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Effect of Gadolinium on Electrical Properties of
Polyethyleneimine Functionalized and Nitrogen-Doped
Graphene Quantum Dot Nanocomposite Based Diode

Elif Orhan,* Aslıhan Anter, Murat Ulusoy, Barış Polat, Can Okuyucu, Mustafa Yıldız,
and Şemsettin Altındal

Carbon, especially graphene quantum dots (GQDs) based electronics have
become an attractive technology in recent years. The controlled modification
of the electrical and optoelectronic properties of GQDs by physical/chemical
processes or synthetic methods may lead to new applications.
Gadolinium-doped polyethyleneimine (PEI) functionalized and nitrogen-doped
graphene quantum dots (GdNPs-PEI@N-GQDs) are synthesized by a
hydrothermal method to determine how doping carbon-based materials with
Gd alters the electrical properties of the structure. The electrical properties of
the GdNPs/PEI@N-GQDs nanocomposite-based diode are investigated using
the current–voltage (I–V) technique and the capacitance and conductance
voltage (C–V & G/𝝎–V) technique at 300 K in the frequency range of 0.5 to
500 kHz at ± 5 V. The rectification ratio (RR) is found to be 14 at a voltage of
±5 V. The rectifying behavior of the diode changes to an ohmic behavior after
doping with Gd, compared to the Gd-free PEI@N-GQDs sample (2.8 × 104 at
±5 V). The results are expected to have an impact on the understanding of
carbon-based electronics technology.

1. Introduction

Carbon-based electronics have become an attractive technology
in recent years. It can be the potential to replace or complement
optoelectronic devices based on metals and inorganic semicon-
ductors. Because of their tunable bandgap, high absorption, and
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high carrier mobility, carbon allotropes
such as carbon nanotubes (CNTs),
graphene, fullerenes, and GQDs are of
particular interest in photodetection.[1–3]

GQDs, one of the carbon allotropes, are
quasi-zero-dimensional carbon-based
materials with excellent physical proper-
ties such as remarkable photostability,[4]

high fluorescence quantum yield,[5,6] low
cytotoxicity,[7] good biocompatibility,[8,9]

and excellent water solubility.[10] These
properties make them attractive candi-
dates for optoelectronic applications and
biological imaging,[11,12] solar cells,[13]

light-emitting devices (LEDs),[14] and
deep ultraviolet (UV) photodetection.[15]

Doped carbon-based materials with rare
earth metals are one of the most promis-
ing areas of nanotechnology. Especially
carbon-based materials containing
Gd have been particularly interesting
due to their excellent properties in

fluorescence/ magnetic resonance imaging (MRI). It has been
demonstrated that they can also be used as contrast agents to im-
prove information from MRI.[16,17] Gd, which is a silvery white
metal, reacts slowly with moisture or atmospheric oxygen to
form a black coating.[18,19] Gadolinium and its complexes are
easily visualized in MRI because of its strong paramagnetism
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due to the seven unpaired electrons in its 4f shell. The com-
bination of carbon-based nanomaterials with metallic or non-
metallic oxides and hydroxides can lead to new properties. The
metallic form Gd and its compounds absorb neutrons and are
used as shields in neutron radiography and nuclear reactors.
In a literature study,[20] Gd3+ /Mn2+ doped nitrogen-containing
graphene quantum dots (NGQDs) have been developed to pro-
vide GQDs with MRI capabilities and also as biocompatible con-
trast agents. In addition, the significantly neutron capture cross-
section of gadolinium (49 000 barns;1 barn = 10–28 m2)[21] is
an advantage for the potential application of this design for
neutron detection.[22] In one study,[23] Gd doped GaN Schottky
diode for neutron detection was fabricated. It was characterized
by I–V, C–V, and charge collection efficiency (CCE) measure-
ments. According to their results, the device showed ohmic be-
havior. Gold, platinum, and niobium-doped devices reported in
the literature[24–26] showed similar effects due to the presence
of the midgap defect. This shows that the diode has changed
from a typical rectifier to ohmic behavior after doping with
these materials. The Gd-doped CQDs synthesized by Molaei[27]

are promising candidates for use as multifunctional imaging
probes and as MRI contrast agents in brain mapping applications
and biomedical diagnosis. Single-atom Gd attached to graphene
quantum dots is a highly potent and contrasting agent for obtain-
ing high-resolution MRI and will offer opportunities for future
sensitive clinical theranostics.[28] The synthesis, properties, and
biomedical applications of Gd-based oxide and oxysulfate parti-
cles were examined.[29] The structural characterization and pho-
toluminescence properties of (Gd1-xErx)2O3 nano phosphorus,
synthesized by the coprecipitation of layered precursors, have
been studied.[30] Furthermore, charge transfer and the electronic
structure of gadolinium oxide nanoparticles were investigated
both experimentally and theoretically.[31] It has been observed
that Gd-doped materials are sensitive to radiation and is to be
suitable for applications in dosimeters for proton beams, X-ray
beams, and electron beams.[32–34] In this context, the first step
was to determine the diode parameters of the Gd-doped struc-
ture. It should be investigated whether it can be used as a radia-
tion sensor in future studies.

