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Abstract 

The change of the phase of light under the evolution of a nanomaterial with time is a promising 

new research direction. A phenomenon directly related to sudden phase change of light is the 

Goos-Hänchen (G-H) shift, which describes the lateral beam displacement of the reflected light 

from the interface of two media when the angles of incidence are close to the total internal 

reflection angle or Brewster angle. The tunable phase and G-H shifts are particularly important 

for reconfigurable photonic structures. In this work, we report an innovative design of 

lithography-free nanophotonic cavities to realize electrically tunable G-H shifts at the singular 

phase of light in the visible wavelengths.  We experimentally demonstrate reversible electrical 

tuning of phase and G-H shifts using a microheater integrated optical cavity consisting of a 

dielectric film on an absorbing substrate through Joule heating mechanism. In particular, we 

report an enhanced G-H shift of 110 times of the operating wavelength at the Brewster angle of 

the thin-film cavity. More importantly, we demonstrate electrically tunable G-H shifts by 

exploiting the significant tunable phase change that occurs at the generalized Brewster angles, 

due to the temperature induced small refractive index changes of the dielectric transparent film. 

Realizing efficient electrically tunable G-H shifts with miniaturized heaters will extend the 

research scope of G-H shift phenomenon and its applications. 
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In the space domain, the changes of light phase have been successfully studied that 

resulted in several breakthrough applications including holography [1] and phase contrast [2]. 

Notably, the behavior of light phase in the time domain was used to detect faint signals 

associated with gravitational waves [3] and it has played an important role in developing 

compact and fast phase light modulators [4]. In geometrical optics, Goos-Hänchen shift 

describes the lateral beam displacement of the reflected light from the interface of two media 

when the angles of incidence are close to the total internal reflection angle or the Brewster angle 

[5]. This lateral beam displacement is proportional to the penetration depth of the beam, which 

has been explained using two different models such as stationary phase approach [6] and energy 

propagation approximation [7]. According to stationary phase approach, the phase derivative at 

the coupling angle determines the magnitude of the G-H shift. However, this lateral shift is 

usually of the order of the operating wavelength, thus the direct observation of G-H shift is 

quite challenging. In this context, the enhancement of this lateral shift is important for applying 

G-H shift concept in optical-beam steering, optical switches, beam splitters and sensors. In 

particular, enhanced G-H shift has important role in improving the sensitivity of label-free 

optical biosensors [8, 9].  

In recent years, the G-H shift concept has received intense theoretical and experimental 

research attention, particularly in the direction of enhancement and tuning of the G-H shifts. 

Several optical techniques and material systems have been proposed for the enhancement of G-

H shifts in a wide spectral band from visible to THz frequencies, using structural resonances 

[10], absorptive materials [11], photonic crystals [12], metals [13], hyperbolic metamaterials [14] 

(HMM), surface plasmon resonance [15] (SPR), negative refractive index media [16] and Fabry-

Perot cavities [17]. Among them, a significant enhancement of G-H shift has been realized by 

exciting the surface plasmons (SPs) on metal surfaces [15] and the surface electromagnetic waves 

(SEWs) in photonic crystals (~750 times of the operating wavelength) [18]. In addition, 
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multilayered metal-dielectric thin film stacks have shown much higher G-H shift at the 

Brewster angle [17, 19]. The observed enhanced G-H shift in these systems is due to the large 

phase derivative occurring at the coupling angles (SPR resonant angle and Brewster angle). 

Moreover, tunneling induced giant G-H shifts (a negative shift of 2.62 mm and a positive shift 

of 0.56 mm) in quantum well structures have been realized theoretically [20].   

In general, the phase and G-H shifts can be tuned by incorporating functional materials 

such as 2D materials (graphene), phase transition materials (VO2), liquid crystals and 

chalcogenide phase change materials (PCMs) in the optical systems. Among existing functional 

materials, PCMs offer several advantages due their unique characteristic of enabling reliable 

and repeatable switching via billions of optical or electrical switching cycles [21-23]. Since the 

optical properties of graphene can be tuned by changing its chemical potential or Fermi energy, 

several graphene-based optical systems have been theoretically and numerically demonstrated 

the tuning of G-H shifts [24-32]. Moreover, tunable G-H shift has been theoretically and 

numerically investigated in several optical systems such as Dirac semimetal films by exciting 

the surface plasmons [33], a cavity with four-level quantum system [34], a weakly absorbing 

epsilon-near-zero slab [35] and a nanocomposite structurally chiral medium [36]. In addition, the 

forward tuning of G-H shift in the visible wavelengths (with maximum and minimum values 

only) has been experimentally demonstrated using a PCM-based HMM by directly annealing 

the HMM at higher temperature [37-38] (280ºC). In contrast to the tremendous progress towards 

theoretical demonstration of electrically tunable G-H shifts in the infrared to terahertz spectral 

band especially using graphene-based systems, there has been no report on experimental 

realization of electrically tunable G-H shifts. Moreover, realizing electrically tunable phase and 

