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We report a study of the effect of magnetic field on the structural organization and sensory properties of 

thin titanyl phthalocyanine (TiOPc) layers deposited by vacuum thermal evaporation. It is shown that 

magnetic field (directed perpendicular to the substrate surface) does not affect the phase composition of the 

layers which are represented by II-triclinic and I-monoclinic crystal modifications in both cases. The 

crystallites of both phases demonstrate preferential orientations, the angles between molecular planes and 

the substrate are 62.53° and 5.30°, respectively. The 2D GIXD study shows that magnetic field significantly 

improves the crystallinity of obtained thin layers; the conductivity increases by ∼10 times, but the sensory 

response to ammonia does not change. Irradiating the layer obtained in magnetic field by fast neutrons 

(fluence 3⋅1014 cm–2) decreases the conductivity by two orders of magnitude. This effect is not observed in 

the parallel experiment without magnetic field. 
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INTRODUCTION 

Among numerous organic semiconductors, metal phthalocyanines (MPc) are particularly interesting due to their 

high thermal and chemical stability and unique electronic properties. The ability of MPc to sublimate in vacuum allows 

preparing thin homogeneous highly oriented polycrystalline layers by vacuum thermal evaporation, which is increasingly 

often used not only in the production of field-effect transistors, solar cells, diodes, etc. [1], but also as active layers of 

chemical sensors [2]. 

The structure and orientation of molecules in ordered MPc layers are most important for their application in 

electronic devices. Thus, the authors of [1] state that most efficient charge transfer in organic field-effect transistors is 

achieved when molecules are packed along the direction of current in the conducting channel. An important feature of MPc 

layers is the absence of strong interactions between terminal molecules deposited on a smooth substrate surface.  
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Consequently, the choice of deposition conditions can significantly affect the growth process and structural organization of 

layers. In addition to traditional methods of affecting the orientation of molecules in MPc layers (temperature parameters, 

growth rate, substrate material) [3-5], the attention of researchers was relatively recently attracted by the impact of external 

electrical [6-8] and magnetic fields [9, 10]. For example, it was shown in [6] that electric field affects the orientation and 

phase composition of unsubstituted phthalocyanine (H2Pc) layers. Also, layers deposited under the action of electric field can 

have enhanced conductivity, as it was demonstrated in [8] on the example of CuPc layers. The authors of [7] studied the 

influence of electric field on the structural organization and morphology of the surface of TiOPc layers deposited on  

a sapphire substrate. The authors showed deposition without electric field results in the I-monoclinic TiOPc modification, 

while electric field directed perpendicular to the substrate plane leads to the formation of the II-triclinic TiOPc modification, 

and the angle between the plane of the molecule and the substrate diminishes from ∼90° to ∼60°. 

There are much fewer studies of the effect of magnetic field on the structural organization of MPc layers. The 

influence of magnetic field was described on the example of CuPc in [9]. The deposition was carried out in magnetic field 

(6 mT) directed perpendicular to the substrate plane. The XRD pattern showed a reflection from the family of 

crystallographic planes {010} with the interplanar distance d = 4.0 Å. The authors concluded that this value is most close to 

the parameter b = 3.769 Å corresponding to the α-modification of CuPc [11]. This means that most of CuPc crystallites are 

oriented along the b axis, i.e. perpendicular to the substrate plane. However, this conclusion is doubtful, since the interplanar 

distance d010 cannot be larger than parameter b. Moreover, the XRD pattern of CuPc layers obtained by the authors does not 

correspond to any known crystal modification of CuPc. The problem of conducting reliable phase analysis is also faced in the 

studies of the layers of TiOPc that has five known polymorphs: II-triclinic [12], I-monoclinic [12], Y-monoclinic [13], IV-

triclinic [14], and C-monoclinic [15] (referred to below as II, I, Y, IV, C). 

We have not succeeded in finding studies of TiOPc layers prepared in magnetic fields, but there are several reported 

papers on its structural analog vanadyl phthalocyanine (VOPc). The authors of [10] studied the structure and morphology of 

thin VOPc layers deposited in an external magnetic field directed perpendicular to the substrate surface. It was shown that 

magnetic field does not affect the crystallinity and morphology of the surface of layers. The spectral ellipsometry data show 

that the angle between the molecules and the substrate surface in the layers deposited in a magnetic field decreases from 24° 

to 3° compared to those deposited under normal conditions. It was shown in [16, 17] that conductivity of VOPc films 

increases in the presence of magnetic field directed parallel to the substrate surface. 

