
Optics and Spectroscopy, 2023, Vol. 131, No. 12

13

Impact of implementation of copper phthalocyanine as a second donor

on the photosensitive structure characteristic with bulk heterjunction

based on PCDTBT and PC61BM
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The paper presents the process of creating and studying photosensitive structures based on an organic acceptor

[6,6]-methyl ester of phenyl-C61-butyric acid (PC61BM) and donors of poly[N-9′′-hepta-decanyl-2,7-car-basol-alt-
5,5-(4′,7′- di-2-tienil-2′,1′,3′- benzothiadiazole)] (PCDTBT) and copper phthalocyanine (CuPc). Photosensitive

structures of the FTO/PCDTBT:PC61BM/InGaSn type were obtained, the spectral response of which lies in the

range from 450 to 750 nm, and FTO/PCDTBT:CuPc:PC61BM/InGaSn for which, with the introduction of an

additional donor, it was possible to widen the spectral response to the range from 400 to 850 nm. An assumption

was made about the formation of additional energy levels in the structure and non-direct transitions between

organic donors, as a result of which the spectral response is broadened in both the short-wave and long-wave

spectral regions. It was also possible to increase the maximum sensitivity of the structure by almost 3 times from

72 mA/W to 210 mA/W as a result of increasing the number of effective ways of transferring charge carriers to

contacts and reducing the energy of potential barriers in the structure. The addition of an additional donor to the

structure led to an increase in the currents of the reverse and forward branches of the VAC, a decrease in the level

of its own noise and an increase in the short-circuit current. The FTO/PCDTBT:CuPc:PC61BM/InGaSn structure

created in the work has a high potential for creating highly efficient photodetectors of the visible and near infrared

ranges.
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Introduction

High-performance visible and near-infrared (IR) pho-

todetectors are used nowadays in many optoelectronic

applications, such as communication systems, imaging,

spectroscopy, medical diagnostics, remote sensing of the

atmosphere and environmental control, space research,

etc. [1]. Typically, photodetectors based on inorganic semi-

conductor materials, which require complex manufacturing

equipment and processes to produce, are used in these

areas. This affects the final cost of the device [2]. These

disadvantages can be mitigated by switching to organic

semiconductor materials, which combine the possibility of

regulating the width of the band gap, a fairly low cost of

raw materials and production processes, and the possibility

of fabrication of flexible devices. Thus, photodetectors based

on organic materials are a promising alternative to currently

used devices [3–5].
To create highly sensitive photodetectors in the visible

and near-infrared spectral ranges, one needs to select

materials in such a way that the obtained samples would

have high absorption in the given spectral range and

provide efficient generation of excitons and their dissoci-

ation with subsequent transfer of free charge carriers to

the corresponding electrodes with minimal recombination,

which is ensured by complementarity of HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) levels of the organic materials used. The

concept of an active layer with a bulk heterojunction,

wherein donor-acceptor junctions are spaced by less than

the exciton diffusion length, was chosen to produce the

samples by premixing the initial materials within a common

solvent volume.

Multicomponent structures containing three components

in active layers can be used to improve transport properties,

reduce the probability of recombination of separated charge

carriers, and extend the operating spectral range. Depending

on the role of the third component, organic photosensitive

structures with one donor and two acceptors or two donors

and one acceptor are obtained. Materials with absorption

spectra shifted relative to the base materials are typically

used as an additional layer to achieve a wider absorption

range. In addition, it is also necessary to consider whether

the materials have similar energy levels to prevent deep

charge trapping. At the same time, good compatibility

between several components has a beneficial effect on the

morphology of active layers, which is an important factor

in the design of efficient photosensitive structures with a
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low dark current [6]. However, ternary structures of the

composition investigated in this paper have not been studied

before.