G-H shifts in the ultraviolet to visible spectral band is particularly important for reconfigurable 

photonic device applications. 
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In this work, we experimentally demonstrate the reversible electrical tuning of phase 

and G-H shifts in the visible wavelengths using a microheater integrated optical cavity. The 

electrical heating with miniaturized heaters can provide ultimate miniaturization of active 

photonic devices with reconfigurable optical functionalities. The enhanced G-H shift is 

obtained at the generalized Brewster angles (GBA) of the thin-film optical cavity by exploiting 

the significant light phase change that occurs at the GBA and the reversible tunable G-H shift 

is realized by recording the dynamic phase change that occurs due to the temperature dependent 

small refractive index changes of the dielectric transparent film of the cavity. We also show the 

forward tuning of G-H shift using a PCM-based thin film cavity, by switching the PCM phase 

from amorphous to crystalline. In addition, we show the electrically tunable phase and G-H 

shifts in PCM-based cavity, where PCM thin film acts as an absorbing substrate. 

To demonstrate the tunable phase and G-H shifts, we use a thin film optical absorber 

cavity, which consists of a lossless dielectric film on a substrate with optical losses (Figure 1a). 

In particular, this cavity shows singular phase at the point of darkness, that is, the maximum 

phase change occurs at the point-of-darkness where the incident light is completely absorbed. 

This phenomenon has been widely investigated using different subwavelength nanostructures 

through the concept of topological darkness [39]. Here, we use lithography-free nanophotonic 

cavities to realize point-of-darkness and extreme phase singularity (phase difference between 

p- and s-polarization) at the generalized Brewster angles [19]. We recently demonstrated that this 

absorber cavity shows generalized Brewster effect, i.e., polarization by reflection for both s- 

and p- polarized light at different angles of incidence due to the thin-film interference based 

perfect light absorption of a single polarization [40]. Since the proposed optical absorber cavity 

shows extreme phase singularity at the GBA, enhanced G-H shift is possible at the GBA 

because the phase derivative at the Brewster angle determines the magnitude of the G-H shift 

according to stationary phase approach [6].  
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In order to experimentally show the tunable shifts at the GBA using a transparent 

dielectric film on an absorbing substrate in the visible wavelengths, we spin coated methyl 

methacrylate (MMA) layer of thickness d~560 nm on a microheater integrated silicon (Si) 

substrate. Figure 1b illustrates the optical image of the fabricated electrically tunable optical 

cavity with metallic microheater. The microheater is fabricated using optical lithography 

followed by metal deposition (see Supporting Information). Angular reflectance measurements 

are performed using a variable angle spectroscopic ellipsometer (J. A. Wollam Co., Inc, V-

VASE). Figure 1c shows the acquired reflection spectrum for s- and p-polarized light at 70° 

and 76°, respectively. In fact, thin film absorber supports GBA for s- and p-polarized light at 

multiple wavelengths. We note that since the substrates used in experiments are opaque, 

absorptance (A) is complimentary to reflectance (R), i.e., 𝐴𝐴 =  1 −  𝑅𝑅 . Accordingly, when 

𝑅𝑅  0 , the structure exhibits perfect light absorption. Accordingly, we obtained perfect 

absorption  GBA for s-polarization at 532 nm and 70°, and p-polarization at 633 nm and 76°. 

In Figure 1d, we show the calculated angular reflection spectrum for s- and p-polarized light 

at 70° and 76°, respectively. In the simulation, we solved the Fresnel’s equations for a three-

layer system (air-MMA (560 nm)-Si (∞)) using transfer matrix method (TMM) [40]. As can be 

seen, the calculated results match the experimental data very well.     

We measured the phase difference between s-and p-polarized light using spectroscopic 

ellipsometer. In Figure 2a and 2c, we show the measured reflection spectrum for s- and p-

polarized light and the phase difference between s-and p-polarized light as a function of the 

incident angle at 532 nm and 633 nm, respectively. It is evident that s- and p-polarized reflected 

intensity is almost zero at 70° for 532 nm and 76° for 633 nm, respectively. Thus, these two 

angles can be considered as the generalized Brewster angles of the thin film cavity. More 

importantly, an extreme phase jump is realized at the GBA. In particular, higher phase change 

is obtained for p-polarized Brewster angle (633 nm) as compared to s-polarized Brewster angle 

(532 nm). This is because the reflected intensity measured at 76° for 633 nm is very low 
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(0.163%) compared to that measured at 70° for 532 nm (0.48%). Therefore, higher G-H shift is 

expected for p-polarized Brewster angle since the phase change determines the magnitude of 

the G-H shift. By using the TMM simulation model, the calculated reflection and phase 

difference spectra at 532 nm and 633 nm are shown in Figure 2b and 2d, respectively. The 

calculated abrupt phase change obtained near the Brewster angle at 633 nm (Fig. 2d) matches 

accurately with the experimental results. However, the calculated (Fig. 2b) and the measured 

(Fig. 2a) abrupt phase change near the Brewster angle at 532 nm are not in good agreement. 

