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ABSTRACT: Graphene quantum dots (GQDs), zero-dimensional
members of the carbon family, have exceptional mechanical, thermal,
and electrical properties. Nevertheless, pure GQDs have many challenges
in reaching their full potential in electronic applications. Functionalizing
or chemical modification of GQDs adjusts the physical and chemical
properties, driving GQDs toward high-performance device applications.
Nitrogen (N)-doped polyethylenimine (PEI) functionalized GQDs are
capturing the interest of researchers specifically for electronic and
photovoltaic applications these days. In this context, we present for the
first time capacitance/conductance−voltage (C−V and G/ω−V)
measurements of the nitrogen-doped PEI-functionalized GQDs-based
structure for use in electronic applications in the frequency range from 1
kHz to 2 MHz at 300 K in this study. Capacitance features, the energy
density distribution of surface states (Nss), and the relaxation time (τ) of a nitrogen-doped PEI-functionalized GQDs-based structure
have been examined by using the admittance/conductance method. Negative capacitance (NC) behavior mostly exhibited by
ferroelectric materials has been observed in the GQDs-based structure at low frequencies, and then it starts to disappear. NC is
usually attributed to various surface states/interface traps, series resistance (Rs), and minority carrier injection. The NC
phenomenon indicates that an increase in voltage gives rise to a decrease in the charge on the electrodes. The control of interfacial
charges in such a heterostructure will be critical for NC devices. The results provide a basis for insights into semiconductor device
technology.
KEYWORDS: graphene quantum dots (GQDs), nitrogen-doped polyethylenimine (PEI) functionalized GQDs, negative capacitance,
energy-dependent profile of surface states, relaxation time

1. INTRODUCTION
Graphene quantum dots (GQDs) are zero-dimensional (0D)
members of the carbon family and consist of graphene
nanoparticles.1 GQDs possess many superiorities such as
desired fluorescence properties,2−4 good water solubility,5

powerful electrochemical properties,6,7 and low toxicity.8,9 To
date, GQDs have gained tremendous attention due to these
properties for electronic, biological, sensing, and energy
applications.10−12 Among these applications, electronic and
energy-related devices are rapidly rising.13 GQDs can be an
environmentally friendly, cost-effective, and more stable
material for photovoltaics and photodiodes than current
organic materials. The performance of GQDs-based devices
can be further modified by selecting other polymers or
different types of functionalization.14,15 The functionalization
of GQDs with complex-surface groups can improve the device
performance in specific applications in facile methods and low
cost. Nevertheless, doping of GQDs with heteroatoms such as
sulfur (S),16 nitrogen (N),17,18 and other elements can ensure

an increment in the electrical conductivity and luminescence
by tuning their electronic structures.19−21 There are several
studies about nitrogen-doped GQDs (N-GQDs). For instance,
Khan et al.22 synthesized N-GQDs and embedded them in
poly(methyl methacrylate) (PMMA) to improve the mechan-
ical and chemical stability of luminescent photon downshifters
(LDS). They reported enhancement in device performance.
Gupta et al.23 demonstrated that the GQDs dispersed in
conjugated polymers show enhanced and organic photovoltaic
(OPV) and organic light-emitting diode OLED characteristics.
It has been seen that doping GQDs with heteroatoms24 and
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functionalizing them with polymers14 has been shown to
improve the photovoltaic performance of solar cells. Hasan et
al.25 and Dhar et al.26 boosted UV photodetector performance
by using N-GQDs. Also, when a little amount of PEI into
several ambipolar and p-type polymer semiconductors in
organic thin-film transistors was added, it was observed that
PEI suppressed hole transport characteristics while promoting
electron transport performance.27 Although PEI-functionalized
GQDs (PEI-GQDs) seem to be more preferred in research on
biological applications, it has been observed that PEI-GQDs
are also used in organic tandem solar cells and improve the
performance of the device.28 Tamal et al.29 investigated the
photovoltaic performance of N-GQDs. So far, studies with
PEI-GQDs for electronic applications seem limited. There is
also no study in the literature investigating the capacitance
properties of PEI-GQDs structure. Capacitance features are
very important for electronic applications. A capacitor is a
crucial element of electronic devices and is represented by
positive capacitance. However, in some cases, a negative
capacitance (NC) behavior can happen and generally hints at
local voltage drop across the applied bias. It has been seen that
various ferroelectric-based micro/nanoelectronic devices have
been developed with improved performance attributed to NC
in the literature.30 NC behavior in Schottky diodes (SDs) has
been also reported by researchers.31−33 NC means reducing
the charge on the electrode by increasing the bias voltage. NC
indicates that the products have inductive properties.34

