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Tunable infrared 
metamaterial‑based biosensor 
for detection of hemoglobin 
and urine using phase change 
material
Shobhit K. Patel1,2, Juveriya Parmar3, Vishal Sorathiya1,4, Truong Khang Nguyen5,6* & 
Vigneswaran Dhasarathan5,6* 

This paper reports about the outcomes from an investigation carried out on tunable biosensor for 
detection using infrared in the range of 1.5 µm and 1.65 µm. The biosensor is made of phase change 
material formed by different alloy combinations, Ge2Sb2Te5 (GST). The nature of GST allows for 
the material to change phase with changes in temperature, giving the tunable sensing property 
for biosensing application. Sensor built with amorphous GST (aGST) and crystalline GST (cGST) in 
different design structures were tested on different concentrations of biomolecules: hemoglobin 
(10 g/l, 20 g/l, 30 g/l and 40 g/l); and urine (0–1.5 mg/dL, 2.5 mg/dL, 5 mg/dL and 10 mg/dL). The 
tunable response observed from the tests demonstrates the potential application of the materials in 
the design of switching and sensing systems.

Biosensors are usually designed following a three-step process: recognition of biomolecules, triggering of signal, 
and detection. Recognizing the biomolecules is the first and very important step in designing biosensor system. 
Biosensors are useful for applications in environmental analysis and agricultural management, particularly in 
detection of infectious diseases in crops, toxics materials, and pollutants. Biosensors are classified into various 
categories, such as optical biosensor, electrical biosensor, electronic biosensor, etc., of which, optical biosensors 
are always in great demand due to its optical properties and quick response to nanoparticles1,2. Optical biosen-
sors are further classified into two sub-categories, namely label-free and labeled. Label-free mode refers to a 
system that directly detects the analyte (biomolecule); in label-based mode, the analyte is tagged with a label 
that will produce a signal, which can be detected by the sensor3,4. The advantages of optical biosensors include 
cost-effectiveness, less time-consuming, shock-free, etc.5. As label-free system does not require the use of label as 
binding agent6, the sensor built with this system is relatively easy to use and particularly useful for rapid detection 
of surface components7. On the other hand, the label-based biosensor is relatively costly and complex, especially 
when detecting large biomolecules8.

Surface plasmon resonance (SPR) technique is one of the most common label-free biosensor system. There 
is a huge demand for SPR due to its feature, which allows for monitoring of changes in the refractive index near 
the surface of the sensor. SPR technique works are based on two types of configurations, namely Kretschman and 
otto. The technique allows for measurement of each bound molecule in a form of shift observed at the surface 
of the sensor9,10. Among the advantages of SPR biosensors are the small size, high-resolution detection, remote 
sensing feature, etc., making them useful for detection of biochemical molecules, particularly in environmental 
and clinical applications11. SPR system interconnects three things namely biochemical components, optical 
properties, and electronic systems12. The system is used for real-time detection of unlabeled biomolecules in 
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a complex structure13. Several biosensor designs constructed using different types of resonator and photonics 
crystal have been reported in previous studies14–16. An investigation on the response of biosensor with leaky wave 
radiating structure made of graphene integrated on Si3N4 waveguide was previously reported14. On the other 
hand, it is also possible to design an infrared-biosensor using gold split-ring resonators as reported in15, which 
structure is relatively simple. Additionally, an absorber that is polarization-insensitive can also be designed for 
tunable absorption response with multiple modes of input excitation16. Nanocomposite is another material used 
in biosensor as it confers a cost-effective procedure17. Optical biosensors are considered as a primary sensing 
method in detection of blood samples, which measure the different refractive indices of blood sample with dif-
ferent concentrations of hemoglobin18. Lab-on-a-chip biosensor with integrated optical transducers responds 
more to electromagnetic interference than to electronic components, which solves the Maxwell’s equation and 
results in good sensitivity19. Graphene oxide and reduced graphene oxide can detect bacteria at the micro level; 
between the two, reduced graphene oxide is more effective as it produces less noises20. Application of a guided 
mode photonic crystal fiber-based biosensor was previously reported in21, which is made of graphene and gold.

