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Electrophysical properties of titanium dioxide microscrolls doped with

linear carbon chains stabilized by gold nanoparticles
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A three-stage method for the synthesis of a system of titanium dioxide microswitches witha periodic structure

is proposed: deposition of a porous film by laser ablation, alloying it with linear carbon chains stabilized with

gold nanoparticles by Spraying-Jet, and formation of microswitches by the blading method. The structure of the

obtained samples was studied, the sizes of the forming elements were estimated, their dendritic structure and

periodic character were shown. The study of the electrophysical properties of a system of dioxide micro-coils

has been carried out titanium doped with carbon chains fixed between gold nanoparticles during the excitation

of a photocurrent in them, which demonstrated the photovoltaic properties of the obtained samples. Varying

the excitation parameters of the photocurrent (radiation power and irradiation time) made it possible to achieve

quantum efficiency up to values of the order of 29% and 46%, respectively. A model in the Schottky diode

approximation is proposed to describe the volt-ampere characteristics of the studied microswitch systems and the

photocurrent in them with a relative error of no more than 10%. A comparison with similar systems has been

carried out, alloyed metal-carbon complexes based on copper and iron nanoparticles, which demonstrated that they

can act as an alternative to complexes with gold nanoparticles.
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1. Introduction

Micro- and nanostructures based on titanium dioxide

(TiO2) are currently regarded as promising innovative ma-

terials and, owing to their unique operational and physical

characteristics, are being studied extensively in the context

of various applications [1]. For example, TiO2 nanotubes

are used as solid-state components for the development of

highly efficient photocatalytic elements, solar cells, sensor

and photochromic devices, and coatings for biomedical

implants and have many other high-tech applications [2–
4]. TiO2 nanofilms offer fine photosensitivity, chemical

and mechanical stability, and unique optical properties [5,6].
In addition, depending on the degree of oxidation, they

manifest mixed electrophysical properties and may enhance

their capacity to conduct electric current due to a high den-

sity of surface defects and the emergence of photocurrent

under surface irradiation [7,8]. Their high refraction index

also makes them promising components for various optical

applications.

A wide range of methods for synthesizing titanium

dioxide micro- and nanotubes is currently available. Among

them are, e.g., hydrothermal synthesis, which allows one

to obtain samples with a diameter of 10−30 nm and a

length of 100−300 nm [9], and electrochemical synthesis

by anodic oxidation, which enables the synthesis of samples

with lengths varying from 550 nm to 1.5µm and diameters

ranging from 42 to 53 nm [1]. Common techniques for

synthesis of such structures typically require significant time

and conditions that are relatively hard to maintain (e.g., high

temperature and pressure).

A three-stage procedure [10] based on laser synthesis of

a porous titanium dioxide film with subsequent mechanical

formation of microscroll systems may be regarded as a

simple alternative that does not impose such strict synthesis

conditions and allows one to produce extended micro- and

nanotube samples with an ordered structure and promising

photoelectric properties in a relatively short time. The

indicated synthesis method, which was used in the present

study to form microstructures doped with linear carbon

chains and gold nanoparticles, is characterized in Section 2.

The results of examination of structural features of such

samples, which are presented in Section 3, reveal their

periodic nature. The estimates of their electrophysical and

photoelectric properties based on the volt–ampere charac-

teristics (VACs) and quantum efficiency (see Section 4) are

in line with the results of modeling based on the Schottky

diode approximation (Section 5).

Thus, the aim of the present study is to demonstrate

the emergence of well-pronounced promising photoelectric

properties in titanium dioxide microscroll structures fabri-

cated via three-stage synthesis.
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Figure 1. Diagram of synthesis of titanium dioxide microscrolls. (a) Synthesis of the TiO2 structure: 1 — target, 2 — ITO glass substrate,

3 — working chamber, 4 — laser radiation, 5 — direction of motion, and 6 — magnets; (b) C-Au spraying into the TiO2 structure: 1 —
substrate, 2 — spray nozzle, and 3 — linear carbon chains stabilized by gold nanoparticles; (c) rolling of microscrolls: 1 — TiO2 porous

film with C-Au, 2 — microscrolls, 3 — blade, and 4 — direction of motion.
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Figure 2. SEM images of the sample surface: a — image of the initial TiO2 film prior to rolling into scrolls; b — array of TiO2 microtubes

obtained as a result of mechanical blading.

