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Graphene quantum dots are quasi-zero-dimensional nanomaterials with unique physical and chemical properties. Tis study
utilized a terahertz (THz) time-domain spectroscopy system to analyze the absorption characteristics of THz-waves by graphene
quantum dots at diferent concentrations. Additionally, we applied electric felds and magnetic feld to explore the THz-wave
absorption properties of graphene quantum dots in greater detail. Te results indicate that the THz absorbance of graphene
quantum dots is positively correlated with sample concentration and applied electric feld strength. However, it is negatively
correlated with the intensity of the applied magnetic feld. Tis work combines THz technology and microfuidic devices to
propose a viable methodology for conducting in-depth study on graphene quantum dots.

1. Introduction

Te term THz waves refer to electromagnetic waves whose
frequency is in the range 0.1–10THz; the wavelength that
corresponds to this frequency range is 30–3000 μm [1]. Te
vibration and rotation modes of many biological molecules
and biological molecular groups are within the THz band,
and the photon energies of THz waves are low, on the order
of meV, which does not damage biological molecules when
used in a THz-range-based detection process.Te THz time-
domain spectroscopy (THz-TDS) system has a wide range of
possible applications related to biological detection [2–4].
For some small biological molecules, the solid powder can be
compressed to measure the fngerprint spectrum in-
formation in THz band to achieve the purpose of molecular
detection. Most biological molecules can only maintain their
biological activity in aqueous solutions. However, the ro-
tational mode, vibrational mode, and energy related to
hydrogen bonds between water molecules are within the
THz band and will strongly absorb THz waves. In addition,
water molecules are polar molecules that have strong

resonance absorption to THz waves; this means it is difcult
to dynamically characterize the activity of biological mol-
ecules in aqueous solutions using THz-wave-based
technology [5].

Microfuidic technology permits the manipulation of
very small volumes of fuid via micron-scale channels. It can
reduce the propagation distance of THz waves in the fuid
and thus signifcantly reduce the absorption of THz waves by
water [6]. Te combination of microfuidic devices and THz
technology can reduce the consumption of samples, shorten
the action distance of THz waves on samples, and permit the
detection of molecules within liquid samples. Graphene
quantum dots are quasi-zero-dimensional nanomaterials
with numerous unique physical and chemical properties;
due to the limited movement of its internal electrons in all
directions, the quantum localization efect is particularly
signifcant in graphene quantum dots [7, 8]. Graphene
quantum dots have a thickness similar to that of 1–3 layers of
graphene, approximately 0.4–2.0 nm.Te primary diference
between graphene quantum dots and graphene is in the size
of plane orientation: the former is less than 100 nm, whereas
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the latter is on the micron scale. Graphene quantum dots
realize a transition from gapless graphene to non-zero gap
graphene, which provides a basis for the fabrication of
molecular graphene electronic devices.

In this study, THz technology is combined with
microfuidic chip technology to study the THz absorption
characteristics of graphene quantum dots in various con-
ditions; this work presents a novel methodology for further
research on graphene quantum dots. Te dependence of the
THz absorption of graphene quantum dots on numerous
variables is studied here, including the dependence on
concentration, electric feld, and magnetic feld.

2. Experimental Device

2.1. Experimental Optical Path. Te experimental optical
path is shown in Figure 1. Te self-mode-locked fber
femtosecond laser independently developed by Peking
University is used. Its center wavelength is 1550 nm, pulse
width is 75 fs, output power is 130mW, and pulse repetition
rate is 100MHz. Te bPCA-100-05-10-1550-c-f photocon-
ductive antenna produced by BATOP company is used to
generate THz waves, the bPAC-180-05-10-1550-c-f photo-
conductive antenna is used to detect THz waves, and the
time delay device is the electric translation platform pro-
duced by Daheng Optoelectronics Co. Ltd. Te femtosecond
pulse laser output by the laser is divided into two beams after
passing through the polarization splitting prism. One beam,
as a pump pulse, passes through the mechanical translation
platform and enters the optical fber photoconductive an-
tenna through the optical fber coupler to generate THz
waves. Another beam, as a detection pulse, is directly
coupled through the optical fber coupler and enters the
optical fber photoconductive antenna to detect THz waves
[9]. Te fabricated microfuidic chip is placed in the middle
of the two antennas. Te THz waves generated by the THz
transmitting antenna pass through the chip flled with liquid
samples and carry the sample information, which is received
by the detection antenna and input into the lock-in amplifer
for amplifcation, and then the data are collected and pro-
cessed by the computer.