1. Experiment

Fullerene derivative PC61BM, which is one of the most

widely used materials with hole conductivity for high-

performance organic photoelectronic devices [7] and fea-

tures HOMO and LUMO level energies of 6.1 and 3.7 eV,

respectively, was chosen as an organic acceptor to create

photosensitive structures with a bulk heterojunction. It

is well known that the crystallinity of this material in a

polymer/PC61BM mixture plays a crucial role in photo-

voltaic conversion, and its high solubility in such commonly

used solvents as chlorobenzene, toluene, and chloroform

ensures high-quality surface morphology of organic photo-

voltaic devices [8].

To investigate the photosensitivity spectra and voltammet-

ric characteristics, structures were deposited onto conduc-

tive substrates (glass with a pre-applied FTO layer). This

conductive layer was chosen because of the proximity of its

work function to the energies of HOMO levels of donor

materials. A eutectic alloy based on gallium, indium, and

tin (InGaSn) was used as the second contact, since its work

function of 4.5 eV is close to the LUMO energy level of the

organic acceptor used.

PCDTBT, which is one of the most widely studied organic

donor polymers, was chosen as an organic donor. It has a

relatively high solubility, high internal quantum efficiency,

high power conversion efficiency, and thermal stability [9];
its HOMO and LUMO energies (5.5 and 3.6 eV) are

close to the corresponding levels of PC61BM. However,

photosensitive structures based on this organic donor have

insufficiently high sensitivity in a narrow spectral range [10].
To compensate for these shortcomings, CuPc, which has a

high absorption coefficient in the longer-wavelength region

of the spectrum relative to PCDTBT [11], was used as

an additional donor that can (theoretically) broaden the

photosensitivity spectrum. The HOMO and LUMO level

energies of CuPc are 5.2 and 3.5 eV, respectively. Its HOMO

level energy lies between the work function of 5 eV of

fluorine-doped tin oxide (FTO), which was used as one

of the electrodes, and the HOMO level energy of PCDTBT,

potentially providing a more efficient charge carrier trans-

port. Thus, the introduction of an additional organic donor

in the form of CuPc should lead to an increase in the

sensitivity of the created structures. The energy diagram

of the structure based on FTO/PCDTBT:PC61 BM/InGaSn

is shown in Fig. 1.

After the introduction of a second donor in the form of

CuPc into the structure, the energy diagram assumes the

form shown in Fig. 2. It is noticeable that, as noted earlier,

with this arrangement of energy levels, the transport of

charge carriers to the corresponding electrodes is simplified.
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Figure 1. Energy diagram of structure

FTO/PCDTBT:PC61BM/InGaSn.
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Figure 2. Energy diagram of structure

FTO/PCDTBT:CuPc:PC61BM/InGaSn.

To create photosensitive structures of the visible spectrum

range with a bulk heterojunction, organic materials were

dissolved in a common solvent volume. Chlorobenzene

was chosen as this solvent, since all organic materials

used in this work are highly soluble in it. The prepared

solution consisted of 4mg PCDTBT, 16mg PC61BM, and

1ml chlorobenzene. A similar ratio was used in [12] to

obtain a PCDTBT:PC71BM structure. Thin photosensitive

films were deposited using the centrifugation method. It was

found experimentally that the application of these organic

materials at a centrifuge rotation speed of 1200min−1 is

optimal for obtaining uniformly thick films with a high

absorption coefficient. At this speed of rotation of the

substrate in the process of solution application, the smallest

average variation of absorption coefficient over the sample

surface is achieved, which is demonstrated in Fig. 3.

Accordingly, the most uniform distribution of material over

the surface is obtained.

To create a sample with two donors, 10mg CuPc

and 0.5ml chlorobenzene were added to the mixture,

which turned out to be the optimal amount for the given

ratio of materials already used, as the highest values of

photocurrents of the samples were obtained in this case

(see Fig. 4).
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Figure 3. Effect of substrate rotation speed on the average

variation of absorption coefficient over the surface of samples.
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Figure 4. Dependence of the photocurrent of the

FTO/PCDTBT:CuPc:PC61 BM/InGaSn structure on the mass of

CuPc in the mixture.

