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In this paper, we propose a scheme for designing a 
tunable pixel layer based on a Ge2Sb2Te5 (GST) alloy  
thin film. We show that the phase change of GST can 
significantly affect the reflection characteristic when the 
GST film is embedded into a dielectric encapsulation layer. 
We investigate the appropriate positions of the GST film 
within the dielectric layer for high diffraction efficiency, 
and we prove that they are antinodes of Fabry–Perot  
resonance inside the dielectric layer. Using the proposed 
scheme, we can increase the diffraction efficiency by about 
ten times compared to a bare GST film pixel, and 80 times 
for the first-to-zeroth-order diffraction power ratio.    
We show that the proposed scheme can be designed 
alternatively for a broadband or wavelength-selective type 
by tuning the dielectric thickness, and we discuss a multi-
phase example with a double-stack structure. 
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I. Introduction 

Thermally driven phase-change materials, such as vanadium 
dioxide (VO2) and germanium antimony tellurium alloy 
(Ge2Sb2Te5, GST), have been extensively researched for their 
potential application to the design of integrated active optical 
elements [1] or tunable metamaterials [2]. They have been 
considered owing to the large variation in the refractive indexes 
between their phase states. For example, VO2 can change    
its optical characteristics from a semiconductor to a metallic 
phase at near 68 °C [3], and it can therefore easily change    
its reflectance at a relatively low temperature. Templates    
for various active plasmonic structures such as tunable 
nanoantennas [3], [4], perfect light absorbers [5], and split-ring 
resonators [6], which are developed by depositing or patterning 
VO2 structures on a noble metal film, have been reported.  

In contrast, a GST alloy exhibits phase-change 
characteristics from an amorphous to a crystalline state when 
heated to the range 100 °C to 150 °C [7], [8]. Compared to 
VO2, the phase change is maintained even when the alloy cools 
to room temperature, and is far more stable and effective for 
power-consumption issues. The phase-change mechanism is 
repetitive, and is also applicable to both electrical and optical 
heating [9], [10]. These benefits make GST a key material   
in various industrial and scientific applications, not only for 
conventional optical data storage media such as DVDs, but 
also for highly integrated all-optical multi-level memory [11] 
and broadband perfect absorbers operated for near-infrared 
light [12].  

In particular, spatial light modulation through GST-based 
structures has been recently reported for super-resolution 
optical micro-images [13]. Compared to conventional spatial 
light modulator (SLM) techniques based on a liquid crystal 
layer [14] or the mechanical modulation of digital mirrors [15], 
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the spatial change of a GST-based structure can be highly 
integrated below the sub-micron scale through a local phase 
transformation [16], [17]. The phase change of an extremely 
thin GST film results in a dramatic change in reflected color 
[13]. Moreover, a perfect tunable absorber that can switch 
absorption characteristics upon going through a phase change 
has been reported in a mid-infrared region [18]–[20]. Similarly, 
various works have focused on the tuning of the reflected 
power or spectrum accompanied by a phase change of the  
GST, including an Al nanoantenna based on GST [21]–[23]. 
However, only a few works have considered the diffraction 
characteristics in GST-based structures when the structure is 
pixelated. Such diffraction characteristics are very important, 
especially when incorporating a GST-based spatial light 
modulation scheme into diffractive optical applications such as 
computer-generated holography (CGH). It has been shown that 
a high diffraction efficiency compared to the portion of non-
diffracted light is needed for a clear CGH image reconstructed 
from the diffractive pattern generated using SLM [24]. 

Various techniques in nanophotonics have been recently 
reported, such as micro electro-mechanic systems (MEMS) 
[25], metasurfaces [26], highly doped transparent 
semiconductors [27], and graphene photonics [28], and they 
have also been extensively studied by many researchers for  
the development of tunable pixel systems and holography. 
However, those systems still have drawbacks that affect their 
ability to perfectly replace the conventional SLMs. For 
example, MEMS suffer from reduced unit pixel size, and it is 
not easy to apply graphene photonics in the visible light region. 
Compared to these techniques, GST-based active grating may 
have its own potential both in highly integrated and visible-
light controllable characteristics.   

