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Abstract: With the development of the semiconductor industry, research on photoelectronic devices
has been emphasized. In this paper, a molecular semiconductor material with a narrow bandgap
of hexane-1,6-diammonium pentaiodobismuth (HDA-BiI5) was utilized to prepare photodetectors
without electron transport layers. Using a single light source, the effects of different wavelengths
and different powers on the photoresponsivity, switching ratio, specific detectivity, and external
quantum efficiency of the device were investigated. It is demonstrated that this device has excellent
responsivity, specific detectivity, stability, and repeatability, and this work will help expand the
application of molecular semiconductor materials for photodetection.

Keywords: photodetector; molecular semiconductor; thin films

1. Introduction

In recent years, with the wide application of photodetectors in medical, sensing,
and communication industries [1–6], various types of photodetectors are emerging. For
example, Mehbuba Tanzid, et al. combined hot carrier-based photodetection with free
carrier absorption (FCA) in highly doped p-type silicon to create a narrow-band NIR
photodetector structure with enhanced performance, obtaining high responsivity with
minimal noise equivalent, respectively, at relatively low bias [7]. Ibrahima Ka et al. re-
ported the use of a pulsed laser deposition (PLD) technique to decorate double-walled
carbon nanotubes (DWCNTs) with PbS quantum dots (QDs) to form a new class of phys-
ically synthesized nanohybrid (NH) materials. The nanohybrid materials were applied
to photodetectors and the devices obtained high performance [8]. The use of novel tech-
nologies can enhance a detector’s performance, but it is also important to find suitable
materials and device structures [9–13]. For devices, both material and device structure are
two of the main factors affecting the performance [14,15]. Yet, few people have studied
the photoelectric performance of molecular semiconductor materials without an electron
transport layer. According to previous reports, a new molecular semiconductor material
hexane-1, 6-diammonium pentaiodobismuth (HDA-BiI5), with the narrowest bandgap
(~1.89 eV) [16] and a wide range of light absorption, has a bright prospect for future ap-
plications in photoelectric detection [17–19]. David M. Fabian et al. prepared solar cells
with conventional structures using HDA-BiI5 as a light-absorbing layer on FTO substrates
and found good stability after testing [20]. However, the effect on the performance was not
further investigated by changing the device structure, we made photodetectors without
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electron transport layer to study. In addition, Liu et al. used the molecular semiconductor
material HDA-BiI5 to prepare conventional structured solar devices and tested the relevant
photovoltaic performance under solar light conditions [21]. It is not enough to characterize
performance only under solar light conditions. HDA-BiI5 has a narrow bandgap with
a wide range of light absorption, so we investigated the performance of the devices by
varying the incident light at different wavelengths and powers under single light source.

Here, we prepare photodetectors with ITO/NiOx/HDA-BiI5/Al structure without
electron transport layer on ITO substrate using HDA-BiI5 molecular semiconductor mate-
rial as the light-absorbing layer and test the photoelectric performance of the devices using
a single light source. The effects of different powers at 532 and 375 nm wavelengths laser
on the photoresponsivity, switching ratio, specific detection rate, and external quantum
efficiency were also investigated. It was found that this device has good photoresponsivity
and specific detectivity, which provides a basis for the future use of molecular semiconduc-
tor materials as a light-absorbing layer in the study of photodetection of different structures,
thus further expanding the application of molecular semiconductor materials.

2. Experimental
2.1. Materials

The conductive substrate used in this paper is a conductive glass containing indium
tin oxide (ITO), from South China Xiangcheng Technology Co., Shenzhen, China. The
thickness is about 1.1 mm, the square resistance is ≤5 Ω, and the transmittance is ≥84%.
The concentration of high temperature nickel oxide spin coating solution (HT-NiOx) used
in the experiments was 0.5 M, which was obtained from Shanghai Maituowei Technology
Co., Shanghai, China. N,N-Dimethylformamide (DMF) with a purity of 99.8% was used
from Alfa Aesar (Shanghai, China) Chemical Co. The experiments were conducted using
HI with a purity of 45% and BiI3 with a purity of 99.99%, which were obtained from
Shanghai Maikelin Biochemical Technology Co. (Shanghai, China) and Shanghai Aladdin
Biochemical Technology Co. (Shanghai, China). 1,6-diaminohexane with purity of AR was
purchased from Sinopharm Chemical Reagent Co. (Beijing, China). Other materials are
commonly used in laboratory.