In our previous studies,[35,36] we investigated the I–V and
C/(G/𝜔)–V properties of PEI functionalized and N-doped GQDs
without Gd at frequency range 1 kHz to 2 MHz in the voltage
range of −3 to +7 V. The Gd-free PEI@N-GQDs sample showed
the negative capacitance (NC) behavior at low frequencies. In this
work, both the effect of gadolinium on the electrical properties of
GdNPs/PEI@N-GQDs-based diode and surface states/trap lev-
els characterizations were presented by the I–V and C/(G/𝜔)–V
technique at 300 K in the frequency range of 0.5 to 500 kHz at ±
5 V.

2. Experimental Section

2.1. Synthesis of PEI Functionalized N-Doped GQDs and
GdNPs/PEI@N-GQDs Nanocomposites

The citric acid (CA), Gd(NO3)3⋅6H2O, and PEI (Mw: 1300, 50
wt% in H2O) were provided by Sigma–Aldrich. Hydrothermal
synthesis of PEI@N-GQDs successfully achieved.[31,35,36] Details
of how to synthesize PEI@N-GQDs are reported in our previ-

ous work.[35,36] The CA (3.60 g, 18.75 mmol) and PEI (2.34 g,
1.80 mmol) were dissolved in 50 mL of deionized distilled wa-
ter. The solution was incubated in an autoclave at 250 °C for 5 h.
The suspensions were centrifuged at 12 000 rpm for 10 minutes,
and the supernatant was collected after cooling to room tempera-
ture. The PEI@N-GQDs nanoparticles were washed two times
with deionized distilled water and one time with ethanol. To
obtain Gd nanoparticles, the PEI@N-GQDs nanoparticles were
then stored in a desiccator. For the synthesis of Gd nanopar-
ticles and their nanocomposites, a solution of PEI@N-GQDs
(1 g) in 100 mL of water was added to a 250 mL round bot-
tom flask. Subsequently, 20 mL of 0.1 m Gd(NO3)3 solution
was added to the mixture of PEI@N-GQDs. The mixtures were
heated at 90 °C for 2 h to complete the reduction of the Gd(III)
cation to Gd(0) nanoparticles (GdNPs), resulting in the for-
mation of nanocomposites consisting of Gd nanoparticles and
GdNPs/PEI@N-GQDs. The GdNPs/PEI@N-GQDs nanocom-
posite solutions were then cooled at room temperature. The sus-
pension products were centrifuged at 12 000 rpm for 10 min,
and the supernatant was collected. The GdNPs/PEI@N-GQDs
nanocomposites were washed one time with deionized distilled
water and ethanol. Nanocomposites were desiccated and stored
for further use.

2.2. Fabrication of GdNPs/ PEI@N-GQDs
Nanocomposite-Based Diode

p-type Si (100) wafers were used to fabricate the diode. Follow-
ing cleaning procedures,[37,38] aluminum (Al-248 nm) ohmic con-
tact a was first deposited on the unpolished surface of the p-Si
wafer by physical vapor deposition (PVD). The resulting GdNPs/
PEI@N-GQDs nanocomposites were then deposited on the pol-
ished surface of the p-Si wafer using a spin-coating technique.
The spinning speed is 3000 rpm, and the spinning time was
locked for 30 s. The film thickness is ≈25 nm. Finally, the Al cir-
cular contacts with a thickness of 128 nm were formed on the
GdNPs/PEI@N-GQDs-p-Si by thermal evaporation using a cir-
cular metal mask with a diameter of 1 mm. Details of the syn-
thesis of N-doped GQDs functionalized with PEI are included in
our previous works.[35,36] The structure of the diode is shown in
schematic form in Figure 1.

3. Results and Discussion

3.1. Characterization of the Prepared PEI@N-GQDs and
GdNPs/PEI@N-GQDs Nanocomposites (FTIR, UV–Vis, HRTEM,
XPS, and EDX)

Firstly, Fourier transform infrared spectroscopy (FTIR) anal-
ysis was carried out. Figure 2a shows FTIR spectra of the
starting compounds Gd (III) nitrate the PEI@N-GQDs, and
GdNPs/PEI@N-GQDs nanocomposites. In comparison with the
spectrum of the starting PEI/N/GQDs,[35] the FTIR spectrum of
the GdNPs/ PEI@N-GQDs nanocomposite shows characteristic
changes in the frequencies of the functional groups. The OH,
COOH, NH2, NH, Ar-H, C-H, COO+C=N+C-N, C=C, and C-O
vibrational bands are observed in the starting material PEI@N-
GQDs[35] at 3553–3498–3446, 3367, 3320–3200, 3125, 3054,
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Figure 1. A schematic diagram of the GdNPs/PEI@N-GQDs nanocomposite-based diode.

2967–2839, 1646, 1559–1454, and 1305 cm−1, respectively.[35] In
the case of GdNPs/ PEI@N-GQDs nanocomposite, these vibra-
tion bands are observed at 3583 – 3495 – 3454 – 34 240, 3362–
3305–3289, 3116, 3019, 2949, 1633, 1559, and 1311 cm−1, respec-
tively (Figure 2a).[35] COO, C=N, and C-N absorptions overlapped
in the FTIR spectra of both PEI@N-GQDs and GdNPs/ PEI@N-
GQDs nanocomposites.[35] According to the starting compound
PEI/N/GQDs,[35] OH, COOH, NH2, NH, and Ar-H absorptions
shifted to a higher frequency in GdNPs/PEI N-doped nanocom-
posites. The COO+C=N+C-N absorptions shifted to a lower fre-
quency in GdNPs/PEI@N-GQDs nanocomposites. Interestingly,
the frequency of COO+C=N absorption bands observed at 1646
cm−1 in PEI@N-GQDs was shifted to a lower frequency of 1633
cm−1 in GdNPs/PEI N-doped nanocomposites. These results in-
dicate that Gd(III) is reduced to Gd(0) metal by COOH groups on
the surface of PEI/N/GQDs. After the reaction, GdNPs/PEI@N-
GQDs nanocomposites are formed and COOH groups are con-
verted into CO2 groups. In this case, the absorption observed at
1633 cm−1 is only attributed to the C=N vibration in the mate-
rial when the COO groups are removed from the molecule. In