This is due to ~0.38% variation in reflected intensity recorded at the Brewster angle (70°) 

between the calculated and the experimental results.  

We first calculate the G-H shift using stationary phase approach [6], 𝑆𝑆𝐺𝐺𝐻𝐻 = − 1
𝑘𝑘
𝑑𝑑∅
𝑑𝑑𝑑𝑑

  with 

k as  the vacuum wavevector, θ  as  the angle of incidence, and φ as  the phase angle of reflection 

coefficient (�̃�𝑟). The general form of the reflection coefficient can be written as  �̃�𝑟 = 𝑟𝑟𝑒𝑒𝑖𝑖𝑖𝑖 . Thus, 

the phase angle φ can be obtained from, 𝜙𝜙 = 𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �𝐼𝐼𝐼𝐼(�̃�𝑟)
𝑅𝑅𝑅𝑅(�̃�𝑟)

�. In Figure 3a, we show the 

calculated G-H shifts as a function of incident angle for 532 nm and 633 nm wavelengths. As 

expected, enhanced G-H shift is realized at the generalized Brewster angles of the thin film 

optical cavity and maximum G-H shift is obatined for p-polarized Brewster angle at 76°. 

Notably, the calculated maximum G-H shift at 70° and 76° is larger than 85 times and 110 times 

of the operating wavelength, respectively.   

A differential phase-sensitive interferometric setup is used for G-H shift measurements 

[17] (see Figure S1, Supporting Information). We recorded the differential G-H shifts between 

p- and s-polarized light using 532 nm and 632.8 nm laser sources. In particular, the position 

data of p- and s-polarized light are used to obtain the targetted results of the differential G-H 

shifts. In our experiments, the positions of the reflected p- and s-polarized light as a function of 

incident angle are recorded using a position sensitive detector (Thorlabs, KPA101) with a data 

acquisition card for further processing. The position detector records the exact position of the 
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light spot for p- and s-polarized light as p (xp,yp), and s (xs,ys)), respectively. Then the targetted 

data of differential G-H shifts are calculated from, ∆G-H =| xp-xs|. We considered x-axis value 

of the spot position because the incident sample surface was kept parallel to the x-axis of the 

detector. Since the sampling frequency of the detector is 50 Hz, there are a total of ⁓1500 points 

in 5 minutes of the measurement. We calculated the standard deviation of these 1500 points of 

data and filtered the original data by using twice the standard deviation. We further calculated 

the average value of both polarizations to be as the desired results from the filtered data. The 

absolute difference between these two average values give the targetted differential G-H shift 

at a particular angle of incidence. The noise level of the measurement is less than 0.3 µm. 

In Figure 3b and 3c, we show the measured G-H shift as a function of incident angle 

for 532 nm and 633 nm, respectively. We recorded the G-H shifts close to GBA (68° to 82°) 

and plotted the average G-H shift by measuring it at  different positions of the sample. We note 

that the Brewster angles of thin film cavity are slightly shifted towards higher incident angle. 

This is due to increase in the surface roughness of the MMA layer with laser exposure (Power= 

5 mW), however, it can be overcome by using SiO2 as the cavity layer (see Figure S2, 

Supporting Information). Both Figures 3(b) and 3(c) show a sudden increase in G-H shift at the 

s- and p-polarized Brewster angles. The peak G-H shift measured at GBA for 532 nm and 633 

nm is 41 µm and 70 µm, respectively. It shows that the enhanced G-H shift measured at GBA 

is nearly 77 times (for 532 nm) and 110 times (632.8 nm) of the excitation wavelength and they 

agree well with our calculations. Notably, the obtained G-H shifts are extremely high compared 

to that recorded at the similar interfaces like ‘in the vicinity of the angle of total internal 

reflection’ [41], ‘near the Brewster angle’ [42] and ‘at the edge of the photonic band gap’ [43]. The 

observed variation in the G-H shifts around the Brewster angle is attributed to the limitation of 

the measurement of the optical set up. A slight increase or decrease of the reflected intensity 

due to the change in surface roughness of the MMA layer significantly affects the phase change. 

In addition, the phase change varies with the slight displacement of the beam position especially 
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at higher incidence angles, which in turns affects the absolute difference between the two 

average G-H shifts [17].  

To show the reconfigurable features of the proposed thin film absorber, we first carried 

out the temperature calibration of the microheater integrated Si/MMA cavity. Figure 4a 

illustrates the measured temperature variation of the cavity with applied current (0 to 110 mA). 

