electric field does not significantly improve LoD
(Figure 4c,d), but it does enhance sensitivity, reaching 14 100—

Adv. Mater. 2025, 37, 2418626 2418626 (6 of 10)

15190 uC Gy,;, "' cm~2 at a dose rate of 321 nGy,;, s~! (Figure 4b).
Even at low bias voltages (e.g. 40 V), the LoD remains favorable
(Figure 4c,d), with the sensitivity only reduced fourfold, main-
taining a high range of 3 000-5 000 uC Gy,;,~! cm~2 (Figure S6d,
Supporting Information). This robust sensitivity at reduced elec-
tric fields highlights the suitability of the detectors for low-dose
X-ray applications without compromising detection efficiency.
The exceptional sensitivity and low detection limits observed,
even at moderate X-ray energies, underscore the potential
of these materials for diverse applications, including security
screening, elemental analysis, and particularly medical imaging.
Their performance advantage likely arises from the unique struc-
tural features, such as the short interlayer distances between the

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Irradiation- and bias stability of the [(CH3CH,);S]¢Biglso- and [(CH3CH,);S]AgBils-based detectors. a) Typical curves of dark current drift of
the Au/[(CH3CH,)3S]gBigl30/Au and Au/[(CH;CH,);S]AgBil5 /Au X-ray detectors under a bias voltage of 100 V during a measurement period of 2000 s.
The dark current drift (Al), mean stabilized dark current (/4,,) and its standard deviation (SD) are also provided; b) X-ray photoresponse characteristics
of the Au/[(CH3CH,)3S]¢Bigl3o/Au X-ray detector under 200 V bias voltage during 7.5 h of 40 s on/off cycles. The inset illustrates the first 30 min of the
experiment, where the photon intensity decreased in a 40 s on/off cycle, initially at a photon energy of 8 keV and later at 12 keV. For the remaining 7 h,
the detector was exposed to unattenuated 12 keV photons in the same cycle; c) and d) — SNR (c), and dark current and photocurrent (d) fluctuation

during 7 h of measurement under synchrotron irradiation.

inorganic components,!?! which have been shown to be crucial
in enhancing X-ray detection capabilities.[**7]

2.4. Stability

The environmental stability of perovskite-based devices is a
well-recognized challenge due to performance degradation
during ageing. However, Bi-based detectors have shown promis-
ing long-term stability and self-healing properties, which
we further explored in our Au/[(CH,CH,);S].Bigl;,/Au and
Au/[(CH;CH,);S]AgBil;/Au devices. These detectors were
stored for 9 months under ambient conditions (21 °C, 70%
relative humidity) without protective encapsulation. Remark-
ably, their performance remained stable, with only minimal
changes in sensitivity and detection limit over time (Figure S8,
Supporting Information).

The detectors exhibit a good dark current stability with an
initial exponential decrease in dark current under a bias volt-
age of 100 V, followed by stabilisation after ~5 min, reaching
equilibrium within 20-30 min. The stabilized dark current
averaged 2.71 and 6.18 nA for Au/[(CH,CH,),S]AgBil;/Au

and  Au/[(CH,CH,),;S]Bigl;,/Au, respectively. = Current
drift values of Al = 78 x 10°° nA cm™! s! V!
for Au/[(CH;CH,);S](Bigl;p/Au and AI = 187 X

10=® nA cm™! s7! V-! for Au/[(CH;CH,),S]AgBil;/Au were
obtained (Figure 5a, see Experimental Section for details), which
are practically negligible and within the same range as post-
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treated devices, such as BiOBr-passivated Cs,AgBiBr, and BiVO,
compressed pellets.”?!] The Au/[(CH;CH,),;S]AgBil;/Au and
Au/[(CH,;CH,),S]¢BigI;,/Au detectors also display good stability
under steady X-ray illumination. As seen in Figure S2e (Support-
ing Information), under 200 V bias and 3059.418 uGy,;, s~! cm™
X-ray illumination, the devices can deliver a stable photocurrent
for 2000 s (total X-ray dose of 1260 mGy,;,), which is equal to the
dose of 340 two-view digital mammography examinations.*®]

