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Study of the effect of an external magnetic field on the photoelectric
properties of a copper phthalocyanine film

In the article the results of a study of the influence of a magnetic field on the change in current-voltage char-
acteristics and charge carrier mobility in a solid film of copper phthalocyanine (CuPc) are presented. A solid
CuPc film on a substrate with a conductive ITO surface (Indium Tin Oxide) was obtained by thermal evapo-
ration in a vacuum. The absorption spectrum of CuPc was measured; as a result, copper phthalocyanine mol-
ecules on the substrate surface were found to be in the metastable a-phase. Measurements of current-voltage
characteristics (IVC) were carried out using a potentiostat-galvanostat P20X in the linear sweep mode. To
study the effect of a magnetic field on the photoelectric characteristics, a sample was placed between the
poles of an electromagnet. A xenon lamp with radiation intensity of 50 mW/cm” was used as a simulator of
sunlight. As a result of experiments, it was found that the external magnetic field affects the value of the
short-circuit current, at the same time, the charge carrier mobility in a magnetic field does not change. The
studied effect of a change in the current-voltage characteristics in a solid CuPc film upon application of an
external magnetic field can be used as a high-speed magnetic field sensor.
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Currently, semiconductor silicon solar cells are leaders in the field of converting light energy into electri-
cal energy (a record makes ~ 46 %). However, the complexity of the technology, the high cost of production,
the requirement for the purity of the materials used and the fragility limit their widespread distribution [1].

An alternative replacement for silicon solar cells is organic polymer batteries. These devices have
several advantages, such as the simplicity of the used technology, the low cost of materials, the possibility of
obtaining a large area with flexibility [2]. In this regard, the actual task is the study and application of semi-
conductor organic photovoltaic devices.

To clarify the mechanism of formation of charge carriers and other processes involving excited singlet
and triplet states in organic solids, along with traditional optical and electrical methods, new methods have
been widely used based on the influence of an external magnetic field on specific stages of non-equilibrium
electronic processes and related to reactivity paramagnetic particles. Changes in the speed of these stages are
detected by changes in photoconductivity, fluorescence intensity, optical density, etc. With the help of these
effects, the specificity of the influence of the magnetic field allows to judge the mechanism of the processes
and the presence of magnetically sensitive stages.

The aim of the work is to study the effect of an external magnetic field on the processes of generation
and separation of charges in a solid film of copper phthalocyanine. The tasks are to measure the influence of
an external magnetic field on the current-voltage characteristics of a solid CuPc film; on the basis of existing
measurement methods, calculate the charge carrier mobility in a thin-film solar cell.

The high charge carrier mobility [3] and high photovoltaic parameters allow us to consider metal
phthalocyanines as promising materials for photovoltaic devices [4, 5]. The structural formula of the com-
pound based on copper phthalocyanine is shown in Figure 1.
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Figure 1. The structural formula of copper phthalocyanine

18 BecTHuk KaparaHgmHckoro yHusepcurteTa



Study of the effect of an external magnetic...

Thermal evaporation is the most rational way of applying phthalocyanines to the surface, because most
of them are able to sublimate. These compounds are susceptible to sublimation in vacuum at temperatures up
to 573 K[6].

A solid film of organic CuPc molecules was deposited on the surface by thermal evaporation in a
vacuum (10~ Torr) using a Carl Zeiss Jena HBA 120/2 appliance.

The thickness of the precipitated layer was calculated by the Formula 1.

T M sm? ’ 1)
4npR
where M is the mass of the material to be evaporated; T is the thickness of the deposited layer; 0 is the angle
of inclination of the substrate to the evaporator; pis is the density of the material to be evaporated; R is the
distance from the evaporator to the substrate.

With the help of thermal vacuum evaporation, a solid film of copper phthalocyanine with a thickness
of ~ 140 nm (Fig. 2) was sprayed onto the surface of an ITO (Indium Tin Oxide) coated substrate. Further,
an electrode of aluminium with a thickness of ~ 150 nm was deposited on the surface of the deposited layer
of organic molecules of CuPc. The layer thickness was measured using a Hitachi S-4800 scanning electron
microscope (Tomsk city).