the literature, the bands corresponding to the vibration of the cu-
bic phase of Gd-O have been defined as approximately 550 and
440 cm−1 for nanocomposites doped with Gd2O3.[39] In our study,
this region of the spectrum cannot be unequivocally attributed
to the Gd-O vibration, as it is similar to PEI@N-GQDs.[35] The
OH+NH2+NH absorptions are shifted to a higher frequency in
the FTIR spectrum for the GdNPs/PEI@N-GQDs nanocompos-
ite. This is an indication that with the removal of CO2 groups
from the surface, OH groups are formed on the surface instead of
CO2. Figure 2b presents the UV–Vis spectra of the starting com-
pounds Gd (III) nitrate, PEI@N-GQDs,[35] and GdNPs/PEI@N-
GQDs nanocomposites.

The Ultraviolet-Visible (UV–Vis) spectra of the compounds
were measured using a PG Instruments T80 UV–Vis spec-
trometer. To compare the electronic transitions in the materi-
als, the UV–Vis spectra of the Gd(NO3)3.6H2O, PEI@N-GQDs,
and GdNPs/PEI@N-GQDs nanocomposites were recorded
(Figure 2b). Two absorptions are observed in the UV–Vis spec-
trum of Gd(NO3)3⋅6H2O. Strong absorption at 244 nm is at-
tributed to ligand-to-metal charge transfer (LMCT), and weak

Figure 2. a) FTIR spectra of the starting compounds Gd (III) nitrate the PEI@N-GQDs,[35] and GdNPs/PEI@N-GQDs nanocomposites; b) UV–Vis
spectra of the starting compounds Gd(III) nitrate, PEI@N-GQDs, and GdNPs/PEI@N-GQDs nanocomposites.
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Figure 3. (XPS) spectra of GdNPs/PEI@N-GQDs nanocomposites.

absorption at 364 nm is attributed to f-f transitions. In PEI@N-
GQDs, the strong transitions observed at 242 and 367 nm be-
long to the 𝜋→𝜋* and n→𝜋* transitions, respectively. When
the UV–Vis spectra of GdNPs/PEI@N-GQDs nanocomposites
are examined, a strong shoulder at 247 nm, a weak shoulder
at 300 nm, and absorption at 367 nm is observed. The strong
shoulder observed at 247 nm and the absorption at 367 nm is
attributed to the PEI@N-GQDs in the nanocomposite, and the
weak shoulder at 300 nm to the gadolinium nanoparticles. In the
UV–Vis spectrum, a weak shoulder was observed at 300 nm in
the GdNPs/PEI@N-GQDs nanocomposites, different from the
spectrum of the starting materials Gd(NO3)3.6H2O and PEI@N-
GQDs, is evidence for the presence of gadolinium nanoparticles.
In a study, the optical absorbance spectrum of the Gd2O3/CdO
composite was investigated, and the absorbance band at 300 nm
was attributed to 8S7/2 → 6IJ (f-f) transitions in Gd2O3, re-
spectively, and the absorption band at 453 nm was attributed
to the transition of CdO crystallites in the nanocomposite.[40]

In another study; two absorption peaks at 243 nm (sharp) and
304 nm (broad) were recorded in Gd2O3 nanoparticles calcined
and shaped at 800 °C. It has been stated that the absorption at
243 nm may occur due to the transition between the valence
band and the conduction band, while the weak absorption at
304 nm is due to transitions involving external conditions such as
surface traps/defect states/impurities.[41] It has been stated that
the smaller-sized particles have a high surface-to-volume ratio,
which causes an increase in the defect distribution on the surface
of nanomaterials. Nanomaterials with low particle sizes exhibit
strong and broad absorption bands. Also, the broad absorption
peak at 304 nm, transitions of 8S7/2 → 6P7/2, and the sharp ab-
sorption peak at 243 nm are given as a feature for all Gd2O3 par-
ticles attributable to 8S7/2 →

6IJ.
[41] In our study, the presence of

Gd2O3 nanoparticles is unlikely, or in trace amounts. As a result,
the weak shoulder observed at 300 nm in the UV–Vis spectrum
can be attributed to the plasmon peaks of the Gd(0) metal.

XPS was used to characterize the synthesized Gd nanoparti-
cles (Figure 3). The binding energy for Gd(4d)3/2 and Gd(4d)5/2
was 149.54 and 144.23 eV, respectively, in the XPS spectrum of
the GdNPs/PEI@N-GQDs nanocomposite (Figure 3). For Gd,
Gd(III) nitrate pentahydrate and Gd2O3, the binding energies

of Gd(4d)3/2 are 140.34, 149.00 and 148.10 eV, respectively.
For Gd(4d)5/2, the binding energies are 141.7, 143, and 141.8–
143.8 eV, respectively.[42] The data for Gd(4d)5/2 and Gd(4d)3/2
are not in good agreement with the data for Gd(III) compounds
in the GdNPs/PEI@N-GQDs nanocomposite. In particular, in
the GdNPs/PEI@N-GQDs nanocomposite, the Gd(4d)5/2 data
are higher. This result makes it more probable and more likely
that the Gd is Gd(0) rather than Gd(II). As a result, in the
GdNPs/PEI@N-GQDs nanocomposite; It can be said that Gd is
Gd(0) from FTIR, UV—Vis, and XPS data.

