
  

 

Abstract—X-ray detectors made from crystalline silicon or 

amorphous silicon are widely used in medical diagnosis, such as 

mammography or computed tomography. However, state-of-art 

of X-ray detectors are still suffering from high manufacturing 

cost. In this article, we demonstrate a methylammonium lead 

iodide (CH3NH3PbI3) based photodiode for direct X-ray 

detection. The solution-processed perovskite photodiode 

exhibited a good responsivity of 12.5A/W.  

I. INTRODUCTION 

X-ray, discovered by W.C. Röntgen in 1895, was used in 
medical diagnosis and has been continuously improved with 
the introduction of new imaging modalities. [1][2] Currently, 
there are two approaches for X-ray detection, i.e. indirect 
conversion and direct conversion. For indirect conversion, 
scintillators are used to absorb X-ray to generate a large 
number of electrons and holes, which are trapped in the 
luminescence centers and recombine to produce photos in the 
visible wavelength. [3] For direct conversion, on the contrary, 
photo-conducting materials such as PbI2, a-Se, or CdTe are 
directly exposed to X-ray photons and the generated carriers 
are collected by applying an electric field across the 
photoconductors. The direct detection is reported to have 
higher resolution, but it is difficult to deposit a homogenous 
film on thin film transistors which plays an important role in 
the readout process because of the low disintegrate 
temperature of the active matrix. [4-6] 

Organolead halide perovskite materials have drawn great 
attentions in recent years, especially for photovoltaic 
applications. The power conversion efficiencies (PCE) of 
perovskite solar cells has been improved from 3.8% to above 
20% in just 6 years. [7][8] Such remarkable progress is 
attributed to the unique properties of perovskite materials, 
such as long carrier diffusion lengths, high absorption 
characteristics, high carrier mobility and tunable optical 
properties.[9-11] More importantly, solution-processed 
perovskite is an appealing candidate for many other 
optoelectronic devices due to its low-temperature, non-
vacuum and low cost deposition methods such as spin coating, 
inkjet printing, spray coating and so on. The research and 
development of perovskite materials in X-ray detection are 
also quite attractive, as it would probably lead to a new 
generation of low cost high resolution X-ray flat panel imager. 
Indeed, there are several reports on this subject. [4,12]  

For direct detection of X-ray, the atomic number is usually 
an important parameter. Heavy atoms like Pb, Bi and Ba with 
large atomic numbers are ideal candidates. The excellent 
absorption performance of perovskite in the visible and near-
IR regions and the composition of Pb and I elements have 
made organolead halide perovskite a competitive candidate 
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material for X-ray detection. Herein, we demonstrate a 
perovskite photodiode with the structure of 
ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al (Figure 1) for 
direct detection of X-ray photons. 

 

 

 

 

 

 

 

 

Figure 1.  A typical p-i-n device configuration and schematic band diagram 

of the fabricated photodiode 

 

II. EXPERIMENTAL 

A. Materials synthesis 

CH3NH3I was synthesized by dissolving CH3NH2 (33% in 
methanol, Aladdin) with HI (57% in water, Aladdin) with a 
volume ratio of 12:5 in a round-bottom flask, stirring in an ice 
bath for 2h. The solvent was removed by heating the solution 
in a rotary evaporator at 50°C until the white precipitate of raw 
CH3NH3I were collected. [13][14] Then the raw CH3NH3I was 
washed by ethanol, filtered and then washed by diethyl ether 
again. This procedure was repeated several times. Finally, the 
products were dried at 60 °C in a vacuum for 24h. It was then 
kept in the glove box for further use. 

B. Fabrication 

The ITO glass substrates were cleaned by ultrasonic in 
abstergent, deionized water, acetone, and isopropanol for 
15min each. Before the deposition process, the substrates were 
dried with nitrogen and treated with UV-ozone for 15min. 
40nm thick hole transport layer (HTL) was formed on the 
cleaned ITO glass by spin-coating the PEDOT:PSS solution at 
2000rpm for 40s, which was filtered through a 0.45µm filter. 
After that, the film was annealed at 150°C for 15min. After 
that, the substrates were moved into a glovebox to finish the   
following steps. PbI2 solutions were prepared by dissolving 
1.2M PbI2 (99%, Aldrich) in the mixing solvent of N,N-
dimethylformamide (DMF, 99.8%, Aldrich) and dimethyl 
sulfoxide (DMSO, 99% Aldrich). DMSO as an additive was 
proved to have the ability of coordinating with PbI2 by 
harmonize covalent bond. [15] The mixed precursor solution 
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was heated at 60°C for 12h under magnetic stirring before it 
was spin-coated on the PEDOT:PSS film at 3500, 4000, 4500, 
5000rpm for 30s. Then we obtained PbI2 (DMSO)0.2 
complexes, which were closely packed by means of 
intermolecular self-assembly. Afterwards, the solution of MAI 
(MA=CH3NH3

+) in isopropanol (30mg/ml) was dropped on 
the film at 5000rpm for 30s. The color of film changed from 
yellow to black as an intramolecular exchange of DMSO with 
CH3NH3I occurred when annealing at 150°C for 15min. In two 
step solution processed method, some parameters such as the 
ratio of DMSO and DMF in the mixing solvent, the 
concentration of MAI in IPA and the rotation speed of each 
step would be delicately adjusted to synthesize high quality 
perovskite films. An electron transport layer (ETL) was then 
deposited via spin-coating a 20mg/ml solution of PCBM in 
chlorobenzene, at 2000rpm for 40s. Finally, 100nm aluminum 
electrodes were thermally evaporated under vacuum of ~10−6 
mbar, at a rate of ~3 A/s, to complete the device. 