Under long-term synchrotron irradiation, the detectors also
demonstrated stable performance with high signal-to-noise ra-
tios and minimal baseline drift over a 7-h period (total ab-
sorbed dose of 234.36 Gy,,) (Figure 5b). Specifically, the
Au/[(CH,;CH,),S]¢BigI;,/Au detector displayed a baseline drift
of 1.07 x 107 nA cm~! s7! V-1, »8 times lower than BiOBr-
passivated Cs,AgBiBr devices. All detectors maintained a con-
sistent SNR throughout the testing period, averaging to 17.7
(Figure 5c), and a stable photoresponse, reinforcing the robust-
ness of the detectors even 9 months after fabrication (Figure S12,
Supporting Information). The fluctuations in the sensitivity and
the LoD values observed in Figure S12 (Supporting Information)
are primarily attributed to instrumental variations and differ-
ences in experimental conditions during the repeated measure-
ments over the 9 months.

The impressive stability of these materials likely stems from
their structural features, with sulfonium cations providing en-
hanced stability over the ammonium counterparts by minimis-
ing hydrogen bonding and thus improving moisture stability.
In addition, short interlayer distances between the inorganic
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components(?! likely contribute further to the robustness of the
materials.

3. Conclusion

This study presents two new bismuth-based compounds,
[(CH;CH,);S]¢BisI;, and [(CH;CH,);S]AgBil;, synthesized via
an efficient mechanochemical ball-milling process and fabricated
as polycrystalline pellets for X-ray detection. These materials, pre-
pared without post-treatment, exhibit excellent charge-transport
properties (ur products of 1.52 x 10~* and 1.56 X 10~* cm? V1),
remarkably high sensitivity (14 100-15 190 uC Gy,,~! cm~2), and
low detection limits (90 and 78 nGy,;, s™'), outperforming com-
mercial a-Se-based detectors. The stability of these new detectors
over 9 months in ambient storage, combined with the negligible
current drifts under constant irradiation and bias voltage, under-
scores their robustness for scalable, long-term use in X-ray detec-
tion, particularly in medical imaging.

Beyond immediate applications, this work sheds light on
sulfonium-based hybrid materials, suggesting new guidelines
for designing materials with targeted properties across multiple
energy application areas. Mechanochemical synthesis combined
with isostatic compression also emerges as an effective screening
tool for new materials of specific compositions for subsequent
bulk material property Characterization, not only for X-ray detec-
tion but also for various optoelectronic applications. Future stud-
ies will focus on optimising device architecture, including the use
of asymmetric contacts and passivation layers, and exploring the
materials’ performance under high-energy radiation.

4. Experimental Section

Chemicals:  Triethylsulfonium iodide ((CH3CH,);SI, 97%, Thermo Sci-
entific), Silver iodide (Agl, 99%, Sigma Aldrich), and bismuth iodide (Bils,
98%, TCI) were used as received without any further purification.

Mechanosynthesis and Hydraulic Compression: The precursor salts
were mixed in stoichiometric amounts inside 10 ml stainless steel ves-
sels for solvent-free mechanosynthesis. The reactions were performed by
neat grinding in a vibration ball mill (Pulverisette 23, Fritsch) at 50 Hz
for 1 h under ambient conditions to generate polycrystalline powders of
[(CH3CH,)3S]¢Bigl3o and [(CH3;CH,)3S]AgBils. To form compressed pel-
lets of each material, the powders were placed in a 10 mm die set and
pressed in a hydraulic press (MP150D, Maassen) at 8 tons for 30 s.

Single Crystal Growth: Single crystals of [(CH;CH,);S]AgBils were
grown following a previously reported procedure.l?’! (CH;CH,),SI (1Eq.)
and |, (2 Eq.) powders were scaled into a 4.5 ml vial and left for T min to
form a melt. Agl (0.2 Eq.) and Bil; (0.2 Eq.) powders were subsequently
added to the mixture and placed on a shaker at 80 °C for 30 min, after
which it was placed at an undisturbed spot. After ~5 months, red rhom-
bohedral crystals with dimensions of ~ 5 x 4 x 1 mm3 were hand-picked
for subsequent X-ray detector characterization.