The temperature of the device varies linearly with an increase in the current, especially above 

50 mA. We consider a temperature range from room temperature (RT) to 70 °C, which is below 

the glass transition temperature of MMA and the optical constants (n and k) of Si do not change 

with the considered temperature range [44]. In addition, a layer of silicon free carriers does not 

have a significant response to the incident optical waves at low values of the bias current (0 to 

100 mA) [45]. In Figure 4b, we show the wavelength dependent temperature induced refractive 

index changes of MMA for different currents. Since the refractive index change depends on 

temperature, we measured the refractive index of MMA for each current (0 to 100 mA) by 

annealing the Si/MMA cavity for a time interval of 5 minutes. A decrease in the refractive index 

is obtained, at all wavelenghts, with an increase in the current or temperature. It is clear from 

the inset of Figure 4b that the refractive index change of MMA is reversible because the 

temperature induced refractive index is a volatile process. The measured phase difference 

between s-and p-polarized light as a function of wavelength at s-polarized Brewster angle (70 °) 

is shown in Figure 4c. As can be seen, a sudden change in phase is obtained at 532 nm and 

tunable phase change is possible by varying the current. A maximum phase change of 105 ° is 

measured at 532 nm by varying the current from 0 to 100 mA. 

Ideally, G-H shift at the Brewster angle decreases with increasing current due to a 

decrease in the refractive index of MMA, as we observed in our simulations by using the 

measured refractive index of MMA for different currents (see Figure S3, Supporting 

Information). However, we noticed that the parameters such as surface roughness and 

expansion of the MMA layer with an increase in temperature can influence the G-H shifts in 
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experiment (see Figure S4, Supporting Information). In order to demonstrate electrically 

tunable G-H shifts, we recorded the maximum G-H shifts for each current, which is measured 

at different angles of incidence close to the Brewster angle. The tunable G-H shifts measured 

at 532 nm wavelength with varying current are shown in Figure 4d. For the considered current 

range (0 to 100 mA), the recorded G-H shift at RT (0 mA) is around 40 µm and it continuously 

increased to reach a maximum value of 65 µm at 50 mA, and then decreased to a minimum of 

10 µm at 100 mA. The observed tunable behavior is due to the fact that the measured 

ellipsometer parameter, ψ (reflection amplitude) varies nonlinearly with increasing current (see 

Figure S5, Supporting Information), resulting in nonlinear tuning of the phase. In addition, the 

simulated maximum G-H shifts at different angles of incidence almost follow a similar behavior 

(see Figure S3, Supporting Information). In order to show the reversible tunable feature of the 

cavity, we recorded phase and G-H shifts at 0 mA after cooling the sample and observed the 

same shift for both (see Figure S6, Supporting Information). In short, large tunability in phase 

and G-H shift is possible by slightly changing the refractive index of MMA via temperature 

method.  

We then developed a PCM-based thin film cavity (glass/GST/MMA) for phase and G-

H shift tunability. For this purpose, we deposited 25 nm thick Ge2Sb2Te5 (GST) layer on a glass 

substrate (see Supporting Information) and spin coated ~560 nm thick MMA layer on GST to 

fabricate the amorphous cavity. For crystalline GST based cavity, we first annealed the 

glass/GST sample at  160°C for 30 min to switch the structural phase of the GST layer from 

amorphous to crystalline and then spin coated ~560 nm thick MMA layer. The experimentally 

determined permittivities of GST thin film [46] in both amorphous and crystalline phases are 

shown in Figure. 5a. As can be seen, a dielectric to metallic phase transition below 600 nm 

wavelength  occurs when the phase of GST is switched from amorphous to crystalline, that is, 

the real parts of permittivity changes its sign from positive to negative. We use this interesting 

phase transition feature to tune the light phase and G-H shifts at the Brewster angle. The 
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glass/GST (amorphous)/MMA cavity shows s- and p-polarized Brewster angle at 70° and 79° 

for 532 nm and 633 nm, respectively (see Figure S7, Supporting Information). However, the 

Brewster angle condition deviates at 532 nm due to the phase transition of GST from amorphous 

to crystalline. In the case of crystalline cavity, the spectral position of the s-polarized Brewster 

mode slightly red shifts and reflected intensity increases, thus the peak ψ value red shifts and 

decreases due to dielectric to metallic phase transition (see Figure S8, Supporting Information). 

As a result, the phase change that occurs at the Brewster angle (70°) drops, which is shown in 

Figure 5b. The measured phase difference is 145° and 70° for amorphous and crystalline phase, 

respectively. It indicates that glass/GST/MMA cavity can provide maximum and minimum G-

H shifts for amorphous and crystalline phases, respectively. In Figure 5c and 5d, we show the 

measured G-H shift at 532 nm when GST is in amorphous and crystalline phase, respectively. 

