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Abstract: Blood sugar is an important biomedical parameter of diabetic patients. The current
blood sugar testing is based on an invasive method, which is not very friendly for patients who
require long-term monitoring, while the non-invasive method is still in the developing stage. In
this paper, we design a non-invasive and highly sensitive terahertz wave detector with Co3zSn;S;
semimetal thin film to test sugar concentration. As different concentrations have inconsistent
responses to terahertz wave, we can deduce the concentration of the sugar solution to realize
real-time highly sensitive detection of blood sugar concentration. This novel method can be
further expanded to 6 G edge intelligence for non-invasive and real-time monitoring of blood
sugar, and promote the development of 6 G technology.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

According to the World Health Organization, the number of diabetic patients in the world has
reached 537 million in 2023, and it will soon reach 634 million in 2030. Currently, blood sugar
concentration is the key indicator for diagnosing diabetes. Diabetes is a long-term, incurable
and chronic disease, which presents high incidence, numerous complications, a wide range of
causative factors, treatment difficulty et al, and it causes serious harm to human health. So
diabetic patients’ priority is to control blood sugar stabilization, which requires patients to do
timely blood sugar monitoring [1]. Based on whether blood sugar testing with skin and blood
vessel lesions, it can be simply divided into invasive and non-invasive sugar testing [2]. Currently,
both medical and household blood sugar meters belong to invasive sugar testing. This method is
simple, accurate, speedy and cheap, but it requires to puncture veins or capillaries, and long-term
testing poses a risk of infection and affect the patient health. Therefore, accurate, and rapid
non-invasive blood sugar testing has become a current research hot issue.

Compared to traditional invasive testing means, the non-invasive testing is very convenient,
which does not require skin puncture to collect a blood sample, and avoids the discomfort of
pain and the risk of infection. It is continuous, safe, quick and practical for diabetic patients.
Non-invasive sugar testing based on optical method is at the forefront of current research, such
as infrared method [3], optical polarization method [4—8], Raman spectroscopy [9], optical
coherence tomography [10], localized surface plasmon resonance (LSPR) [11], etc. As LSPR, Li
et al. fabricated a graphene oxide/multiwalled carbon nanotubes assisted serial quadruple tapered
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structure-based LSPR sensor for blood sugar detection. The sensitivity and limit of detection are
1.04 nm/mM and 0.24 mM at different sugar solutions of 0—10 mM, respectively [12]. However,
all of these methods have some drawbacks. For example, the infrared method has the limitation
of penetration depth, Raman spectroscopy has low sensitivity, and the resolution of optical
coherence tomography is susceptible to scattering components. These above optical methods are
often susceptible to external environment. Furthermore, the lack of standard parameters as a
reference and individual differences can also affect the results. Therefore, current non-invasive
blood sugar testing based on optical method often falls short of expectations.

Taking into account the above disadvantages, we have turned our attention to terahertz wave
and utilized the terahertz response for non-invasive blood sugar testing. As the terahertz wave
has a variety of characteristics such as penetrating and non-invasive, and it can easily penetrate
the surface of the skin directly to the blood without the negative impact of the skin and blood
vessels. Compared to other methods, terahertz wave is more sensitive to small signal and can
visualize small changes, i.e., it is more accurate. In conclusion, terahertz wave has the potential
of non-invasive testing and can overcome the shortcomings of the other methods mentioned
above to a certain extent.

A good non-invasive blood sugar testing requires a high-performance detector, so the choice of
the right material is essential. Here we consider Weyl semimetal, mainly due to its outstanding
properties. In the Weyl semimetal, valence and conduction bands intersect at certain points in the
Brillouin region, and then form a chiral Dirac cone. As the momentum of the crystal approaches
the Dirac point, its energy level difference decreases until it reduces to zero. The band gap width
is proportional to the displacement of the crystal momentum with respect to the Dirac point,
and its unique energy level properties can be excited more efficiently by low-energy terahertz
wave [13-14]. The absorption of terahertz photons by Weyl semi-metallic thin film creates
electron-hole pairs, and then leads to the accumulation of carriers. Additionally, this material
exhibits the characteristic of lower dark current and the Weyl point enhancement effect, so its
Weyl point can reinforce the momentum of the carriers to achieve a stronger light current [15].