2.2. Microfuidic Chip and Its Fabrication. Te schematic
diagram of microfuidic chip used in the experiment is
shown in Figure 2. Tis microfuidic chip is simple to
control, low-cost, and reusable. It is a sandwich structure,
including substrate, cover, and microchannel layer. At
present, the materials used to make microfuidic chips are
polydimethylsiloxane (PDMS), polyethylene (PE), cyclo-
olefn copolymer (COC), etc. Due to the low transmittance
of PDMS to THz waves and the opacity of PE to visible light,
it is impossible to observe the changes in liquid samples in
the channel in real time. However, COC has high trans-
mittance for THz waves and is less likely to react with
substances. In the experiment, when the graphene quantum
dot solution is injected into the microfuidic chip and left to
stand for a while, it is observed that the solution does not
react with COC and there is no leakage. Terefore, using

COC materials to make microfuidic chips is the best choice.
Te substrate and cover are made of COC with THz
transmittance greater than 90%. A 50 μm thick strong ad-
hesive double-sided adhesive tape is selected as the
microchannel layer, and the center of the double-sided
adhesive tape is hollowed out as the microchannel, which
is 3 cm long and 4 cm wide. Te substrate, cover, and
microchannel layer are closely bonded to form a THz
microfuidic chip, and the diameter of the THz detection
area is 4mm [10].

2.3. External Electric Field Device. Te applied electric feld
device used in the experiment is shown in Figure 3. It in-
cludes sliding rheostat, switching power supply, and a high-
voltage module power supply.Te output of the high-voltage
module power supply is, respectively, connected with two
metal plates with a spacing of 4 cm. In order to ensure that
the electric feld of the microfuidic chip is a uniform electric
feld, the size of the two metal plates is much larger than that
of the microfuidic chip. Te microfuidic chip injected with
graphene quantum dots was placed in the middle of two
metal plates. Te absorption characteristics of THz waves
were investigated by changing the electric feld intensity.

2.4. External Magnetic Field Device. Te external magnetic
feld device used in the experiment is shown in Figure 4. A
tiny electromagnet is powered by wyj-9b transistor regulated
power supply to generate a magnetic feld. Te working
voltage of the electromagnet is changed by adjusting the
output voltage (output voltage range: 1–30V) of the tran-
sistor regulated power supply, so as to adjust the strength of
the magnetic feld. Te microfuidic chip injected with
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graphene quantum dots was placed in the environment of
diferent magnetic feld strength, and the THz signals
passing through the sample were explored through the THz
time-domain spectrum system.

2.5. Confguration of Graphene Quantum Dot Aqueous
Solution. Te existing literature on GQDs (graphene
quantum dots) is extensive. Li et al. systematically discussed
the optical properties of GQDs, from mechanism, infu-
encing factors to optical tunability [11]. Lu et al. provided the
relevant characterization of graphene quantum dots, such as
FTIR [12]. Te GQD solution used in this study was pur-
chased from China Suzhou Tanfeng Graphene Technology
Co. Ltd. Te photoluminescence quantum yield of graphene
quantum dots is 9%. Graphene quantum dots emit blue light
when excited by light with a wavelength in the range of
345–365 nm. Firstly, we purchased two types of GQD so-
lutions with concentrations of 1mg/ml and 20mg/ml and
then diluted a portion of the 20mg/ml GQDs solution with
deionized water to obtain three concentrations of 5, 10, and
15mg/ml. Combining the initial two concentrations, we
have a total of fve concentrations of GQD solutions: 1, 5, 10,
15, and 20mg/ml.

3. Experimental Methods

3.1. THz Spectral Properties of Graphene Quantum Dots at
Various Concentrations. In the experiment, we selected fve
diferent concentrations of graphene quantum dots: 1, 5, 10,
15, and 20mg/ml.Te graphene quantum dots were injected
into a microfuidic chip, and they were tested using a THz-
TDS system to measure their time-domain spectra; the
frequency-domain spectra of these graphene quantum dots

were then obtained via a Fourier transform. Te THz time-
domain spectra and frequency-domain spectra are shown in
Figures 5(a) and 5(b), respectively. In order to efectively
depict the correlation between THz spectral transmittance
and the concentration of graphene quantum dots at a spe-
cifc frequency, we calculated the absorption coefcient at
the spectral peak of 0.2 THz. As depicted in Figure 5(c), it is
evident that there is an augmentation in the absorption
coefcient as the concentration of the quantum dots in-
creases. In other words, the transmittance of THz waves is
negatively correlated with the concentration of graphene
quantum dots. We analyzed the error of THz time-domain
spectroscopy in this experiment using graphene quantum
dots with a concentration of 1mg/ml and 5mg/ml. As
shown in Figure 5(d), the diference between the 1mg/ml
and 5mg/ml samples is greater than the data obtained after
repeated measurements of 1mg/ml. All concentration
samples in this study comply with the above rules, indicating
the validity of the data.