After application, the samples were annealed at a temper-

ature of 100◦C, which was chosen because of the structural

properties of PCDTBT that has all alkyl chains attached to

the same segment. This allows the alkyl-free side of the

PCDTBT to bond, but as the temperature increases, this

feature gradually vanishes and different ordering emerges,

indicating a phase transition within the PCDTBT phase that

ends at about 140◦C [13].

2. Analysis of results

Figure 5 shows the absorption spectra of the deposited

thin films based on PCDTBT, PC61BM, CuPc, and their

mixtures (PCDTBT:PC61BM and PCDTBT:CuPc:PC61BM).
The PCDTBT-based film has a fairly high absorption within

the entire visible range, and the highest absorption is

observed at ∼ 530−620 nm. Since the highest absorption

of the PC61BM-based film is in the blue-green region of the

spectrum, a mixture of these materials should have high ab-

sorption within the entire visible wavelength range. As can

be seen, the fabricated samples based on PCDTBT:PC61BM

have fairly high absorption in the wavelength range of

400−650 nm with absorption peaks at 425 and 565 nm.

Experimental studies revealed the emergence of a rela-

tively narrow maximum in the absorption spectrum of

the PCDTBT:PC61BM mixture at a wavelength of 425 nm.

Its presence is attributed to the coupling of absorption

processes in materials with absorption at 450−500 nm in

PC61BM decreasing in the double structure, which can be

explained by the switching of transitions to PCDTBT. This

effect is even more evident in the triplet structure, where

the absorption in PC61BM is minimal. As was noted above,

CuPc, which has high absorption in the wavelength range

of 550−750 nm, was added to the structure to enhance the

photoresponse in the long-wavelength region. The obtained

film based on PCDTBT:CuPc:PC61 BM has high absorption

in the wavelength range of 400−750 nm. As expected,

CuPc added to the structure broadened the absorption

spectrum towards longer wavelengths.

After studying the absorption spectral characteristics,

the photosensitive structures with a bulk

heterojunction were investigated. The photosensitivity

spectra of FTO/PCDTBT:PC61BM/InGaSn and

FTO/PCDTBT:CuPc:PC61BM/InGaSn samples shown in

Fig. 6 were examined. For the first structure, the spectrum

covers the whole visible range and has a photosensitivity

maximum at a wavelength of 620 nm, which corresponds to

optical transitions in PCDTBD with a band gap of 1.9 eV.

The highest photosensitivity value for this sample was

72mA/W. The second structure, with CuPc added to the

mixture, is sensitive throughout the visible range and also

covers a part of the near-IR spectrum (400 to 850 nm), as
seen in Fig. 6, a. The broadening of the photosensitivity

spectrum of this structure is caused by the following

processes: photon absorption due to intracenter transitions

in CuPc similar to those described in [14] and, based on the

energy band diagram of the structure, an assumption was

made about the presence of transitions between PCDTBT

and CuPc. Such transitions lead to the formation of excitons

with higher energies, which explains broadening in the

blue region of the spectrum, as well as excitons with lower
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Figure 5. Absorption spectra of samples synthesized in

the work on the basis of pure materials and mixtures

PCDTBT:CuPc:PC61BM (1), PCDTBT:PC61BM (2), CuPc (3),
PC61BM (4) and PCDTBT (5).
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Figure 6. Photosensitivity spectra of structures of the FTO/PCDTBT:CuPc:PC61BM/InGaSn (1) and FTO/PCDTBT:PC61BM/InGaSn (2)
type in relative (a) and absolute (b) units.

energies compared to the structure with one organic donor.

