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Abstract:

Organic Photodetectors have high potential for use in the next generation of information 

technology systems because of the mechanical flexibility, large-area detection and low 

production cost of organic materials for photodetectors. A red light photodetector based on 

phthalocyanine compounds is one of the representations. There are some disadvantages for 

the common methods to fabricate phthalocyanine films, such as expenses of high operation 

temperature, ultrahigh vacuum processing, large materials loss, complicated operation, large 

energy consumption and poor solubility. To solve these problems, a multiple drop casting 

method is proposed in this paper. This method could prepare phthalocyanine films from a 

relatively dilute solution, and give an alternative way to fabricate the phthalocyanine 

photodetectors especially for the phthalocyanine with poor solubility.
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1. Introduction:

In recent years, photodetectors based on organic materials have received more and more 

attention due to their mechanical flexibility, large-area detection and low production cost, 

thus they have high potential for use in the next generation of information technology 

systems.1-6 One of the representations is phthalocyanine compound, such as copper 

phthalocyanine (CuPc),7-15 lead phthalocyanine (PbPc),16-18 cobalt phthalocyanine (CoPc),19 

tin phthalocyanine (SnPc),20 zinc phthalocyanine (ZnPc),21-24 nickel phthalocyanine (NiPc),25 

titanyl-phthalocyanine (TiOPc),26-29 vanadyl-phthalocyanine (VOPc)30, 31 and other 

phthalocyanine32, 33 which hold an outstanding chemical stability, thermal stability, low 

field-effect mobility, and environmental friendliness. In addition, the Q-band absorption (a 

good coverage typically in the range of 600–800 nm) makes them definitely appealing for 

red photons harvesting.

The phthalocyanine films of photodetectors could be fabricated via different methods such as 

spin casting33, drop casting9 and vacuum thermal deposition14, 15. The vacuum thermal 

deposition method is well developed by many researchers, but this process has some 

disadvantages such as expenses of high operation temperature, ultrahigh vacuum processing, 

large materials loss, complicated operation, and large energy consumption. As an alternative, 

the solution process based method (spin casting and drop casting) have the advantages of 

low cost and potential for the fabrication of the phthalocyanine photodetectors. However, 

phthalocyanine compounds are mostly not soluble well in either water or organic solvents. 

Due to the poor solubility of phthalocyanine materials, phthalocyanine films are hardly 

prepared via a traditional solution process. In this paper a multiple drop casting method is 

proposed, and a photodetector is fabricated based on a copper phthalocyanine (CuPc) film. 

CuPc solution was dropped onto a spinning substrate by a rate of 0.1 mL/minute till all the 
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CuPc solution was consumed. Moreover, the CuPc solution only consists of CuPc and 

solvent, and this method is a resin-free way which is different from traditional solution 

process. The multiple drop casting method could prepare phthalocyanine films from a 

relatively dilute solution, and give an alternative way to fabricate the phthalocyanine 

photodetectors especially for the phthalocyanine with poor solubility.

2. Experimental

2.1. Synthesis and characterization of CuPc films

CuPc films were deposited on the substrate of c-sapphire by a multiple drop casting method. 

Firstly, the CuPc solution (0.1 mmol·L–1) was prepared by drop 14.4 mg CuPc (Aldrich, 

sublimed grade, dye content 99%) into 250 mL trichloromethane (Beijing Chemical Works, 

Chloroform A.R., 99%) followed by an ultrasonic treatment for 10 minutes. Secondly, the 

c-sapphire was fixed on the spin coater and the spin rate was kept at 2000 rpm. Thirdly, the 

CuPc solution was dropped onto the surface of the substrate by a rate of 0.1 mL/minute till 

all the CuPc solution (10 mL) was consumed. After that, the substrate was heated at 110 oC 

for 10 minutes. The films were characterized by using scanning electron microscopy (SEM) 

(HITACHI S-4800), X-ray diffraction (XRD) (Rigaku, D-Max 2550) using Cu Kα radiation 

(λ= 0.154 nm) and UV-Vis transmission spectrometry (Shimadzu UV-3101PC). 