2. Description of the experimental
synthesis procedure

At the first stage of the experiment on synthesis

of titanium dioxide microscrolls, a thin porous titanium

dioxide film was applied to a substrate made of glass

coated with indium tin oxide (ITO glass). Standard ITO

glass 20× 20× 1.1mm in size with a sheet resistance

of 7−10Ohm/sq, an ITO film thickness of 200 ± 50 nm,

and an ITO layer roughness of 3 nm was used. A

titanium dioxide film was synthesized by laser ablation in

air (Fig. 1, a) from a titanium target (with a purity of

99.99%) 1× 1 cm in size. The target was irradiated by

an LDesigner F1 laser system operating at a power level of

10W and a wavelength of 1.06µm. This laser irradiation

was performed in the pulse mode with a frequency of

20 kHz and a pulse duration of 100 ns. The working area

was scanned with a beam 30µm in diameter at a rate of

15mm/s. After 9min of irradiation of the initial material,

a TiO2 film with an average thickness of 4µm and a non-

uniform relief was formed on the substrate.

To improve the optical and electrophysical properties

of the sample, the Spraying-Jet method was used at the

second stage to spray linear carbon chains stabilized by

gold nanoparticles [11] into the porous titanium dioxide film

matrix.

This was done with an experimental setup allowing one

to spray a colloidal solution under pressure through a nozzle

onto the surface of the titanium dioxide matrix (Fig. 1, b).
The colloidal C-Au (carbon-gold) solution was obtained

from a solution of shungite with added gold nanoparticles

in alcohol. The laser fragmentation method detailed in [12]
was used in preparation of this solution.

As was demonstrated in earlier experiments, metal-

carbon complexes based on linear carbon stabilized by gold

nanoparticles are capable of producing a significant number

of photoexcited electrons [11].

At the third stage, an array of microtubes (scrolls) was

formed by blading (i.e., through mechanical impact exerted

on the TiO2 film by a blade moving along a given trajectory;

see Fig. 1, c) from the TiO2 film to create a metasurface with

an increased light absorption coefficient.

Optics and Spectroscopy, 2024, Vol. 132, No. 10



Electrophysical properties of titanium dioxide microscrolls doped with linear... 989

0–1.0 –0.5 0.5 1.0

I,
 n
A

0

–100

–200

100

200

U, V

1

2

3

a

0–1 2 3

I,
 n
A

0

–100

–200

100

200

U, V

1

2

3

b

1

Figure 3. VACs of the sample with the microscroll system measured at an arbitrary point: 1 — without irradiation, 2 — ITO glass, and

3 — with irradiation; the measurement environment is air (a) and vacuum (b).

In our view, this method is more technologically advanced

than the previously proposed technique of metasurface

formation in the process of ablation in a magnetic field [13].

3. Examination of structural features of
the obtained samples

Samples of titanium dioxide microscrolls with the diame-

ter of elements depending on the distance between the blade

and the substrate surface were prepared in accordance with

the above procedure. A distance on the order of 9µm,

which corresponded to the average outer microscroll radius,

was set. SEM images of the obtained samples revealed that

microscrolls form arrays with elements featuring a branched

dendritic structure (Fig. 2). To prove this assumption,

the fractal dimension of the sample from Fig. 2 was

estimated using the boxcounting [14] method implemented

in MATLAB. The obtained value (1.74) corresponds to a

dendritic structure.

The average diameter of microscrolls in the sample from

Fig. 2 was 9µm, the maximum length of the array elements

was 225µm, and the distances between the microscrolls

and their branches fell within the range from 32 to 254µm.

The values were estimated with a relative error no greater

than 9%. The distance between the system elements varied

about the value of 37µm, deviating by 10−15% from it.

