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A sensitive and robust thin-film x-ray detector using 2D 
layered perovskite diodes
Hsinhan Tsai1, Fangze Liu1, Shreetu Shrestha1, Kasun Fernando1, Sergei Tretiak2,3, Brian Scott1, 
Duc Ta Vo4, Joseph Strzalka5, Wanyi Nie1,2*

Solid-state radiation detectors, using crystalline semiconductors to convert radiation photons to electrical charges, 
outperform other technologies with high detectivity and sensitivity. Here, we demonstrate a thin-film x-ray detector 
comprised with highly crystalline two-dimensional Ruddlesden-Popper phase layered perovskites fabricated in a 
fully depleted p-i-n architecture. It shows high diode resistivity of 1012 ohm·cm in reverse-bias regime leading to a 
high x-ray detecting sensitivity up to 0.276 C Gyair

−1 cm−3. Such high signal is collected by the built-in potential 
underpinning operation of primary photocurrent device with robust operation. The detectors generate substantial 
x-ray photon–induced open-circuit voltages that offer an alternative detecting mechanism. Our findings suggest a new 
generation of x-ray detectors based on low-cost layered perovskite thin films for future x-ray imaging technologies.

INTRODUCTION
Solid-state radiation detectors directly convert x-ray signal into elec-
trical current with superior sensitivity and high count rate that out-
perform other detection technologies and are critically needed in 
medical (1–4) and security applications (5–7) as well as in Advanced 
Photon Source facilities (8–10). In a high-performance x-ray detec-
tor, one of the critical requirements is to minimize the dark current 
amplitude at reverse bias so that current generated at low x-ray dos-
age can be well resolved above the dark noise, which determines the 
device detectivity (i.e., the lowest detectable dosage). This will re-
quire (i) high-purity semiconductors to suppress thermally activated 
recombination in the dark via trap states and (ii) fully depleted junc-
tions across active regions to avoid space charge accumulation and 
interfacial charge recombination. Furthermore, the semiconducting 
materials used for detector need to be robust, without current drift-
ing or current-voltage hysteresis. Currently, this is attained using 
high-purity semiconducting single crystals (11) operating under 
high voltages across active regions (12) to efficiently collect generated 
charges and avoid recombination losses. However, such a detector 
needs a high operational voltage across a large thickness (~1 cm), which 
has issues like charge drifting under or high fabrication cost for ob-
taining large volumes of monocrystals that undermine their use in 
scalable imaging application.

RESULTS AND DISCUSSION
Here, we design a new type of thin-film device made in p-i-n junc-
tion configuration with two-dimensional (2D) Ruddlesden-Popper 
(RP) phase layered perovskite (BA)2(MA)2Pb3I10 (Pb3) (Fig. 1A) to 
efficiently detect x-ray photons. As illustrated in Fig. 1A, the device 
uses a structure of indium tin oxide (ITO)/p-type contact/2D RP thin 
film/n-type contact/gold, where we chose poly[bis(4-phenyl)(2,4,6- 
trimethylphenyl)amine] (PTAA) as p-type contact and C60 as n-type 
contact. The synchrotron grazing incidence wide-angle x-ray scatter-

ing (GIWAXS) measurement shown in Fig. 1B further confirms the 
superior crystalline and preferred orientation in the 2D RP thin film 
(13, 14). To evaluate the feasibility of perovskites as a radiation detec-
tor, we calculate linear x-ray absorption coefficient (l) as a function 
of incident energy (details can be found in Materials and Methods) 
for our 2D RPs, 3D methylammonium lead tri-iodide perovskite 
(MAPbI3), and silicon (Si) and plot them in Fig. 1C. The absorption 
coefficient of these perovskite materials is, on average, 10- to 40-fold 
higher than that of silicon for hard x-ray. Note that the l for both 2D 
and 3D perovskites are similar; this suggests that the presence of the 
large organics in the 2D perovskites does not affect the x-ray absorp-
tion coefficients, which are dominated by the heavy elements. Taking 
advantage of such strong x-ray absorption at perovskite materials 
(fig. S1), we then test the thin-film p-i-n detector under x-ray. The 2D 
RP x-ray absorber layers are fabricated with hot casting approach 
(14–16) that formed a highly crystalline thin film to achieve enhanced 
charge transport and collection across the two electrodes (17).