The authors of [10] explained the effect of magnetic field on the structural organization of VOPc layers by assuming 

that strong magnetic field directed perpendicular to the plane of the diamagnetic MPc molecule containing benzene rings or 

aromatic heterocycles induces electric current directed perpendicularly within the molecule. In turn, this current creates 

magnetic dipole with a vector directed opposite to the applied field. As a result, the MPc molecule adopts an unstable high-

energy state and is to orient the way that the aromatic rings be parallel to the lines of the applied field. Note also that 

crystallite formation on the substrate surface is a collective process involving a multitude of molecules. 

In the case of non-planar molecules such as VOPc and TiOPc the description of crystallization can be much more 

difficult due to the inner electric dipole moment of the molecules. It should also be noted that, despite structural similarity, 

TiOPc molecules are diamagnetic while VOPc molecules are paramagnetic [18]. Therefore, the influence of magnetic field 

on TiOPc layers can differ significantly from the results obtained for VOPc. The above examples show that magnetic field 

can be used to control structural organization of thin layers during their growth. 

Standard X-ray diffraction analysis in the Bragg–Brentano focusing geometry poorly suits for the analysis of 

structural organization of highly oriented thin layers, i.e. polycrystalline layers where the absolute majority of crystallites are 

oriented along a certain crystallographic direction. As a result, the XRD patterns of such samples are uninformative and 

represent the orders of reflections from one family of crystallographic planes. TiOPc has five known polymorphs; therefore, 

powder XRD analysis of this compound is difficult, since the observed diffraction peaks can be assigned to two or more 

phases. This limitation can be overcome by using 2D grazing incidence X-ray diffraction (2D GIXD). Recording in the 2D 

GIXD geometry implies a single-crystal diffractometer with a phthalocyanine sample attached to the instrument by a special 
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Fig. 2. Setup for the deposition of 
thin TiOPc layers in magnetic field 
by vacuum thermal evaporation: 
neodymium magnet (1), substrate 
(2), Knudsen chamber (3), TiOPc 
powder (4), heater (5), thermocouple 
(6). 

 

a magnet by preheating it above the Curie temperature and applied it to the back side of the substrate of samples prepared 

without magnetic field (referred to below as the TiOPc0 sample). In total, three pairs of thin films were studied. 

X-ray diffraction and atomic force microscopy. Powder diffraction of TiOPc thin layers in Bragg–Brentano 

focusing geometry was performed on a Shimadzu XRD-7000 powder diffractometer (CuKα radiation, 40 kV, 30 mA, vertical 

θ–θ goniometer with a radius of 200 mm, Ni filter, OneSight SSD detector). The measurements were conducted in the 2θ 

range from 5° to 40° with a scan step of 0.03° and a total acquisition time per point of 120 s. Preferential orientation was 

reduced by rotating the sample in its proper plane at a speed of 60 rpm. The resulting XRD patterns are shown in Fig. 3. 

The 2D GIXD study of TiOPc films was conducted on a Bruker DUO single-crystal diffractometer (Incoatec IμS 

microfocus tube, CuKα radiation, APEX II CCD detector with a resolution of 1024×1024, pixel size 60×60 µm). Strips with  

a width of 2-3 mm were cut from the initial samples and fixed with special adapter in the goniometer head. During the 

measurements, the detector was positioned perpendicular to the primary beam (2θD = 0°) at a distance of 80 mm from the 

sample. The angle between the incident primary beam and the sample plane was ∼0.5°. The total acquisition time for each 

diffraction pattern was 10 min. the obtained 2D diffraction patterns (Fig. 4, 5) wre processed with the XRD2DScan 4.1.1 

program [20]. 