Therefore, in this paper, we investigate and optimize the 
diffraction characteristics from a few micrometer-sized GST-
based line pixels. First, we measured the optical constants of a 
thin GST film, such as the refractive index and extinction 
coefficients, using an ellipsometer system for the amorphous 
and crystalline states of the film. Next, we designed a GST-
based line pixel structure by performing a numerical simulation. 
To do this, we applied the measured optical constants of a GST 
film. Diffraction from a line pixel is governed by the phase-
change of a thin-film GST layer. The results showed that the 
diffraction efficiency can be significantly increased when a 
GST layer is encapsulated within two dielectric regions, and is 
maximized when the GST film is located at the antinodes of 
the Fabry–Perot (FP) resonance inside the dielectric layers. 
Such characteristics can be explained by a strong optical phase 
shift owing to the disturbance of the absorption resonance 
inside the dielectric region, which strongly enhances the 
diffraction efficiency caused by a change in GST. The structure 

can be designed as either broadband or color-selective by 
tuning the thicknesses of the upper and lower dielectric layers. 
Furthermore, we also show that we can achieve four different 
phases of reflected light using a double stack of GST layers 
insulated through an oxide region. We expect that the use of 
such multiple phases of diffracted signals may be a promising 
technique for demonstrating a high-resolution, low-noise CGH 
image. 

II. Measured Optical Constants of the Ge2Sb2Te5 Layer 

Prior to considering the diffraction characteristics of GST-
based line pixels, we briefly show the optical constants of the 
GST layer that we used in the numerical simulations. As shown 
in Fig. 1(a), GST has phase-change characteristics between 
amorphous and crystalline states. When a GST layer is initially 
sputtered on a flat Si or metal surface, the layer has an 
amorphous state. Annealing of the GST layer in a furnace at 
over 150 °C converts the layer into a crystalline state [8]. To 
return the layer to an amorphous state, heating at about 600 °C 
followed by rapid cooling are needed to completely melt and 
cool the GST layer into an amorphous state. The phase-change 
process is repeatable, and it can be controlled by electrical 
Joule heating or direct laser illumination [9], [10]. 

Figures 1(b) and 1(c) show the refractive index and 
extinction-coefficient profiles of the GST layer used in our 
calculation. We experimentally measure the parameters using 
an ellipsometer system (EC-400, J.A. Woollam Co.). The 
optical constants are fitted using the Cauchy dispersion model 
from measured reflection and transmission data. We also 
confirmed that our measurement results show values that are 
similar to previously reported measurement values for optical 
constants of GST [29]. We prepared a sample for measuring the  
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Fig. 1. (a) Plot shows the schematic for the phase-change 
characteristics of GST and experimentally measured, (b) 
refractive indexes, and (c) extinction coefficients of the 
GST layer. 
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optical constants of an amorphous state by depositing a 20-nm-
thick GST layer on a bare Si wafer using a sputter machine. 
Then, we obtain the parameters for the crystalline state by 
measuring the sample after annealing in a furnace for 3 h at 
190 °C.  

With respect to the optical characteristics of a GST layer, first, 
the change in refractive index within the visible range is very 
large, but the layer also has high thermal losses. It is very 
dispersive within the overall range of visible light. Therefore,  
it will be difficult to directly use a thick GST film as a 
transparent-type optical device, whereas most researchers  
have designed GST-based devices as reflection-type devices. 
Moreover, highly dispersive characteristics have been applied 
to demonstrate a perfect broadband absorber within the visible 
and/or near-infrared range [12]. Next, the extinction coefficient 
of GST is generally higher for the crystalline state, and that   
of an amorphous state is significantly decreased at a longer 
wavelength region. Such a low-loss characteristic of GST 
within the mid-infrared region has been applied to make a 
tunable absorber [18]. 

III. Diffraction Characteristic of Line-Pixel GST 
Structure 

1. Line-Pixel Filled by Single GST Layer  

Figure 2(a) shows a schematic for simplified two-
dimensional reflection-type line pixel. A general display pixel 
may contain an active cell region, which is spatially localized 
by the pixel gap (pgap). The active cell region can be designed in 
several ways, but as shown in Fig. 2(a), we initially show the 
simplest case in which the cell is only filled by GST. The pixel 
pitch (Λx) is defined as the center-to-center length between 
nearby pixel gaps. To simplify the diffraction efficiency 
calculation, we define the ‘on’ and ‘off’ states as a periodic 
change in GST phase states, as shown in the lower and upper 
parts of Fig. 2(a), respectively.  