Figure 1 (D to F) summarizes the detector’s performance made 
with the 470-nm 2D RP thin film when measuring in the dark and 
under synchrotron beam with a mono energy of 10.91 keV and a 
photon flux of 2.7 × 1012 photon counts per square centimeter per 
second (Ct cm−2 s−1) (x-ray photon flux calibration is described in 
Materials and Methods). As a reference, we have also measured the 
commercial silicon p-i-n diode (600 m thick) under the same con-
dition. The current density–voltage characteristics (J-V) in the dark 
and under x-ray exposure as plotted in Fig. 1D are used to describe 
the devices’ responses. Benefitting from the p-i-n junction design, the 
dark current density for the 2D RP device is as low as 10−9 A cm−2 at 
zero bias and 10−7 A cm−2 at −1 V, which translates to a high dark 
resistivity of 1012 ohm·cm coming from the diode because of the effi-
cient dark current blocking layers. Note that the material’s intrinsic 
dark resistivity is calculated to be 5 × 1012 ohm·cm by the forward-injection 
regime (fig. S2). Once the devices are exposed to the x-ray source, the 
2D RP device shows a giant increase in x-ray–induced current densi-
ty (JX) at zero bias (short circuit), four orders of magnitude higher 
than dark current (Fig. 1D). As a comparison, we placed the Si device 
under the same x-ray exposure condition that only outputs an in-
crease of two orders of magnitude in JX (Fig. 1D, black). Notably, the 
Pb3 devices are hysteresis free in the dark and under x-ray illumination 
(fig. S3). The 2D RP device also generates a large open-circuit voltage 
(VOC) of ~650 mV under x-ray exposure, while that for the Si diode 
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was merely ~250 mV. Both the high VOC and large JX produced at 
short circuit are attributed to the high density of charge carriers 
generated in 2D RP accredited to the high-absorption cross section 
and low nonradiative recombination in the crystalline thin film.

To quantify the detector’s detection limit, we further extracted 
the charge density from JX under zero bias with various x-ray photon 
fluxes for 2D RP and a silicon device, and they are plotted in Fig. 1E. 
The detecting photon density limit for the 2D RP device is about 5 × 
108 Ct s−1 cm−2. Compared with a Si reference device (3 × 109 Ct 
s−1 cm−2), this value is lower owing to the low dark current for the 
former. We further calculate the ionization energy (W) for 2D RP 
material to validate the results based on the following relation

	​ W  = ​  φ × E ×  ─ Q / q  ​​	

where φ is the photon flux (Ct s−1 cm−2), E is the x-ray photon energy 
(eV),  is the material’s absorption efficiency, Q is the total charge 
density extracted (C cm−2 s−1), and q refers to elementary charge. By 
fitting Fig. 1E linearly, we obtained the estimated value for W to be 
4.46 eV (see Materials and Methods for the detailed calculations). 
Several materials follow the Klein rule (18), which gives an estimate 
of the relationship between the ionization energy and bandgap of the 
material as: W± = 2.8 * Eg + Ephonon, where Eg is the energy bandgap 
(1.8 eV for Pb3) and Ephonon is the phonon energy term (approximately 
0.5 eV). Using the Klein rule, the value of W± for Pb3 is 5.54 eV. Our 
measured value (4.46 eV) is in the same range as the theoretically 
predicted value.

