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Fabrication and characterization of mesoscopic
Perovskite photodiodes
Simone Casaluci, Lucio Cinà, Fabio Matteocci, Paolo Lugli, Member, IEEE, Aldo Di Carlo, Member,
IEEE

Abstract— Mesoscopic photodiodes were fabricated with hybrid
organic/inorganic perovskite as absorber layer and SpiroOMeTAD as Hole Transport Layer. The perovskite layer was
grown using a two-step deposition technique. Our photodiode in
addition to a good rectification behavior (3 orders of magnitude,
range -1V to 1V) shows a small noise current (< 1pA/(Hz)1/2), a
high responsivity value (0.35 A/W) at 500 nanometers and a good
spectral response in the entire visible range. The Bode analysis
shows a bandwidth of 108 KHz.
Index Terms— Perovskite, Photodiode, Mesoscopic, Spin
coating

I. INTRODUCTION

R

ecently Methylammonium lead halide MAPbX3
(MA=CH3NH3, X=halogen) and mixed-halide perovskites
compounds have attracted great attention as light absorbing
materials in photovoltaic applications [1-3]. From initial power
conversion efficiencies (PCEs) around 4% achieved more than
five years ago [4], values as high as 20.1 % have been recently
achieved [5, 6] for Perovskite solar cells (PSCs). The reason for
this rapid increase in PCE is related to the excellent properties
of the perovskite as light absorber (proper direct energy gap and
high absorption coefficient) [7] together with an efficient
carrier transport [8, 9] in the material and across the interfaces
with the neighboring layers. Several techniques have been
developed to grow perovskite thin films such as: i) direct
deposition of the perovskite precursor solution (one-step
solution deposition) on mesoscopic oxide [4, 7, 10-13] or planar
oxide [14-16], ii) sequential deposition of PbI2 and CH3NH3I
(two step deposition) [3, 16-20]. Other deposition strategies are
based on thermal sublimation in vacuum [16, 21] or vapourassisted solution process realized for the first time by Yang
group [19] and modified to reduce production cost by Casaluci
[20]. When compared to standard organic solar cells based on
the bulk heterojunction (BHJ) [22], PSCs share the same
advantages (in terms of cost-effectiveness and solution
processability) but exhibit a much higher PCE [11]. Beyond
photovoltaic applications, hybrid perovskites have the required
properties to become winning materials for many
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optoelectronic devices such as light-emitting diodes, lasers and
photodetectors [23]. In particular, in this paper, we focused our
attention on photodiodes, a solid-state transductor used to
convert light signals into electrical signals. Compared to
conventional silicon photodetectors [24], which present a wide
spectral range from 400nm up to 1.1μm, hybrid perovskites
have a slightly narrower band (300 nm to 800 nm for MAPbX3
X=I). Nevertheless, perovskite’s absorption coefficient is in the
order of 105 cm-1 (at 500 nm, see figure 1d) an order of
magnitude larger than Silicon [2, 25]. Thus, a perovskite
thickness of 300 nm is enough to absorb most of the photons
impinging on the photodiode. Several attempts have been
devoted to the fabrication and characterization of perovskitebased photodiodes and photodetectors (PPD) [25-41]. In
particular, the engineering of the layers surrounding the
perovskite, like hole and transport materials, is essential to
obtain photodetectors with superior quality. Sutherland [27]
and Liu [39] investigated the electron transport material (ETM)
such as TiO2, Al2O3, PCBM to reduce the dark current,
comparing magnetron sputtering, atomic layer deposition and
spin coating techniques. For a two-step deposited inverted
structure, PbS quantum dots [40], PEDOT [25] or OTPD [41]
were studied as ETM, while for single step deposition, an
optimization procedure was presented to improve the
performance, considering BCP and PFN on PCBM as hole
transport material (HTM) [38]. PPDs demonstrate a high
photoconductive gain and a high responsivity [31] also for UV
light [33] or with graphene implementation [30] and a fast
response on flexible substrate [28] as well.
This work presents the fabrication and characterization of a
CH3NH3PbI3 PPD realized with two step deposition and SpiroOMeTAD as HTM. For the first time, the performance of PPD
with titania compact layer as ETL fabricated by spray pyrolysis
will be analyzed. A thorough static and dynamic analysis will
be performed to extract the important features of our device.
Our PPDs show superior performance in terms of responsivity
at 500 nm with respect to similar architecture PPDs [32],
comparable dark current (at 0V) and detectivity with respect to
non-printed PPDs [27].
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Fig. 2. EQE, responsivity at zero bias and detectivity of the fabricated PPD