In addition, microscrolls had the same average degree of

branching with respect to long branches and the same fractal

dimension within the 1.74–1.79 interval. All this indicated

that the synthesized system of microscrolls had a periodic

nature.

4. Study of electrophysical properties

The VACs of samples were measured using an Ntegra

Aura atomic force microscope in the semi-contact tunnel

current measurement mode. Two distinct measurement

scenarios were implemented: in the first case, the VACs

were estimated without optical pumping; in the second

case, the VACs with photocurrent were recorded under

external irradiation by an LCS-T-11 laser source with

wavelength λ = 532 nm, power P = 8mW, and a beam

diameter of 3mm.

The sample with the microscroll system was examined by

AFM both in a natural environment (in air) and in vacuum.

This allowed us to record the VAC of tunnel current from

its surface. Figure 3 shows the results of VAC measurement

at a single point in air (panel a) and in vacuum (panel b).
Thus, it was demonstrated that the VACs of the sample

with the microscroll system correspond to a semiconductor

material, while the plots for ITO glass reveal metallic

conductivity.

A significant difference between the VACs recorded in

vacuum and in air is seen in Fig. 3. This may be attributed

to the presence of free electrons, which enhance the tunnel

current, in the natural atmosphere directly under the needle.

Also, zero current is observed at zero voltage only in

vacuum, which is illustrative of electron emission. In air,

it is recorded at a negative voltage due to the emergence of

an additional charge on the surface. However, an increase

in current after the introduction of laser pumping at the

same voltage level was noted in all measurements. This is

indicative of photosensitivity of the examined material and

the external photoelectric effect.

VAC measurements were performed at ten different

points for the purpose of averaging. The averaged plots

are shown in Fig. 4. Figure 4, a shows an estimate of the

VAC in vacuum without optical pumping.

Figure 4, b presents the VAC estimate averaged over ten

points in vacuum with account for the effect of pumping

radiation. Figure 4, c shows the VAC of photocurrent (the
difference between the current values in Figs. 4, b and a:

I f = I t − I l , where I t is the current without irradiation

and I l is the current after irradiation). It is evident from
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Figure 4. VACs measured in vacuum without (a) and with (b) irradiation by a green laser; VACs of photocurrent of the positive

branch (c).
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Figure 5. VACs in air: without (a) and with (b) irradiation.

Fig. 4, c that the obtained dependence behaves like a typical

photocurrent VAC.

Figure 5 shows the VACs measured in air. Fig-

ure 5, a shows the VACs without laser irradiation, while

Fig. 5, b presents the characteristics obtained with external

pumping.

The quantum efficiency estimate for VAC measurements

performed in a given surface region is on the order of 0.9%.

It follows from Figs. 4 and 5 that the obtained depen-

dences are exponential in nature. The saturation currents

for VAC branches with positive voltage in air are relatively

equal. In the case of measurements in vacuum, they differ

significantly. This VAC feature is typical of materials with

fairly pronounced photoelectric properties.

To record the photocurrent from the entire test sample

surface, an experimental circuit presented in Fig. 6, a, where

the sample is depicted as resistor R1, was devised. The

photocurrent was measured with a Fluke 289 multimeter.

The first measurement was performed for a sample with

a TiO2 film; in the second experiment, the photocurrent

after deposition of a colloidal C-Au solution was estimated;

in the third measurement, the photocurrent after rolling

of the scrolls was investigated. External pumping was

implemented in accordance with the diagram shown in

Fig. 6, b, which allowed us to focus laser radiation with

wavelength λ = 532 nm onto the surface of a mirror that

redirected this radiation onto the surface of the sample. The

mirror was used to extend the laser path.

The initial surface of the sample with the TiO2 film

had an electric resistance on the order of R = 600Ohm.

When voltage U = 8V was applied from a DC power

source, current I reached the level of 21mA. The current

flowing through the sample remained unchanged under laser

irradiation, indicating the lack of a photoelectric effect.