3.2. THz Spectral Properties of Graphene Quantum
Dots under Diferent External Electric Fields. In this work,
the efect of an applied electric feld on graphene quantum
dots was studied by controlling the intensity of the applied
electric feld. We used fve diferent voltage values: 2000,
4000, 6000, 8000, and 10000V. Tis corresponds to feld
strengths of 500, 1000, 1500, 2000, and 2500V/cm. Each
electric feld strength was applied to the chip for a duration
of 5minutes. Te concentration of graphene quantum dots
used here is 20mg/ml. Te THz time-domain spectra and
frequency-domain spectra are shown in Figures 6(a) and
6(b), respectively. Figure 6(c) shows the absorption co-
efcient at 0.2 THz, which increases with increasing electric
feld strength. In other words, the transmittance of THz
waves is negatively correlated with the applied electric feld
intensity of the microfuidic chip. Figure 6(d) shows the THz
time-domain spectra of graphene quantum dots under
electric feld intensities of 0.5 kV/m and 1 kV/m. It can be
seen that the diference in THz time-domain signal strength
of the sample under the action of 0.5 kV/m and 1 kV/m
electric felds is greater than the signal strength measured
twice under the action of 0.5 kV/m electric felds. Due to the
fact that all samples under the electric feld intensity comply
with the above rules, it indicates the validity of the data.

3.3. THz Spectral Properties of Graphene Quantum Dots
under External Magnetic Field. Te infuence of a magnet-
ic feld on graphene quantum dots is studied here by con-
trolling the external magnetic feld magnitude. Te applied
magnetic feld strength is varied by changing the output
voltage of the regulated power supply (six output voltage
values of 0, 3, 6, 9, 12, and 15V were used, i.e., magnetic feld
strengths of 0, 6, 12, 18, 24, and 30mT), and the chip was
subject to this feld for 5min.Te concentration of graphene
quantum dots used here is 20mg/ml. Te THz time-domain
spectra are shown in Figure 7(a), and the THz frequency-

Switching
Power Supply

Sliding Rheostat
High Voltage Module

Power Supply
Microfuidic

Chip

Metal Plates

THz

Figure 3: Schematic diagram of applied electric feld device.

Microfuidic Chip

THz

Electromagnet

Power Supply

Figure 4: Schematic diagram of external magnetic feld device.

International Journal of Optics 3



domain spectra are shown in Figure 7(b). Figure 7(c) shows
the absorption coefcient at 0.2 THz, which decreases with
increasing magnetic feld strength. It can be seen that the
transmittance of THz waves is positively correlated with the
applied magnetic feld intensity of the microfuidic chip.
Figure 7(d) shows the THz time-domain spectra of graphene
quantum dots under magnetic feld intensities of 0mT and
6mT. It can be seen that the diference in THz time-domain
signal strength of the sample under the action of 0mT and
6mT magnetic felds is greater than the signal strength
measured twice under the action of 0mTmagnetic felds. All
samples under magnetic feld intensity comply with the
above rules, and the data are valid.

4. Result and Discussion

Te method used in this study to calculate the absorption
coefcient is similar to Liu et al. [13], and the calculation
formula is as follows:

n � 1 +
c

ωd
ϕ(ω),

α � −
2
d
ln

(n + 1)
2

4n

Esample

Ereference

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
􏼢 􏼣.

(1)

In the formula, n represents the refractive index of the
sample, c is the speed of light, ω is the angular frequency of
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Figure 5: (a) THz time-domain spectra at various concentrations of graphene quantum dots. (b) Frequency-domain spectra at various
concentrations of graphene quantum dots. (c) Absorption coefcient at various concentrations of graphene quantum dots at 0.2 THz.
(d) THz time-domain spectra of 1mg/ml and 5mg/ml graphene quantum dots.
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the THz wave, d is the sample thickness, and ϕ(ω) is the
phase diference between the sample signal and the reference
signal. Esample and Ereference are the amplitudes of the sample
and reference signals, respectively, and α is the absorption
coefcient. Figures 5(c), 6(c), and 7(c) normalize the original
data to better observe linear trends and elucidate the re-
lationship between absorption coefcient and concentration,
electric feld strength, and magnetic feld strength.