Electron hole recombination by local traps occurs via the
NC effect.35,36 Frequency-dependent admittance spectroscopy
(G/ω−f) and C−f) data are used to define the NC. The
frequency dependence of NC means that trap conditions
dominate electron−hole recombination.37−39 Ashery et al.36

showed that the polypyrrole-based composite structure
exhibited NC at low and high frequencies. Tu et al.40

fabricated an ultrasensitive MoS2/Hf1−xZrxO2 (x = 0.5)
based phototransistor, which has the behavior of NC.
Champness and Clark39 noticed the NC behavior only at
low frequencies and forward bias for the selenium Schottky
diode. Song et al.41 directly fabricated two-dimensional (2D)
NiFe-metal−organic framework nanosheets (MOF NSs)
induced by carboxylated carbon quantum dots (CQDs-
COOH). They found excellent oxygen reduction reactions
(ORR) and electrocatalytic performances to construct state-of-
the-art energy conversion and storage devices. Zhang et al.42

designed a simple two-step hydrothermal strategy to synthesize
a highly efficient and excellent composite catalyst of
monodisperse carbon dots (CDs) anchored on carbon
nanotubes (CNTs). Zhang et al. obtained the excellent ORR
that can be attributed to the dominant role of amino-N, the
high Lewis basicity, and the synergistic effect of hetero-
junctions formed by CNTs and CDs. Han et al.43 introduced a
machine learning (ML) strategy to successfully predict,
optimize, and accelerate the CDs’ synthesis process. The
fabricated CDs can exhibit a strong green emission with
quantum yields (QYs) of up to 39.3%. Wang et al.44 fabricated
a one-step acid reagent engineering strategy to acquire highly
luminescent CQDs, having remarkably tunable and stable
fluorescence emission from blue to red and even white light by
using o-phenylenediamine (oPD) as the precursor. The relative
photoluminescence (PL) quantum yields (QYs) of these
CQDs reached 72%. Gokçen et al.45 described the NC
behavior for a SiO2-based n-GaAs structure. The NC behavior
on the C−V profile was attributed to the presence of Nss, Rs,

and minority carrier injection by Tanrıkulu et al.,46 and Niu et
al.47 stated that an increase in electron trap density in bipolar
organic diodes increased in NC. Joly et al.48 observed NC
values over a broad frequency range (20 Hz to 1 MHz). Al-
Dharob et al.49 measured temperature-dependent (C/G/ω /−
V) properties of a metal−polymer−semiconductor structure
and observed NC behavior. The NC behavior in the nitrogen-
doped PEI-functionalized GQDs structure was presented for
the first time by us in this study.

In this study, we fabricated a new type of nitrogen-doped
PEI-functionalized GQDs-based SD instead of classic metal/
insulator/semiconductor (MIS)-type SDs. C/G-V and C/G-f
measurements were performed over a broad frequency range
(1 kHz to 2 MHz) for voltages ranging from −3 to 7 V at 300
K.