A maximum G-H shift of 75 µm and 45 µm is recorded at the Brewster angle for amorphous 

and crystalline phase, respectively. As expected, the G-H shift of PCM based cavity can be 

tuned from a maximum (75 µm) to a minimum (45 µm) value by changing the phase of the 

GST layer from amorphous to crystalline. However, forward tuning of G-H shifts with 

maximum to minimum shifts are only possible by annealing the PCM-based cavities. 

We further demonstrate the electrically continuous tunable phase and G-H shifts using 

glass/GST/MMA cavity, where GST (amorphous) layer acts as an absorbing dielectric. 

However, the tunability is realized by changing the refractive index of MMA. To avoid the 

crystallization of GST layer, we consider a lower temperature range from RT to 35°C by 

varying the current from 0 to 35 mA (see Figure S9, Supporting Information). In order to obtain 

wide tunability range, we spin coated a MMA layer with a thickness of  ⁓720 nm on GST, thus 

the cavity showed p-polarized Brewster angle at 75° and 532 nm (see Figure S10, Supporting 

Information). The measured phase and G-H shift tunability with applied current is shown in 

Figure 6a and 6b, respectively. One can see that a lower G-H shift of 32 μm is recorded at RT 

(0 mA) due to smaller phase change obtained at 532 nm. However, the G-H shift increased with 
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increasing current because the phase change increases with current and reached a maximum of 

70 μm at 20 mA, and then decreased with further increase in current. Overall, both Si/MMA 

and glass/GST/MMA cavities follow the same phase and G-H shift tunable behavior with the 

applied current because Si and GST act as an absorbing substrate of the cavity. For higher 

temperature range operation and avoiding the surface roughness issue of polymer with laser 

exposure, the MMA dielectric layer can be replaced with SiO2, as the refractive index of SiO2 

also changes with temperature [47]. We note that the switching speed of the MMA based cavity 

is limited (of the order of few seconds) due to the temperature induced volatile refractive index 

changes of polymer, in fact, it is a slow process (see Figure S11, Supporting Information). 

However, the switching speed of G-H shifts can largely be increased (microseconds to 

nanoseconds) using a PCM based nanophotonic cavity (glass/GST/SiO2) by electrically 

switching the structural phase of GST from amorphous to crystalline. The amorphous to 

crystalline phase switching of GST can be performed using bowtie type heater designs with 

longer electrical current pulses (ms to µs) [48]. Similar heater designs with shorter high energy 

electrical current pulses (nanoseconds) can be used for the reversible phase switching of GST 

(crystalline to amorphous) [49]. Since the enhanced G-H shift has important role in improving 

the sensitivity of label-free optical biosensors, the proposed tunable nanophotonic cavities can 

be used to develop reconfigurable scalable biosensors with differential phase and G-H shifts 

sensitivities, which could provide new opportunities to increase the label-free selectivity and 

sensitivity for biomolecules by combining with artificial intelligence [50-51].  

           To conclude, we experimentally demonstrated enhanced and tunable G-H shifts in the 

visible wavelengths using a simple thin film absorber cavity consisting of a transparent 

dielectric film on an absorbing substrate. The enhanced G-H shift is realized at the s- and p-

polarized Brewster angles of the cavity, which is 77 and 110 times of the operating wavelength, 

respectively. More importantly, we showed the electrical tuning of phase and G-H shifts at s- 

and p-polarized Brewster angle using Si/MMA and glass/GST/MMA cavity, respectively. We 
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observed that the temperature induced small refractive index changes of MMA polymer provide 

wide tunable phase and G-H shifts at the Brewster angle. We further demonstrated that the 

glass/GST/MMA cavity shows forward tuning of  phase and G-H shifts from a maximum to a 

minimum value by utilizing the interesting dielectric to metallic phase transition of GST, which 

can only be seen in the visible wavelengths. The developed microheater integrated lithography-

free thin film nanophotonic cavities can be used to realize cost-effective reconfigurable 

photonic devices such as optical switches, beam splitters and sensors.  

Supporting Information 
 
Supporting Information is available from the Wiley Online Library or from the author. 
 
Acknowledgements: 
 
The authors (K. V. S. and R. S.) acknowledge the funding support from Advanced 

Manufacturing and Engineering (AME) Programmatic grant (A18A5b0056) by Agency for 

Science, Technology and Research (A*STAR).  

References  

[1] D. A. Gabor, Nature 1948, 161, 777  

[2] F. Zernike, Science 1955, 121, 345 

[3] B. P. Abbott, (LIGO Scientific Collaboration and Virgo ollaboration), Phys. Rev. Lett. 2016, 

116, 061102 

[4] A. Melikyan, L. Alloatti, A. Muslija, D. Hillerkuss, P. C. Schindler, J. Li, R. Palmer, D. 