Furthermore, due to the unique electronic structure of the Weyl semimetal, it can exhibit
excellent photo-detection performance in the terahertz range, so it can be used as an efficient
terahertz detector [16]. In this paper, we have designed a non-contact and highly sensitive
terahertz wave detector of sugar concentration with the Co3Sn,S, Weyl semimetal thin film,
which can realize real-time and highly sensitive detection of blood sugar concentration to a
certain extent.

2. Experimental setup and characterization

The preparation of the Co3Sn;,S; thin film by magnetron sputtering is carried out as follows.
Initially, the magnetron sputtering method is employed to optimize and establish the film
preparation parameters for the Co3Sn;S, thin film. The aim is to achieve uniformity and
high quality while minimizing defects. Through experimentation with various parameters, the
following preparation steps are determined: reducing the air pressure to 1 x 107* Pa, introducing
argon into the cavity, and depositing the Co3Sn; S, target in RF-driven mode. The parameters for
the Co3Sn, S, thin film is specified as follows: argon flow rate of 50 SCCM, power of 120 W,
and duration of 210 seconds. The electrode material is copper with a spacing of 5 mm.

Figure 1(a) shows the thickness of the Co3Sn;S; thin film is 166.7 nm. Figure 1(b) shows the
design of this device experiment. Terahertz wave hits the surface of the detector, and the current
is measured under the different concentrations solution. The experimental setup is consisted of a
70 mW, 0.1 THz avalanche diode (TeraSense IMPATT diodes) as a terahertz source, two tungsten
probes, and a high-precision digital source meter (Keithley 2400) as shown in Fig. 1(c). The
Raman spectrum of the film demonstrates the improved narrower and stronger Raman peaks, the
E, peak is located at 106 cm~! and the A| g peak is located at 151 cm™! in Fig. 1(d).
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Fig. 1. Device design diagram. (a) Thickness of the Co3Sn,S; thin film. (b) Device
experimental design diagram. (c) Experimental setup diagram. (d) Raman spectrum of the
Co3SnyS; thin film.

The terahertz detector is put in the center of the tungsten probe platform, the tips of the tungsten
probes are used to contact with the detector’s metal electrodes, and then changeable voltages of
9.8-11.6 V with 0.2V interval is applied at both ends of the device to obtain dark current. After
the dark current testing, terahertz wave of the terahertz source irradiates the surface of the device
to obtain the light current at the different voltage. During the testing process, we need to keep
the same position of the device in order to reduce measurement errors. Note that, the tungsten
probes need to be grounded after each measurement to eliminate small static electricity, which
affects the current results of subsequent tests.

3. Results and discussion
3.1. Detector excited only by terahertz wave

In order to more intuitively reflect the high performance of the terahertz detector with the
Co3Sn,S; semimetal thin film, we firstly test the response parameters of the Si substrate-only
terahertz detector. The Fig. 2(a) shows the relationship between the light current and the variable
bias voltage at different concentrations of sugar solution. The current is linearly related to the
voltage and gets smaller and smaller, as the concentration of the sugar solution increases. Current

(I) can be written as:
nVe

t

I= (1)
n is the charge-carrier density, V is the volume, ¢ is the elementary charge (1.602 x 10 ~'° C), and
t is the transition time. Since the sugar is a polymer compound that does not conduct electricity,
the higher the sugar solution is, the lower the charge-carrier density (n) is. At the same voltage,
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the parameters of V, r and e keep constant. Since the carrier concentration (n) is reduced, the
current (I) can correspondingly get smaller as shown in Fig. 2(a).
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Fig. 2. Results of the Si substrate-only detector at different concentrations of sugar solution
excited by terahertz wave. (a) Light Current. (b) NEP. (¢) R4. (d) D*.

Figure 2(b)—(d) show the important parameters of the terahertz detector, such as the noise
equivalent power (NEP), photo-responsivity (R4) and detection rate (D*). These parameters also
can reflect the accurate concentration of the different sugar solutions.

The photo-responsivity (R4) is defined as the light current () under the unit optical power (P),
and expressed in the following equation [17,18]:

Ri= % @
The noise equivalent power (NEP) can evaluate the sensitivity of the detector, and NEP

represents the smallest detection optical power. The smaller the value of NEP is, the better its
ability of the detection optical signal is [17,18]:

Up

NEP = — 3

) 3)
vy is the total noise, which can be categorized into thermal Johnson-Nyquist noise (v;) and dark
current breakdown noise (vp) [19-21]:

Up = \/U% + v,f = \/4kBTr + 2ql 472 4)

kg, T, r, q, and I; are the Boltzmann constant, the absolute temperature, the resistance, the
elementary charge, and the dark current of the device, respectively.