Before thermal evaporation the surface of glass substrates with a transparent conductive ITO coating
(resistance Ripo = 60 /cm) must be thoroughly cleaned. In the process of cleaning, the samples were verti-
cally placed in an ultrasonic bath and washed for 10 minutes in acetone, in isopropyl alcohol and in dionized
water, and then dried in a drying cabinet for 20 minutes. At the end, in order to remove organic residues from
the surface and increase wettability, they were subjected to UV-ozone treatment for 1 hour.

183.51 nm

Figure 2. SEM image of the cleaved quartz substrate with a solid CuPc film

The absorption spectrum of copper phthalocyanine was measured using a CM2203
spectrofluorometer (Fig. 3). As can be seen in Figure 3, the absorption spectrum has 3 maxima. The first ab-
sorption maximum is observed in the ultraviolet region with a wavelength of /=335 nm and an optical densi-
ty of 0.59. This area is called the B-range. In the B-range, a large absorption peak is observed, which indi-
cates that CuPc has the structure of the metastable a-phase, since during thermal annealing, a sharp decrease
in absorption is observed in this range [7]. Also, at wavelengths of /=615 nm and A=695 nm, there are se-
cond and third absorption maxima in the visible region of the spectrum (Q-band). The optical density is 0.63
and 0.56, respectively. This spectrum coincides with the studies of the authors [8]. The characteristic split-
ting of the Q-band into two absorption peaks is a consequence of the crystalline form of phthalocyanine and
is called Davidov splitting [9].
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Figure 3. Absorption spectrum of Cu-phthalocyanine film on quartz substrate

Figure 4 (a) shows a diagram of the energy levels of a sample of a photovoltaic cell with a layered
structure ITO/CuPc/Al. From Figure 4 (b) it follows that the sample consists of several layers: / — glass
substrate; 2 — a transparent conductive layer of ITO (Indium Tin Oxide), which serves as the anode; 3 — a
layer of copper phthalocyanine organic molecules; 4 — aluminum electrode serving as a cathode.
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Figure 4. Diagram of energy levels (a) and cell structure (b)

Measurements of current-voltage characteristics (IVC) were carried out using a potentiostat-
galvanostat P20X in the linear sweep mode. A xenon lamp with a study intensity of 50 mW/cm” was used as
a simulator of sunlight. The installation diagram is shown in Figure 5.
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Figure 5. Diagram of the experimental installation for measuring
the IVC in an external magnetic field

The maximum open circuit voltage of the organic cell was 0.75 V at a short-circuit current density
of 2.020 pA/cm’. Based on the dependence of the current on voltage, the current density, the filling fac-
tor (FF) and the efficiency of conversion of solar energy into electrical energy were calculated according to
the method described in [10].

Figure 6 demonstrates the effect of a magnetic field. Curve 1 corresponds to the current-voltage
characteristic of a CuPc-based photovoltaic cell without an external magnetic field. When solar cells are
placed in a magnetic field, the short-circuit current is more than halved, which indicates a negative effect of
the magnetic field on the current-voltage characteristic (curves 2—4).
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Figure 6. The influence of the magnetic field on the current-voltage characteristics

Table shows the calculations of the characteristics of a photovoltaic cell with the ITO/CuPc/Al structure
when the magnetic field varies from 0 to 0.6T.
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Table
Photovoltaic cell characteristics
B(TM) | Unx (V) | Us(V) | Joux (A fom’) Jie (nA/em?) FF n (%)

0 0,269 0,75 0,725 2,020 0,128 3,878E-06
0,1 0,29 0,764 0,628 1,910 0,124 3,619E-06
0,2 0,287 0,755 0,546 1,682 0,123 3,124E-06
0,3 0,287 0,740 0,482 1,479 0,126 2,758E-06
0,4 0,26 0,723 0,458 1,276 0,129 2,38E-06
0,5 0,255 0,704 0,402 1,117 0,130 2,045E-06
0,6 0,25 0,683 0,356 0,976 0,133 1,773E-06

Based on the data obtained in Table, it can be concluded that with an increase in the magnetic
field (from 0 to 0.6T) the maximum current density (J,..x) and short-circuit current density (Ji.) decreases
more than 2 times, while, maximum voltage (U,..x) and open circuit voltage (U,.) practically do not change.
Also, the efficiency of the photovoltaic cell decreased by more than 2 times at the maximum value of the
applied external magnetic field (0.6T).