II. FABRICATION STEPS

Fig. 1. a) PPD device structure and b) device photo; c) Layout of the cells and
fabrication steps of the PPD. d) band alignment of the materials forming the
PPD; e) absorption coefficient of the CH3NH3PbI3 perovskite.

In order to achieve the desired electrode pattern, transparent
glass substrates pre-coated with FTO (Pilkington, 8
Ohm/Square, 25 mm x 25 mm) were etched via raster scanning
laser (Nd:YVO4 pulsed at 30 kHz with average output power of
P =10 W). Patterned substrates were cleaned by ultrasonic bath,
using detergent, acetone and isopropanol. A compact TiO2 (cTiO2) film was deposited onto the FTO surface by Spray
Pyrolysis Deposition (SPD) technique [42] to obtain a compact
ETL. The latter was realized using a new formulation, by
adding acetylacetone (ACAC) to a conventional formulation:
this enhances the c-TiO2 adhesion over the FTO reducing the
charge transfer resistance at the FTO/c-TiO2 interface [42]. A
thin film of TiO2 nanoparticles (np-TiO2) based paste (18NR-T
Dyesol diluted with terpineol, ethilcellulose, isopropanol and
ethanol) was screen-printed onto the ETL and successively
sintered at 480 °C for 30 min. The final thickness of the
mesoscopic np-TiO2 (300 nm) film was measured via
profilometer (Dektak Veeco 150). This layer acts as scaffold for
the growth of the perovskite layer. Methylammonium iodide
(Dyesol) and Pbl2 (Aldrich, 98%) were used as received. The
two-step procedure involves the PbI2 dissolved in DMF (420
mg/ml), then deposited by spin coating on the mesoporous
TiO2 at 3000 rpm for 40 s, and dried at 100°C for 10 min.
During the spinning of PbI2, an airflow was applied onto the
spin-coater chunk to obtain a fast drying of the sample. After,
the substrate was dipped in a solution of CH3NH3I in 2-propanol
(10 mg/ml) for 10 minutes, and dried at 70 °C for 10 minutes.
The hole-transporting layer (HTL) was deposited spin coating
a solution of 2,20,7,70-tetrakis-(N,N-dipmethoxyphenylamine)
9,90-spirobifluorene (Spiro-OMeTAD) at 2000 rpm for 60 s in
ambient conditions and left in air overnight in a closed box
containing silica desiccant. LiN(CF3SO2)2N and 4-tertbutylpyridine (TBP) were added in HTL solution. Samples
were introduced into a high vacuum chamber (10-6 mbar) in
order to evaporate Au electrode (thickness 100 nm) by thermal
evaporation through a shadow mask. Each PPD has an active
area of 0.1 cm2. The device structure of our photodiode and its
photograph are show in figure 1a and 1b. In figure 1c the
chronological fabrication steps described before are reported.
Figure 1d shows the band alignment diagram of the PPD
structure. The light is absorbed in the perovskite active layer
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Fig. 3. Experimental and fitted JV of the PPD in dark conditions.