2. EXPERIMENTAL METHODS
2.1. Synthesis and Characterization of Nitrogen-Doped PEI-

Functionalized GQDs. In this study, we preferred a hydrothermal
process to synthesize nitrogen-doped PEI-functionalized GQDs.
Citric acid (CA) was used as a source of carbon. N-doped PEI-
GQDs were synthesized in an autoclave aqueous medium via the
hydrothermal reaction of CA and PEI.50 The steps of the synthesis of
nitrogen-doped PEI-functionalized GQDs were given in our previous
work.50

Infrared absorption spectra of GQDs were obtained from a
PerkinElmer BX II Fourier Transform Infrared (FT-IR) Spectrometer
in KBr discs and were reported in cm−1 units. PEI-functionalized N-
doped GQDs were morphologically characterized by transmission
electron microscopy (TEM) (FEI Technai G2 STwin) at an
accelerating voltage of 200 kV. The materials in aqueous suspensions
were treated in an ultrasonic bath before dropping to reduce
aggregation. A 10 μL aliquot of distributed nanostructures was
dropped on Formvar/carbon-coated 200 mesh copper grids and dried
under ambient conditions. Elemental compositions of the N-doped
PEI GQDs materials were analyzed using energy-dispersive X-ray
spectroscopy (EDX) (Bruker AXs XFlash Detector 4010).
2.2. Production of Al (Nitrogen-Doped PEI-Functionalized

GQDs)/p-Si Schottky Diode. For creating the diode structure, we
used p-type Si (100) as a wafer. Cleaning procedures51,52 were applied
to a p-type Si wafer. As aluminum (Al) contacts are widely used to
form both ohmic and rectifying contacts, an Al ohmic contact was
deposited with a thickness of 248 nm on the unpolished side of the p-
type Si wafer via the physical vapor deposition technique (PVD). A
concentrated solution of N-doped PEI-functionalized GQDs was
prepared in ultrapure water. The N-doped PEI-GQDs solution was
deposited on the polished p-Si wafer by using a spin-coating
technique. The spin-coating speed is 3000 rpm, and the spin-coating
time was locked for 30 s. The film thickness is ∼26 nm. Finally, 128
nm thick Al contacts were formed on N-doped PEI-functionalized
GQDs via the thermal evaporation technique by using a 1 mm
diameter circular metal mask. The structure of the N-doped PEI-
functionalized GQDs-based Schottky diode was given in Figure 1 as a
representative.

3. RESULTS AND DISCUSSION
We present a study about capacitance and conductance (C, G/
ω) measurements of a GQDs-based diode functionalized with
PEI polymer and nitrogen in a wide frequency range at room
temperature. In this study, firstly the f N-doped PEI-
functionalized GQDs nanostructures synthesized by the
hydrothermal method was characterized by FT-IR, TEM,
and EDX.

The FT-IR spectrum of N-doped PEI GQDs shows
characteristic changes in functional group frequencies
compared to the spectra of the starting materials CA and
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PEI (Figure 2). The OH+COOH, C−H (aliphatic), C�O,
and −C−O vibrational bands are observed at 3410 (broad),
2945, 2837, 1557, 1471, 1647, and 1392 cm−1, respectively, in
the starting material CA. In the FTIR spectrum of the starting
compound PEI, characteristic NH2+NH+CH2 vibrations are
observed over a wide region at 3535, 3344, and 2920 cm−1,
respectively, and these bands overlap. Again in PEI spectra, the
bands observed at 1654 cm−1 and at 1584, 1474, and 1318
cm−1 belong to −C−N− and −CH2 vibrations, respectively.

Accordingly, OH+NH2+NH+COOH+C−H (aromatic) vi-
brations are observed to overlap at 3373 cm−1 in the FTIR
spectrum of N-doped PEI functional GQDs. Aliphatic-H
vibrations are found at 2670−2568 cm−1. The functional and
aliphatic-H groups vibrate in the material at a lower frequency
than the starting compounds. In N-doped PEI functional
GQDs, C�O, C�C, and C−N vibrations are observed as a
very strong band at 1730 and 1682 cm−1, respectively. The
C�C and C−N bands in the material are found to overlap.
The C�O vibration is shifted to a very high frequency relative
to the output compound CA. Aliphatic CH2 vibrations are
found at 1419−1392−137−57 cm−1, and C−O vibrations are
found at 1319 cm−1.