Following spraying of the colloidal solution containing

linear carbon stabilized by gold nanoparticles onto the

TiO2 film surface, the resistance decreased to 545Ohm.

When voltage U = 8V was applied to the sample, current

I = 28.9mA flowed through it. When the sample surface

was pumped with laser radiation for 30 s, a small increase

in current (to I = 29.03mA) was recorded. Photocurrent

Iph = 0.13mA was calculated at this stage. The quantum

efficiency estimate for this intermediate sample, which was

calculated as η ∼ Iph
q8 [15] (8 is the luminous flux), was

found to be on the order of 2.5%.

Following the formation of microscrolls from the film

doped with stabilized linear carbon chains, the measured

sample resistance increased to R = 640Ohm. When voltage

U = 8V was applied to the sample from the external power

source, the current in the circuit was I = 26.38mA. When
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Figure 6. Photocurrent measurement diagrams. Circuit dia-

gram (a) and diagram of laser pumping of the sample surface:

1 — laser radiation source, 2 — mirror, and 3 — sample (b).

the sample was exposed to laser radiation with wavelength

λ = 532 nm, power P = 1.165W, and beam diameter

D = 11mm for 30 s, the current in the circuit increased

to I = 26.58mA. Thus, the photocurrent was Iph = 0.2mA.

The estimated quantum efficiency for the entire sample was

close to 3.8%. Thus, it can be concluded that the sample

in its final form had slightly more pronounced photoelectric

properties than the original structure.

Figure 7 shows the dependence of current strength

on irradiation parameters in the case of exposure of the

sample surface to a beam of green light at an electric

voltage of 8V. The estimated dependence of current on

the irradiation source power is presented in Fig. 7, a.

Figure 7, b presents the dependence of current on the time

of irradiation with green light with a power of 300mW.

The power dependences of current were exponential in

nature. The dependence of current on the irradiation time

was logarithmic.

A quantum efficiency around 29% may be achieved by

raising the radiation source power to 800mW, and an

efficiency of 46.2% is obtained by extending the exposure

time at P = 8mW.

For comparison purposes, the dependences of current

strength on power and irradiation time were examined

at an electric voltage of 8V for samples in which chain

carbon was stabilized by copper (Cu; Fig. 9) and iron (Fe;
Fig. 8) nanoparticles. If the sample was doped with copper

nanoparticles, the current strength started increasing only at

a power of 400mW. However, it reached higher values, but

at a much lower rate than in the sample doped with gold.

The dependence of current strength on irradiation time was

near-linear. A similar effect was found in the iron-doped

sample.

A comparison of Figs. 8, a, c and 7, a reveals a significant

reduction of the current strength in its dependence on

irradiation power: the values for the sample with Fe

nanoparticles are approximately 10 times lower, while the

current for the sample with Au nanoparticles is 1.5 times

lower than the corresponding values for Cu nanoparticles.

At the same time, compared to the samples with Cu and

Fe nanoparticles, the current strength in the sample with

Au nanoparticles increases at a higher rate. In addition,

the maximum growth of current in the dependence on

irradiation time is also found in the sample with Au

nanoparticles. Specifically, the maximum value of current in

its dependence on irradiation time for the sample with Au

doping is 1.39 times higher than the corresponding value for

the sample with Cu nanoparticles and 1.25 times higher than

in the sample with Fe nanoparticles. Comparing Figs. 8, b

and d, which show the time dependences plotted with

an error of 0.005µA, one sees clearly that the maximum

values of current in its dependence on irradiation time for

the samples with Fe and Cu nanoparticles are quite close

(the estimated ratio of the corresponding average values is

just 1.054). Thus, is follows from a comparison of Figs. 7

and 8 that samples with Fe and Cu nanoparticles may

be a fine alternative to Au-doped structures. Moreover,

the sample with Cu nanoparticles may have a slightly

higher quantum efficiency than the Au-doped sample. For

example, if one compares Figs. 7, a and 8, a, the sample

with Cu nanoparticles has an estimated 1.5-fold advantage

in quantum efficiency over the sample with Au doping.