and electron-hole pairs are generated. Owing to the large
diffusion length, charges can easily reach the HTL and ETL
where they are selected and transported to the external contacts
(gold and FTO). Thus, the HTL and the ETL act as selector
layers, necessary to reduce the recombination in the active layer
[43] and to optimize the performance in term of charge
extraction. All measurements were performed in air without
encapsulation. JV measurements were performed with a scan
rate of 1 mV/s (from 0V to -1V and return from 0V till 1V) and
step of 10mV to reduce the hysteresis phenomena as reported
by Garcia-Belmonte group [44]. Before starting the scan, the
device was kept at 0V for 5 min in order to prevent capacitive
effects associated to electrode polarization [45] and ions
migration [46]. Detectivity and EQE seem not to be affected by
hysteresis, due to the absence of bias (0V) and the slowness of
the test (2nm/s for a total time of 4 minutes). Noise spectra were
acquired with PXI based platform (24 bits delta sigma ADC NI4462) connected to a low noise transimpedance amplifier
(FEMTO DLPCA-200). The sample was shielded inside an
aluminum enclosure. FFT elaboration was implemented with
LabVIEW software. The final spectrum comes from an RMS
average of 150 spectra sampled at 131 KHz for 2s (262000
samples) resulting on 5 minutes of total acquisition time.
III. ANALYSIS
A. Static Analysis
To characterize the fabricated PPD we measured the external
quantum efficiency (EQE) and we calculated the Responsivity
(R) and the Detectivity (D) from photocurrent and dark current
measurements. The EQE is the ratio between the charge
collected at the contact per second and the number of photons
incident per second on the active material for a given
wavelength (λ). Large values of EQE in the visible and NearInfrared (NIR) spectra (300nm-800nm) are desirable for the
design of broadband photodetector able to increase the
transmission capacity [47]. The responsivity R (A/W), a
parameter directly connected to the EQE, gives indications on
the intensity of the photocurrent that can be extracted per watt

3

Fig. 4. Noise spectral density of the dark current at different bias. The
corresponding theoretical shot noise was reported with dashed lines

of incident optical radiation at a given λ, while the detectivity
(Jones or cm Hz1/2W-1) shows the capability of the devices to
detect weak signals [48]. Figure 2 shows a typical measured
external quantum efficiency of our PPD in the range 300 nm 800 nm, together with the responsivity R and detectivity D.
Responsivity is calculated as

( EQE) q
R
hf

(1)

q is the electron charge, f is the frequency of optical source and
h the Plank constant, while the detectivity is calculated as [49]

A f  R
in

D

(2)

A is the active area of device, f is the electrical bandwidth, and
in is the noise current (for details see section dynamic analysis).
As shown in figure 2, R and then D parameters tend to remain
almost flat as the λ increases while EQE has a decreasing trend.
This is due to the reduction of the photon energy incoming on
the device when λ increases that compensates the EQE drop. In
our PPD, R at 500nm is 0.35 A/W higher than the typical silicon
photodiode responsivity [24]. On the other hand, detectivity at
530 nm and 0V was calculated to be 1.53 1011 Jones, a value
that is still one-two orders of magnitude lower with respect to
Silicon photodiode [49]. Dark current has a huge impact on
detectivity parameter; a photodetector with lower dark current
is able to detect smaller signals since D is proportional (Jdark)-1/2
[27, 38, 48]. To further investigate this issue, figure 3 shows the
JV characteristics in dark conditions (for more details see
fabrication step section) where Vc and Jc are the electrical
parameters of the cell. A rectification ratio of about 103 was
measured at +/- 1 V with a dark current at -1 V (reverse bias) of
1.16 10-3mA/cm2. Moreover, the good behavior of the PPD is
demonstrated by low dark current (10-6 to 10-4 mA/cm2) from
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demonstrating that the recombination paths in solutionprocessed perovskite based devices are assisted by trap states as
demonstrated previously [52].

Fig. 5. Bode diagram (Magnitude and Phase) associated to optical modulation
(input) and photocurrent signal (output).

TABLE I
PARAMETERS EXTRACT FROM THE JV MODEL
Parameter

Value

 (Ideally factor)

1.97

Rs (Series Resistance)

0.105 Ω/cm2

Rsh (Shunt Resistance)

1.39 103 Ω/cm2

J0 (Saturation Current)

1.16 10-8 mA/cm2

in
 NEP
R

0V to -0.5V, a typical range for low noise and low voltage
photodiode [27]. To extract the dark saturation current density
(J0), the dark JV curve was fitted with diode’s relation (3)
 Vc  Rs Jc 