Other measuring techniques including scanning electron mi-
croscope (SEM) with energy dispersive X ray spectroscopy (EDX)
detection, also confirmed that additional elements were present.
The amounts of elements detected by EDX methods are shown
in Figure 4a. Carbon, nitrogen, oxygen, and gadolinium are de-
tected on the surface of the samples, as can be seen from the
EDX spectrum in Figure 4a. This is where EDX means it only de-
tects elements on the surface. It will never provide complete ele-
mental analysis. However, the EDX data confirms the presence of
gadolinium in the sample. The transmission electron microscope
(TEM) specimen was prepared to further investigate the mate-
rial after the sonification of the GdNPs-PEI@N-GQDs solution.
A single droplet of the solution was dropped onto the carbon film
supported copper grid. After the specimen was dried, the high-
resolution TEM (HRTEM) analysis was carried out by the JEOL
2100F 200 kV electron microscope. The structure of the particles
was examined using the fast Fourier transform (FFT). The struc-
ture and morphology of the GdNPs/PEI@N-GQDs nanocom-
posite are shown in Figure 4b. The fast Fourier transform of the
areas where the lattice fringes were significant shows clear spots
at the reciprocal space. These spots were in good agreement with
the diffraction from {101} planes of the hexagonal Gd phase with
a space group of P63/mmc (194). The presence of Gd is also val-
idated by EDS during the TEM analysis. These GdNPs in the
PEI@N-GQDs solution have an average particle size of 5 nm.

In the present study, an FS5 spectrofluorometer with an inte-
grating sphere was used to investigate the photoluminescence
(PL) performance of GdNPs/PEI@N-GQDs nanocomposites.
The samples were diluted (1:10) in DI water. Figure 5 shows the
experimental setup for PL measurement. A 150 W CW Xenon
lamp is used as the light source. An excitation monochromator
provides an adjustable excitation wavelength. This figure does
not show the setup of the all-reflective optics. An adjustable exci-
tation wavelength from 200 to 700 nm can be obtained by using
an excitation monochromator. To collect the emitted photons in
the wavelength range of 250 to 1000 nm, an emission monochro-
mator is used. The emission spectra of GdNPs/PEI@N-GQDs
were recorded for increasing excitation wavelengths in 10 nm
steps from 200 to 700 nm. The physics behind this phenomenon
can be understood in the following way: When the light source
strikes the sample, some electrons are excited to higher energy
levels. These electrons then return to their ground energy level
and emit radiation. The number of photons emitted as a fraction
of the number of photons absorbed is defined as the photolu-
minescence quantum yield (PLQY) of a molecule or material. At
specific wavelengths reflecting the energy difference between the
energy levels, this was detected by the PL spectrometer. The PL
intensity of the sample can be obtained from FI =Φ · I · B, where
product of I · B is the absorption of light, Φ is the quantum yield
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Figure 4. a) EDX analysis of the GdNPs/PEI@N-GQDs nanocomposites; b) HRTEM analysis of GdNPs/PEI@N-GQDs nanocomposites.

of photon excitation. The quantum yield involves both radiative
decay and nonradiative decay of excited states as: Φ= Γr/Γr + Γnr,
where Γr is the radiative decay rate and Γnr is the nonradiative de-
cay rate.[42] The absolute method directly detects all fluorescence
in the sample to obtain the quantum yield (QY). PLQY can be
calculated by following Equation (1)

Quantum yield (%) =
S2

S0 − S1
× 100 (1)

where S0 is the peak area from incident light, S1 is the peak area of
scattered from the sample, and S2 is the peak area emitted by the
sample. The PLQY and emission spectra of PEI@N-GQDs and
GdNPs/PEI@N-GQDs are shown in Figure 6a,b, respectively.

PEI@N-GQDs and GdNPs/PEI@N-GQDs exhibited maximum
PL intensity at 330 and 345 nm, respectively. These correspond
to the two peaks in the emission spectrum. This is an indica-
tion that the luminescent mechanism for excitation in the UV
region is via an interband transition.[42–44] The PL peak is shifted
from 330 nm (Gd-free PEI@N-GQDs) to 345 nm by the doping
of Gd (GdNPs/PEI@N-GQDs). This is an indication that the lu-
minescence mechanism for excitation in the UV region is via an
interband transition.[42–44] The PLQY of GdNPs/PEI@N-GQDs
is obtained to be 35.96%. The increase in PLQY is about 470%
compared to the Gd-free PEI@N-GQDs sample (7.60%) and the
intensity decreases as the excitation wavelength changes, and can
be caused by the electronic conjugate structures, emission traps,
and surface states of quantum dots.[43–45]

Figure 5. The experimental setup of PL measurement.

Adv. Electron. Mater. 2023, 2300261 2300261 (5 of 12) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. PL spectra of a) PEI@N-GQDs and; b) GdNps/PEI@N-GQDs.