The N-doped PEI functional GQDs morphology and
structure were also confirmed by its TEM image as shown in
Figure 3a. The TEM analysis verifies the presence of the
material (particle sizes; 9−17 nm). Also, the additional
characterization was performed by TEM with the EDX
detector (Figure 3b). Figure 3b shows the amounts of
elements detected by using the EDX method; nitrogen,
carbon, and oxygen were observed on the surface of samples.

However, EDX only detects elements on the surface. It never
gives a complete elemental analysis. In addition, EDX data

Figure 1. Shematic representation of nitrogen-doped PEI-function-
alized GQDs-based Schottky diode.

Figure 2. FTIR spectra of the nitrogen-doped PEI-functionalized
GQDs and starting materials.

Figure 3. (a) TEM image and (b) EDX spectrum of of nitrogen-
doped PEI-functionalized GQDs.

Figure 4. C−V plots of the structure in the frequency range from 1
kHz to 2 MHz.
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confirm the presence of nitrogen in N-doped GQDs. This
result proves that N-doped GQDs occur.

The C−V and G/ω−V features of the nitrogen-doped PEI-
functionalized GQDs-based SD were performed for various
frequencies from 1 kHz to 2 MHz and between −3 and 7 V.
C−V plots of this structure in the frequency range from 1 kHz
to 2 MHz were given in Figure 4. Figure 4 revealed NC
behavior at low frequencies. It has been observed that, when
the frequency drops below 7 kHz, the capacitance goes to a
negative value. The curves C/G/ω−V of the nitrogen-doped
PEI-functionalized GQDs-based SD for low frequencies (1, 3,
5, 7, and 10 kHz) were also embedded in Figure 5 to see NC
and inductive behavior. As seen in Figure 5, the NC has a
maximum value at 1 kHz, and above 7 kHz, the NC disappears.
Moreover, as can be seen in Figure 4a−e, the minimum value
of C corresponds to the maximum value of G/ω, which is
known as a “conductive behavior” in the literature.38,39,46 The
reason for NC is usually rooted in various sources such as

surface states/interface traps or dislocations and their specific
life/relaxation times, Rs, and minority carrier injection.

The G/ω−V plots of the nitrogen-doped PEI-functionalized
GQDs-based SD were also given in Figure 6 for various
frequency ranges (1 kHz−2 MHz). As can be seen in Figures 4
and 6, the C−V and G/ω−V plots have three regions as
accumulation, depletion, and inversion of the structure,
respectively. In addition, both the values of C and G/ω are a
strong function of frequency, especially in depletion and
accumulation regions, but while surface states are effective in
the depletion region, Rs and the interfacial layer are effective in
the accumulation region. As the electric field increases and the
interfacial traps fill, the electrons gain more energy and collide
with the electrons trapped in the interfacial states below the
Fermi level at the metal−semiconductor (MS) junction and
carry them to the semiconductor valence band. Therefore, Nss
has an important role in the impedance measurements and NC
behavior and an anomalous peak in the C−V and G/ω−V

Figure 5. C−V curves of the structure at (a) 1, (b) 3, (c) 5, (d) 7, and (e) 10 kHz.
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plots, especially at low frequencies in MS and MIS-type
structures.48 When looking at high frequencies, no significant
increase in capacitance values was observed because the
charges at the interface cannot follow the AC signal and so can
not contribute to the real values of C and G/ω. This is because

they have a lifetime (τ) higher than 1/ω (ω = 2πf = 2π/T is
angular frequency).

The other critical parameter for MS or MIS-type structures
is the Rs of them especially at high frequency at the
accumulation region, which leads to a concave curvature in
the C−V plots or an anomalous peak. Therefore, the voltage-
dependent profile of Ri is determined by the Nicollian and
Brews method for each frequency.53 According to this method,
Ri at high frequencies is considered the real value of Rs.
Therefore, the real value of Rs has been calculated by the
measured capacitance and conductance at the strong
accumulation region (Cm and Gma). But, the value of resistance
(Ri) can be calculated from the Cm and Gm data for each bias
voltage by using eq 1. According to eq 1, Rs is inversely
proportional to Gm.

