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Impedance spectroscopy and low-frequency noise in thin films of carbon

quantum dots
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The results of studies of the dependences of current on applied voltage, low-frequency noise and impedance
characteristics in thin films based on carbon quantum dots (CQDs) obtained from L-Lysine using microwave
technology, which allows the synthesis of CQDs with an average size of less than 10nm, are presented. The
impedance spectroscopy results show that the Cole-Cole plots are in good agreement with the equivalent circuit
model and represent the series resistance, recombination resistance, and geometric capacitance, respectively, which
arise from charge storage, charge transfer resistance, and/or additional interfacial electronic states. The mechanisms
of current flow, the formation of current noise, and the occurrence of defects are considered. In the frequency
range under study (f < 8000Hz), the 1/f noise associated with fluctuations in the charge carrier density is most
clearly visible. A possible mechanism responsible for the transport of charge carriers in CQDs films is discussed.
The results obtained make it possible to predict the properties of optoelectronic devices based on CQDs.
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1. Introduction

Carbon quantum dots (CQDs) are nanoscale particles
having unique physico-chemical properties, which make
them prospective materials for a wide spectrum of ap-
plications in biomedicine [1-3]. CQDs are also studied
for use in the area of renewable power sources, so-
lar cells and photoelectroplating [4,5]. Moreover, they
are promising for optical and chemical sensing of exact
molecules or ions [6], and as delivery systems able to
encapsulate and selectively deliver therapeutic agents into
the human body [7]. First discovered at the beginning
of 2000s, CQDs attracted significant attention due to low
toxicity, high biocompatibility and the diversity of synthe-
sis methods. Unlike traditional semiconductor quantum
dots, the carbon analogues can be made of accessible
and ecologically safe initial materials, such as carbon
nanotubes, graphene and carbon nanoparticles. Note that
during the last period active studies of the optical and
electrical properties of CQDs and their composites are
performed [8,9].

The study of noise and impedance characteristics of
CQDs films is an important direction to understand their
behaviour under different operation conditions and opti-
mization of their operation in actual applications.

The noise characteristics ensure understanding of fluc-
tuations in the electric signals which can occur as result
of various physical processes such as recombination of
charge carriers, surface defects and interaction with the
environment [10-13].  Density measurements of low-
frequency current noise present data to determine nature of

the frequency spectrum in optoelectronic devices, possible
localization of noise sources in studied structures [14].
Analysis of these characteristics ensure the determination
of key mechanisms affecting the stability and reliability of
devices based on CQDs. Note that noise characteristics of
CQDs films are insufficiently studied currently.

The impedance characteristics, in turn, provides the
possibility to study the dynamic properties of CQDs,
including conductivity and capacity effects. The impedance
study allows for the understanding how materials behave at
different frequencies of applied electric field, which is par-
ticularly important for the development of high-frequency
devices and sensors. The impedance spectroscopy (IS),
as an analysis method, provides valuable information on
processes of charge transfer in materials thus facilitating the
improvement of their properties for specific applications.

In the present study we provide the comprehensive anal-
ysis of noise characteristics of thin films based on carbon
quantum dots, obtained from L-Lysine using microwave
technology [15]. Carrier transport and mechanisms of
noise formation are discussed. The IS results show that
the Cole — Cole plots are in good agreement with the
equivalent scheme model. The physical mechanisms of
current flow, current noise formation, and defect occur-
rence are considered. It is identified that in the studied
frequency range (f < 8000Hz) the flicker-noise is the
main, it is associated with density oscillations of charge
carriers (holes and ions) in CQDs films. Mechanisms
responsible for charge carriers transport in CQDs films are
discussed.
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Figure 1. The process of CQD formation from L-Lysine during microwave pyrolysis [16].

2. Objects and methods of the study

The carbon nanoparticles were synthesized using a single
stage method of microwave pyrolysis, from precursor
L-Lysine (Sigma-Aldrich) in the amount of 1g L-Lysine
was mixed with 10 ml of distilled water and agitated using
magnetic agitator for 10 min to ensure complete dissolving.
The obtained solution was then relocated into a flask with
round bottom, and loaded inside the consumer microwave
oven heated for 5min at a power of 650 W. During pyrolysis
the solution changes color from colorless to dark-brown,
major part of water evaporated. After the product cooling
to room temperature, 10 ml of water was poured into vessel,
then the solution was filtered using centrifuge-concentrator
(Vivaspin, Sartorius) with membrane 300kDa. Powder of
carbon nanoparticles was obtained by lyophilization at a
pressure 3 Pa and —50 °C for four days.

Figure 1 shows the chemical process of CQDs formation
from L-Lysine by method of pyrolysis in a microwave oven.