An important figure of merit is the detector’s sensitivity (C Gyair
−1 

cm−3), which can be extracted from the slope of a linear region in the 
charge density–dosage–dependent plot in Fig. 1F and multiplied by 
the active layer thickness. We first convert the photon flux into expo-
sure dosage for air (Gyair) by calculating the charge ionized in air 
with 10.91 keV x-ray energy (see Materials and Methods). Then, the 
x-ray signal subtracted by the dark signal from the detector (Con − 
Coff) is plotted in Fig. 1F as a function of incident x-ray dosages. We 
observe that the 2D RP device has a comparable signal-to-noise level 
at high x-ray dosage to Si diode, whereas it shows a much lower de-
tecting limit with a distinguishable signal-to-noise ratio of 10−8 charge 
density (C cm−2 s−1) at low exposure dosage down to 10−5 Gyair s−1. By 
multiplying the slope and the active layer thickness, the sensitivity 
for the 2D RP device is estimated to be 0.276 C Gyair

−1 cm−3. The 
sensitivity value for the Si p-i-n diode in our measurement is compa-
rable to a typical silicon diode performance as thoroughly discussed 
in Note S3, which validates our measured values here. The sensitivity 
value for the 2D RP device is considerably higher than other reported 
sensitivity values for the perovskite thin-film x-ray detectors (see 
table S1, which presents a detailed comparison with literature-
reported detectors) (19–24). Also, note that the thin-film detectors 
offer better performance than the bulk crystal detectors operating in 
the low x-ray energy regime (24), which thus motivates the develop-
ment of the thin-film detector for those applications. The 2D RP 
device studied here showing high sensitivity under zero bias is also 
called primary detecting current and can thus be considered as a 
self-powered detector.

A

D

B

E

C

F

Fig. 1. Thin-film x-ray detectors and their properties. (A) Schematic illustration of the 2D RP–based p-i-n thin-film x-ray detector device architecture composed of 
(BA)2(MA)2Pb3I10 (dubbed as Pb3) as an absorbing layer. (B) GIWAXS map of the 2D RP thin film done under synchrotron beam. (C) Calculated linear x-ray absorption co-
efficient (l) as a function of incident radiation energy for hybrid perovskite materials and silicon. (D) J-V characteristic for 2D RP and silicon reference devices in the dark 
and under x-ray (10.91 keV) exposure. (E) X-ray–generated charge density as a function of x-ray dosage for 2D RP (red) and silicon diode (black) under zero bias. (F) X-ray–
induced charge density subtracted by the dark noise (signal-to-noise ratio) for 2D RP and silicon reference detector from (E).
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To understand such superior detector performance, we examine 
the power- and field-dependent J-V characteristics for the 2D RP de-
vice in greater detail in Fig. 2 (A and B). The J-V curves under various 
x-ray photon fluxes are plotted in Fig. 2A. As expected, the Pb3 de-
vice signals systematically decrease with diminishing photon flux. 
Under high x-ray exposure, the J-V slope flattens in the moderate 
forward- to reverse-bias regime (see fig. S5 for the derived J-V slopes), 
indicating a field-independent charge collection (17). We further 
plot the JX as a function of x-ray photon flux under various electrical 
fields in Fig. 2B. The x-ray photon flux–dependent JX is found to be 
nearly identical when the detector operates under different applied 
voltages (Fig. 2B). Both observations suggest a near-ideal charge col-
lection efficiency under x-ray exposure. Because of the large density 
of carriers generated by the strong x-ray absorption in Pb3, a large 
built-in field is formed by quasi-fermi level splitting between p and 
n contacts, facilitating the subsequent charge collection. This is 
thus an intentional benefit of the thin-film p-i-n junction design, 
where charges are collected by an internal electrical field without the 
need of external fields. The field-independent charge collection holds 
at various x-ray irradiations (Fig. 2B), which leads to the observation 
of near-identical JX–x-ray flux curves under various fields. The results 
mean that the Pb3 thin-film detector remains efficient at low dosage 
exposure. To validate our hypothesis, we use capacitance-voltage (C-V) 
measurement to probe the depletion junction for 2D RP thin-film 
(470 nm) x-ray devices. Figure 2C shows the normalized C (the capaci-
tance by C0 value at 0 bias) against a DC bias curve probed at an AC 
frequency of 100 kHz. From the plot, we observe a flattened slope in the 
−1 to +0.9 V range, indicating a negligible change in capacitance under 

external DC bias in this range. This is a classical signature of a fully de-
pleted junction formation without the contribution of space charge in 
the intrinsic perovskite layer (25). At forward bias, the capacitance value 
increases after the bias is higher than the flat band voltage. This is due to 
the charge recombination in the junction by DC current injection.