3.2. Electrical Characterization

To determine some electrical properties and parameters of the
GdNPs/PEI@N-GQDs nanocomposites interface, forward I–V
measurements were performed, confirming the TE theory. The
following Equation (2) has been used to construct the diode.[46,47]

I = I0

[
exp

(
q
(
V − IRs

)
nkT

)
− 1

]
(2)

where I0, n, V, k, q, IRs, and T are the reverse saturation current,
ideality factor, applied bias voltage, the Boltzmann constant, elec-
tronic charge, the voltage drop across, series resistance (Rs), and
the temperature (absolute) in Kelvin, respectively. The I0 value of
the nanocomposite diode can be written as in Equation (3),

I0 = AA∗T2 exp
(
−

q𝜙B

kT

)
(3)

where A* is the value of the Richardson constant value of 32 A
cm−2 K−2 for p Si, and ϕB is the effective barrier height. We can
also extract the value of ϕB value from Equation (3), where A is
the Schottky contact area of the structure. The n value is obtained
from the slope of the semi-log lnI–V plot from Equation (4).

n =
q

kT

(
dV

d ln I

)
(4)

Figure 7a shows the lnI–V plot of the GdNPs/PEI@N-GQDs
nanocomposite diode. Two linear regions of this plot are inset in
Figure 7, and the n and ϕB values obtained over these two regions
are 4.9, 16.9, and 0.605, 0.568 eV, respectively. The rectification
ratio (RR) was found to be 14 at a voltage of ± 5 V. The struc-
ture does not show good rectification, but it can be said that the
low RR, which is desired to be high, results from doping with
Gd. As is well known from the literature, the TE theory is valid
for V ≥ 3kT/q which is corresponding to the 0.075 V for 300 K,
approximately. As can be seen from the inset in Figure 7a, the
forward bias lnI-V plot of the GdNPs/PEI@N-GQDs nanocom-
posite diode has two distinct linear regions with different slopes
and intercept points at zero bias voltage. From these regions; the

first one (Region 1) corresponds to the 0.075–0.25 V and the sec-
ond one (Region 2) corresponds to the 0.325–1.075 V.

A Gd-doped GaN Schottky diode for neutron detection has
been fabricated in the literature.[23–26] The device fabricated by
the researchers[23–26] showed ohmic behavior. This is similar to
our results. Due to the presence of the mid-gap defect, the gold-
doped, platinum-doped, and niobium-doped devices reported in
the literature showed a similar effect. In our previous study,[35]

the RR of N-doped PEI functionalized GQDs diode without Gd
was found to be 28.103 at ± 5 V. In this study, the GdNps doping
in the structure is the only distinguishing feature of the diode
structure.

In addition to TE theory, employing the approach of the Norde
method[48] and the functions of Cheung,[49] ϕB, and Rs can be
determined. The Cheung method can also be used to calculate n
for higher forward biases. Equations (5) and (6) define the current
and voltage-dependent functions provided by this method.

dV
d ln I

= IRs +
(

nkT
q

)
(5)

H(I) = V − nkT
q

ln
( I

AA∗T2

)
= IRs + n𝜙B (6)

The dV/dlnI and H(I) versus I plots of the GdNPs/PEI@N-
GQDs nanocomposite diode are shown in Figure 7b. The Rs val-
ues of the structure are the slopes of the plots of these linear func-
tions and were obtained as 2.63 and 2.35 kΩ, respectively. Again,
for Equation (5), the n value is extracted from the intercept point
of the y-axis of the plot. Since the approximate value of the kT/q
at room temperature is 0.026 V, the n value here was found to be
11.6. It can be noted that the n value obtained by this method is
the same as the n value obtained at a forward bias (Region 2) in
TE theory. Substituting this n value into Equation (6), the ϕB is
easily obtained; here, it is found to be 0.584 eV.

Norde’s approach is also used to obtain ϕB and Rs values.[36]

For this approach, the relationship in Equation (7) can be given
as follows,

F
(
Vm

)
=

Vm

𝛾
− kT

q

[
ln

(
IVm

AA∗T2

)]
(7)
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Figure 7. a) The lnI–V plot with inserted linear regions; b) The dV/dlnI and H(I) versus I plots; c) The F(V)–V plot with inserted minimum values; d)
The energy-dependent profile of Nss of the GdNPs/PEI@N-GQDs nanocomposite diode.

where 𝛾 is an integer greater than the value of n obtained. ϕB is
described in the following way (Equation 8)

𝜙B = F
(
Vm

)
+

Vm

𝛾
− kT

q
(8)

Rs is given in Equation (9),

Rs =
(

kT
q

)(
𝛾 − n

Im

)
(9)

Here F(Vm) is the minimum point of the F(V)–V plot, and Im is
the current corresponding to the minimum voltage value (Vm).
Figure 7c shows the F(V)–V plot of the structure, and the Vm and
Im values were defined at the minimum of the F(V)–V curve. By
substituting these minimum values in the equations given above,
ϕB and Rs values are obtained with this approach.