Figure 2(b) shows the angular diffraction characteristic 
calculated using the Fourier modal method [30] when the 
incident light normally illuminates the pixel structure with Λx = 
2 μm. As shown by the blue bars in Fig. 2(b), the diffraction 
angles in an “off” state are followed by  

1 0
pixel sin ,

x

q  
  

 





                (1) 

where q is an integer value that indicates the diffraction order, 
and 0 is the free space wavelength of incident light. On the 
other hand, the diffraction angles frequently appear twice for a 
“pixel on” state because the largest period is doubled. The 
diffractions for the additional angles, which are shown solely 

 

Fig. 2. (a) Schematic of GST-filled line pixel structures for pixel 
‘on’ and off” states. (b) Angular diffraction profile of ‘on’ 
and “off” states is shown when the active region is simply 
filled by 200-nm-thick GST. The inset shows the variation 
of the DE1 characteristic with the GST film thickness. The 
detailed simulation parameters are Λx = 2 μm, pgap = 
400 nm, and tgap = 50 nm. 
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for a ‘pixel on’ state, are only affected by the change in the 
active cell region. For diffractive optical applications such as 
CGH, the intensity of a hologram image is mainly determined 
based on the diffraction efficiency (DE) caused by the active 
cell region. Therefore, we need to increase the portion of 
diffraction caused by a change in GST, which is indicated by 
the black arrow in Fig. 2(b).  

However, when an active cell region is completely filled by a 
single layer of the GST, the first-order diffraction efficiency in a 
‘pixel on’ state (DE1) is very small. For a sufficiently thick GST 
layer, a DE1 of 0.13% is only achievable, and it cannot exceed 
0.35% by simply varying the thickness of the GST region, as 
shown in the upper-left inset of Fig. 2(b).  

When the overall grating height is very small compared to 
the grating period, we can approximately evaluate the first-
order diffraction efficiency of a line-shaped, thin-film-like 
grating, which has spatially different reflection coefficients ram 
and rcry, as follows [24]: 

2

am cry

1,ideal 2
.

π

r r
DE


                 (2) 
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From (2), we see that a large am cryr r  value is needed for 

a higher diffraction efficiency, which can be maximized when 

the conditions am cry 1r r   and am cry πr r    are 

achieved. However, the former condition cannot be generally 

achieved because of the high material loss of GST, as 

previously mentioned. Nevertheless, the improvement of the 

diffraction efficiency can be achieved by satisfying the latter 

condition. For the case of a pixel filled by a single GST layer, a 

phase difference of am cry 4.86r r     is achieved, which 

is too small to expect diffraction caused by the phase difference. 

Therefore, in the next section, we describe the design of a unit 

cell geometry that can satisfy the large phase difference by 

applying dielectric encapsulation layers into the active cell 

region of a GST-based line pixel. 

2. Optimized Unit Cell Geometry with Vertical Cavity 
Structure 

Figure 3(a) shows the unit cell geometry of the proposed 
pixel structure, where the GST layer is encapsulated by the 
upper and lower dielectric regions of thickness d1 and d2, 
respectively. Here, we use SiO2 for the dielectric layer to 
reduce the unwanted losses and dispersive characteristics that 
do not originate from the GST layer. Initially, we investigated 
the effect of the GST thickness. The variation of the diffraction 
efficiencies of the proposed SiO2/GST/SiO2/Al composite 
pixel layers with the GST thickness and incident wavelength 
are shown in Fig. 3(b). The figure clearly shows that there is an 
appropriate range of GST thickness for a high diffraction 
efficiency of near tGST = 7 nm. In addition, we expect that a 
GST layer that is too thin cannot sufficiently change the optical 
reflectance after the material phase change, whereas the 
absorption of a thick GST layer is too large during a one-time 
transmission inside the dielectric cavity owing to the large 
extinction coefficient of the GST layer. Such a large absorption 
may reduce the resonance characteristic of the cavity, which 
eventually decreases the phase difference between ram and rcry.  

In Figs. 3(c) and 3(d), we also plot the phase and amplitude 

difference characteristics for different tGST and incident 

wavelength values to verify that the high diffraction efficiency 

of the proposed structure mainly originates from the phase 

difference ( am cryr r  ), and not the amplitude difference. It 

is shown that the high diffraction efficiency conditions directly 

match the large phase difference in Fig. 3(c). 
After determining the appropriate thickness of the GST layer, 

we aim to optimize the thickness of the upper and lower 
dielectric layers. Because the embedded GST layer acts as a 
thin absorption sheet within the dielectric cavity, it is much 
easier to understand the reflection characteristic by sweeping 

 

Fig. 3. (a) Schematic of proposed SiO2/GST/SiO2/Al composite 
pixel layers for an ‘on’ state. (b) First-order diffraction 
efficiency (DE1), (c) phase differences, and (d) amplitude 
difference profiles in accordance with the GST layer 
thicknesses and incident wavelengths. The thicknesses of 
the dielectric layers are given as d1 = 75 nm and d2 = 
75 nm, respectively. The other parameters (Λx, pgap, and 
tgap) are the same as in Fig. 2. 
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two parameters, namely the overall thickness of the dielectric 
cavity (dtotal = d1 + d2) and the relative position factor of the 
GST film within the cavity (P = d1/dtotal). 