The fact that our detector produces high open-circuit voltage 
(VOC = 650 mV) due to high carrier density generation is suggestive 
of using the generated voltage as an alternative detection parameter. 
To evaluate the feasibility, we plot VOC values for 2D RP and Si ref-
erence detectors as a function of x-ray photon flux under two differ-
ent energies (Fig. 2, D and E). The range of the x-ray photon flux is 
estimated by the output current signal from the calibration silicon 
diode exposed under those two x-ray photon sources. In both plots, 
the VOC is found to scale linearly with the photon flux in log scale. 
The open-circuit voltage generation in a photovoltaic device (26) was 
attributed to the quasi-fermi level splitting determined by the balance 
between carrier generated and recombination, and the value was 
found to be linearly promotional to the photon flux in log scale. It can 
be described by the effective bandgap (Eeff) and charge recombina-
tion (n) and is a function of temperature (T) (27)

	​​ ​V​ OC​​  = ​  ​k​ B​​T ─ q  ​ ln​(​​ ​ (​N​ A​​ + ∆ n)∆ n  ─ 
​n​i​ 

2​
 ​​ )​​​​	

where kBT/q is the thermal voltage, NA is the doping concentration, n 
is the excess carrier concentration, and ni is the intrinsic carrier con-
centration. During photovoltaic device operation, the photo-generated 
carrier concentration is proportional to the incident light power, 
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Fig. 2. Device characteristics. (A) Power-dependent J-V characteristics for 2D RP thin-film x-ray detector response with Pb3 as an absorbing layer (470-nm thickness) under 
various photon fluxes. (B) On-current at various reverse biases as a function of photon flux in unit of counts per second (Ct s−1) for the 2D RP device. (C) Capacitance-voltage 
curve for the 2D RP thin-film device (470 nm). The capacitance is normalized by its capacitance at 0 bias. Open-circuit voltage (VOC) as a function of normalized x-ray beam 
flux in log scale for different energy values of (D) 10.91 keV and (E) 8.05 keV for 2D RP (470 nm) and silicon reference devices. (F) Photo emission spectra of the Pb3 thin-film 
device excited by hard x-ray (red) as compared to the photoluminescence spectra of the Pb3 thin film (green) and the Pb3 single crystal (blue) excited by laser (405 nm). 
a.u., arbitrary units.
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and the open-circuit voltage is thus proportional to the ln (power). A 
similar trend was observed in Fig. 2 (D and E), where the VOC scales 
linearly with the log of the incident x-ray photon flux. Therefore, 
the x-ray–generated open-circuit voltage is also a charge density–
dependent term. By fitting the linear-log curve in Fig. 2D, the ob-
tained slope is 0.046, corresponding to 2 kBT/q at room temperature; 
here, kB is Boltzmann constant, T is temperature, and q refers to ele-
mentary charge. This is a similar observation to our previous study 
(17) in that, at lower light power, the 2D perovskite device’s VOC 
versus log-light power plot yields a linear fit slope of 2 kBT/q at room 
temperature. Such relation is concomitant to our observation in x-ray 
detectors, suggesting that the physical origin of the x-ray–generated 
VOC is determined by the charge density as well.

We further measured the x-ray luminescence spectra of the Pb3 
thin film (Fig. 2F, red) by probing the visible emission signal from 
the Pb3 thin film under x-ray excitation. This measurement reveals 
the ionized charge recombination pathway (radiative recombination) 
that helps to gain deeper insight into the detector operational mecha-
nism. The intrinsic emission spectra for Pb3 single crystal and thin 
films by photoluminescence (PL) are compared in the same plot. It is 
interesting to observe that the Pb3 thin film exhibits a broad spectrum 
upon x-ray excitation, covering energies from 2 to 1.66 eV. Note that 
the thin film is stable after this measurement is checked by the crystal-
line structure with a GIWAXS map (fig. S6) that excludes the degra-
dation effect. From the literature, it is known that the 2D RP thin film 
has two PL emission features at both high-energy (peaks at 2 eV) and 
low-energy states (peaks at 1.7 eV). The high-energy feature is ob-
served from the single crystal (bulk states), whereas the low-energy 
emission state dominates in the thin film, and the latter facilitates the 
carrier dissociation and prevents charge recombination (28). When 