2.2. Fabrication and characterization of the photodetectors

After the deposition of the CuPc films on the c-sapphire, Au electrodes (∼20 nm thick) were 

prepared on the films by a sputtering method at room temperature and interdigital electrodes 

were realized by a photolithography and a wet etching procedure. After that, the CuPc 

photodetectors were formed. The processes for the fabrication of the films and devices could 

be seen in figure 1 schematically. Current–Voltage (I–V) properties and transient response 
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spectra of the photodetectors were measured by using a semiconductor device analyzer 

(Agilent B1500A) with a red laser (650 nm).

Figure 1. Schematic illustration of the fabrication of CuPc photodetectors.

3. Results and discussion:

The CuPc film was characterized by SEM, XRD and UV-Vis transmission spectra. Figure 

2a shows the SEM image of the CuPc film. It can be seen that the surface of the film has a 

little of rod-like CuPc crystals probably due to the poor solubility of copper phthalocyanine. 

According to the cross section SEM images (figure 2b) of the film, the thickness of CuPc 

film is around 140 nm. Figure 2c shows the XRD pattern of the film. It can be seen that, two 

diffraction peaks located at 7.0° and 9.2° could be assigned as (−101) and (101) planes of 

monoclinic CuPc, respectively. The diffraction peaks are relatively weak, indicated that the 

crystallinity of CuPc is relatively low. The UV-Vis absorption spectrum of the film is shown 

in figure 2d. As is shown, CuPc film has a strong absorption in UV (389 nm) and visible 

(540–780 nm) spectrum region, and in the visible region there are two obvious absorption 

peaks located at 652 nm and 751 nm, respectively.
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Figure 2. (a) and (b) SEM images of CuPc films; (c) XRD pattern of CuPc film.
(d) UV-Vis transmission spectrum of CuPc film.

Figure 3. The I–V curves of CuPc photodetectors in dark and under 650 nm red laser illumination with 

different power density.

I–V characteristics of the CuPc photodetectors under dark and illumination conditions are 

shown in figure 3. The dark current (Idark) of the device at a bias of 10 V is around 1 nA, and 

the absolute value of dark current increases with the increasing of the bias under both 

forward and reverse bias. Under the illumination of red laser (40 mW·cm–2), the current 
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could be rise to 10.9 μA at a bias of 10 V. The absolute value of photocurrent also increases 

with the increasing of the bias in the similar way of dark condition. The I–V curves under 

different power density are also shown in figure 3. With the power density increasing, the 

current increases linearly. At a bias of 10 V, the photocurrent (Iphoto) under a 650 nm red laser 

illumination are 10.9 μA, 26.8 μA and 66.8 μA for the power density of 40 mW·cm–2, 100 

mW·cm–2 and 250 mW·cm–2, respectively.

Figure 4 (a) Time-dependent photocurrent response of CuPc photodetector measured under illumination by 
650 nm red light with the power density of 100 mW·cm–2 at 10 V; (b) Peak photocurrent of different light 

on-off cycles; (c) Rise edge of the current response; (d) Decay edge of the current response.

Figure 4a shows the time-dependent photocurrent response of CuPc photodetector measured 

under illumination by 650 nm red light (100 mW·cm–2) at 10 V. Under the red light 

illumination, the current increases to around 32.4 μA. After turning off the light, the current 

quickly returns to its original value. As shown in figure 4b, the time-dependent response to 
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the light on–off cycles shows good stability and reproducibility, and the peak photocurrent is 

maintain at about 32.4 μA. Figure 4c and 4d show the rise and decay edges of the current 

response, respectively. It can be seen that, the 10−90% rise time (defined as the time for the 

current rising from 10% to 90% of the peak value) of the CuPc photodetector is around 2.2 s. 

On the other hand, the 90−10% decay time (defined as the time for the current dropping from 

90% to 10% of the peak value) of the device is around 290 ms.

Figure 5 (a) Time-dependent photocurrent response of CuPc photodetector measured under illumination by 
650 nm red light with different power density at 10 V; (b) Photocurrent as a function of power density of red 

light.