Korn, S. Muehlbrandt, D. Van Thourhout, B. Chen, R. Dinu, M. Sommer, C. Koos, M. Kohl, 

W. Freude, J. Leuthold, Nat. Photonics 2014, 8, 229  

[5] F. Goos, H. Hanchen, Ann. Phys. 1947, 436, 333 

[6] K. Artmann, Ann. Phys. (Leipzig) 1948, 437, 87 

[7] R. H. Renard, J. Opt. Soc. Am. 1964, 54, 1190 

[8] X. Yin, L. Hesselink, Appl. Phys. Lett. 2006, 89, 261108 

[9] K. V. Sreekanth, W. Dong, Q. Ouyang, S. Sreejith, M. ElKabbash, C. T. Lim, G. Strangi, 

K. T. Yong, R. E. Simpson, R. Singh, ACS Appl. Mater. Interfaces 2018, 10, 34991 

[10] R. Yang, W. Zhu, J. Li, Opt. Express 2014, 22, 2043 



     

14 
 

[11] E. Pfleghaar, A. Marseille, A. Weis, Phys. Rev. Lett. 1993, 70, 2281 

[12] I. V. Soboleva, V. V. Moskalenko, A. A. Fedyanin, Phys. Rev. Lett. 2012, 108, 123901 

[13] C. Bonnet, D. Chauvat, O. Emile, F. Bretenaker, A. Le Floch, Opt. Lett. 2001, 26, 666  

[14] C. Xu, J. Xu, G. Song, C. Zhu, Y. Yang, G. S. Agarwal, Opt. Express 2016, 24, 21767 

[15] X. Yin, L. Hesselink, Z. Liu, N. Fang, X. Zhang, Appl. Phys. Lett. 2004, 85, 372 

[16] P. R. Berman, Phys. Rev. E 2002, 66, 067603 

[17] K. V. Sreekanth, Q. Ouyang, S. Han, K. T. Yong, R. Singh, Appl. Phys. Lett. 2018, 112, 

161109 

[18] Y. Wan, Z. Zheng, W. Kong, X. Zhao, Y. Liu, Y. Bian, J. Liu, Opt. Express 2012, 20, 8998 

[19] K. V. Sreekanth, S. Sreejith, S. Han, A. Mishra, X. Chen, H. Sun, C. T. Lim, R. Singh, 

Nat. Commun. 2018, 9, 369 

[20] W.-X. Yang, S. Liu, Z. Zhu, Z.n, R.-K. Lee, Opt. Lett. 2015, 40, 3133. 

[21] M. Wuttig, H. Bhaskaran, T. Taubner, Nat. Photonics 2017, 11, 465 

[22] M. L. Tseng, J. Chen, P. C. Wu, Y.‐H. Chen, H.‐C. Wang, T.‐Y. Chen, W. T. Hsieh, H. 

J. Wu, G. Sun, D. P. Tsai, Laser Photon. Rev. 2016, 10, 986 

[23] W. Zhu, Y. Fan, C. Li, R. Yang, S. Yan, Q. Fu, F. Zhang, C. Gu, J. Li, Nanoscale, 2020,12, 

8758 

[24] Y. Fan, N. Shen, F. Zhang, Z. Wei, H. Li, Q. Zhao, Q. Fu, P. Zhang, T. Koschny, C. M. 

Soukoulis, Adv. Opt. Mater 2016, 4, 1824 

[25] K. V. Sreekanth and Y. Ting, J. Opt. 2013, 15, 055002   

[26] A. Farani, M. Miri, M. H. Sheikhi, J. Opt. Soc. Am. B 2017, 34, 1097 

[27] C. Wang, F. Wang, R. Liang, Z. Wei, H. Meng, H. Dong, H. Cen, N. Lin, Opt. Mater. Exp. 

2018, 8, 718 

[28] A. Farmani, A. Mir, Z Sharifpour, Appl. Surf. Sci 2018, 453, 358 

[29] X. Zeng, M. Al-Amri, M. S. Zubairy, Opt. Exp. 2017, 25, 23579  

[30] X. Zhou, S. Liu, Y. Ding, L. Min, Z. Luo, Carbon 2019, 149, 604 

[31] Z. Zheng, F. Lu, L. Jiang, X. Jin, X. Dai, Y. Xiang, Opt. Commun. 2019, 452, 227 

[32] T. Tang, J. Li, M. Zhu, L. Luo, J. Yao, N. Li, P. Zhang, Carbon 2018, 135, 29 

[33] Q. You, Z. Li, L. Jiang, J. Guo, X. Dai, Y. Xiang, J. Phys. D: Appl. Phys. 2019, 53, 015107 

[34] H. Jafarzadeh, M. Payravi, Int. J. Theor. Phys. 2018, 57, 2415 

[35] C. Wang, F. Wang, R. Liang, Z. Wei, H. Meng, H. Dong, H. Cen, N. Lin, Opt. Mater. Exp. 