TE theory, together with Norde and Cheung’s approaches, was
used to characterize the diode parameters of the nanocomposite
diode structure. Table 1 lists the n, ϕB, and Rs values obtained

Table 1. The basic diode parameters of GdNPs/PEI@N-GQDs nanocom-
posite structure..

f
[kHz]

VD
[eV]

NA × 1016

[cm−3]
EF

[eV]
c2 ϕB(C–V)

[eV]
WD ×
10−5

[cm]

Em × 104

[V cm−1]
Rs (5 V)

[kΩ]

10 1.068 3.88 0.152 0.559 1.183 1.87 11.1 1.16

30 0.692 2.81 0.161 0.404 0.822 1.76 7.57 0.49

50 0.339 2.10 0.168 0.303 0.648 1.40 4.49 0.40

from these methods. The ϕB values were found to be 0.605 and
0.568 eV for two linear regions (TE theory), 0.584 eV (Cheung
method), and 0.595 eV (Norde approach). While the ideality fac-
tors of the undoped-Gd structure for the TE theory are 3.71 and
9.20 for the Cheung method in our previous study,[35] the n val-
ues are found to be 4.9 and 16.9 for the TE theory and 11.6 for the
Cheung method in this study. The use of different regions of the
lnI–V plot explains the different values found for n. The values
of Rs are then found to be 3.35 kΩ from the Norde function and
2.63 kΩ and 2.35 kΩ from the Cheung function. The Rs values ob-
tained using Cheung’s method are smaller than those obtained
using Norde’s approach. This can be explained by the fact that
Norde’s method is performed for the entire forward bias range,
whereas Cheung’s calculation is performed for a nonlinear high
voltage region of the forward bias of the lnI–V plots. It was ob-
served that the Rs value increased in the structure with Gd (2631
Ω) compared to the structure without Gd doping (143 Ω).[35]

While the interface composed in Schottky structures is desired
to improve the diode characteristics, the surface states/trap lev-
els occurring in the forbidden bandgap of the semiconductor can
strikingly affect the electrical measurements. For this reason, it
is essential to determine the intensities of these states/levels.
In this study, the changes in these states were obtained by
four different approaches depending on both voltage and en-
ergy. First, the energy-dependent change of Nss was extracted
from the voltage-dependent n and ϕB using the Card–Rhoderick
approach[50] through Equations (10) and (11),

n =
q

kT

(
dV

d (ln I)

)
= 1 +

𝛿i

𝜀i

[
𝜀s

WD
+ qNss

]
(10)
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Figure 8. a) The C–V plots; b) The semi-logarithmic G/𝜔–V plots; c) The Ri–V plots with inserted higher frequencies; d) The C−2–V plots of the
GdNPs/PEI@N-GQDs nanocomposite diode at certain frequencies.

𝜙e = 𝜙B + 𝛽
(
V − IRs

)
= 𝜙B +

(
1 − 1

n (V)

)(
V − IRs

)
(11)

Furthermore, the energy position of Nss for a p-type semicon-
ductor is given in Equation (12) as follows[50]

Ess − Ev = q
(
𝜙e − V

)
(12)

The Nss values were obtained and plotted depending on the
energy employing the Equations (10–13).

Nss =
1
q

[
𝜀i

𝛿
(n (V) − 1) −

𝜀s

WD

]
(13)

where the width of the depletion layer is represented by WD and
was found by the C–V measurements. The variations of the Nss
with respect to the energy position have been attributed to a spe-
cific distribution of their density between the metal and semi-
conductor bandgap. The effect of Rs is also quite binding in the
characteristics of Nss, and this effect is seen in Figure 7d. Consid-
ering Rs and hence the voltage drop across it, the Nss intensities
decrease significantly.

A series of frequency and voltage-dependent measurements
were carried out to investigate the capacitance (C) and con-
ductance (G/𝜔) characteristics of the structure as well. Thus,
the GdNPs/PEI@N-GQDs nanocomposite diode has been stud-
ied for a range of frequencies from 0.5 to 500 kHz at ± 5 V.
Figure 8a,b shows the C and semi-logarithmic G/𝜔 versus V plots
of the structure. Although both graphs show characteristics of a
typical MOS structure, significant changes in the C and G/𝜔 val-
ues were observed between 0.5 kHz and 50 kHz, especially in the

weak inversion and accumulation regions. These peak changes
corresponding to different bias and frequency values indicate the
presence of Nss localized at the interface and the effect of Rs. At
70 kHz and higher frequencies, there were sharp decreases in
C and G/𝜔 values. Especially in certain voltage ranges, the de-
crease of these values at different rates compared to each other
and the disappearance of the peaks also indicate the striking ef-
fect of the Nss in the structure, so much so that this striking ef-
fect was also observed in the change of Rs. The variation of Rs as
a function of the applied frequency and voltage ranges was plot-
ted in Figure 8c. The peaks that occurred in the range of approxi-
mately −0.3 to 1.0 V between 0.5 and 50 kHz gradually decreased
as the frequency increased. However, after 70 kHz, while the C
values were almost anchored in the −1.0 and 1.0 V range, there
were sharp-cut decreases in the G/𝜔 values. While these changes
were parallel to each other at frequencies of 50 kHz and earlier,
this disproportionate change in C and G/𝜔 at higher frequencies
resulted in higher value double peaks in Rs. These “untypical” be-
haviors can be interpreted as the realignment of the Nss localized
in this region under the electric field[51] or the effect of Gd on
conductivity at these frequencies. Equation (14) below has been
used for the determination of Ri.