To investigate the ability of the device to respond to the different power density of the light, 

650 nm light with the intensities ranging from 20 to 500 mW·cm−2 was irradiated on the 

CuPc photodetector at 10 V as shown in Figure 5a. With increasing of the light intensity, the 

device shows a corresponding response. Figure 5b shows the photocurrent as a function of 

light power density. It can be seen that, the photocurrent increases with the increasing of 

power density from 20 to 500 mW·cm−2. It was reported that, the photocurrent (Iph) follows 

the following power law:12

                                                                (1)𝐼ph ∝ 𝑃γ
ph

According to the line fitting data which shown in figure 5b, two values of γ could be 

obtained, and γ=1.14 and γ=0.90 for the relatively low and high power density, respectively. 

It is probably that, the smaller value at high power density is resulted either from the buildup 
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of space-charges, or bimolecular recombination of photo holes and photoelectrons.12

The active area (S) of our device is 0.5 mm2, thus the power of incident light (Pph) could be 

calculated according to the active area multiply by power density, and the responsivity (R) 

and external quantum efficiency (EQE) could be calculated according to the following 

equations:

                                                                 (2)𝑅 =
𝐼𝑝ℎ

𝑃𝑝ℎ

                                                            (3)𝐸𝑄𝐸 =
ℎ𝑐
𝑞𝜆 ∗ 𝑅

In the above equations, Iph represents the photocurrent, Pph represents the power of incident 

light, h, c, q and λ are Planck Constant, the velocity of light in vacuum, the electron charge 

and the wavelength of incident light, respectively. The values of R and EQE as a function of 

power density are shown in figure 6. The values of responsivity are range from 48−60 

mA·W−1, and the values of EQE are range from 9−11%. When the power density is 100 

mW·cm-2, the device has the highest responsivity and external quantum efficiency.

Figure 6. The values of the responsivity (R) and external quantum efficiency (EQE) as a function of power 
density
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Figure 7. (a) the rise and (b) decay edges of the current response under different power density

Figure 8. Response time as a function of power density

Figure 7a and 7b show the rise and decay edges of the current response under different 

power density, respectively. The rise time and decay time decrease with the increasing of the 

power density. The same phenomenon could be found in a research of photoconduction 

properties of transition metal oxide semiconductors, and it probably due to the photocarrier 

collection efficiency which is very sensitive to the power of incident light.34 The response 

time as a function of power density was shown in figure 8. According to the results, the 

response time decreases with an increase of power density, and an inverse power-law can 

also been found for the t-D relationship, i.e., , where α=0.43 and 0.65 for the rise 𝑡 ∝ 𝐷 ―α

time and decay time, respectively. (D represents the power density).

Responsivity Dark Current rise time decay time Ref.
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12 100 – – 7

0.3 60 – – 10

33 40 8*10-8 8*10-8 11

350 105 5.7*10-4 5.1*10-4 12

60 600 – – 14

30 100 4.5*10-8 3.8*10-8 15

60 1 2.2 0.29 This Work
Table 1 Comparison of the photoresponse parameters between the CuPc based photodetectors

Table 1 shows the comparison between our device and typical high performance CuPc based 

photodetectors. It can be seen that rare photodetectors could achieve both high responsivity, 

low dark current and fast response at the same time. In our research, a CuPc photodetector is 

prepared using a facile method, and it has a relatively high responsivity and low dark current. 

The poor response speed is probably due to the poor crystalline of CuPc film and the simple 

structure of the device. Nevertheless, our research gives an alternative way to fabricate the 

phthalocyanine photodetectors especially for the phthalocyanine with poor solubility.

4. Conclusion:

In this paper, a facile method is proposed to prepare CuPc film photodetector. CuPc films 

were deposited on the substrate of c-sapphire by a multiple drop casting method. This 

method could prepare phthalocyanine films from a relatively dilute solution, and give an 

alternative way to fabricate the phthalocyanine photodetectors especially for the 

phthalocyanine with poor solubility. Furthermore, our device has a relatively high 

responsivity (60 mA·W−1) and low dark current (1 nA).

Acknowledgment:

This work was supported by the National Natural Science Foundation of China (61605200), 

the Key Research Program of Frontier Sciences, CAS (Grant No. QYZDB-SSW-SLH014), 



ACCEPTED MANUSCRIPT
Jilin Province Science Fund for Excellent Young Scholars (20180520173JH, 

20180520189JH), and the Fund of the State Key Laboratory of Laser Interaction with Matter, 

China (SKLLIM1602).