Similarly, there are other types of biosensor, which have been reportedly used for different applications. One 
of the examples is the recent development of biosensor with silicon waveguide-based absorber22. Several studies 
have also reported the use of metasurface-based absorber to achieve tunability and reconfigurable responses 
in biosensor. Refraction at near infrared region was also reported in biosensor using nanodisk metasurface23. 
Previous study also showed the use of silicon photonic biosensor for detection broad spectrum infrared detection 
of label-free analyte24. Recently, there is a surge in demand for biosensor that allows for rapid diagnosis as an 
alternative to the expensive and time-consuming methods used in the laboratory. Previously, it was reported that 
rapid disease detection was achieved via a low-cost procedures using electrochemical biosensor25. Development 
of a single-layer biosensor using gold, biomaterial, and silica was proven possible in the past research. The use 
of the sensor to determine the concentration of hemoglobin in human blood sample was reported previously26. 
One study demonstrated the use of biosensor built using metamaterial and semiconductor that measure refrac-
tive index of analyte at far infrared27. Metamaterial can also be applied in various applications: as dual tunable 
absorbers28 of different shapes such as chevron29 and wrench30; chemical sensing31; infrared filter32,33; tunable 
polarizer34, microelectromechanical devices35; and polarization-insensitive devices36. Nanoparticle can also be 
used in development of biosensor for applications such as medical diagnostic devices37. Nanoparticle acts as a 
wide-angle and multi/wide-band absorber in biosensor. The design of infrared biosensor using metamaterial 
for specific applications based on geometric parameters have been reported, which include temperature38, gas39, 
color40 and optical41 sensor.

Tuning is very important in designing biosensor, and one of the ways to achieve is by using phase change 
materials such as GST42. The use of GST allows for fine-tuning of absorber and sensor in biosensor. GST meta-
surfaces have been used in making polarization-insensitive absorber43. GST has also been proven to improve 
the performance of plasmonic devices44. GST is the most commonly used phase change material that reversibly 
changes from the amorphous to crystalline phase. The material exhibits different optical and electrical proper-
ties in crystalline and amorphous phase, which is useful for applications such as memory storage, sensor, logical 
device45, etc. Tunable phase change material is particularly beneficial for development of biosensor in sensing and 
switching applications. GST corresponds well with the light which feature is beneficial for development of nano-
photonic and nanoplasmonic tools46. GST absorbs light perfectly in crystalline phase compared to amorphous43. 
Addition of gold between the metal layer and metal grating improves the tenability of GST-built biosensor, which 
results in good sensitivity47. The dynamic control over optical absorption in the Au-GST structure is a feature 
that is useful for development of plasmonic switches, modulators, and metasurfaces.

The different shapes of resonance structures such as plasmon metamaterial in cylindrical and cubical form 
will be discussed in the next section of this paper. Although the range of concentrations of analyte used in the 
past investigations differs from one structure to another, this discussion focuses only on detection in the range 
of wavelength between 1.5 µm and 1.6 µm. The design of resonance structures discussed in this paper have been 
optimized, and the respective absorption responses have been analyzed to assess sensor sensitivity. A compara-
tive analysis is also presented in this paper to identify the behavior of tunable sensor.

Design and modelling
Figure 1 illustrates the different designs of biosensor incorporated with different shapes of resonance structures, 
namely cylindrical metamaterial and cubical gold. GST was chosen as the material for the base of the resonance 
structures, which phase-change characteristics are reflected in the transition of spectral responses via transfer-
matrix method. Phase transition of GST from amorphous GST (aGST) to crystalline GST (cGST) was carried 
out by subjecting the material to pulse energy up to glass transition temperature48. Successful applications of 
phase change materials enables the development of tunable optical sensor, beneficial particularly for artificial 
intelligence (AI) applications. Array paterns of plasmonic gold in biosensor is proposed in this paper, which are 
assigned as UC1, UC2 and UC3 to represent the different shapes of resonance structure.

The refractive index of hemoglobin and urine in different concentrations is shown in Table S1 (see Table S1 
of supplementary information). The calculated length and width (L × W) of the structure is 2000 nm. The height 
of the GST (St) substrate and Gold (ht) resonator was determined as 800 nm and 600 nm, respectively. The height 
(hb) of the sensing medium was determined as 2000 nm. The proposed design of biosensor was investigated in 
three structures of unit cell as shown in Fig. 1f–h. The dimensions of the unit cell were assigned as UC1 (Unit 
Cell 1), UC2 (Unit cell 2), UC3 (Unit cell 3). The dimensions of UC1 was determined as L × L = 2000 × 2000 nm2 
and g1 = 1400; UC2 with L × L ≈ 666 × 666 nm2 and g1 ≈ 466; and UC3 with L × L ≈ 400 × 400 nm2 and g1 ≈ 280. 
For better understanding, numerical investigation of the proposed biosensor was carried out using periodic 
boundary condition approach for the unit cell. The different absorption peak shifts for the different array of 
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structures are shown in Fig. S1 of supplementary material. Therefore, variation in the number of resonators over 
the dimension of unit cell grants tunability to both aGST and cGST-based biosensor. The analyte was placed on 
the top of the gold resonator as shown in Fig. 1a. The incident infrared is emitted from the top and excited along 
the z-axis. The proposed structure was periodically extended along the x and y-axis. Transverse electric mode 
(TE) was used to excite the input wave. The structures were numerically investigated using finite element method 
(FEM). The meshing of the structures was carried using tetrahedral meshing method. Metallic layer was used 
at the bottom of the proposed structure.