Surface morphology and thickness of the samples were studied using an NT-MDT NEXT II atomic force 

microscope (NSU, Youth Laboratory of Functional Diagnostics of Nanoscale Systems, Head P. Geydt) in semi-contact mode  
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likely consists of two phases. Formation of a new modification can neither be excluded. The fact that only reflection orders 

are present indicates strong preferential orientation. The first pair of diffraction peaks can be assigned to modification II 

(theoretical angular positions of diffraction peaks (010) and (020) are 7.61° and 15.26° 2θ) and to modification IV: peaks 

(010) and (020) at 7.53° and 15.09° 2θ, respectively. The Y modification with diffraction peaks (100) at 7.39° and (200) at 

14.81° 2θ is also possible, even though less probable. The second pair of diffraction peaks most likely belongs to 

modification I: peak (002) at 13.20° and peak (004) at 26.58° 2θ. Other modifications, namely IV and Y, have diffraction 

peaks with matching angular positions but with different ratios of their first and second order intensities. 

The XRD reflections of the TiOPc0 film are much less (∼100 times) intense than those of TiOPcM (Fig. 3). Since 

their layers have approximately equal areas and thicknesses, it means that TiOPc0 is characterized by lower crystallinity. The 

angular positions of two most intense diffraction peaks differ insignificantly from those of TiOPcM, thus quite definitely 

indicating that the presence/absence of magnetic field does not affect the phase composition of the resulting layers. At the 

same time, the ratio of diffraction peak intensities changed by 7.59° and 26.28°, thus indicating possible difference between 

orientations and/or quantitative ratios of the phases. 

Since it was not possible to conduct reliable powder XRD analysis of TiOPc films in the standard Bragg–Brentano 

geometry, we measured these samples in the 2D GIXD geometry. The obtained diffraction patterns are shown in Fig. 4. 

The 2D diffraction pattern of TiOPcM has separate well-localized diffraction spots and more diffuse diffraction arcs, 

confirming the assumption that the sample is contains two phases. In addition to the 2θ angular position, diffraction spots in 

the 2D picture have the azimuthal position (ϕ). If the azimuthal position of the central peak (corresponding to the plane of 

preferential orientation) is taken equal to 0°, then this value of another diffraction spot allows determining the angle between 

the plane of preferential orientation and the corresponding crystallographic plane [19]. In our case, this approach allows 

unambiguously determining the more oriented phase as modification II and assigning the following indices to the main 

observed reflections: (010, (020), (101) , (111) , and (121) . The experimental azimuthal positions of spots (101) , (1 11) , 

(121)  are equal to 71.6°, 55.4°, 30.0°, respectively, in good agreement with values 72.6°, 53.6°, 32.4° calculated from 

crystallographic data. Diffraction arcs of the second crystal phase are strongly diffused, which indicates lower preferential 

orientation and does not allow determining the azimuthal positions of the maxima with the same accuracy. Nevertheless, the 

comparison of angular positions of diffraction arcs with their calculated values unambiguously shows that the second 

crystalline phase is modification I and allows assigning indices (002), (0 11), (111)  to the observed diffraction arcs. 

Diffraction arcs in the 2D picture of TiOPc0 (Fig. 4) are much more extended, but the general view of the diffraction 

pattern coincides with that of TiOPcM. In combination with the data obtained in the Bragg–Brentano geometry, this 

unambiguously shows that the presence/absence of magnetic field did not affect the phase composition of TiOPc films. 

The degree of preferential orientation of a film can be estimated by measuring the azimuthal half-width of the 2D 

GIXD peak corresponding to the plane of preferential orientation. Fig. 5 shows the azimuthal profiles for (010) peaks of 

modification II in both samples and the (002) peak of modification I in the TiOPcM sample: the full width at half maximum 

(FWHM) of the peaks is 7.6° and 12.6°, respectively. In the case of the TiOPc0 sample, the (002) reflection of modification I 

is too weak and diffused to build an adequate azimuth profile. Thus, the presence of magnetic field during deposition 

improves not only the crystallinity but also the degree of preferential orientation of crystallites. Taking into account 

instrumental broadening equal to ∼3° (azimuthal FWHM value for the single crystal), we can conclude that the TiOPcM film 

has approximately twice as strong preferential orientation than the TiOPc0 film. At the same time, the degree of crystallite 

orientation is 7 times higher in modification II than in modification I. 