References:
[1] C. M. Benavides, S. Rechberger, E. Spiecker, M. Berlinghof, T. Unruh, M. Biele, O. Schmidt, C. J. Brabec and S. F. 

Tedde, Improving spray coated organic photodetectors performance by using 1,8-diiodooctane as processing additive, 
Org. Electron. 54 (2018) 21-26. doi: 10.1016/j.orgel.2017.12.022.

[2] M. Kielar, M. Daanoune, O. Francois-Martin, B. Flament, O. Dhez, A. K. Pandey, S. Chambon, R. Clerc and L. Hirsch, 
Insights into the Failure Mechanisms of Organic Photodetectors, Adv. Electron. Mater. 4 (2018) 1700526. doi: 
10.1002/aelm.201700526.

[3] J. L. Miao, F. J. Zhang, M. D. Du, W. B. Wang and Y. Fang, Photomultiplication Type Organic Photodetectors with 
Broadband and Narrowband Response Ability, Adv. Opt. Mater. 6 (2018) 1800001. doi: 10.1002/adom.201800001.

[4] L. Zhang, N. Pasthukova, Y. F. Yao, X. L. Zhong, E. Pavlica, G. Bratina, E. Orgiu and P. Samori, Self-Suspended 
Nanomesh Scaffold for Ultrafast Flexible Photodetectors Based on Organic Semiconducting Crystals, Adv. Mater. 30 
(2018) 1801181. doi: 10.1002/adma.201801181.

[5] L. L. Gu and Z. Y. Fan, Perovskite/organic-semiconductor heterojunctions for ultrasensitive photodetection, Light-Sci. 
Appl. 6 (2017) e17090. doi: 10.1038/lsa.2017.90.

[6] C. Xie, P. You, Z. K. Liu, L. Li and F. Yan, Ultrasensitive broadband phototransistors based on 
perovskite/organic-semiconductor vertical heterojunctions, Light-Sci. Appl. 6 (2017) e17023. doi: 
10.1038/lsa.2017.23.

[7] A. Farooq, K. S. Karimov, N. Ahmed, T. Ali, M. K. Alamgir and M. Usman, Copper phthalocyanine and metal free 
phthalocyanine bulk heterojunction photodetector, Physica B 457 (2015) 17-21. doi: 10.1016/j.physb.2014.09.032.

[8] Y. Higashi, K. S. Kim, H. G. Jeon and M. Ichikawa, Enhancing spectral contrast in organic red-light photodetectors 
based on a light-absorbing and exciton-blocking layered system, J. Appl. Phys. 108 (2010) 034502. doi: 
10.1063/1.3466766.

[9] N. Padma, M. Ghosh, S. Sen and R. Tewari, Performance comparison of p-n junction diodes using zinc oxide and 
copper phthalocyanine hybrid nanocomposites and bilayer heterostructures, Nano 9 (2014) 1450062. doi: 
10.1142/s1793292014500623.

[10] S. Sahu and A. J. Pal, Organic Photodetectors Based on Phthalocyanine and Fullerenes: Dielectric Properties, J. 
Nanosci. Nanotechnol. 9 (2009) 450-454. doi: 10.1166/jnn.2009.J043.

[11] J. B. Wang, W. L. Li, B. Chu, C. S. Lee, Z. S. Su, G. Zhang, S. H. Wu and F. Yan, High speed responsive near infrared 
photodetector focusing on 808 nm radiation using hexadecafluoro-copper-phthalocyanine as the acceptor, Org. 
Electron. 12 (2011) 34-38. doi: 10.1016/j.orgel.2010.09.015.

[12] J. K. Zhong, Y. Q. Peng, T. C. Zheng, W. L. Lv, Q. Ren, F. B. Huang, Y. Wang, Z. Chen and Y. Tang, High 
Performance Photodiode Based on p-Si/Copper Phthalocyanine Heterojunction, J. Nanosci. Nanotechnol. 16 (2016) 
5782-5786. doi: 10.1166/jnn.2016.12057.

[13] F. Yakuphanoglu, Electronic and photovoltaic properties of Al/p-Si/copper phthalocyanine photodiode junction barrier, 



ACCEPTED MANUSCRIPTSol. Energy Mater. Sol. Cells 91 (2007) 1182-1186. doi: 10.1016/j.solmat.2007.03.027.