(1)

Thus, the Ri−V graph was obtained from eq 1 for each
frequency and presented in Figure 7 for different frequencies at
room temperature. As can be seen in Figure 7, at the
accumulation region, the decrease in Ri at high frequencies is
due to the increase in conductivity. As can be seen in the inset
of Figure 6, the observed peaks are in the Ri versus V plots.
This is the result of a special density distribution of surface
states and restructures/reordering of them under an electric
field. In addition, the decrease of the Rs at the accumulation
region is the result of increasing conductance. The value of Ri
becomes almost constant at a strong accumulation region,
which corresponds to the real value of Rs at high frequency.
There are several methods to calculate the voltage- or energy-
dependent profile of Nss such as Hill-Coleman, low-high
frequency capacitance, admittance, or parallel conduc-
tance.53−56 However, the admittance method is the most
reliable and sensitive one among them so the following relation
(eq 2) is used53

(2)

where Ci is the interfacial layer capacitance, Cm and Gm are the
measurement capacitance and conductance values, A is the
rectifier-contact area, and τ is the relaxation time. To
determine both the value of Nss and their lifetimes, first,

Figure 6. G/ω−V plots of the structure.

Figure 7. Ri−V curves of the structure in the frequency range from 1
kHz to 2 MHz.

Figure 8. C−ln f curves of the structure between 1 and 4.9 V.

Figure 9. G/ω−ln f curves of the structure between 1 and 4.9 V.
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both the C−ln f and G/ω−ln f curves of the structure were
drawn between 1.0 and 4.9 V by 0.1 V steps and presented in
Figure 8. As can be seen in this figure, both the values of C and
G/ω usually decrease with an increasing frequency almost
exponentially. There are peaks in the C−ln f graph, which is
due to the distribution of interface states and the presence of
different frequencies corresponding to each interface. After
that, the Gp/ω−ln f plots were obtained from eq 2 and
presented in Figure 9. Due to the characteristic distribution of
Nss and relaxation times, the peaks were observed to shift
toward higher frequencies. The Nss value in eq 2 is found using
the derivative operation. When the derivative of the eq
concerning ωτ is zero at each vertex, the value of ωτ is 1.98.

Thus, the values of Nss and τ were determined from the peak
value of the Gp/ω versus f plot by using the following
relations.53−56

(3)

(4)

In the peak values of the Gp/ω, ωτ = 1.98, and so the
relaxation time is equal to 1.98/ω. Thus, the obtained energy-
dependent values of Nss and τ of the nitrogen-doped PEI-
functionalized GQDs-based SD at room temperature were
given in Figure 10. As can be seen in Figure 10, while the Nss
versus Ess−Ev plot has almost a U-shape behavior, the value of
τ increases from the near valence band to the midgap gap of Si.
Besides, the interface states were found to be concentrated in
the NC voltage region. The obtained mean Nss values at about
8 × 1012 eV−1 cm−2 are very suitable when compared to MS-
type SDs.

4. CONCLUSION
We present a study about capacitance and conductance
measurements of GQDs with a nitrogen-doped and function-
alized PEI polymer-based diode at a frequency range from 1
kHz to 2 MHz in the voltage range from −3 to +7 V. NC
behavior has been observed in the nitrogen-doped PEI-
functionalized GQDs-based SD at low frequencies. The reason

for the NC is related to the fact that there are various interface
states with different lifetimes corresponding to each low and
intermediate frequency. Inductive behavior was seen at low-
frequency values, which is when the value of C starts to
decrease and G increases. At the accumulation region, the
decrease in Ri at high frequencies is due to the increase in
conductivity. The observed peak at C−V and G/ω−V plots
was owing to a special distribution of surface states and their
restructure and reordering under an electric field effect. While
the Nss versus Ess−Ev plot has almost a U-shape behavior, the
value of τ increases from the near valence band to the midgap
gap of Si due to a special density distribution of Nss in the
energy bandgap near the junction. The obtained values of Nss
at about 8 × 1012 eV−1 cm−2 are very suitable when compared
to MS-type SDs. Consequently, the control of interfacial
charges in such a heterostructure will be critical for NC
devices. The results provide a basis for insights into
semiconductor device technology.
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