[52]

Ri =
Gm

G2
m +

(
𝜔Cm

)2
(14)

Ri is the resistance corresponding to each voltage value, and Cm
and Gm are the capacitance and conductance values in the ac-
cumulation regions. Hereby, the intrinsic value of Rs, i.e., the
value of Ri at high frequency and in the accumulation region,
obtained from the equation, was calculated to be approximately

Adv. Electron. Mater. 2023, 2300261 2300261 (8 of 12) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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1.07 kΩ at 5 V and 500 kHz. In this part, the basic electrical
parameters of the structure were studied employing the Mott–
Schottky theory. For this purpose, the C−2 versus V linear regions
were plotted in Figure 8d for certain frequencies. Using the fol-
lowing Equations (15 and 16), the relevant parameters were ob-
tained from the slope of these plots and the intersection of the
V-axis.

C−2 = 2
q𝜀s𝜀0A2NA

(
VD − kT

q
+ VR

)
(15)

𝜙B(C−V) = c2V0 +
kT
q

+ EF − Δ𝜙B (16a)

NA = 2
q𝜀s𝜀0A2 tan 𝜃

(16b)

Wd =

√
2𝜀s𝜀0VD

qNA
(16c)

EF = kT
q

ln
(

NC

NA

)
(16d)

where NA is the concentration of doping atoms, VD is the diffu-
sion potential (=V0 + kT/q), VR is the reverse bias voltage, c2 is the
NA(exp.)/NA(theor.), and also known as 1/n, ΔϕB is the image force
barrier lowering, Wd is the depletion layer width, EF is the Fermi
energy level, and Em is the electric field across the depletion re-
gion. All of these parameters, as well as the frequency-dependent
Schottky barrier change (ϕB(C–V)), are listed in Table 2. The de-
crease of the barrier (ϕB(C–V)) from 1.183 to 0.648 eV with increas-
ing frequency indicates the effect of Nss localized in this region
on this change. The surface states, which are intensified diversely
in different bias regions, can keep up with the ac signal variation
at low frequencies and, in this case, can cause significant effects
on the C and G measurements. However, values below 10 kHz
due to deviations caused by low-frequency noise and values above
50 kHz are not included in Table 2 since C values hardly change
at high frequencies.

The variation of the surface states depending on frequency
and voltage in impedance measurements and their effects on
the measurements are full of surprises. Various surface states
and/or trap levels corresponding to each frequency and voltage
value may be localized in the bandgap in the junction region.
These surface states or traps are usually divided into five groups

Table 2. Some basic electrical parameters of the structure..

Device
parameters

TE Cheung’s Method Norde’s Method
(for n = 4.9)

Region 1 Region 2 dV/dlnI H(I)

n 4.9 16.9 11.6 – –

I0 [A] 1.6 ×
10−6

6.52 × 10−6 – – 7.71 × 10−6

ΦB [eV] 0.605 0.568 0.584 – 0.595

Rs [kΩ] 3.85 3.85 2.63 2.35 3.35

in the literature: (i) interface trapped electronic-charges at inter-
layer/semiconductor interface, (ii) fixed oxide charges located at
the junction; (iii) created some oxide trapped charges by radia-
tion, (iv) mobile ionic-charges, and (v) shallow-states located near
the conduction or acceptor band (donor/acceptor type).[46–49] The
variations of Nss are highly dependent on the calculation method
used, which may correspond to different biases applied and the
nature of the method. The interface/surface states in these dif-
ferent species and the different polarization mechanisms signifi-
cantly affect the impedance measurements depending on the ap-
plied frequency. Dipole and interfacial polarization, which are es-
pecially effective at low frequencies (0.5 to 50 kHz range in our
study), cause considerable increases in C and G/𝜔 values. The
ability of Nss and dipole polarization directions at low frequen-
cies to keep up with frequency changes, i.e., their lifetime (𝜏), is
the main reason for these increases.

Therefore, the characterization of Nss in such nanostructured
devices can be studied with different approaches in the C/G ver-
sus V measurements. For example, one of them is the low-high
frequency (Clf – Chf) method,[53] which requires only one low and
one high-frequency measurement and is based on the calculation
of the area between these two measurements (plots). For this, the
method proposes the following Equation (17).

Nss =
Css

qA
= 1

qA

[(
1

Clf
− 1

Ci

)−1

−
(

1
Chf

− 1
Ci

)−1
]

(17)

where Ci is the interfacial capacitance obtained at the lowest fre-
quency. Since the effect of Nss on the measurements is more
dominant, especially at low frequencies, Nss changes show par-
allelism with the voltage-dependent change of low frequency
(0.5 kHz), as seen in Figure 9a. Here, it can be readily said that
the surface states are intensified in the reverse and forward bias
regions. However, these states can have different intensity values
depending on the different ac signal changes applied to the struc-
ture, i.e., the frequencies. In general, since they can keep up with
low signal changes, decreases in state intensities occur with in-
creasing frequency values. Furthermore, two different methods
can be employed to investigate and interpret these frequency-
dependent changes in the intensities of Nss. Either of them is
the Hill–Coleman (H–C) method, which is used when peaks are
seen in the C and G/𝜔 measurements, and the latter is the con-
ductance method (CM), which allows both the Nss changes and
their lifetimes (𝜏) to be compared with the parallel conductance
approach. In the H-C method,[54] the G/𝜔 values corresponding
to the maximum values of Cm can be substituted into the Equa-
tion (18) given below, and the frequency-dependent variation of
Nss can be obtained.