Detection rate (D*) is the detector’s normalized signal-to-noise ratio. It is closely related to
the NEP. The smaller the NEP is, the higher the D* is, and the better the detection performance
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of the device is. D* is defined as follows [17,18]:

D= Nep ©)
S is the effective detection area of this detector.

As shown in Fig. 2(a), the light current varies only 50-250 uA. We select the voltage of 11 V
for specific analysis. When the concentration of sugar solution is 10%, the detector’s light current
is only 200 pA. As the concentration of sugar solution rises, the light current continues to decline.
At the concentration of 30%, the light current value is less than 100 pA. As a result, when the
concentration of sugar solution reaches 40%, the terahertz detector has been unable to test the
accurate light current, i.e., the current remains 0 A as shown in Fig. 2(a).

At the voltage of 11V and the concentration of 10%, the R4 and D* of the detector are 0.5
A/W and 8.57 x 10'%cm Hz!/? W~!, respectively, and both decrease as the concentration of the
concentrated solution increases as shown in the Fig. 2(a)-2(b). Compared with R4 and D*, NEP
decreases with increasing concentration of sugar solution. As shown in Fig. 2, when the sugar
solution concentration is 40%, NEP reaches 230 pW/Hzl/ 2 at 11V, which is not an ideal value for
a practical detector. Furthermore, due to the non-ideal precision of the detector, specific values
cannot be measured when the sugar solution concentration is below 40% as the NEP approaches
zZero.

In summary, blood sugar testing can be completed by testing the response of terahertz
wave to sugar solution of different concentrations. However, the Si substrate-only detector
cannot complete the testing of high-concentration sugar solution due to its insufficient accuracy.
Therefore, Weyl semimetal thin film is selected in the following to improve the performance.

The measurement process of the detector with the Co3Sn, S, film is basically the same as the
Si substrate-only detector, and the conclusion that the light current decreases with the increase of
sugar solution concentration is still valid. As shown in Fig. 3, the key parameters of the detector
are significantly better than Si substrate-only detector after the addition of Weyl semimetal thin
film. The light current can reach 5-35 mA at the voltage of 9.8—11.6V, much larger than the
former 50-250 pA. Taking the voltage of 11 V as an example, when the concentration of the sugar
solution is 10%, the light current, R4, and D* are 27 mA, 68.6 A/W, and 38.3 X 109 ¢cm Hz!/?
W-!, which are 134, 136.2, and 3.5 times higher than the Si substrate-only detector, respectively.
In addition, the NEP is only 2.16 pW/Hz'/? at the sugar solution concentration of 40%, which is
105.5 times better than the 230 pW/Hz'/? of the previous detector.

Single Si substrate is unable to accurately measure the response of highly concentrated sugar
solution due to its low precision. Fortunately, the detector with the Co3zSn,S; thin film is able
to accurately measure the light current, R4, D*, and NEP after sugar solution of up to 40%.
Therefore, it is feasible to use this detector for non-invasive blood sugar testing.

3.2. Detector simultaneously excited by a terahertz wave and laser

In order to further verify the reliability of the detector, 520 nm laser is used to stimulate the
different concentrations of solution. The results follow the same trend as the above terahertz
wave, i.e., the higher the concentration of the sugar solution is, the fewer photo-carriers are
produced, and ultimately the lower current is obtained.

The Si substrate-only detector is still tested firstly. Figure 4 shows the dark and light currents
of this detector under 520 nm laser irradiation. As the concentration of sugar solution increases,
both the dark and light currents all decrease, which is similar to the results of the above terahertz
response experiment. In addition, at the voltage of 11 V and the sugar solution concentration of
10%, the dark and light currents are very close to each other, both at around 240 pA. Furthermore,
due to both synchronous excitation of terahertz and laser sources, the light current value is larger
than the 200 pA as measured in 3.1.