X-ray Powder Diffraction: Powder X-ray diffraction (PXRD) data of
the powders of [(CH3CH,);S]¢Biglsg and [(CH3CH,);S]AgBils was col-
lected in a Bragg-Brentano-Geometry with a D8 ADVANCE Diffractome-
ter (Bruker AXS, Germany) using Cu—K, radiation (1.54178 A) with a
LYNXEYE XE-T detector. Diffraction data was recorded at 40 kV and
40 mA with a step size of 0.02° and measurement time of 0.5 s per step.
The PXRD measurements were conducted on PMMA and PCV sample
holders.

SEM Characterization:  Scanning Electron Microscopy (SEM) analysis
was conducted using a Zeiss Ultra Plus SEM equipped with a Gemini col-
umn. The following steps outline the specific conditions and settings em-
ployed during the analysis. Samples were mounted on aluminum stubs
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using conductive carbon tape to ensure proper conductivity and adhesion.
Imaging was performed at an acceleration voltage of 3 kV. Secondary Elec-
tron (SE) detection mode was employed to obtain high-resolution images,
providing detailed surface morphology insights (Figure S9 and S10, Sup-
porting Information). A bias of 300 V was applied during the imaging pro-
cess to enhance image quality. The working distance was varied based on
imaging requirements, with a standard setting of 8 mm for surface imag-
ing to optimize resolution and focus.

X-ray Fluorescence Analysis: X-ray fluorescence (XRF) measurements
were performed on compressed pellet samples of ~1.2 mm thickness of
the target compounds using a PANalytical MagiX PRO XRF spectrometer
(Malvern Panalytical Ltd., Malvern, UK) equipped with a Rh anode X-ray
tube. Standardless elemental analysis was carried out using the Omnian
10 mm program to estimate the elemental weight percentages.

Optoelectronic Characterization:  Diffuse reflectance spectroscopy was
applied to the powders of [(CH3CH,);S]¢Bigl3o and [(CH;CH,);S]AgBils
to determine the bandgap of the materials. The optical properties were
recorded over a spectral range from 300-1100 nm employing an Avantes
AvaSpec-2048 dual UV-vis spectrophotometer, which includes an inte-
grating sphere with an integrated light source. The recorded reflectance
data was subsequently converted to absorption equivalents by applying
the Kubelka—Munk function, k/s = (1 - R)2/2R (k = 4xk /A is the absorp-
tion coefficient of the sample, s is the scattering coefficient, R is the diffuse
reflectance, and kappa the extinction coefficient).[**] To estimate the opti-
cal bandgap, E,, of the materials, the Kubelka-Munk function was extrap-
olated to k = 0 to yield an approximate value of it (Figure S1, Supporting
Information).

Device  Fabrication — and  Characterization: The  1-2-mm-thick
[(CH3CH,)3S]gBiglso and [(CH3CH,);S]AgBils pellets were employed
for detector assembly. The Au electrodes (area of 0.16 or 0.206 cm? and
thickness of 220 nm or ~70 nm) were thermally evaporated through a
shadow mask on the opposite faces of the compressed pellets under a
vacuum of ~107® bar. It is important to note that the attenuation depth
for 8 keV photons in gold is approximately 2.5 um, which means the
percentage of intensity loss of 8 keV X-rays in the 20 and 70 nm gold
contact layers is ~0.8% and 2.8%, respectively. Therefore, the attenuation
in the gold contacts can be disregarded. A Keithley 2400 Source Meter
was used to apply the bias voltage and record the response current. All
Characterization was conducted at room temperature in air with optical
and electrical shielding to eliminate the influence of electromagnetic and
ambient light.

X-ray Detector Characterization: ~X-ray response curves were obtained
using a Cu anode X-ray source with a primary Ka emission line at
8.05 keV, integrated into an Empyrean Series 3 X-ray diffractometer
from Malvern Panalytical. The X-ray tube was operated at 40 kV and
40 mA, positioned perpendicular to the compressed pellet. Dose rate
calibration was performed with a dosimeter (STEP OD-01, Pockau,
Germany) to ensure accurate measurements. To modulate the X-ray dose
rates, a series of attenuation filters with varying thicknesses (0.1 mm
Cu, 0.2 mm Cu, 0.3 mm Cu, and 0.4 mm Cu+0.02 mm Ni) were placed
between the X-ray source and the sample (Figure S4; Table S2, Supporting
Information), the distance between the source and detector is fixed. The
dose rate, D, has been evaluated with a dosimeter (STEP OD-01, Pockau,
Germany). The ionizing radiation dose in air, D,;,, was then calculated
as