CQDs size was determined using analyzer Zetasizer
Nano ZS (model ZEN3600, Malvern Instruments, United
Kingdom). According to the obtained data the average size
of particles is from 1 to 30 nm at maximum of dimensions
distribution in range of values 4nm (distribution of CQDs
particles by dimensions is shown in Figure 2, a)

To study electronic properties of CQDs they were
deposited as films on glass substrate with electrodes of
indium and tin oxide (ITO) (Sigma Aldrich). The distance
between the flat ITO electrodes is 200 um, and their width
is about 5mm. The current-voltage curves (I-Vs) of the
samples were measured in planar geometry using a two-
probe pattern at room temperature in darkness using an
automated measuring set-up based on the Keithley 6487
picoammeter. The applied voltage varied from —4 to 4V
with variable pitch. The contacts to the ITO electrodes were
attached with silver wire using carbon paste.

A set of measurements using impedance spectroscopy
was carried out in the darkness using Elins Z-500PX
impedance meter in accordance with the technique de-
scribed in our previous paper [17]. The experiments were
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Figure 2. I-Vs of CQDs film based on L-Lysine. In inserts:

a) distribution of dimensions of CQDs based on L-Lysine; b) I-Vs
of same CQDs film based on L-Lysine in 1g — Ig scale.

carried out at a forward bias from O to 1V and in the
frequency range from 10 Hz to 0.5 MHz. Results obtained
from measuring IS were processed using licensed software
Z-View. To minimize external interference, samples were
placed in a metal insulated box.

Densities of current noise and voltage fluctuations were
measured in a frequency band of 7.3kHz and by passing
direct current via CQDs film based on L-Lysine and
registration of voltage fluctuations on the loading resistor
R = 100€2. Spectral and noise characteristics of samples
were measured using semi-automatic unit [17], based on
analog-to-digital converter STC-H246 Kamerton with own
level of noises 1uV, at that 2 - 10® samples with sampling
rate of 16 kHz were put in the computer memory. Accor-
ding to the sample data the noise spectrum was calculated
using fast Fourier transform in four bands of same width
17.6 Hz. Program of processing the registered spectra calcu-
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Figure 3. a) Impedance of characteristic of CQDs film based on L-Lysine upon application of different voltage; b) frequency dependences
of real and imaginary parts; (c) impedance of characteristic of CQDs film based on L-Lysine; d) equivalent scheme of sample of CQDs

film based on L-Lysine.

lated root mean square—RMS) with central frequencies 20,
70, 270 and 1000 Hz, RMS= [(vZ +vZ + ... +v2)/n]%.
Fluctuations of short circuit current were calculated as
8J = 8Jmeas(l + R/r), where Admeas — is the measured
current fluctuations, r — sample resistance. Based on
the obtained data, the spectral dependences of the low-
frequency noise density on the flowing current and on the
frequency were plotted.

3. Results and discussion

Figure 2 shows I-Vs of CQDs film based on L-Lysine,
obtained during forward and reverse shift in darkness, and
inserts in Figure 2 show distribution of dimensions of
CQDs (a) and I-Vs of same CQDs film in 1g — Ig scale (b).
Figure 2 shows that I-Vs has ohmic nature, and current in
the range of voltages from —4 to +4V follows the law
| ~V" where n~ 1.
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Cole-Cole plots, as well as frequency dependences of
real and imaginary part of impedance characteristic for
CQDs film of L-Lysine upon application of different voltage,
measured in darkness, are presented in Figure 3,a, b and c.

Arc-like shape of Cole-Cole graph indicates complex
impedance behavior of the material, which is typical for
materials with heterogeneous conductivity, they include
carbon quantum dots. Maximum imaginary part of the
impedance is 4.7 - 10°Q at f = 4.7-10*Q, this indicates
a significant capacity component in the system. This maybe
due to the presence of interfacial boundaries and charge
traps in the CQDs structure, which is due to their nanometer
sizes.

The absence of changes in Cole-Cole graph when chan-
ging the bias from 0 to 1V with step of 0.2V indicates
the high stability of the material in the electric field.
This means that CQDs based on L-Lysine have stable
electrochemical properties and are stable against voltage
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Figure 4. Frequency dependences of density of current noise of
CQDs film based on L-Lysine at room temperature at different
currents, current |, uA: 1 — 12; 2 — 2; 3 — 7, 4 — 1638,
5 —392.

bias. This fact highlights their potential for use in electronic
devices operating under various conditions, such as sensors
and memory cells, as well as use in optoelectronic devices
such as LEDs and solar cells.