Intensity of absorption (A) depends on parameters such as transmission (T) and reflection (R) by the equa-
tion, A = 1 − T − R. A theory was proposed previously49, which demonstrates that when the impedance of free 
space and device is matched, the R = 0; overall transmission will be reduced from T = e

−2n2dk to T = e
−αd : where 

k is the free space propagation vector, d is the thickness of sample, n2 is the effective refractive index, and α is 
the absorption coefficient. Impedance matching by the absorber is very important to achieve maximum absorp-
tion. According to the theory of impedance matching, the loss needs to be generated in the space between two 
conducting materials. The value of n2 is determined by the refractive index of the spacer material. To achieve 
near-unity absorption, n2 must be as large as possible. As shown in Fig. 1e, large infrared refractive index was 
achieved using biosensor built with aGST and cGST.

Figure 1.   Schematic diagram of the metamaterial cubic and cylinder resonator in the structure of GST-assisted 
biosensor. (a) A 3D view of the sensor. (b) Top view of the sensor with metamaterial cubic resonator. (c) Top 
view of the sensor with metamaterial cubic resonator. (d) Side view of the sensor. The bottom layer of the 
structure is made of aGST/cGST. Biomolecule is placed on the top of the sensor. The incident wave is excited 
along the z-axis. Dimensions of the structure are: St = 800 nm, ht = 600 nm, hb = 2000 nm, g1 = 1400 nm, and 
L = 2000 nm. (e) Real and imaginary refractive index of aGST and cGST within the range of 1.5–1.65 µm. (f) 
Dimension of UC1 is L × L = 2000 × 2000 nm2, g1 = 1400. (g) Dimension of UC2 is L × L ≈ 666 × 666 nm2, g1 ≈ 
466. (h) Dimension of UC3 is L × L ≈ 400 × 400 nm2, g1 ≈ 280.



4

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7101  | https://doi.org/10.1038/s41598-021-86700-6

www.nature.com/scientificreports/

Numerical results
Absorption spectrum and wavelength shift.  This section discusses the absorption spectrum of the 
different arrays of cubical metamaterial resonators constructed with phase change materials, namely aGST and 
cGST as illustrated in Fig. 2. The absorption spectrum demonstrates the tunable effects of different arrays of 
resonating structures, with both phases of GST used as substrate. Similarly, Fig. 2d–f shows the variation in 
intensity of absorption as different array of structures were tested, using cGST in the construction of the bio-
sensor. Variation in the absorption peak of different phases of GST used in cubic resonator arrays is shown in 
Fig. 2g. The important role of the phase change material is illustrated in Fig. 2g, which shows huge wavelength 

Figure 2.   Absorption spectrum of different biomolecules with different refractive indices as detected by 
biosensor built with metamaterial cubic structure. Absorption spectrum of (a) UC1, (b) UC2 and (c) UC3 
metamaterial cubic structure with aGST as substrate. Absorption spectrum of (d) UC1, (e) UC2 and (f) UC3 
cubic metamaterial with cGST as substrate. (g) Shifting in absorption spectra with different arrays and phases of 
material.
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shift of maximum absorption peak as different arrays of resonator used. As observed in Fig. 2a–f, increase in 
absorption intensity (peak) is proportional to the increase in refractive indices of analyte. Shift in the wavelength 
can also be observed in the absorption peak as different concentrations of analyte were used. The wavelength 
shift as different concentrations of hemoglobin used is lower than that of urine; the difference in the refractive 
index of different concentrations of hemoglobin is smaller than that of urine. Similarly, Fig. 3 shows the absorp-
tion spectrum of the cylindrical metamaterial resonators, with aGST and cGST as substrate, which corresponds 
to the different refractive indices of the analyte. It is also observed that the wavelength shift similar, while the 
sensitivity varies as different analytes were used as sample. The results show that the wavelength has shifted for 
approximately 300 nm as different concentrations of urine were tested, while a shift of about 150 nm can be 
observed in the wavelength as different concentrations of hemoglobin were tested. The shift in the wavelength as 