2.2. Device Fabrication

Details of HDA-BiI5 crystal synthesis, cleaning ITO conductive glass, characterization,
and photoelectronic test platform are in the supporting information.

(1) Preparation of hole transport layer

In this experiment, a high-temperature nickel oxide spin-coating solution was chosen
for the preparation of the hole transport layer. During the preparation of the NiOx hole
transport layer, 40 µL of HT-NiOx spin-coating solution was first applied to the ITO
conductive glass substrate with a pipette, and then spin coated on ITO at 4000 rpm for
30 s. Then immediately annealed on a hot plate at 100 ◦C for 10 min. After annealing,
sintering is carried out in a muffle furnace (Beijing Jinyang Wanda Technology Co., Beijing,
China) with a sintering temperature of 300 ◦C, a ramp-up time of 30 min, and a constant
temperature stage of 60 min.

(2) Preparation of light-absorbing layer

500 mg of HDA-BiI5 powder was weighed and dissolved in 0.4 mL of DMF solution,
and the solution was heated and stirred for 4 h until the powder was completely dissolved,
at which time the solution turned dark brown. Next, the completely dissolved solution
was filtered through a syringe with a 0.22 µm diameter filter tip to remove the residual
particles that were not completely dissolved in the solution, and the HDA-BiI5 solution for
the preparation of the film was obtained. 40 µL of HDA-BiI5 solution was spun at 6000 rpm.
for 40 s using a pipette. Immediately after spin-coating, the samples were annealed on
a hot plate at 150 ◦C for 30 min.

(3) Preparation of electrodes
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In order to prepare a vertically structured photoelectric device, a gap of about 3 mm
should be left at the edge of the conductive side of the ITO substrate before preparing the
counter electrode, and the material prepared above should be cleaned up, so that this part
of the electrode can be prepared on the ITO conductive glass substrate to form a vertically
structured device. In this experiment, aluminum was chosen as the metal counter electrode
and prepared by vacuum vapor deposition apparatus.

3. Results and Discussion

We characterized the HDA-BiI5 films prepared on ITO. As shown in Figures S1 and
S2 and Table S1, where the atomic percentages of Bi and I elements are 5.55% and 25.44%,
respectively, which are consistent with the elemental molecular ratio of the molecular
semiconductor material HDA-BiI5. We marked some crystallographic indices of HDA-BiI5,
(110), (111), (120), etc. This substance belongs to the orthogonal crystal system with the
point group structure of Pna21, a = 15.10390 Å, b = 14.12063 Å, c = 8.68198 Å and cell
volume of 1851.6638 Å3, all the Bragg diffraction peaks of HDA-BiI5 films corresponded to
the literature [16,20]. Then, we prepared the HDA-BiI5 film on NiOx hole transport layer,
and it can be seen in Figure 1 that the film surface is flat, however, there are a few cracks and
holes. Furthermore, the film thickness reaches 1 µm, and the thickness is also a key factor
affecting device performance, an appropriately thick light-absorbing layer can improve
the photovoltaic performance, which can be attributed to the increased light absorption
and light collection efficiency [21–23]. In addition, it is known from previous studies
that HDA-BiI5 is an N-type material [20]. This promotes the transport of photogenerated
carriers inside the layers at the PN junction. The occurrence of electron-hole recombination
is avoided, reducing the occurrence of short circuits. For device performance, it is also
important to have good light absorption capability. From Figure 2c, demonstrates that the
wavelength range of the absorbed light is 400–660 nm, and the absorption edge is about
645 nm, indicating a bandgap of about 1.92 eV. The relative positions of the conduction
and valence bands of HDA-BiI5 were measured using ultraviolet photoemission spectra
(UPS), as shown in Figure S3 (Supporting Information). Ef was 5.01 eV and ECutoff was
16.21 eV. Using the optical band gap (1.92 eV), Ef, ECutoff, and excitation energy (21.22 eV),
the valence band maximum (VBM) of HDA-BiI5 was calculated to be 6.58 eV at 1.57 eV
below Ef, and the conduction band maximum (CBM) was 4.66 eV.