Figure 4 shows the variation of the diffraction efficiency 
characteristics of the proposed SiO2/GST/SiO2/Al composite 
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Fig. 4. (a) Schematic showing the appropriate GST film locations
within the SiO2 layer for a high diffraction efficiency.
Variation of (b) diffraction efficiency and (c) phase
difference characteristics with the total thickness of the SiO2

layer and relative position factor. (d) Angular diffraction
profile of the ‘on’ and ‘off’ states for an optimized three-
layered structure (dtotal = 95 nm, P = 0.5). (e) Various
SiO2/GST/SiO2/Al composite pixel layers for broadband or
wavelength-dependent characteristics. Geometric conditions
are (dtotal = 95 nm, P = 0.5) for broadband, (dtotal = 360 nm, 
P = 0.5) for blue, (dtotal = 480 nm, P = 0.1) for green, and
(dtotal = 270 nm, P = 0.45) for red light diffractions. 
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pixel layers with the two previously mentioned parameters at 

532 nm. We see that the thickness of the upper and lower 
dielectric cavities can significantly affect the diffraction 

efficiency of the designed structure. When incident light 

illuminates a pixel, electric fields merge within the dielectric 
cavity. The positions at which the electric field is strong may 

vary according to the overall thickness of the dielectric cavity, 

as depicted in Fig. 4(a). For example, under first-order      
FP resonance conditions 

2total SiO( /4 ),d n  the maximum 

electric field can be observed at exactly the middle of the cavity. 

On the other hand, for the case of second-order FP resonance 

2total SiO( 3 /4 ),d n   the appropriate position factor is split into 

the upper and lower quarters of the cavity. Therefore, we 

expect that the phase difference of the output signal will be 
maximized when the thin GST film is located where the 

electric field is strong. Such an FP resonance-dependent  

characteristic is clearly shown in Fig. 4(b). By comparing  
Figs. 4(b) and 4(c), we again confirmed that the high 
diffraction efficiency conditions are well matched with the 
large phase difference conditions.  

By applying a thin GST film encapsulated by a dielectric 
cavity, the optimized diffraction efficiency is about 10 times 
larger than that of a single-layered GST line pixel, as shown in 
Section III. Figure 4(d) shows the angular diffraction profile of 
the optimized SiO2/GST/SiO2/Al composite pixel layer. 
Further, it shows that the first-order diffraction efficiency is 
much stronger compared to that in Fig. 2(b), whereas the 
zeroth-order reflection is significantly reduced. Moreover, 
weak second- and third-order diffractions are also observable. 
Although the absolute DE value is not very large (~1.4%) 
owing to the lossy characteristic of the GST, the first-to-  
zeroth order diffraction power ratio is significantly improved 
(~24.8%) compared to the case of Fig. 2(b) (~0.3%). Moreover, 
the proposed efficiency is sufficient compared to the ideal 
diffraction grating. It is known that the ideal value of maximum 
first-order diffraction efficiency for amplitude-modulation-type 
binary grating (which means 100% reflection for the on-state, 
whereas it is 0% reflection for the off-state) is about 10%, 
which is theoretically shown in [24]. We expect that the portion 
of diffracted light from the GST phase change is clearly 
observed from the zeroth-order reflection or diffractions caused 
by the pixel geometry itself.  

Considering the practical demonstration of the proposed 
scheme, the natural oxidation of Al substrate can form an Al2O3 
layer that is a few nanometers thick. However, the addition of 
this layer does not significantly change the overall diffraction 
characteristic because of the broadband characteristic of the 
diffraction efficiency. For example, we see that the diffraction 
efficiency is changed from 1.45% to 1.43% when a 5-nm-thick 
layer of Al2O3 is added to the Al surface under the condition of 
dtotal = 120 nm, P = 0.5. Moreover, we can recalculate the thin-
film resonance condition using the refractive index of Al2O3 
(about 1.75 at visible light), even for the case of very thick 
Al2O3.  