It should be noted that no changes in surface relief were

recorded after laser pumping; i.e., the impact did not lead

to destruction of the samples.

5. Simulation of electrophysical
properties

Since the structures under consideration feature a metal–
semiconductor contact (TiO2-Au-C(n)-Au-TiO2), a Schottky

barrier will form at the points of contact of gold nanoparti-

cles with the titanium dioxide matrix [15–17].
The simulation was carried out for positive polarity at

U > 0; VACs were characterized in the Schottky diode

approximation [17]:

Id = Is

(

exp
( |q|U

NkT

)

− 1

)

ǫ,

where Is is the saturation current, k is the Boltzmann

constant, T is temperature, q is the electron charge, N is

the ideality factor, and ǫ is the proportionality coefficient

depending on the contact area and the electron scattering

coefficient.

The Schottky diode parameters were estimated from the

VAC measured experimentally within the voltage range of

[0.3;ϕb], where ϕb is the Schottky barrier height. The VAC

values averaged over ten measurements taken from Fig. 4, a

within the positive voltage range of [0.3; 1.3]V were used

for modeling.

The ideality factor was estimated as [18]

N =
|q|

bkT
,

where b is the slope ratio of the linear VAC approximation

(I l).
The extrapolated value of

ln(I/Is) =
|q|

U/NkT
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b — time of irradiation with green light with a power of 300mW.
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Figure 10. Model of the photocurrent VAC from Fig. 4, c with

smoothing by splines.

at point U = 0 provided an opportunity to estimate the

saturation current as I l(0) = Is . The Schottky barrier height

was estimated as [19]

ϕb = ln

(

A∗T 2

Is

)

NkT
|q| .

Thus, the following parameters needed for calculations

were determined for the VAC from Fig. 4, a: N = 1.242,

Is = 23.4 nA, and ϕb = 1.347 eV. The model VAC shown

in Fig. 9 was plotted with the specified parameters. The

maximum difference between the model and experimentally

measured values did not exceed 0.13 nA, which is indicative

of fine accuracy of the model approximation.

The photocurrent VAC values averaged over ten measure-

ments under irradiation with a laser with a wavelength of

532 nm taken from Figs. 4, b, c within the positive voltage

range of [0.3; 1.3]V were used as data for modeling and

comparison of calculated and experimental results.

The photocurrent was modeled based on the following

relation [20]:

Iph =
qFµτ

d2
γ,

where F =
√
2qU/me — velocity of free electrons,

µ = F ∗U/d — mobility, d — film–probe distance

(0.1 nm), me — electron mass, τ — lifetime (10−10 s), and
γ — level of illumination. Figure 10 shows the calculated

photocurrent VAC with spline smoothing.

The maximum relative error of the model did not

exceed 5%, which is indicative of fine accuracy of the model

approximation.

The modeling data do not contradict the results of actual

experiments. Thus, we have proposed a fairly simple model

with a small number of parameters that provides a fairly

adequate description of the electrophysical properties of

real samples. This model approach may be used as a

first approximation for characterizing the electrophysical

properties of real samples.

6. Conclusion

The proposed method for fabrication of titanium dioxide

microscrolls opens the way to simple and convenient pro-

duction of ordered samples that does not require complex

synthesis conditions. The synthesized microscroll systems

have a dendritic structure with a small degree of branching.

The results of experiments and modeling of the electrophysi-

cal properties of such microscrolls doped with metal-carbon

complexes stabilized by gold nanoparticles revealed their

promising photoelectric properties. This is confirmed by

fairly high values of quantum efficiency, which reaches 46%

and may be adjusted by varying the pumping parameters

(duration and power). The comparison of electrophysical

properties of samples with Au nanoparticles and similar

systems doped with Cu and Fe nanoparticles demonstrated

that the latter may serve as a fine alternative, providing

both stabilization of linear circuits and enhancement of

photocurrent.

Thus, samples synthesized on ITO glass substrates open

up new opportunities for photovoltaic applications (e.g., the
production of transparent solar cells).
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