comparing the x-ray luminescence spectra of the Pb3 thin film to the 
PL of the film (green) and single-crystal flakes (blue), the emission 
originates from ionized charge recombination from both low-energy 
and high-energy states. This was not observed in the PL spectra when 
excited by low-energy lasers. We therefore conclude that, when high-
energy x-ray excites the material, the charges are avalanched and ionized 
at a much higher energy (high density of hot carriers) and transport 
through both high-energy and low-energy states to be collected di-
rectly that yields electrical signal. This is distinctive to the detector 
operating under visible light where hot-carrier loss is not avoidable. 
Such process thus benefits a high x-ray–induced electrical-current 
signal and high VOC generation without thermal loss through a hot-
carrier cooling process in the Pb3 device, which demonstrates an 
outstanding performance in an x-ray detection mode as opposed to 
visible-light detection (figs. S7 to S9).

To summarize here, the linear dependence observed in Fig.  2 
(D and E) suggests VOC as a promising detecting mechanism that 
can advance a much-simplified external circuit design for signal mea-
surements. Notably, our 2D RP device shows distinguishable VOC at 
different x-ray energies, which could thus be a sensitive parameter to 
distinguish the energy through different numbers of ionized carriers 
in the semiconductor (29, 30).

One of the expectations using solid-state x-ray detector is their fast 
response time to x-ray exposure. However, the reported state-of-the-art 
x-ray detector based on perovskite materials has a response time in 
the second to millisecond regime because of the presence of hysteresis 
effect (19–24). In the 2D RP device, the thin-film design with a large 
built-in field should facilitate the fast extraction of x-ray–generated 
carriers, presenting another advantage of such device design. We there-
fore used visible light as an excitation source to test the detector’s 
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Fig. 3. Devices’ temporal responses and stabilities. (A) Transient photocurrent response of device with various applied resistance. (B) Time-resolved photo conductiv-
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operating under continuous hard x-ray (10.91 keV) exposure under short circuit conditions.

 on A
pril 2, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Tsai et al., Sci. Adv. 2020; 6 : eaay0815     10 April 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 7

temporal response with various load resistors (Fig. 3A). The rise 
and fall times are found in the range of 1 to 10 s and become 
slower as the load resistor increases. This indicates that the detec-
tors’ temporal response is capped by the circuit time constant and 
that the real response from the material is much faster. We there-
fore further investigated the time-resolved photocurrent under fast 
laser excitation, and the photocurrent amplitude was kept compa-
rable to the x-ray–induced current density (0.1 mA cm−2). The rise 
time of the device under pulsed laser is <500 ns and fall time is in 
the range of 20 to 60 s (Fig. 3, B and C), and external applied bias 
speeds up the detector response as expected. This is much faster 
than the literature-reported detector using bulk film or crystal as 
an absorber and can be attributed to the p-i-n junction design. It is 
also related to the greatly reduced defect in the highly crystalline 2D 
RP perovskite thin film that suppresses the ion migration–induced 
current hysteresis (fig. S3).

The primary photocurrent feature of our thin-film detector allows 
the device to efficiently operate without bias. It is well known that 
perovskites are unstable under high voltage. However, high-voltage 
operation is required in a bulk detector with a large volume, which 
drastically reduces the device operational lifetime. In our case, the 
thin-film device performance is stabilized for 30 cycles of voltage 
scans and x-ray exposures (Fig. 3D). We scanned the dark and x-ray 
current-voltage characteristics 30 times, with each dark and exposure 
time of 300 s (fig. S6A in SI for J-V curves). The dark current remains 
the same after the 30 scans, suggesting that the junction remains ro-
bust after voltage cycling. The device first exhibited an increase in 
x-ray photo current, while the dark current remained unchanged. We 
have also examined the crystalline structure by GIWAXS on the thin 
film before and after the stability tests. In addition, the GIWAXS pat-
terns remain identical (fig. S6, B and C), which suggests that the thin 
film is stable under both bias and x-ray exposure.