Also, during the experiments, the effect of a magnetic field (MFE — Magnetic Field Effect) on the
short circuit current of an organic semiconductor cell was revealed. MFE was calculated according to the
method [11]. This graph is shown in Figure 7.

The formula (2) for calculating the effect of a magnetic field is given below.

MFE :131—1"'100 %, 2)

0

where [ is a short circuit current in a magnetic field; /, is a short circuit current without exposure to a mag-
netic field.
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Figure 7. The effect of the magnetic field (MFE) and the charge carrier mobility

According to the above graph, it can be concluded that with an increase in the magnetic field, the short-
circuit current changes in a negative direction. The reduction of the short circuit current was more than 50 %
with an increase in the magnetic field from 0 to 0.6T.

The charge carrier mobility (Fig. 7) of copper phthalocyanine was obtained using the DI-SCLC tech-
nique (Dark injection space-charge-limited current) described in [12]. The charge carriers in CuPc are holes,
since this compound belongs to p-type semiconductors. Below is a formula for calculating the charge carrier
mobility (formula 3).
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dZ
W=7 3)

W
where u is the charge carrier mobility; d is the film thickness; V is the applied voltage, t, is the transient time.
Transient time is calculated by the formula 4, where T, is the time of rise of the peak current from the

moment the voltage is applied.
Tpear = 0.7861,. 4)

The calculated charge carrier mobility in a solid semiconductor film consisting of organic molecules
of copper phthalocyanine (at an applied voltage of ~ 620 mV) was 2.6:10° cm’/Vs. According to
the authors, the mobility of CuPc charge carriers ranges from ~ 3.9-10cm?/ Vs up to ~ 2.5-10°cm?/Vs, de-
pending on the annealing temperature [13]. According to the data obtained from the experiment (Fig. 7),
a change in the magnetic field from 0 to 0.6T does not affect the charge carrier mobility in an organic photo-
voltaic cell.

Based on the experiments performed, it can be concluded that the organic molecules of copper
phthalocyanine are sensitive to the magnetic field, which was proved by measuring the current-voltage
characteristics of the photovoltaic cell. The effect of the influence of the magnetic field showed a decrease
in short-circuit current by more than 2 times. Potentially, the studied effect of a change in the current-voltage
characteristics in a solid CuPc film upon application of an external magnetic field can be used as a high-
speed magnetic field sensor.
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Mpbic ¢pramonnannHi KaObIPIIAFBIHBIH (OTOIIEKTPJIIK
KacueTTepiHe CHIPTKbI MATHHUT OPICiHiH dcepiH 3epTTey

Makamaga wmbic  ¢ramonuanuHinig (CuPc) KaTTel KaOBIPIIAFBIHAAFBl  3apsl TachIMAJJayIIbUIapAbIH
KO3FAJIFBIIITBIFEl MEH BOJBTAMIIEPIIK CHIIATTAMAJIAPBIHBIH ©3TepiciHe MarHHT OpiCiHIH acepiH 3epTrey
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HoTikesnepi kenripinreH. beri Tok ertkizerin ITO (unamit oxcuni Kamaiiel) Tecemeneri CuPc karTel
KaOBbIpIIarbl BaKyyMJia TEPMUSUIBIK OylaHIBIPY 9/ici apKbuIbl anbiHAbl. CuPc KyThuly cHeKTpiepi eJeHmi,
COHBIH HATIKECiHIe TeceMe OeTiHaeri MbIC (TaJOLMAaHUHIHIH MOJEKyJaadapbl Meractabmibai o-dasama
OoaThIHBI aHBIKTAABL. Bosbrammeprnik cumarramanapra (BAC) P20X moreHmmocTar-raibBaHOCTATTHIH
KOMETiIMEH CBI3BIKTHIK Kalllay KyHiHze emmeM Kyprizini. PoTosnekTpilik cunaTraManapra MarHiT epiciHig
dcepiH 3epTTey YIUiH YJri 3JIEKTPMarHWT MOJIOCTEPiHIH apachlHa OpHAJIACTHIPbULIBL. KYH jKapbIFBIHBIH
YKCATKBIIIBI PETiHIE COyNe WIBIFAPY KAPKbIHABUIbIFEI 50 MBT/CM® GONATBIH KCEHOH IIAMBI KOIIAHBUIIbL.
Taxipube HOTHKECIHIE CHIPTKBI MArHUT OPICiHIH KbICKA TYHBIKTATY TOTBIHBIH MOHIHE 9Cep eTeTiHi, COHbIMEH
6ipre MarHuT epiciHzeri 3apsi TaChIMANIAayLIbUIAp KO3FaJIFBIITHIFBIHBIH ©3repMeiTiHairi anpikranasl. CuPc
KaTThl KaObIpiareiHaarsl BAC e3repici CHIPTKbI MarHUT ©piciHE CalfaH Ke3[Ie 3ePTTEIreH acepi MarHuT
opiciHiH Te3 acep eTeTiH KYpPBUIFBICHI PETiH/C MaiilalaHybl MYMKIH.