[14] T. Morimune, H. Kam and Y. Ohmori, High-speed organic photodetectors using heterostructure with phthalocyanine 
and perylene derivative, Jpn. J. Appl. Phys. Part 1 - Regul. Pap. Brief Commun. Rev. Pap. 45 (2006) 546-549. doi: 
10.1143/jjap.45.546.

[15] T. Morimume, H. Kajii and Y. Ohmori, Photoresponse properties of a high-speed organic photodetector based on 
copper-phthalocyanine under red light illumination, IEEE Photonics Technol. Lett. 18 (2006) 2662-2664. doi: 
10.1109/lpt.2006.887786.

[16] M. S. Choi, S. Lee, H. J. Kim and J. J. Kim, Inverted near-infrared organic photodetector with oriented lead (II) 
phthalocyanine molecules via substrate heating, Org. Electron. 61 (2018) 164-169. doi: 10.1016/j.orgel.2018.05.038.

[17] F. B. Huang, Y. Li, K. Xu, W. L. Lv, S. N. Xu, Y. Q. Peng, Y. Wang and G. H. Liu, Improved performance of lead 
phthalocyanine phototransistor by template inducing effect based on optimized-thickness copper phthalocyanine layers, 
Synth. Met. 234 (2017) 100-105. doi: 10.1016/j.synthmet.2017.09.013.

[18] X. Wang, H. F. Li, Z. S. Su, F. Fang, G. Zhang, J. B. Wang, B. Chu, X. Fang, Z. P. Wei, B. Li and W. L. Li, Efficient 
organic near-infrared photodetectors based on lead phthalocyanine/C-60 heterojunction, Org. Electron. 15 (2014) 
2367-2371. doi: 10.1016/j.orgel.2014.07.008.

[19] A. Tataroglu, H. Tuncer, A. A. Al-Ghamdi, A. Dere, B. Arif, S. Yol, N. Ozdemir, F. El-Tantawy and F. Yakuphanoglu, 
Graphene-cobalt phthalocyanine based on optoelectronic device for solar panel tracking systems, Synth. Met. 206 
(2015) 15-23. doi: 10.1016/j.synthmet.2015.04.007.

[20] M. Ichikawa, T. Takeuchi, H. G. Jeon, Y. Jin, S. Lee and K. S. Kim, Organic Photodiode with High Infrared Light 
Sensitivity Based on Tin Phthalocyanine/C-60 Bulk Heterojunction and Optical Interference Effect, Jpn. J. Appl. Phys. 
51 (2012) 034103. doi: 10.1143/jjap.51.034103.

[21] H. Q. Shan, Y. L. Wang, C. Li, Q. K. Hu, X. Z. Sun, L. Dong, Y. M. Feng, W. K. Ye, J. J. Xu and Z. X. Xu, 
Solution-processed near-infrared phototransistor based on ultrathin nanocrystals of octamethyl substituted zinc(II) 
phthalocyanine, Org. Electron. 58 (2018) 197-201. doi: 10.1016/j.orgel.2018.04.023.

[22] S. Doring, T. Otto, M. Cehovski, O. Charfi, R. Caspary, W. Kowalsky and T. Rabe, Highly sensitive wide range 
organic photodiode based on zinc phthalocyanine: C-60, Phys. Status Solidi A-Appl. Mat. 213 (2016) 2387-2391. doi: 
10.1002/pssa.201532856.

[23] S. Pochekaylov, S. Nespurek, J. Rakusan and M. Karaskova, Soluble phthalocyanines: Photoconductivity, Mol. Cryst. 
Liquid Cryst. 468 (2007) 375-383. doi: 10.1080/15421400701229404.

[24] P. Das, K. Chakraborty, S. Chakrabarty, S. Ghosh and T. Pal, Reduced Graphene Oxide - Zinc Phthalocyanine 
Composites as Fascinating Material for Optoelectronic and Photocatalytic Applications, ChemistrySelect 2 (2017) 
3297-3305. doi: 10.1002/slct.201700384.

[25] F. Yakuphanoglu, M. Kandaz and B. F. Senkal, Inorganic-organic photodiodes based on polyaniline doped boric acid 
and polyaniline doped boric acid:nickel(II) phthalocyanine composite, Sens. Actuator A-Phys. 153 (2009) 191-196. doi: 
10.1016/j.sna.2009.05.008.