2018, 8, 718 

[36] S. Shirin, A. Madani, S. R. Entezar, Opt. Mater. 2020, 107, 110026 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tseng%2C+Ming+Lun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen%2C+Jie
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C+Pin+Chieh
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen%2C+Yi-Hao
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wang%2C+Hsiang-Chu
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen%2C+Ting-Yu
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hsieh%2C+Wen+Ting
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C+Hui+Jun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C+Hui+Jun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sun%2C+Greg
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tsai%2C+Din+Ping
https://pubs.rsc.org/en/results?searchtext=Author%3AWei%20Zhu
https://pubs.rsc.org/en/results?searchtext=Author%3AYuancheng%20Fan
https://pubs.rsc.org/en/results?searchtext=Author%3ACe%20Li
https://pubs.rsc.org/en/results?searchtext=Author%3ARuisheng%20Yang
https://pubs.rsc.org/en/results?searchtext=Author%3AShi%20Yan
https://pubs.rsc.org/en/results?searchtext=Author%3AQuanhong%20Fu
https://pubs.rsc.org/en/results?searchtext=Author%3AFuli%20Zhang
https://pubs.rsc.org/en/results?searchtext=Author%3AChangzhi%20Gu
https://pubs.rsc.org/en/results?searchtext=Author%3AJunjie%20Li
https://scholar.google.com.sg/citations?user=94CsaVYAAAAJ&hl=en&oi=sra
https://scholar.google.com.sg/citations?user=2nsmrKcAAAAJ&hl=en&oi=sra
https://scholar.google.com.sg/citations?user=dp6HqrkAAAAJ&hl=en&oi=sra
https://www.sciencedirect.com/science/article/abs/pii/S0008622319303987#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622319303987#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622319303987#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622319303987#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622319303987#!
https://www.sciencedirect.com/science/article/abs/pii/S003040181930611X#!
https://www.sciencedirect.com/science/article/abs/pii/S003040181930611X#!
https://www.sciencedirect.com/science/article/abs/pii/S003040181930611X#!
https://www.sciencedirect.com/science/article/abs/pii/S003040181930611X#!
https://www.sciencedirect.com/science/article/abs/pii/S003040181930611X#!
https://www.sciencedirect.com/science/article/abs/pii/S003040181930611X#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
https://www.sciencedirect.com/science/article/abs/pii/S0008622318303877#!
javascript:;
javascript:;
https://www.sciencedirect.com/science/article/abs/pii/S0925346720303700#!
https://www.sciencedirect.com/science/article/abs/pii/S0925346720303700#!
https://www.sciencedirect.com/science/article/abs/pii/S0925346720303700#!


     

15 
 

[37] K. V. Sreekanth, Q. Ouyang, S. Sreejith, S. Zeng, W. Lishu, E. Ilker, W. Dong, M. 

ElKabbash, Y. Ting, C. T. Lim, M. Hinczewski, G. Strangi, K. T. Yong, R. E. Simpson, R. 

Singh, Adv. Opt. Mater. 2019, 7, 1900081 

[38] K. V. Sreekanth, P. Mahalakshmi, S. Han, M. S. Mani Rajan, P. K. Choudhury, R. Singh, 

Adv. Opt. Mater. 2019, 7, 1900680 

[39] V. G. Kravets, F. Schedin, R. Jalil, L. Britnell, R. V. Gorbachev, D. Ansell, B. Thackray, 

K. S. Novoselov, A. K. Geim, A. V. Kabashin, A. N. Grigorenko, Nat. Mater. 2013, 12, 304 

[40] K. V. Sreekanth, M. ElKabbash, R. Medwal, J. Zhang, T. Letsou, G. Strangi, M. 

Hinczewski,R. S. Rawat,C. Guo, R. Singh, ACS Photonics 2019, 6,1610 

[41] H. G. L. Schwefel, W. K€ohler, Z. H. Lu, J. Fan, L. J. Wang, Opt. Lett. 2008, 33, 794 

[42] M. Merano, A. Aiello, G. W. t’Hooft, M. P. van Exter, E. R. Eliel, J. P. Woerdman, Opt. 

Exp. 2007, 15, 15928 

[43] D. Felbacq, Opt. Lett. 2003, 28, 1633 

[44] H. H. Li, Journal of Physical and Chemical Reference Data 1980, 9, 561 

[45] J. Lou, J. Liang, Y. Yu, H. Ma, R. Yang, Y. Fan, T. Cai, Adv. Opt. Mater. 2020, 8, 2000449  

[46] K. V. Sreekanth, S. Han, R. Singh, Adv. Mater. 2018, 30, 1706696 

[47] J. Gong, R. Dai, Z. Wang, C. Zhang, X. Yuan, Z. Zhang, Mater. Res. Express 2017, 4, 

085005 

[48] W. Dong, H. Liu, J. K. Behera, L. Lu, R. J. H. Ng, K. V. Sreekanth, X. Zhou, J. K. W. 