Now, we briefly compare the spectral characteristics of the 
proposed pixels for different FP resonance conditions, which 
are shown in Fig. 4(e). Initially, the first-order resonance (m = 
1) is not significantly affected by the incident wavelength 
(black dashed line). Although the geometry is optimized at a 
532-nm source, it is clearly shown that DE at the blue (440 nm) 
and red (660 nm) sources is maintained at a similar scale 
because the other wavelength is also within the range of first-
order FP resonance. On the other hand, for higher-order FP 
resonance conditions (m = 2 or m = 3), the spectral response 
narrows, as depicted in the other plots of Fig. 4(e). Only a 
green light source can be diffracted from the pixel structure 
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Fig. 5. (a) Schematic of double-stack SiO2/GST composite layer
for multi-level phase generation. (b) Reflection power and
(c) phase of reflection coefficient for each state are shown.
The reflection phase plots are relative, and are normalized
for the ‘aa’ state at 532 nm as a zero phase. 
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when using the third-order FP resonance that is optimized for 
that wavelength (green dashed-dotted line). Using such a 
wavelength selectivity at a high-order FP resonance, it is also 
possible to design diffractive pixel structures that only operate 
in red and blue light sources, as shown in the red dotted and 
blue solid lines, respectively. Therefore, we can appropriately 
design the proposed pixel structure for broadband or specific 
color applications by tuning the thicknesses of the upper and 
lower dielectric layers. The detailed geometric conditions for 
these pixel structures can be found in the caption of Fig. 4. 

3. Double-Stack Cavity Structure for Four-Phase Pixel 

In the previous section, we investigated whether the material 
phase change of a thin-film GST layer located at specific 
locations within the dielectric cavity can dramatically change 
the phase of the reflection coefficient. We also show that there 

can be more than two such locations for a higher FP order 
condition. Therefore, if we insert more than two GST layers 
into the dielectric cavity and change the material phase of each 
GST layer separately, it will be possible to control the output 
reflection phase more than in a binary case. In this section, we 
show that we can use a double-stack GST film structure to 
generate four different reflection phases. As shown in Fig. 5(a), 
two GST films are inserted at the upper and lower parts of the 
dielectric region, and four states of the GST film are defined as 
‘aa,’ ‘ac,’ ‘ca,’ and ‘cc,’ according to the state of the GST film. 
We used dtotal = 290 nm and positioning factors of Pupper = 
d1/dtotal = 0.13 and Plower = d3/dtotal = 0.13, which are nearly 
matched to an m = 2 resonance condition at 532 nm, as 
depicted in Fig. 4(c). Because the absorption coefficient of 
GST films is not small, the sum of the upper and lower GST 
thicknesses should be of the same order of magnitude as the 
single GST layer introduced in the previous section. We set the 
upper and lower GST thicknesses to 3.5 nm, which is simply 
one-half of that in the previous example. Figures 5(b) and 5(c) 
show the reflection spectra and reflection phase characteristics 
of each composite film structure shown in Fig. 5(a). From   
the ‘aa’ through the ‘cc’ cases, the absorption resonance 
condition is gradually moved from 600 mm to 500 nm. An 
abrupt phase shift can be observed under the resonance 
conditions, which is shown in Fig. 5(c). Interestingly, it is 
possible to design ‘ca’ (magenta line) resonance to an under-
coupled resonance, whereas the other cases are over-coupled 
[31], [32]. Therefore, unlike the other cases, the direction of the 
phase shift is opposite to that of the “ca” case, as shown in  
Fig. 5(c). Therefore, we can implement four different reflection 
phases of 0, −0.2π, −1.1π, and −1.5π for each state at 532 nm. 
We expect that further fine-tuning and iterative optimization of 
the proposed scheme can bring the output reflection phase 
closer to the ideal four-phase system (0, −0.5 π, −π, and −1.5π). 

IV. Conclusion 

In this paper, we proposed the structure for obtaining high 
diffraction efficiency from a GST-based tunable pixel. By 
inserting a thin GST film into the antinode positions of the FP 
resonance of the dielectric layer, the phase of the reflection 
coefficient can be significantly changed compared to a bare 
GST film. We confirmed that the high diffraction condition of 
the proposed structure is mainly dominated by a large phase 
difference rather than a large amplitude difference. The 
proposed SiO2/GST/SiO2/Al composite pixel layer exhibits a 
diffraction efficiency that is about 10 times larger, and the first-
to-zeroth order diffraction power ratio is 80 times larger 
compared to the case of the bare GST film. The ~24.8% power 
ratio of the first-to-zeroth order diffraction may be sufficient for 
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observing and distinguishing a binary CGH image from the 
zeroth-order diffraction. By tuning the thicknesses of the 
dielectric layer, it is possible to design the composite pixel layer 
working in the broadband region or color selectively within the 
visible range. We also showed the potential of the proposed 
scheme in multi-phase applications by inserting more than two 
GST films into different positions of the dielectric layer. 
Because the GST-based fabrication processes are already 
applicable on the sub-micron scale, we expect that the 
proposed scheme can be applied to develop sub-micron-scale 
spatial light modulators that can be used for ultra-high 
resolution CGH applications. 
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