As a summary, we demonstrate that a high-quality layered per-
ovskite thin film makes a promising candidate for radiation detector. 
The thin-film device design allows for low dark current to enable 
high sensitivity with improved detection limit. The device operates 
with low external bias leading to a stable detection performance, which 
can be valuable for low-energy x-ray and ion detections for space 
science. Last, we notice that for higher-energy x-ray detection, a 
much thicker layer is needed. We have attempted to fabricate a film 
with a thickness of 8 m; the thick film maintains the crystallinity 
(see figs. S10 and S11), and other coating protocols could fabricate 
thicker 2D perovskite films with high quality, making them useful for 
high-energy x-ray detection applications (31).

MATERIALS AND METHODS
Materials and instruments
Lead oxide (PbO), methylamine hydrochloride (MACl), hydriodic 
acid (HI, 57 weight % in H2O), hypophosphorous acid (H3PO2, 50% 
in H2O), butylamine (BA, 99%), C60-Fullerene, PTAA, and N,N-
dimethylformamide (DMF, anhydrous) were purchased from Sigma-
Aldrich and used without further purification. Tektronix Keithley 
2400 SMU was used for data collection. The silicon reference device 
(FDS 1010 Si Photodiode) was purchased from Thorlabs.

2D RP material preparation
Raw 2D layered perovskite materials were prepared by combining 
PbO, MACl, and BA in appropriate ratios in a HI/H3PO2 solvent 

mixture as described in previous reports (32–34). The materials were 
characterized with an x-ray diffraction for purity and desired n.

Detector fabrication
Pb3 solutions were prepared with molar concentrations of 2, 1, 0.5, 
and 0.25  M Pb2+ cations in anhydrous DMF. ITO glasses were 
cleaned using an ultrasonication bath in soap water; rinsed pro-
gressively with distilled water, acetone, and isopropyl alcohol; and 
lastly treated with oxygen plasma for 5 min and then transferred to 
an argon-filled glove box (35,  36). The PTAA layer was then 
spin-coated onto the precleaned ITO substrates at 2000 rpm for 45 s 
as a hole-transporting layer. The 2D perovskite solutions were pre-
pared by dissolving a 2D perovskite single crystal in anhydrous DMF. 
The thin-film fabrication was followed by the hot-casting process 
(13–16, 36, 37) . The C60 layer and the Au electrode (0.04 cm2) were 
deposited using a thermal evaporator.

Linear x-ray absorption coefficient calculation
The absorption coefficient  of a compound is the sum of the mass 
fractions of all elements in the compound

	​   = ​ ∑ 
i
​ ​ ​ ​f​ i​​ ​​ i​​  = ​  

​∑ i​ ​​ ​N​ i​​ ​A​ i​​ ​​ i​​ ─ 
​∑ i​ ​​ ​N​ i​​ ​A​ i​​

  ​​	

where i denotes the elements of the compound, fi is the mass frac-
tion of element i, i is the absorption coefficient of element i, Ni is 
the number of atoms of element i in the compound, and Ai is the 
atomic weight of element i.

For MAPbI3 (CH3NH3PbI3), its empirical formula can be ex-
pressed as CNH6PbI3. Then, the absorption coefficient  will be

	​​ ​ MAPb​I​ 3​​​​  = ​  (​A​ C​​ ​​ C​​ + ​A​ N​​ ​​ N​​ + 6​A​ H​​ ​​ H​​ + ​A​ Pb​​ ​​ Pb​​ + 3​A​ I​​ ​​ I​​)    ────────────────────────   (​A​ C​​ + ​A​ N​​ + 6​A​ H​​ + ​A​ Pb​​ + 3​A​ I​​)
  ​​	

The absorption coefficients for the 2D RP devices are determined 
the same way.