Information about the crystal structure of the TiOPc modification [12] and the direction of preferential orientation 

can be used to calculate the angles between the substrate and the molecule plane (root mean square plane passing through all 

C and N atoms). For the crystallites of modification II oriented along the (010) plane, this angle is equal to 62.53°. The 
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crystallites of modification I are oriented along the (002) plane, and the molecules are almost parallel to the substrate surface 

(the angle is as small as 5.30°). The arrangement of molecules relative to the substrate is shown in Fig. 7. 

X-ray diffraction methods allow studying the internal structure of layers but do not provide information about their 

thickness and surface morphology. Therefore, we studied the samples of TiOPc layers using atomic force microscopy (AFM). 

Fig. 6 shows images of the surface of TiOPcM and TiOPc0 sample and thickness profiles after scratching the film. As can be 

seen, TiOPcM consists of numerous rounded 50-150 nm grains, while the surface of TiOPc0 consists of elongated 

conglomerates of smaller grains. The RMS roughness is approximately equal in both samples (~16 nm). The height profile 

shows that the thickness of both films is ∼400 nm. 

For comparison, the size of the coherent scattering region (CSR) can be estimated from the half-width of diffraction 

peaks (Fig. 3) using the the Scherrer equation. The instrumental broadening of 0.09° was determined using the LaB6 SRM-

660a reference powder sample studied under the same geometric conditions (Shimadzu XRD-7000, CuKα radiation, Bragg–

Brentano geometry). The CSR size for TiOPcM is 52 nm and 59 nm for II-triclinic and I-monoclinic phases, respectively. For 

the TiOPc0 sample, these values are similar: 40 nm and 58 nm. Thus, the presence of magnetic field slightly increases the 

CSR size for modification II and has almost no effect on modification I. 

To study the influence of magnetic field on sensor properties of the layers, we measured the adsorption-resistive 

response of TiOPcM and TiOPc0 films to ammonia in the concentration range from 10 ppm to 50 ppm. The comparison of 

current-voltage characteristics (Fig. 8a) indicates that the conductivity of TiOPc0 film is ∼10 times lower than that of TiOPcM 

films. Fig. 8b shows that magnetic field insignificantly (1.1-1.2 times) enhanced the sensory response to ammonia, which 

though ranged from 0.7% to 2%. At the same time, TiOPcM layers exhibit a longer relaxation time. For the ammonia 

concentration of 20 ppm, the response time is 16-17 s, while the relaxation time for TiOPc0 films is 60 s, and that for TiOPcM  

 

 

Fig. 7. Arrangement of the molecules of II-triclinic (a) and I-monoclinic (b) TiOPc modifications relative to the 
substrate surface. 

 

 

Fig. 8. Current-voltage characteristics of TiOPcM and TiOPc0 layers and TiOPcMN and TiOPc0N layers 
irradiated by fast neutrons (a); sensory response of TiOPcM and TiOPc0 layers as a function of ammonia 
concentration (b); typical sensory response (c). 
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films exceeds 75 s (Fig. 8c). In the first case (without magnetic field), irradiation of TiOPc0 and TiOPcM deposited on IDE by 

fast neutrons with a fluence of 3⋅1014 cm–2 on the accelerator-based neutron source of BINP SB RAS [22, 23] did not change 

the conductivity of the layers, while in the case of TiOPcM the conductivity decreased by two orders of magnitude (Fig. 8a, 

curves TiOPc0N and TiOPcMN). 

CONCLUSIONS 

We investigated titanyl phthalocyanine films TiOPc deposited by vacuum thermal evaporation on glass substrates in 

the presence of magnetic field directed perpendicular to substrate plane and without such field. It was shown that the films in 

both cases consist of two polymorphs (II-triclinic and I-monoclinic) and have a strong preferential orientation. Magnetic field 

does not affect the phase composition of the films but significantly increases their crystallinity and the orientation degree. 

The AFM results showed that the magnetic field slight increases the size of individual grains, while the total thickness of the 

films and their roughness remain the same. The main positive effect of magnetic field is markedly increased conductivity of 

the obtained layers. The sensory response to ammonia and the relaxation time increase insignificantly. 
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