. ; G
D,y = DA . W/ Pair zD~A~1.286<—y> Q)
k- Toz  (4/P)tissue S

where A is the contact area, (u/p),;, and (4/p)sissye are the mass attenua-
tion coefficients of 8 keV photons in air and soft tissue, respectively, k is
relative energy-dependent response of OD-01 detector to 8 keV, Ty; is the
transmittance of photons with energy 8 keV in 0.07 mm soft tissue.[>°]
Additional X-ray measurements were carried out at the KMC-3 XPP
beamline of the BESSY Il synchrotron (Helmholtz-Zentrum Berlin) using
photon energies of 8 and 12 keV. The photon flux was measured with
a Hybrid Photon Counting detector (DECTRIS PILATUS 100K) and ad-
justed by combining aluminum absorbers of thicknesses ranging from 50
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to 900 um (Figure S5; Table S3, Supporting Information). Despite operat-
ing in the standard mode (known as multibunch hybrid mode operation),
where X-ray timing is determined by the charge distribution of short elec-
tron bunches circulating in the storage ring at 2 ns (60 cm) intervals and
bunch lengths ranging from 45 to 80 ps (rms),[®0] the detectors under
study demonstrated a reliable response.

For both measurement setups, a Keithley 2400 Source Meter was em-
ployed to apply the bias voltage and record the photocurrent. A Labview
software script that we developed allowed the built-in voltage-source of the
electrometer to be varied from +200 V to —200 V in steps. The collected
voltage-current characteristics, the geometric dimensions of the contacts
and the geometric dimensions of the samples were used to determine the
resistivity. All characterizations were conducted at room temperature and
in ambient air, with optical and electrical shielding to minimize the impact
of electromagnetic interference and ambient light.

The ability of carrier extraction was determined by the mobility-lifetime
(ur) product, which can be derived by fitting the signal current, derived
by subtracting the average dark current from the corresponding average

photocurrent, using a modified Hecht Equation (2):[%404°]

utV d?
lsignal = lo—5~ - <1 —exp <_MT/>> @)

where [ is the saturated current, Vis the applied voltage, d is the detector
thickness, uand 7 are the charge carrier mobility and lifetime, respectively.

The X-ray sensitivity, S, is defined as the signal current density per unit
radiation exposure, and is given by:[30:49.61.62]

_ ’photo = Liark _ ’sfgnal
A- Dy, A Dy,

®3)

where Ais the electrode area, and D, is the X-ray dose rate. The maximum
theoretical sensitivity (S, in uC Gy,;,~' cm~2), assuming no photoconduc-
tive gain, is described by the following Equation (4):1%%3]

[ q-621-10" a,,
SO - ((aair/pair) ) W) A <7) (4)

where q is the electron charge, a,, and p,, are the energy absorp-
tion coefficient and density of air, a,, and a are the energy absorption
and linear attenuation coefficients of the detector material, and W is
the electron-hole pair creation energy. The value of W is calculated as
W(eV) = 2.8E, + 0.5,18] resulting in W = 6.1 eV for [(CH3CH,);S]sBigl3o
and W = 5.54 eV for [(CH3;CH,);S]AgBils.

The limit of detection (LoD) is defined as the dose rate at which a signal-
to-noise ratio (SNR) of 3 is achieved at a given voltage. The SNR is calcu-
lated as follows:[361]

I Tohoto — 1,
SNR = signal _ photo dark )

i 1 ¢N < 2
noise N Z,‘ (’i - Iphoto)
The dark current drift is calculated as:[721]

Iﬁrlish - Ismrt
al= tAV/d ©
where Ig.i, and Iy, are the final and initial current, ¢ is the measurement
duration, A is the electrode area, d is the detector thickness, and V is the
applied bias voltage.

Statistical Analysis:  All data processing, visualization, and fitting were
performed using OriginPro 2021b (OriginLab Corporation, Northampton,
MA, USA). No additional statistical tests were applied, as the analysis pri-
marily involved averaging multiple measurements and extracting parame-
ters from curve linear and exponential fitting routines provided in Origin-
Pro. Sample-to-sample variation in resistivity, sensitivity, and limit of de-
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tection is presented both as a range and as mean values with statistical
error, with the number of samples specified in the text.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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