 
V  J c  Rs
J 0  1  e   Vt    c
 Jc
Rsh



B. Dynamic Analysis
The detectivity is mainly limited by three different noise
components: thermal noise, shot noise from the dark current
and 1/f or Flicker noise [53]. In figure 4 we reported shot noise
level for -0.5V (90nA green plot), -1.0V (250nA red plot) and 1.5V (400nA blue plot). The spectral noise density recorded at
0V (pink plot) has no corresponding shot noise level in the
image. Noise spectra shown in Figure 4, denote an evident bias
dependence due to an increase of dark current and, hence, on
shot noise; a 1/f contribution appears for biases higher than
0.5V. A very small noise current (<1 pA/(Hz)1/2) is achieved at
0V which is one order of magnitude smaller than silicon diodes
[54]. Hence, PPD in self-powered condition (0V) can achieve a
better detectivity, up to 1011 Jones.
To evaluate the minimum power of incident optical radiation
that the PPD can discriminate from the noise, at a given λ, we
calculate the noise equivalent power (NEP). The NEP at 530
nm and 0V was calculated as [38]

(3)

where η is the ideality factor, Rs and Rsh are the series and shunt
resistances, respectively, Vt the thermal voltage and J0 is the
dark saturation current density. J0 is directly related to the
recombination rate in semiconductors and to band-to-band
thermal emission that limit the detectivity performance.
As reported in table I, our device shows a J0 of 10-8 mA/cm2
that is between conventional semiconductor diodes fabricated
with CIGS (6 10-7 mA/cm2) and those fabricated with CdTe (8
10-11 mA/cm2) [50]. A better interface engineering is required
in order to reduce leakage paths. Dark current can also be
reduced by increasing the shunt resistance Rsh (103 Ω/cm2 in our
case) or, in other words, by reducing the recombination current
that is an intrinsic characteristic of the semiconductor materials
and heterojunction devices. The ideality factor  is a measure
of how closely the diode follows the ideal diode equation ( =1)
[51]. Trap-assisted recombination can change the ideality factor
up to a value of 2. Our device shows a value of 1.97

(4)

For our devices, NEP was found to be 2 pW/(Hz)1/2, only one
order of magnitude higher than low noise PPD [25].
Dynamic response of the device was investigated by
modulating a green led (530nm +/- 2nm) with a sinusoidal
current excitation while monitoring the photocurrent in short
circuit condition. The magnitude and phase plot of the
frequency response of the PPD is shown in the Bode plot of
Figure 5. A cut–off frequency of 108 kHz was measured. This
value is higher than the cut-off frequency reported for a fully
printed organic photodetector (20 KHz) [55] but lower than
planar PPD optimized for bandwidth which can achieve a cutoff frequency up to 1 MHz [38]. A possible reason for the low
speed is the slow response of the HTL, probably due to the
lithium salt-doped Spiro-OMeTAD and the hysteresis
phenomena that afflict this architecture in photovoltaic mode
[56].
IV. CONCLUSION
In this work we have presented the fabrication steps and the
characterization of mesoscopic Perovskite based photodiodes.
Differently to other PPDs, our device has been realized by using
a mesoscopic scaffold of TiO2 and a printed ETL. A high value
of external quantum efficiency is reported in the range from 300
nm to 800nm. A responsivity as high as 0.35 A/W was
measured at 500nm, which outperform typical silicon
photodiodes. A very small noise current (<1 pA/(Hz)1/2) was
measured at 0V, which is one order of magnitude smaller than
silicon diodes. This suggests the use of PPDs in a self-powered
configuration with a detectivity up to 1011 Jones. Frequency

1536-125X (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2016.2517239, IEEE
Transactions on Nanotechnology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
analysis demonstrated a bandwidth of 108 kHz. We believe that
the bandwidth may be further improved by reducing the active
area of the device in order to decrease the device capacitance
and resistance as already demonstrated by Dou [38]. Moreover,
due to a well known poor ambient condition stability of
perovskite materials, to evaluate the performance of PPD on
longtime scale an encapsulation of the device is necessary.
The application of hybrid perovskites in mesoscopic
photodiodes shows promising performances that can be further
optimized by reducing the dark current. The optimization
strategy we are following aims at the use of different materials
for the compact layer, novel technique to grow the perovskite
layer, the deposition of alternative HTL and the use of
alternative counter electrodes. Our results and the foreseen
improvements pave the way to implement the Perovskite-based
photodiodes in low cost and high performance applications.
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