Kinm co30ep: wmbic QramonmanuH KaObipmarsl, BAC, MmarHuT epici, 3apsn TachIMalgaylIbUIapBIHBIH
KO3FaJIFBIIITHIFBL

A.B. 3aBropoaunuii, A.K. Alimyxanos, A.K. 3eiinunenos, K. K. AxatoBa

HccnenoBanne BIMAHUA BHEIIHET0 MATHUTHOIO TOJIS
HA (POTOIIEKTPUYECKHE CBOMCTBA IVICHKH (PTAJIONMAHUHA MeIHU

B cratbe npencraBieHsl pe3ynbTaThl UCCIACOBAHMS BIUSHKUSA MArHUTHOTO IIOJIL HA U3MECHEHHE BOJIbTaMIIep-
HBIX XapaKTepUCTHK M IOABIKHOCTU HOCHTENEeH 3apsja B TBepaod IureHke ¢ramoruannHa menn (CuPc).
Teepaas mrenka CuPc Ha momoxkke ¢ ToxonpoBozsmeil mosepxuoctsio ITO (okcun mHans-onoBa) Obuta
N0JIy4eHa METOJO0M TEpPMHUYECKOI'O MCIAPEHUS B BaKyyMe. bbuln MpoBeaeHbI U3MEPEHUs CIEKTpa MOIJIONIe-
Hus CuPc, B pe3ynbpraTe ObUIO YCTAHOBIEHO, YTO MOJIEKYIIBI (hTATONMAHNHA MEN HA TTIOBEPXHOCTH MOATIOXK-
K{ HaxoIsITCsl B MeTacTaOmWiIbHOH a-dase. MI3Mepenust BosbTaMiepHbIX xapakTepuctuk (BAX) npoBoauinch
IpU MOMOIIM TOTEeHIHOCTaTa-ragbBaHoctata P20X B pexxume nuHEHHOH pasBepTku. sl McciaeloBaHUS
BJIMSIHUSL MATHUTHOTO MOJISL HA (DOTORJIEKTPUYECKHE XapaKTEPUCTHKU o0paser] MOMEIaIcss MeX/1y IOJII0CaMH
JJIEKTPOMArHuTa. B KauecTBe MMUTAaTOpa COJIHEYHOrO CBETa UCIOJIb30BAHA KCEHOHOBAs JIaMIla C HHTEHCHUB-
HOCTBIO M3JIydeHHs, paBHOi 50 MBT/cM%. B pe3yibrare SKCIEPHUMEHTOB GbUIO YCTAHOBIEHO, YTO BHEIIHEE
MarHUTHOE I0JI€ OKa3bIBACT BJIMSHHUE HA 3HAUCHHUE TOKA KOPOTKOIO 3aMBIKAHHUS, B TO XK€ BPeMs IIOJABUKHOCTh
HOCHTeNeH 3apsiia B MAarHUTHOM MoJe He MeHsercs. VccnenoBanuslii addexr n3menenuss BAX B TBepmoit
mienke CuPc npyu Hano>keHHH BHELIHET0 MarHUTHOTO TOJIS MOKET OBITh IMPHMEHEH B KaueCTBE OBICTPOJIEH-
CTBYIOIIETO JaTUMKAa MATHUTHOTO MOJIA.

Knioueswie cnosa: nnenka ¢prangonuannna Mean, BAX, MarHuTHoe moie, Oo/ABI)KHOCTh HOCHTENeH 3apsia.
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