After the device was prepared as the structure of Figure 2a, we performed the pho-
toelectric performance test. The photoresponse characteristics curve of the photodetector
without an electron transport layer under zero-bias 375 nm laser with a switching time
of 1 s is shown in Figure 3a. This device can rapidly generate repeatable photocurrents
when irradiated by a 375 nm laser, which is caused by the increase in the carrier mobility
in a short period time. At the same light power, the photocurrent does not change much
with the change of switching time, which means that this device has reached the maximum
photocurrent in 1 s. Moreover, the device responds quickly at different light power, whether
light-on and light-off. When the photocurrent reaches a maximum value, it then gradually
decreases to a steady-state value probably due to the sudden separation of photogener-
ated carriers after being exposed to light. After a period of time, the current gradually
decreases and finally achieves a steady-state photocurrent due to the balance between the
diffusion rate of carriers and their generation rate. We performed 10 consecutive switching
operations, and it can be seen that the photocurrent remained basically unchanged. The
response time curve of HDA-BiI5 based on a photoelectric device under laser irradiation
at 375 nm, 4.74 mW power is shown in Figure 3b. When the laser is turned off, the sharp
drop of the photocurrent to the dark current is observed, which can reflect the capacitive
response of the surface state of the light-absorbing layer. In addition, we take 10–90% of
the response as rise time and 90–10% as decay time. It can be seen that the device rise time
is about 61 ms and decay time is about 62 ms. This indicates that the device can rapidly
generate photocurrents with a repeatable response and demonstrates the stability of the
device under frequent switching.
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It is well known that photodetectors are converted from optical signals to electrical
signals. The electrons in the valence band are excited into the conduction band after ab-
sorbing the energy of the incident photons, and thus produce a free moving electron in
the conduction band and leaving a hole in the valence band. Then, the electron and hole
are transferred to the electrode, as shown in Figure 1b. In order to further verify the other
performance indexes of the photodetector, experiment using the short-wave light irradia-
tion of 375 nm. Fitting photoresponse characteristics of HDA-BiI5-based photodetectors
under 375 nm laser are shown in Figure 4, it was found that the photoresponsivity of the
device can reach 5.37 × 10−4 A/W and the specific detectivity can reach 5.9 × 1010 Jones.
The short-wave light has a larger energy which can excite more electrons from the valence
band into the conduction band and thus achieve a greater contribution to the photocur-
rent [24]. This suggests that photoionization will be further enhanced with one carrier
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being trapped and another carrier flowing in a circular fashion, which reduces the large
recombination of electron-hole pairs, enhancing photodetector performance [25]. The
performance of this device is attractive compared to other similar detectors, and a com-
parison chart of the performance parameters with other similar devices is presented in
Table 1 [20,21,26–33]. According to previous literature reports, the HDA-BiI5-based device
study did not systematically analyze the relevant parameter performance of the detec-
tor [20,21], however, compared with detectors of other materials, although some devices
exhibit lower dark currents, our device is still very competitive as a photodetector without
electron transport layer structure, considering the overall photoelectronic performance and
simple fabrication process.

Table 1. Comparison of HDA-BiI5- based photodetector with other similarly structured materials devices.

Photodetector ETL
(Yes/No)

Polarization
(Yes/No) Light (nm)

Dark
Current

(pA)

Responsivity
(A/W)

Detectivity
[Jones]

Rise and
Decay Time

(s)
Ref.

BaTiO3 No No 365 - 3.48 × 10−9 2.06 × 104 - [26]

PLZT8 No No 405 >22 4.48 × 10−7 7.15 × 107 - [27]

BaTiO3 No No 405 >100 <3.5 × 10−7 <3.5 × 105 0.4/1.6 [28]

BiFeO3 No Yes 450 >100 ~10−7 ~108 0.5/0.8 [29]

PLZT

No Yes 375
3

<5 × 10−5 <9.52 × 108 >0.42/0.46

[30]
No Yes 532 <2.5 × 10−5 <9.52 × 108 >0.42/0.46

No Yes 375
2

<1 × 10−4 <3.69 × 109 0.34/0.36

No Yes 532 <2.5 × 10−5 <3.69 × 109 >0.34/0.36

BaTiO3 No No 405 - ∼10−7 105 0.6/0.5 [31]

BaTiO3 No No 365 - ∼10−7 − 0.56/13.44 [32]