Nss =
2

qA

( (
Gm∕𝜔

)
max((

Gm∕𝜔
)

max
∕Ci

)2 +
(
1 − Cm∕Ci

)2

)
(18)

The variation obtained by this method for the reverse and for-
ward bias regions is plotted in Figure 9b. As can be noticed, the
Nss intensities have decreased with increasing frequency in both
bias regions. Moreover, the higher Nss values in the forward bias,
where the peak values are high, reveal their effect on the measure-
ments. In the range of 0.5 to 50 kHz, where peaks are observed,

Adv. Electron. Mater. 2023, 2300261 2300261 (9 of 12) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 9. a) The voltage-dependent profile of Nss obtained from the low-high frequencies. b) The Nss versus lnf plots obtained from the H–C method at
the reverse and forward biases.

Nss intensities decrease with increasing frequency from 2.14 ×
1013 to 7.77 × 1011 eV−1 cm−2 for reverse bias and from 6.77 ×
1014 to 5.18 × 1012 eV−1 cm−2 for forward bias. These higher in-
tensity values obtained in the forward bias can be attributed to
the higher increases in C and G/𝜔 values in that region.

In case we want to probe the Nss intensity distributions accord-
ing to their lifetimes (𝜏), the most convenient one is the CM.[50]

The relationship required for this method, which is based on all
frequency measurements and the calculation of the parallel con-
ductance (Gp/𝜔), is as follows (Equation 19a).

Gp

𝜔
=

𝜔GmCi

G2
m + 𝜔2

(
Ci − Cm

)2
=

qANss

2𝜔𝜏
ln

(
1 + (𝜔𝜏)2) (19a)

The Gp/𝜔 values are obtained by substituting the Ci value with
the Cm and Gm values in the first part of the equation. Then, as
seen in Figure 10a,b, the Gp versus lnf curves are plotted, and the

Nss and 𝜏 values are obtained by setting the derivative of the sec-

ond part of the equation to zero d
(

Gp
𝜔

)
max

d(𝜔𝜏)
at the maximum points

of these plots. Thus, the 𝜔𝜏 value is found to be 1.98, and with
this solution, the simplified form of Equation (19b) is given as
follows.

Nss =

(
Gp

𝜔

)
max

0.402qA
(19b)

It is seen that there are significant peaks and shifts in these
values as a function of frequency in the Gp/𝜔 curves in both
reverse and forward bias regions. The variation of Nss and 𝜏

values obtained from these peaks are plotted in Figure 10c,d.
According to these results, which allow a better interpretation
of the rapid changes in the C and G/𝜔 values in both regions,
the Nss intensities can show an alteration according to different

Figure 10. a) The Gp/𝜔 versus lnf plots at the reverse bias. b) The Gp/𝜔 versus lnf plots at the forward bias. c) The voltage-dependent profiles of Nss
and 𝜏 at the reverse bias. d) The voltage-dependent profiles of Nss and 𝜏 at the forward bias of the GdNPs/PEI@N-GQDs nanocomposite diode.
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voltage values. The surface states localized in the forbidden
bandgap of the semiconductor and the metal, and their residence
time distribution at the trap levels, i.e., their lifetimes, can vary
depending on both the applied frequency and the voltage. In our
previous study,[35] capacitance features, Nss, 𝜏 of N-doped PEI-
functionalized GQDs diode without Gd were been examined by
using the admittance/conductance method. NC behavior was ob-
served in the N-doped PEI-functionalized GQDs diode without
Gd at low frequencies. In this study, the GdNps doping in the
structure is the only difference in the diode structure. No NC
has been observed. This may be attributed to the doping of the
rare earth metal Gd into the structure. In this way, we can say
that the characterizations performed on such structures are ex-
tremely important both to shed light on the physical attitudes of
the structures and to ensure their usability as devices in electronic
systems. It needs to be investigated how the electrical properties
of the structure change when the rare earth elements are doped
into carbon-based materials.

4. Conclusion

We present the PL and electrical properties of GdNPs/PEI@N-
GQDs nanocomposite-based diode by I–V and C/(G/𝜔)–V tech-
nique at 300 K in the frequency range of 0.5 to 500 kHz at ±
5 V. The absolute PLQY of the GdNPs/PEI@N-GQDs was found
to be 35.96%. The increase in quantum yield is approximately
470% compared to the PEI N-doped GQD sample (7.60%) with-
out Gd. This is attributed to the presence of Gd. The ϕB values
of the diode obtained from TE theory at Region 1, TE theory at
Region 2, Norde’s, and Cheung’s approaches were found to be
0.605, 0.568, 0.584, and 0.595 eV, respectively. However, the RR
of the Gd-doped N-doped PEI-functionalized GQDs diode was
found to be 14 at a voltage of ± 5 V. Ohmic behavior was observed
in the fabricated device. The observed low RR value of the struc-
ture may be due to various factors such as barrier height inho-
mogeneities, surface/interface state or trap levels distributions,
doping atom concentrations, and series resistance. The charac-
terizations of Nss have been studied in four different approaches
from the I–V and C/(G/𝜔)–V measurements. The specificity of
each method has allowed us to understand the changes in Nss
and, thus, their effects, from different viewpoints. Also included
are these striking effects on Rs at certain frequencies. The results
show how the Gd-doped carbon-based composite interface affects
the electrical properties of the structure. Thus, the rapid C and
G/𝜔 changes observed as a function of frequency and voltage in-
dicate that such structures are suitable for switching applications.
This provided a basis for understanding carbon electronics tech-
nology. In this context, it will be necessary to investigate whether
other rare earth metals will have similar effects on these struc-
tures.
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