Research Article

Vol. 15, No. 2/1 Feb 2024 / Biomedical Optics Express 970 |

Biomedical Optics EXPRESS -~

(a)

(b)

0.035 32
® 10 % concentration —=&— 10 % concentration
® 20 % concentration 28 F @ 20 % concentration
0.030 ¥ 30 % concentration ) 30 % concentration
4 40 % concentration 40 % concentration
- 24 F
z 0.025 o
]
= = 20
S 0020 =
£ —1 &
E = <
0.015 F e el =
R T2l eeegg
T ® °
L—v L ®
0.010 e
ks i 08 5 5 o+
R
0.005 L L . L L L ! s 04 . . . . . . . "
9.8 100 102 104 106 108 110 112 114 116 9.8 100 102 104 106 108 110 112 114 1L6
(©) Voltage (V) (d) Voltage (V)
100 60
10 % concentration - 10 % coneentration
20 :ﬁ' concentration 50 e 20 % concentration
80 o0 2% coneentretion = ———%—— 30 % concentration
‘o concentration is ——ko—- 40 % concentration
o 40
E & =, ._*——M_"__L“‘—‘
< o)
~= E . a PR
=} = ° - ° L - .
= 20
= -—y
* ——p———y—— YT
20 = il D S GBS
0 L s L s L ' L s 0
9.8 10,0 102 104 106 108 110 112 114 116 9.8 10,0 102 104 106 108 1.0 112 114 1L6
Voltage (V) Voltage (V)

Fig. 3. Results of the detector with the Co3Sn, S thin film at different concentrations of
sugar solution excited by terahertz wave. (a) Light Current. (b) NEP. (c) R4. (d) D*.
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Fig. 4. Dark and light currents of the Si substrate-only detector at different concentration of
sugar solution excited by 520 nm laser. (a) Dark Current. (b) Light Current.
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However, this detector has the same problem as the Si substrate-only detector as mentioned in
3.1. As shown in Fig. 4, when the concentration of the sugar solution reaches 30%, the dark
current of the detector cannot be detected, but the light current can still be measured because it is
originated from the light stimulation and some spontaneous electron movement still exists in
the device. Therefore, we choose the detector with the Co3zSn;S, semimetal thin film again to
improve this experiment.

Figure 5 shows the dark and light currents generated by the detector with the Co3Sn, S, thin
film under the bias voltage of 10—12 V. Taking the 11 V as an example, the light current of the
10% concentration sugar solution is about 30 mA, larger than the 18 mA of the dark current.
When the solution concentration reaches 40%, the light current is only about 7 mA. Compared
with the Si substrate-only detector, the detector with the Co3Sn,S; thin film not only detects
the terahertz response of the high concentration sugar solution, but also the light current is
significantly larger than the dark current, which shows that this device has a perfect response to
external light. Therefore, it is very useful to fabricate blood sugar testing device for non-invasive
testing of blood sugar.
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Fig. 5. Dark and light currents of the detector with the Co3Sn;S, thin film at different
concentrations of sugar solution excited by 520 nm laser. (a) Dark Current. (b) Light Current.

In summary, the aforementioned four experiments mutually support the same finding: specifi-
cally, that the greater the concentration of the sugar solution is, the lower the current is. This
conclusion may be utilized to infer the concentration of the sugar solution for the advancement
of non-invasive blood sugar testing. Furthermore, the study also indicates that the detector
with the Co3Sn,S; thin film exhibits a superior response to terahertz wave compared to the Si
substrate-only detector, thereby enhances its ability to detect faint signals, indicates a heightened
sensitivity in detecting blood sugar levels.

4. Conclusion

Non-invasive blood sugar testing has received a lot of attention, however, the non-invasive blood
sugar testing currently has certain shortcomings that prevent it from being accommodated in the
marketplace. In this paper, we propose a non-invasive blood sugar testing based on terahertz
wave detection. It demonstrates not only the feasibility of non-invasive measurement of blood
sugar with terahertz wave, but also the higher response of the detector to terahertz wave due to
the Weyl semimetal thin film to increase the sensitivity. In order to confirm the reliability of the
conclusions, we also choose laser simulation experiments for mutual verification. Furthermore,
this detector can also be combined with deep learning and artificial intelligence and then creates a
blood sugar testing device. In future, this device can be further expanded to 6 G edge intelligence
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to complete non-invasive and real-time monitoring of blood sugar, and finally promote the
development of 6 G technology.
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