 

III. CHARACTERIZATION 

For the photodiode structure, we first tested its power 
conversion efficiency under AM1.5 illumination. Optical 
absorption of the perovskite film was investigated by UV-Vis 
absorption spectra. A field-emission scanning electron 
microscope (Hitachi S-4800) was used to investigate the 
surface morphology of the perovskite. The fabricated 
photodiode was subjected to a home-made X-ray source for X-
ray detect studies. Our X-ray source was generated by the 
bombardment of Mo target with the electron generated from 
field emission of carbon nanotube arrays. (Figure2) 

                      

 

 

 

 

 

 

 

 

 

Figure 2.  Schematic drawing of the experimental setup 

 

IV. RESULTS AND DISCUSSION 

As shown in Figure3 the photovoltaic device provided a 
power conversion efficiency of 10.46%. In conventional 
process, PbI2 films were annealed at high temperature to 
achieve good interdiffusion. But a compact layer of PbI2 was 
not appropriate to react with MAI solution. Here we deposited 
the PbI2 without additional annealing process. When MAI 
solution drop on the pre-formed PbI2, an exchange of MAI and 
DMSO molecules occurred, which lead to a considerable 

uniform perovskite film. Figure4 shows the CH3NH3PbI3 with 
large grainsize and perfect crystallization.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  J-V curve of the perovskite solar cell under darkness and 

AM1.5G conditions 

 

 

 

 

 

 

 

 

 

Figure 4.  Top view scanning electron microscopy (SEM) images 

The perovskite film showed an absorption edge at 770 nm, 
agreeing with the bandgap of CH3NH3PbI3 (1.55eV). Little 
change was found in the absorption spectrum with the different 
rotation speed of PbI2. We observed a small absorption edge at 
about 550nm, which is related to the bandgap of PbI2. This 
phenomenon indicated that the fabricated perovskite films had 
PbI2 remained, which was beneficial to the absorption of X-
ray. (Figure 5)  

 

 

 

 

 

 

 

 

 

Figure 5.  Absorption of the perovskite films with varied rotation speed of 

PbI2.The inset shows the picture of the perovskite films 
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Figure 6.  (a) Photon current vs bias voltage of the photodiode when the 
anode current of X-ray source varied from 4μA to 24μA, grid voltage was 

43kV. (b) Photon current vs anode current at a focused bias voltage of 3V 

With no X-ray irradiation, we have obtained a dark current 
of 2nA, which magnified to about 25nA when exposed to the 
X-ray. The calculated responsivity was 12.5 A/W. 

R =
𝐼

𝑃
=

𝐼𝑃 𝑆⁄

𝑈 ∙ 𝐼𝑎𝑛𝑜𝑑𝑒
 

where 𝐼𝑃  is the photocurrent, 𝑆  is the active area of the 
photodetector,  𝑈 is the anode voltage (45kV) and 𝐼𝑎𝑛𝑜𝑑𝑒  is the 
anode current. As we changed the anode current and the bias 
across the device, we observed obvious photocurrent 
generation. (Figure 6) Under high bias voltage about 4V the 
photocurrent is approach to saturation when anode current is 
low. But at a high anode current the photocurrent still increases 
with the increasing bias voltage. This phenomenon shows that 
our photodetector is highly sensitive to X-rays. Compared to 
the previous reporting, our perovskite exhibited excellent both 
in solar cell and photodetector. 

X-ray has energy range from 10k-1M eV（ E = 10.8 × 𝑍2 , 

where Z is the atomic number）, for Mo, Z=42, and E=19keV.  

At such high photon energy, the absorption length in 
perovskite materials can be 10-100 um, which is more than 
two orders of magnitude larger than its absorption length in the 
visible light.[4] The thickness of our perovskite layer was only 
200-300nm when using the spin-coating method.  It is 
expected that if we could increase the thickness of the device, 

the responsivity of the perovskite photodiode detector would 
be higher. 

Common X-ray detector based on silicon or selenium 
materials inevitably adopted high vacuum deposition methods 
and their manufacturing processes require several 
photolithography steps, which raises the cost of the final 
products. For perovskite photodetector, the whole fabrication 
process could be done in low temperature at an ambient 
environment, which were key factors for low cost production. 
What’s more, the organolead halide perovskites could be used 
to make flexible device which may find potential new 
applications in medical area.  

 

 

V. CONCLUSION 

High quality CH3NH3PbI3 and corresponding photodiode 

were prepared by an intramolecular exchange two-step 

solution process. The device performed high power 

conversion efficiency of up to 10%. For the detection of X-

ray, we observed obvious photocurrent generation from 2nA 

to 25nA when the photodiode exposed to X-ray source and 

the responsivity was above 12 A/W. 
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