In addition, due to the mutual arrangement of energy levels,

CuPc probably acts as a channel facilitating the transport

of holes generated in PCDTBT to the anode, while also

being a barrier for electrons due to the higher value of the

HOMO level energy. Thus, the probability of charge carrier

recombination is reduced and charge carrier collection is

improved, resulting in an increased photosensitivity within

the entire spectral range. The photosensitivity spectrum

shown in Fig. 6, b shows a peak at a wavelength of about

620 nm that is typical of the structure without CuPc. It

is induced by optical transitions of PCDTBT and shifted

toward longer wavelengths due to the influence of CuPc

on the structure of PCDTBT, resulting in the absorption of

photons with transitions between the levels of two donors

the energy of which is lower than that of optical transitions

inside PCDTBT. An additional maximum appears at a

wavelength of 680 nm, which is attributable to optical

transitions in CuPc. The highest value of photosensitivity of

this structure was 210mA/W.

The introduction of an additional donor (CuPc) into the

structure allowed, as expected, to broaden the photosensitiv-

ity spectrum and to increase the photoresponse by a factor

of almost 3, as shown in Fig. 6, a. This is attributable to

the formation of an additional heterojunction between CuPc

and PC61BM, which provides a more efficient dissociation of

excitons, in the ternary structure with a bulk heterojunction,

as well as to a more efficient transport of charge carriers

to the contacts by virtue of a larger number of effective

transport pathways (see [6] for details) and to lowering

of potential barriers due to the positioning of the CuPc

energy level between the energy levels of PCDTBT and

the contact in the structure. As a consequence, the number

of photo-generated charge carriers arriving at the contacts

increases, leading to a significant increase in photocurrent.

One of the main problems in achieving high efficiency in

tandem photosensitive structures is the difference in open-

circuit voltages for different materials [15]. However, in

the FTO/PCDTBT:CuPc:PC61 BM/InGaSn structure, this
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Figure 7. VACs of samples based on

FTO/PCDTBT:PC61BM/InGaSn structures: 1 — dark branch, 2 —
light branch; and FTO/PCDTBT:CuPc:PC61BM/InGaSn: 3 — dark

branch, 4 — light branch.

is mitigated due to mixing of materials, which leads to

voltage equalization and, consequently, an increase in the

photosensitivity of the structure.

In order to determine the electrical

characteristics of the created samples, the

VACs of FTO/PCDTBT:PC61BM/InGaSn and

FTO/PCDTBT:CuPc:PC61BM/InGaSn structures were

studied (see Fig. 7). The increase in current under forward

bias is attributed to the formation of photogenerated

additional charge carriers under irradiation; however, the

first structure has low operating characteristics and a

rather high noise level compared to operating currents,

which is due to the fact that the number of charge

carriers formed during illumination is small relative to the

number of injected ones. The short-circuit current for this

sample was 9.09µA, and the open-circuit voltage was

0.5mV. The short-circuit current of the sample based on

FTO/PCDTBT:CuPc:PC61BM/InGaSn was 19.1µA, more
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than 2 times higher than that of the sample without added

CuPc; the open-circuit voltage was 0.15mV.

It is evident that the addition of a second donor to the

structure improves the photoresponse of the sample in both

forward and reverse branches of the VAC and reduces its

noise level, making such a structure applicable in the design

of efficient photodetectors of the visible and near-infrared

spectral range.

Conclusion

The results of studies into the fabrication of organic

photosensitive structures of the visible range with a

bulk heterojunction and the examination of influence

of a second donor added to the structure were pre-

sented. An FTO/PCDTBT:PC61BM/InGaSn photosensitive

structure with a spectral response from 450 to 750 nm

was fabricated. Its maximum photosensitivity value

was 72mA/W. Following the introduction of an ad-

ditional donor (CuPc) into the active layer, a struc-

ture of the FTO/PCDTBT:CuPc:PC61BM/InGaSn type was

formed. It had a significantly wider photosensitivity range

(400−850 nm), and its peak sensitivity was almost three

times higher: 210mA/W. At the same time, the voltam-

metric characteristics of the structure with an additional

donor show an increase in both forward and reverse branch

currents, an increase in short-circuit current, and a decrease

in intrinsic noise compared to the structure with a single

organic donor. Thus, it can be concluded that the obtained

structure with two organic donors can be used as an active

element of photodetectors in the visible and near-infrared

spectral range.
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