​​​ ​(BA)​ 2​​​(MA)​ 1​​​Pb​ 2​​​I​ 7​​​​  = ​  
(9​A​ C​​ ​​ C​​ + 2​A​ N​​ ​​ N​​ + 30​A​ H​​ ​​ H​​ + 2​A​ Pb​​ ​​ Pb​​ + 7​A​ I​​ ​​ I​​)    ───────────────────────────    (9​A​ C​​ + 2​A​ N​​ + 30​A​ H​​ + 2​A​ Pb​​ + 7​A​ I​​)

  ​​	

​​​ ​(BA)​ 2​​​(MA)​ 2​​​Pb​ 3​​​I​ 10​​​​ =  ​  
(10​A​ C​​ ​​ C​​ + 3​A​ N​​ ​​ N​​ + 36​A​ H​​ ​​ H​​ + 3​A​ Pb​​ ​​ Pb​​ + 10​A​ I​​ ​​ I​​)    ────────────────────────────    (10​A​ C​​ + 3​A​ N​​ + 36​A​ H​​ + 3​A​ Pb​​ + 10​A​ I​​)

  ​​	

​​​ ​(BA)​ 2​​​(MA)​ 1​​​Pb​ 2​​​I​ 7​​​​ =  ​  
(11​A​ C​​ ​​ C​​ + 4​A​ N​​ ​​ N​​ + 42​A​ H​​ ​​ H​​ + 4​A​ Pb​​ ​​ Pb​​ + 13​A​ I​​ ​​ I​​)    ────────────────────────────    (11​A​ C​​ + 4​A​ N​​ + 42​A​ H​​ + 4​A​ Pb​​ + 13​A​ I​​)

  ​​	

The unit for the absorption coefficient  is cm2/g. It is sometimes 
simpler to use the linear absorption coefficient l, which has a unit 
of 1/cm (Fig. 1B). l = *, where  is the density of the material. 
The mass densities of materials () used in Fig. 1B are 2.329 g/cm3 
(silicon), 4.130 g/cm3 (MAPbI3) (38), 3.159 g/cm3 (BA2MAPb2I7), 
3.392 g/cm3 (BA2MA2Pb3I10), and 3.543 g/cm3 (BA2MA3Pb4I13) 
(33), respectively.

Detector measurement setup
Synchrotron x-ray has a mono energy of 10.91 keV with a photon flux 
of 4.6 × 1010 Ct s−1. The various incident photon fluxes are controlled 
by changing a series of Al foils of varying thicknesses, which allowed 
the attenuation of the desired beam flux during measurements. The 
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footprint of the beam is 20 mm by 0.2 mm with a 0.15° incident angle. 
Parts of experiments were performed with a Bruker D8 advance x-ray 
diffractometer with an x-ray energy of 8.05 keV with 2 = 45°.

Ionization energy calculation

	​ Ionization energy (​W​ ±​​ ) = ​ 
total energy absorbed

  ──────────────  total e − h pairs created ​​	

Here, we have total e-h pairs created (Eq. 1) and total energy 
absorbed (Eq. 2) (39)

	​ Total e − h pairs created  = ​  Q ─ q ​ ​	 (1)

	​​
Total energy absorbed =

​  
          photon density × photon energy × device quantum efficiency

​​

(2)

where the device quantum efficiency  = 1 − exp(− d), linear attenu-
ation coefficient for the photon energy used () = 473 cm−1, and device 
thickness (d) = 500 nm. Therefore, by dividing Eq. 1 from Eq. 2, we get

	​​W​ ±​​  = ​ 
photon density × photon energy × device quantum efficiency

     ───────────────────────────────────   
​charge extracted _ q  ​

 ​​	

        ​= ​  1 ─ slope ​ × photon energy × device quantum efficiency × q​	

        ​= 4.46 eV​	

where the slope is obtained from the linear fit in Fig. 1E (also see fig. S4 
for the linear fit), photon energy is 10910 eV, and charge extracted 
is 2.73 × 10−8 C  cm−2 s−1.