Figure 3.   Absorption spectrum for different refractive indices of biomolecules (metamaterial cylindrical 
structure.). Absorption spectrum of cylindrical metamaterial resonator in (a) UC1, (b) UC2 and (c) UC3 with 
aGST as substrate. Absorption spectrum of cylindrical metamaterial resonator in (d) UC1, (e) UC2 and (f) UC3 
with cGST as substrate. (g) Shifting in absorption spectra for different arrays and phases of material.
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aGST and cGST transition into different phase in cylindrical resonator array is shown in Fig. 3g. Similar to cubic 
resonator, a huge wavelength shift can also be observed for the cylindrical structure as GST changes phases. The 
wavelength shifts for both cubic and cylindrical resonators are shown in Fig. S1 (supplementary information); 
the shifts demonstrate the tunable response of both structures. For aGST-based cylindrical and cubical struc-
tures the lowest wavelength of absorption peak is near to 1.57 μm, while the highest wavelength is near 1.6 μm. 
A shift of 5 nm can be observed near the wavelength of 1.57 μm, and 20 nm shift near to wavelength 1.6 μm for 
cylindrical and cubical resonators, respectively.

Wavelength shift for different refractive indices.  Linear variation in wavelength for different refrac-
tive indices resulted from the use of cylindrical resonator array is shown in Fig. 4. Figure 4a, b show the varia-
tion in the wavelength shift as biosensor with unit cell of UC1 was used in detection of urine and hemoglobin. 
Similarly, Fig. 4c, d and Fig. 4e, f show the variation in wavelength shift for biosensor with unit cell of UC2 and 
UC3, respectively. Figure 4g–l show the variation in wavelength for different refractive indices resulted from the 
use of cubic resonator array. The shift in wavelength is larger in detection of hemoglobin than urine as observed 
in Fig, which may be due to the larger variation in refractive indices of hemoglobin. Variation in wavelength 
indicates the sensitivity of the proposed structure of biosensor. Transitioning of aGST to cGST in biosensor 

Figure 4.   Sensor response (wavelength shift) with n (refractive index) for both phases of GST of different 
metamaterial arrays. (a–f) Response by cylindrical array-based sensor in UC1, UC2 and UC3. Urine detection 
is represented in (a), (c) and (e); hemoglobin detection is represented in (b), (d) and (f). (g–l) Response of 
cubic array-based sensor in UC1, UC2 and UC3. Urine detection is represented in (g), (i) and (f); hemoglobin 
detection is represented (h), (j) and (l).
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with cylindrical metamaterial resonator resulted in wavelength shift of 26 nm; similarly, a shift of 23 nm in the 
wavelength can be observed in biosensor with cubic metamaterial resonator. It is important to note that GST is 
used in biosensor mainly for determining the wavelength shift of the absorption peak as GST changes phases 
during the operation (i.e., aGST to cGST, or cGST to aGST). In this study, a wavelength spectrum for both aGST 
and cGST-based biosensors with cylindrical and cubic resonator arrays is proposed based on variations in the 
wavelength of absorption peak, which takes into account only the clearly exhibited peak as shown in Figs. 2g and 
Fig. 3g. The variation indicates the tunable response of the biosensor at wavelength in the range of 1.5–1.65 μm.

Biosensor sensitivity variation.  The sensitivity (ΔS) is calculated by the ratio of wavelength difference 
(Δλ) and refractive index difference (Δn) between two samples of analyte. A comparative analysis over the vari-
ations in sensitivity of different structures, biomolecules, and GST phases has been derived (see Table S2 to 
Table S5 of supplementary information). There are two parameters responsible for variation in sensitivity: (1) 
refractive index of the analyte; (2) refractive index of material used in biosensor (i.e., aGST and cGST). Vari-
ation in sensitivity in detection of different biomolecules can be observed in the proposed designs of biosen-
sor as shown in Fig. 4. The refractive index of the biomolecules plays a key role for impedance-matching of 
surface resonators. Changes in the refractive index at the top layer of biomolecules may result in changes in 
resonance point. Therefore, there can be different resonance points over the range of wavelength. The smaller 
(larger) the difference in refractive index, the smaller (larger) the shift in the wavelength. The sums of variation 
in wavelength shift ultimately represents the response sensitivity of the structure (i.e., detection of biomolecules 
in different concentrations). The approximate minimum and maximum sensitivity of cylindrical resonator is 
1000 nm/RIU and 2333 nm/RIU, respectively, when tested on urine samples; the structure demonstrates mini-
mum and maximum sensitivity of 825 nm/RIU and 1795 cnm/RIU, respectively, when tested on hemoglobin. 
On the other hand, the minimum and maximum sensitivity of cubic resonator is 1000 nm/RIU and 2667 nm/
RIU, respectively, when tested on urine samples; the structure demonstrates minimum and maximum sensitivity 
of 773 nm/RIU and 1814 nm/RIU, respectively, when tested on hemoglobin.