Yang, R. E. Simpson, Adv. Funt. Mater. 2019, 29, 1806181 

[49] Y. Zhang, C. Fowler, J. Liang, B. Azhar, M. Y. Shalaginov, S. Deckoff-Jones, S. An, J. B. 

Chou, C. M. Roberts, V. Liberman, M. Kang, C. Ríos, K. A. Richardson, C. Rivero-Baleine, T. 

Gu, H. Zhang, J. Hu, arXiv:2008.06659v2 [physics.app-ph] 

[50] K. V. Sreekanth, Y. Alapan, M. ElKabbash, E. Ilker, M. Hinczewski, U. A. Gurkan, A. De 

Luca, G. Strangi,  Nat. Mater. 2016, 15, 621 

[51] A. Tittl, A. John-Herpin, A. Leitis, E. R. Arvelo, H. Altug, Angew. Chem. Int. Ed. 2019, 

58, 14810 

 

 

 

 

 

 

 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lou%2C+Jing
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liang%2C+Jiangang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yu%2C+Ying
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ma%2C+Hua
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yang%2C+Ruisheng
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Fan%2C+Yuancheng
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cai%2C+Tong
https://arxiv.org/search/physics?searchtype=author&query=Fowler%2C+C
https://arxiv.org/search/physics?searchtype=author&query=Liang%2C+J
https://arxiv.org/search/physics?searchtype=author&query=Azhar%2C+B
https://arxiv.org/search/physics?searchtype=author&query=Shalaginov%2C+M+Y
https://arxiv.org/search/physics?searchtype=author&query=Deckoff-Jones%2C+S
https://arxiv.org/search/physics?searchtype=author&query=An%2C+S
https://arxiv.org/search/physics?searchtype=author&query=Chou%2C+J+B
https://arxiv.org/search/physics?searchtype=author&query=Chou%2C+J+B
https://arxiv.org/search/physics?searchtype=author&query=Roberts%2C+C+M
https://arxiv.org/search/physics?searchtype=author&query=Liberman%2C+V
https://arxiv.org/search/physics?searchtype=author&query=Kang%2C+M
https://arxiv.org/search/physics?searchtype=author&query=R%C3%ADos%2C+C
https://arxiv.org/search/physics?searchtype=author&query=Richardson%2C+K+A
https://arxiv.org/search/physics?searchtype=author&query=Rivero-Baleine%2C+C
https://arxiv.org/search/physics?searchtype=author&query=Gu%2C+T
https://arxiv.org/search/physics?searchtype=author&query=Gu%2C+T
https://arxiv.org/search/physics?searchtype=author&query=Zhang%2C+H
https://arxiv.org/search/physics?searchtype=author&query=Hu%2C+J
https://arxiv.org/abs/2008.06659v2
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;


     

16 
 

  

 
 
 
 

 

Figure 1. (a) Schematic of a transparent dielectric film on absorbing substrate and the principle 
of  G-H shift. (b) Optical microscopic image of fabricated metallic (Al) microheater integrated 
Si/MMA thin film absorber. Reflectance spectrum of s- and p-polarization at the Brewster angle 
(c) Measured and (d) Calculated.   
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Figure 2. Demonstration of phase singularity at the GBA. Reflectance spectrum of s- and p-
polarization and phase difference between s- and p-polarization as a function of incident angle 
(a) Measured at 532 nm,(b) Calculated at 532 nm,(c) Measured at 633 nm and (d) Calculated 
at 633 nm.    
   
      

 

Figure 3. G-H shift as a function of incident angle. (a) Calculated at 532 nm and 633 nm, (b) 
Measured at 532 nm and (c) Measured at 633 nm.   
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Figure 4. Experimental demonstration of electrically tunable phase and G-H shift using 
Si/MMA cavity (a) Temperature calibration of microheater integrated Si/MMA stack. The 
measured heater resistance at RT is 278 Ω. (b) Temperature dependent refractive index change 
of MMA layer with varying current (RT to 65°C). (c) Measured Phase difference spectra at s-
polarized Brewster angle with varying current.  (d) Measured G-H shift (in µm) variation as a 
function of current at 532 nm. 
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Figure 5. (a) Experimentally determined real and imaginary permittivitties of GST thin film in 
amorphous and crystalline phases. (b) Measured phase difference spectra at s-polarized 
Brewster angle for amorphous and crystalline GST based cavity. Measured G-H shift (in µm) 
as a function of incident angle at 532 nm for (c) amorphous GST based cavity and (d) crystalline 
GST based cavity.  
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Figure 6. Experimental demonstration of electrically tunable phase and G-H shift using 
glass/GST/MMA cavity (a) Measured phase difference spectra at p-polarized Brewster angle 
with varying current.  (b) Measured G-H shift (in µm) variation as a function of current at 532 
nm.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