Figure 5 illustrates the relationship between the con-
centration of graphene quantum dots and the transmission
of the THz spectrum. It reveals that the transmittance of
THz waves is negatively correlated with the concentration of
graphene quantum dots. In other words, higher concen-
trations of graphene quantum dots result in a stronger

absorption of THz waves. Figure 8 depicts the structure of
graphene quantum dots bearing hydroxyl and carboxyl
functional groups. Te existence of these functional groups
renders the graphene quantum dots more unstable than
regular graphene. Both hydroxyl and carboxyl groups readily
form hydrogen bonds with water molecules [14]. In-
termolecular hydrogen bonds are highly sensitive to THz
waves and display strong absorption [15]. As the concen-
tration of the graphene quantum dot solution increases,
more graphene quantum dots bind to water molecules,
leading to heightened absorption of THz waves.

Figure 6 shows that the transmittance of THz waves is
negatively correlated with the applied electric feld intensity
of the microfuidic chip. In other words, the stronger the
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Figure 6: (a) THz time-domain spectra under diferent electric feld strengths. (b) Frequency-domain spectra under diferent electric feld
strengths. (c) Absorption coefcient under diferent electric feld strengths at 0.2 THz. (d) THz time-domain spectra of graphene quantum
dots under electric feld intensities of 0.5 kV/m and 1 kV/m.
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applied electric feld intensity, the stronger the absorption of
THz waves by graphene quantum dots. In addition, under
a given electric feld intensity, the absorption of THz waves
by graphene quantum dots gradually increases with the
increase in the duration for which the sample is subject to
the electric feld. When πD/λ< 0.3, Rayleigh scattering is the
primary factor that afects the transmittance of THz radi-
ation [16]. Yan investigated the infuence of particle size on
THz spectral scattering using the Rayleigh scattering for-
mula [17]. At a certain scattering angle, the scattering in-
tensity of the scattered light with the particles separated by
a distance of r:

I �
π4

d
6

8λ4r2
n2 − 1
n2 + 2

􏼠 􏼡

2

1 + cos2 θ􏼐 􏼑I0, (2)

where d represents particle size, λ denotes the incident light
wavelength, and n stands for the refractive index of the
particles. Te intensity of scattered light is proportional to
the sixth power of the particle size. Due to the relatively large
particle size of graphene quantum dots, they exhibit elec-
trophoresis phenomenon in an electric feld, leading to
particle aggregation and increased particle size. Tis results
in enhanced Rayleigh scattering of THz waves. With an
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Figure 7: (a) THz time-domain spectra under diferent magnetic feld strengths. (b) Frequency-domain spectra under diferent magnetic
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increase in electric feld intensity, more graphene quantum
dots undergo particle aggregation, further increasing the
particle size and scattering intensity, consequently reducing
the transmittance of THz waves.

Shalaby et al. utilized THz technology to investigate
ferrofuids subjected to a magnetic feld [18]. When the
magnetic feld is orthogonal to the polarization direction of
the THz wave, the absorption of THz by the ferrofuid
decreases as the magnetic feld intensity increases. In this
study, graphene quantum dots were prepared using
a chemical method, containing chemical groups such as
hydroxyl, resulting in the generation of magnetic moments

on the surface defects [19]. Graphene quantum dots exhibit
similar properties to ferrofuids under a magnetic feld,
where particles tend to align along the magnetic feld di-
rection. As the magnetic feld intensity increases, a decrease
in THz absorption is also observed. In the absence of an
external magnetic feld, the particles are randomly oriented,
resulting in zero net magnetic orientation (Figure 9(a)). In
this case, the THz wave undergoes isotropic absorption. In
the presence of an external magnetic feld, the particles tend
to align along the direction of the magnetic feld
(Figure 9(b)). In this case, the THz wave undergoes an-
isotropic absorption, and the absorption rate decreases with
increasing magnetic feld strength when the direction of the
magnetic feld is perpendicular to the polarization direction
of the THz wave.

5. Conclusion

Tis study combines THz time-domain spectroscopy with
microfuidic chip technology to detect graphene quantum
dots of diferent concentrations. Te research reveals that as
the concentration of graphene quantum dots increases, the
hydrogen bond content in the solution increases, leading to
a stronger absorption of THz waves by the graphene
quantum dots and a lower transmittance of THz waves.
Applying an electric feld on the microfuidic chip causes
particle aggregation of graphene quantum dots, enhancing
the Rayleigh scattering. Te greater the electric feld in-
tensity, the lower the transmittance of THz waves. When
a magnetic feld is applied to a microfuidic chip, graphene
quantum dot particles align in the direction of the magnetic
feld. When the direction of the magnetic feld is orthogonal
to the polarization direction of the THz wave, the absorption
rate decreases as the strength of the magnetic feld increases.
Tat is, the stronger the magnetic feld, the higher the
transmission rate of the THz wave. Future work should focus
on utilizing the THz absorption characteristics of graphene
quantum dots to study their applications in the THz feld.
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