The effects of physical parameters.  Variations in absorption spectra have been studied and plotted for 
different physical parameters as shown in Figs. 5 and Fig. 6. The results are derived from the different ht ranging 
from 200 to 600 nm. Figure 5a–c and Fig. 5d–f show the variation in absorption intensity by metamaterial in 

Figure 5.   Absorption spectrum of gold resonator with different heights (metamaterial cylindrical and cubical 
array structures), which varies between 200 and 600 nm. Absorption spectrum for cylindrical metamaterial 
array with (a) UC1, (b) UC2 and (c) UC3. Absorption spectrum for cubic metamaterial array with (d) UC1, (e) 
UC2 and (f) UC3.
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cylindrical and cubic shapes, respectively. Changing the absorption spectra of the cGST is also possible by vary-
ing the physical parameters such as the height of gold and GST substrate.

The absorption spectra of GST in cylindrical and cubic resonator of different heights, st, range from 300 to 
700 nm are illustrated in Fig. 6. Notable wavelength shift is observed in the absorption peak in unit cell assigned 
as UC1 as shown in Figs. 5 and Fig. 6. Major shift in wavelength is observed in the response of biosensor with 
different heights of GST layer, which may be due to changes in variation of refractive index as the height changes. 
As discussed in the design and modeling section, the perfect absorption can be achieved by using the appropriate 
types of material between the two plates, with suitable physical properties. Changing the distance between two 
plates results in variation in resonance intensity, which leads to variation in the energy confinement between the 
two plates; variation in energy confinement is reflected as variation in absorption intensity.

Figure 7 shows the response of the normalized electric field intensity in aGST and cGST-built biosensor with 
unit cell assigned as UC1; also shown is the surface current density at every resonance point. Strong electric fields 
on the resonating structure can be observed at the wavelength with large absorption peaks. In some cases, the 
dipole moment generated at the surface of the resonators can also be observed. A strong energy confinement leads 
to high absorption intensity at a particular resonating point. An extensive comparative analysis of the proposed 
structures with the previously reported designs in terms of dimensions, operating band, sensitivity and material 
used is presented in this paper; Table 1 shows a large wavelength shift of the absorption peak with the use of GST. 
The proposed structures of biosensor have also been proven tunable as GST transitions into different phases. 
The structures can be fabricated using common deposition techniques50, combined with a well-developed laser 
interference lithography technique and dry etching method51.

Conclusion
A tunable and highly sensitive refractive index-based biosensor has been numerically investigated within the 
range of 1.5–1.65 µm wavelength. Different phases of GST (aGST and cGST) used in the proposed structures of 
biosensor has been investigated. The different structures of metamaterial (cubic and cylindrical) gold resonator 
and the respective wavelength shift have also been investigated. The absorption spectra of different structures 
and arrays have been investigated in terms variation in sensitivity. High absorption intensity can be associated 
with the high refractive index resulted from the use of GST in the construction of biosensor. Tunable wavelength 
shift can also be demonstrated with the use of analyte in different concentrations. The effects of physical param-
eters on the absorption intensity within the proposed range of wavelength have also been investigated. Major 

Figure 6.   Absorption spectrum for the different heights of aGST substrate (metamaterial cylindrical and 
cubical array structures), which varies between 200 and 600 nm. Absorption spectrum for cylindrical 
metamaterial with (a) UC1, (b) UC2 and (c) UC3; absorption spectrum for cubic metamaterial array with (d) 
UC1, (e) UC2 and (f) UC3.
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variation in absorption spectra can be observed in the application of aGST and cGST in biosensor. The overall 
bandwidth and resonating region are different for different phases of GST, i.e., a wavelength shift of 300 nm 
and 150 nm can be observed in detection of urine and hemoglobin, respectively. The proposed structures of 
biosensor demonstrate variation in sensitivity within the range of 773–2667 nm/RIU. The tunable response of 
the proposed structures of biosensor can be potentially improved by investigating the responsiveness toward 
smaller biomolecules down to molecular size.

Received: 4 July 2020; Accepted: 9 March 2021
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