The permanent value of real part of impedance
f < 5.10%*Hz confirms predominance of resistive compo-
nent in this frequency range. This is typical of materials
where the main resistance is due to the charges movement
through the material, and capacitive effects manifest at
higher frequencies. The exponential drop of Re at high fre-
quencies indicates the predominance of capacitive behavior,
which is due to the decrease in contribution of the resistive
component and the increasing role of capacitive effects.
This phenomenon is characteristic of materials where the
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alternating current causes rearrangement of charge states or
polarization at interfacial interfaces.

The imaginary part of impedance shows zero values at
low frequencies, this means absence of significant capacitive
or of inductive effects in this range. Small rise in range from
10® to 10*Hz can indicate the beginning of polarization
processes. Abrupt increase and peak on imaginary part
of impedance to 10° Hz with maximum value 4.8 - 10* Q
indicates the resonance phenomena. This can be associated
with the resonance polarization or inductive effects this
confirms the presence of complicated interfacial interactions
in the material. Further Im decreasing at frequencies above
10° Hz to 10* Q at 5- 10° Hz reflects decrease in inductive
component and system stabilization.

Cole-Cole plots are in good agreement with the equivalent
scheme model (Figure 3,d) and represent the series resis-
tance, recombination resistance, and geometric capacitance
respectively, which arise due from charge storage, charge
transfer resistance, and/or additional interfacial electronic
states.

Frequency dependences of density of current noise of
CQDs film of L-Lysine at room temperature for different
currents are shown in Figure 4. Figure 4 shows that
dependences are close to oo 1/f% (1 < a < 1.4) noise.

Figure 5,a shows the dependences of spectral density of
low-frequency current noise on current at room temperature
for four analysis frequencies. For frequencies 20 and 70 Hz
density of current noise So0l!>. But for frequencies 270
and 1000Hz rate of density increasing of current noise
reaches S < 125, Characteristic deviation of current noise
from ideal dependence of Hauge ratio S (1)/1% = (a/N)/f
says that fluctuations of film resistance are not single
noise source. Additional contribution can be provided by
migration of ions [13]. Tons accumulation at boundaries of
grain or globules forms heterogeneities in field distribution
and facilitates noise formation [12].
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Figure 5. a) Density of low-frequency current noise vs. current for CQDs film based on L-Lysine at different frequencies, f, Hz:
1 —20; 2 — 70, 3 — 270; 4 — 1000. b) Density of voltage fluctuation vs. current for CQDs film based on L-Lysine at different

frequencies, f, Hz: 1 — 20; 2 — 70; 3 — 270; 4 — 1000.
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Nonrepeatability of I-Vs, presence of sections of abrupt
increase in noise density Soo 123 (Figure 5,a) for frequen-
cies 270 and 1000 Hz ensure supposition about defects
occurrence during current flow, rather of a metastable
nature, forming noise associated with their overcharging.
More clearly this is expressed in Figure 5,b — densities
of voltage fluctuations vs. current, where Syoo 130 and
even Sy oo 140 are observed at individual sections of current
dependence. At | > 20 uA such a feature is observed for
all measurement frequencies 20, 70, 270 and 1000 Hz.

In frequency dependences (Figure 4) S ool/f¢
(1<a<1.4) and this well corresponds to noise 1/f
or flicker-noise. In Figure 4 white fractional noise or
thermal noise independent of frequency in the measurement
frequency range are not observed in fact. At f > 1000 Hz
and currents < 2.0uA outsloping of low-frequency noise
density occurs at the level of the own noises of the analog-
to-digital converter measuring the signal.

We can assume that flicker-noise in CQDs film is asso-
ciated with oscillations of density of charge carriers (holes
and ions) [18], as these measurements, maybe, are due to
varying density of carriers as per mechanism of trapping —
release [11]. The dependence of density of current noise
S ool!3 supposes competition between recombination
noise (S oo l) and noise associated with tunneling of charge
carriers using traps (S co12) [19] and impurity states [16] in
band gap by hopping conductivity [20], as well as between
conducting clusters inside of less conductive array [16]. So,
in studied frequency range (f < 8000Hz) the flicker-noise
is the main one. The obtained results ensure forecast of
properties of optoelectronic devices based on CQDs.

4. Conclusion

Dependences of current on applied voltage, low-frequ-
ency noise and impedance characteristics of thin films based
on CQDs, obtained from L-Lysine using microwave techno-
logy, with an average size below 10nm have been studied.
Results of impedance spectroscopy show that Cole-Cole
plots are in good agreement with the equivalent scheme
model and represent the series resistance, recombination
resistance, and geometric capacitance respectively, which
arise due from charge storage, charge transfer resistance,
and/or additional interfacial electronic states. The physical
mechanisms of current flow, current noise formation, and
defect occurrence are considered. In studied frequency
range (f < 8000Hz) noise 1/f associated with density
oscillations of charge carriers manifest most clearly.
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