TiO2:P3HT
Yes No 375

>103
<5 × 10−4 <10−8 >0.52/0.87

[33]
Yes No 532 <4.5 × 10−4 <10−8 >0.52/0.87

HDA-BiI5 Yes Yes sunlight
illumination - - - - [21]

HDA-BiI5 Yes No sunlight
illumination - - - - [20]

HDA-BiI5
No No 375

16
5.37 × 10−4 5.9 × 1010 0.061/0.062

This work
No No 532 1.28 × 10−4 1.4 × 1010 0.062/0.063

To further investigate the effect of wavelengths of laser on the photoelectric perfor-
mance of the detector, we use 532 nm wavelength laser for the photoelectric performance
test. The photoresponse characteristics curve of the photodetector without electron trans-
port layer under zero-bias 532 nm laser with a switching time of 1 s is shown in Figure 5a.
At the same light power, the photocurrent basically does not vary with the switching time,
and there is a very low dark current which contributes significantly to the device stability.
The response time curve of HDA-BiI5-based photodetectors under laser irradiation at
532 nm, 49.4 mW power is shown in Figure 5b. We take 10–90% of the response as rise
time and 90–10% as decay time. It can be seen that the device rise time is about 62 ms and
decay time is about 63 ms. However, the value of the photocurrent decreases compared to
the 375 nm laser irradiation, and it can be seen from Figure 5b that the response is slower
in the no-light-to-light process. This may be related to the transport speed and transport
efficiency of electrons and holes in the PN junction, which eventually leads to a longer
rising time from no light to light in the photoelectric device.
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As can be seen in Figure 6, the photoresponsivity increases rapidly with decreasing
light power, and importantly, a high photoresponsivity of 130 µA/W is observed even at
very low light power, which indicates that our photodetector provides low power con-
sumption characteristics. With increasing photopower, the photocurrent has a dependence
on it. The decrease in photoresponsivity can be explained by the presence of trap states
at the interface between HDA-BiI5 and NiOx and the attachment of charged impurities
or molecules on the HDA-BiI5 film [34]. Under the illumination of high light power, the
density of available states decreases and photoinduced carriers can fill more traps, leading
to saturation of the photoresponse [35,36]. In addition, probably due to the effect of upper
layer oxidation, Al electrodes are easily oxidized in air, and the presence of a thin oxide
(Al2O3) layer around the electrode makes the thickness of the Al electrode increase, which
can lead to a substantial attenuation of the tunneling current and subsequent reduction
in photon yield, affecting the density of states in the carrier local mode. This effect is
the reduction of electron motion or tunneling when passing through the potential barrier,
avoiding the excitation of the dynamic plasma mode, thus affecting the photodetection
performance of the photodetector [37]. As the incident light power increases, the bright-
to-dark current ratio, specific detectivity and quantum efficiency follow a similar trend
to the curves in Figure 4. However, the performance under 532 nm laser irradiation is
all degraded compared to that under 375 nm laser irradiation. This is mainly because as
the laser wavelength increases, the photon energy becomes smaller, and the electron-hole
pairs produced by light are mainly excited by light with energy greater than the HDA-BiI5
bandgap [38]. Fewer electron-hole pairs are excited, and part of the electron-hole fills the
trap and the other part is transferred to the electrode, resulting in reduced values of pho-
toresponsivity, switching ratio, specific detection rate, and quantum efficiency compared to
those at 375 nm.
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4. Conclusions

The molecular semiconductor material HDA-BiI5 was used to prepare the photode-
tector without ETL, and the photoelectric performance of the structure device was tested
under a single light source at 532 and 375 nm, respectively. We found that the device has
a fast response time and has a high photoresponsivity and specific detection rate at low
light power which provides low power consumption characteristics for the detector. In
addition, the photodetector showed good stability and repeatability during 10 times of
light-on and light-off. The effect on the device performance at different power levels is
investigated, which provides some information for future research on molecular semicon-
ductor materials to prepare inverted structure devices. In response to the above results,
the photodetector can be extended for applications in communication, tracking technology,
space detection, etc., which provides a bright future for future research on photodetectors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11091099/s1, Figure S1: XRD pattern of HDA-BiI5 film on ITO, Figure S2: EDS results
of analyzed, Table S1: The types and percentages of some elements obtained from EDS analysis,
Figure S3. Ultraviolet photoemission spectra (He I) of HDABiI5/ITO.
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