X-ray dosage calculation
Synchrotron-based characterization of the devices took place at 
beamline 8-ID-E of the Advanced Photon Source, Argonne Nation-
al Laboratory (40). Beamline 8-ID-E is insertion device–based with 
two APS Undulator A units operated in tandem as the source, which 
is shared with beamline 8-ID-I. A single-bounce monochromator Si 
(111) crystal intercepts half of the beam and directs the component 
with photon energy E = 10.91 keV into the GIWAXS instrument. 
Samples were investigated in a vacuum sample environment (3 × 
10−3 torr) for GIWAXS that is coupled to the beamline with flexible 
vacuum bellows, so there are no windows between the x-rays and the 
sample, except for a highly polished Be window separating the 
beamline vacuum from the vacuum at the monochromator and fur-
ther upstream. Two sets of in-vacuum slits (JJ X-ray A/S) defined the 
size of the beam as 200 m by 20 m (H by V), with a third set of 
in-vacuum slits as guard slits. A series of Al foils of varying thick-
nesses mounted in two sets of pneumatically operated filter banks 
positioned between the first and second set of slits allowed us to at-
tenuate the beam as desired during measurements. We measured 
the unattenuated x-ray flux at a position in between the second and 
third set of slits with a calibrated p-i-n diode to be (4.61 ± 0.05) × 
1010 ph/s with the storage ring current operating at 101.8 mA, in 
top-up operations mode. This p-i-n diode was retracted during mea-
surements of the sample. During measurements, the x-ray beam im-
pinged on the sample in grazing incidence, with incident angle i = 

0.15°, resulting in an x-ray footprint on the sample of 200 m by 
8 mm. In this manner, the fluence of the beam was reduced from a 
maximum of (1.15 ± 0.01) × 1013 to (3.02 ± 0.03) × 1010 ph/mm2. 
The perovskite-based p-i-n diode devices tested were fabricated to 
dimensions of 2 mm by 2 mm to capture all of the incident x-ray 
beam. The commercial p-i-n diodes tested for comparison had di-
mensions of 100 mm by 2 mm. Samples were tested under vacuum 
at temperature 25°C as maintained by a Linkam HFSX350-GI stage 
with liquid nitrogen cooling.

The dosage calculation for monoenergetic (10.91 keV) x-ray 
source is calculated by the equation

	​​   ─ 
Χ

 ​ = ​  5.43 × ​10​​ 5​ ─ ​([E ] / )​ en​​E ​ ​ 
photons

 ─ 
​mm​​ 2​ mR

 ​​	

where  is the photon fluence (photons/mm2) and 𝑋 is the exposure 
(mR), where 1 mR = 8.9 × 10−6 Gyair. /X value can be obtained on 
the basis of previous work (21, 41). Here, we plot the /X for energy 
between 1 and 30 keV (fig. S12) and fitting the curve with power law

	​ f(x) = 1704.67 + 69.618​X​​ 2.2025​​	

Therefore, /X for 10.91 keV can be obtained and the value is 
15148.73 photons/mm2/mR.

On the other hand, taking Wair = 33.8 eV, the total exposure can 
be calculated by

	​ X  = ​  
total charge ionized

  ────────────  total mass  ​  = ​  
photon flux × ​Energy _ W  ​

  ────────────  total mass  ​​	

Assuming the area is 1 cm2, and the mass attenuation coefficient 
for air (10 keV x-ray) is estimated to be 4.72 cm2/g, the x-ray stopping 
length is about 1000 cm. The total exposure over the 1-cm2 area is

	​ X  = ​  
3.01 × ​10​​ 12​ × ​10910 _ 33.8 ​ × 1.6 × ​10​​ −19​

   ──────────────────   
1000 cm × 1.2754 kg / ​m​​ 3​

  ​  =  0.136 C / kg​	

Considering 1 R = 2.58 × 10−4 C/kg, and 1 R = 0.00877 Gyair, the 
total exposure over air at the maximum photon flux used here is 
4.419 Gyair s−1.

Sensitivity calculation
From x-ray dosage calculation, we have calculated the dosage (Gyair s−1) 
for our device under various photon fluxes and also converted the de-
vice’s current density (A cm−2) into charge density (C cm−2 s−1). There-
fore, the sensitivity for our device is 0.276 C Gyair

−1 cm−3.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/15/eaay0815/DC1
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