[26] X. L. Li, S. R. Wang, Y. Xiao and X. G. Li, A trap-assisted ultrasensitive near-infrared organic photomultiple 
photodetector based on Y-type titanylphthalocyanine nanoparticles, J. Mater. Chem. C 4 (2016) 5584-5592. doi: 
10.1039/c6tc00854b.

[27] X. L. Li, Y. Xiao, S. R. Wang and X. G. Li, Ultra-photosensitive Y-type titanylphthalocyanine nanocrystals: 
Preparation and photoelectric properties, Dyes Pigment. 125 (2016) 44-53. doi: 10.1016/j.dyepig.2015.09.035.

[28] M. Kaneko, T. Taneda, T. Tsukagawa, H. Kajii and Y. Ohmori, Fast response of organic photodetectors utilizing 



ACCEPTED MANUSCRIPTmultilayered metal-phthalocyanine thin films, Jpn. J. Appl. Phys. Part 1 - Regul. Pap. Short Notes Rev. Pap. 42 (2003) 
2523-2525. doi: 10.1143/jjap.42.2523.

[29] W. L. Peng, Y. C. Liu, C. X. Wang, R. Hu, J. P. Zhang, D. S. Xu and Y. Wang, A highly sensitive near-infrared 
organic photodetector based on oxotitanium phthalocyanine nanocrystals and light-induced enhancement of electron 
tunnelling, J. Mater. Chem. C 3 (2015) 5073-5077. doi: 10.1039/c5tc00376h.

[30] Q. Zafar, F. Aziz and K. Sulaiman, Eco-benign visible wavelength photodetector based on phthalocyanine-low 
bandgap copolymer composite blend, RSC Adv. 6 (2016) 13101-13109. doi: 10.1039/c5ra26081g.

[31] M. R. Kiran, H. Ulla, M. N. Satyanarayan and G. Umesh, Optoelectronic properties of hybrid diodes based on 
vanadyl-phthalocyanine and zinc oxide, Superlattices Microstruct. 112 (2017) 654-664. doi: 
10.1016/j.spmi.2017.10.023.

[32] N. V. Usol'tseva, A. I. Smirnova, A. V. Kazak, N. I. Giricheva, N. E. Galanin, G. P. Shaposhnikov, V. V. Bodnarchuk 
and S. V. Yablonskii, Mix-substituted phthalocyanines of a "push-pull"-type and theirmetal complexes as prospective 
nanostructured materials for optoelectronics, Opto-Electron. Rev. 25 (2017) 127-136. doi: 
10.1016/j.opelre.2017.03.003.

[33] I. H. Campbell and B. K. Crone, A near infrared organic photodiode with gain at low bias voltage, Appl. Phys. Lett. 95 
(2009) 263302. doi: 10.1063/1.3279133.

[34] R. S. Chen, C. A. Chen, H. Y. Tsai, W. C. Wang and Y. S. Huang, Photoconduction Properties in Single-Crystalline 
Titanium Dioxide Nanorods with Ultrahigh Normalized Gain, J. Phys. Chem. C 116 (2012) 4267-4272. doi: 
10.1021/jp209999j.



ACCEPTED MANUSCRIPT

Chunrui Wang: Investigation, Formal Analysis, Data Curation, Writing – Original 
Draft

Xing Chen: Conceptualization, Methodology, Validation, Resources, Writing – 
Review & Editing, Supervision

Fei Chen: Visualization, Investigation

Junfeng Shao: Methodology, Software



ACCEPTED MANUSCRIPT

 Phthalocyanine based organic photodetectors have received more and more 
attention

 The common methods to fabricate phthalocyanine films have some disadvantages, 
such as expenses of high operation temperature, ultrahigh vacuum processing, 
large materials loss, complicated operation, large energy consumption and poor 
solubility.

 A multiple drop casting method could prepare phthalocyanine films from a 
relatively dilute solution, and it is a resin-free way which is different from 
traditional solution process

 Photodetector based on phthalocyanine film prepared by multiple drop casting 
method has a relatively high responsivity (60 mA·W−1) and low dark current (1 
nA)
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