
Optics & Laser Technology 149 (2022) 107916

Available online 2 February 2022
0030-3992/© 2022 Elsevier Ltd. All rights reserved.

Dynamically control selective photo response in the visible light using 
phase change material 

Bowei Zhang a, Yaxiong Tao a, Sandeep Kumar Chamoli b,*, Qi Chen c, Kuo Zhao a, YueHua Yu a, 
Bin Wang a 

a Chongqing College of Electronic Engineering (CQCEE), Chongqing 401331, China 
b Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, China 
c College of Optoelectronic Engineering, Changchun University of Science and Technology, Changchun, Jilin 130022, China  

A B S T R A C T   

A photodetector with a selective wavelength response is essential for many applications such as imaging, machine vision, and colour identification in particular. A 
state-of-the-art wavelength selective photodetector is a broadband photodetector mounted with a dichroic prism or an optical filter for selectivity. Furthermore, some 
of the designs depend on the engineering of the ratio of active material, for example, in triple halide lead perovskite for selective response. Here we numerically 
propose selective photoresponse using phase-change-material (PCM) antimony trisulfide (Sb2S3) as an active medium. Sb2S3 shows fast ~70 ns and reversible phase 
transition between its Crystalline (Cry) and Amorphous (Amp) phase with significant contrast in refractive index. The phase transition can be controlled dynamically 
either by tharmal or optical means. The photo response (R) is optimized for 552 nm (green light) and 691 nm (red light) with R ~0.5 A/W and R ~0.6 A/W 
respectively. Moreover, we have shown that by integrating radiative cooling approach one can manage the heat accumulation due to photocurrent or incident light to 
maintain it’s damage threshold. We have realized that one can maintain the PD temperature near to the ambience temperature even at 1000 W/m2. According to the 
simulations, the calculated operating temperatures under 1000 W/m2 with and without radiative cooling are respectively 305 K and 345 K.   

1. Introduction 

Photo detectors (PDs) have great importance in many applications 
such as imaging, telecommunication, bio sensing, and environment 
surveillance [1–5]. Based on their spectral response window, PDs are 
divided into two main categories namely broadband [6–12] and 
narrowband PDs [13]. PDs with broadband response always have high 
external quantum efficiency (EQE) and are broadly used under low light 
conditions for multi-colour photo detection [14–16]. On the other hand, 
narrowband photodetector is extremely useful where colour discrimi-
nation is essential. This can be achieved by combining either dichroic 
prism (DP) or optical filter (OF) at the input of broadband PD [17–19]. 
DP is a widely used strategy for narrowband response but it makes the 
system complicated and degrades the image quality. There has been 
remarkable progress to investigate a new material combination for PD 
which can selectively detect the wavelength of interest with high EQE 
[4]. It is possible to achieve the narrow full width at half maxim 
(FWHM) using organic photodiodes (OPDs), but suppression outside the 
wavelength of interest remains the challenge [18]. Red light (620–750 
nm) PDs are suitable for short-distance optical communication and also 
have an important role to play in three- and four-color photo sensors. 

Near infrared (NIR) detects are very useful in medical, industries, 
communications, scientific and military including night vision imaging 
and security. 

Many strategies and material combinations have been adopted to 
achieve the PD with selective narrowband response such as using 
organic narrowband absorber in the photodiode active layer [20], 
controlling the absorption of light in active layer [18], concept of charge 
collection narrowing (CCN) using organohalide perovskite and lead 
halide perovskite and organic semiconductor [21,22]. CCN method is 
used for manipulation of internal quantum efficiency (IQE) of PD. In this 
method the device is manipulated such that only volume generated 
charges (appearing at incident light energy near optical gap energy of 
junction materials) gets collected and contribute to the current. A se-
lective response in the red, green and blue region with FWHM of 100 nm 
has been shown using organohalide perovskite and lead halide perov-
skite and tunability was achieved by varying the ratio halide [21]. Rare- 
earth elements, such as In and Te, are in limited supply on earth, and Cd 
and Pb are toxic. This creates a crucial need of photovoltaic absorber 
material which is natural on earth, nontoxic, cost-effective and scalable 
in process. Sb2S3 is a fascinating photovoltaic (PV) material due to its 
earth-abundant, nontoxic components and a high absorption coefficient 
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(α > 104 cm− 1). It is a binary compound with a single stable phase and 
therefore devoid of the risk of forming unfavourable secondary phases. 
Furthermore, because of low Sb2S3

′s melting point (550 ◦C), high crys-
talline quality films can be synthesized at low temperatures (350 ◦C). 
The values of ϕb (at Au/Sb2S3) and Eg in Cry and Amp phases in Sb2S3 
are (1 eV, 1.72 eV) and (0.35 eV, 2.01 eV) respectively. Due to this, 
Sb2S3 has recently emerged as a promising candidate because of its 
unique properties, including: high band gap, high absorption coefficient, 
and environment friendly and huge availability on earth for many ap-
plications such as optical modulator and hot electron photodetector 
[23,24]. Additionally, exploiting the ability to undergo rapid, reversible 
changes between two or more stable phases that possess different op-
toelectronic properties [25,26]. A wide variety of thin film and nanowire 
based Sb2S3 applications are being investigated, including solar cells 
[27], water splitting [28], photodetection [29–34], and tunable pho-
tonics applications [35,36]. A number of new fabrication methods are 
also being explored. However, due to the diffusion issue between Sb2S3 
and noble metal fabrication is still a challenging task. To solve the 
diffusion problem a 5 nm thick Si3N4 layer was introduced between 
metal and Sb2S3 as shown in the reference [37]. Sb2S3 can switch its 
phase from crystalline to amorphous optically, using an ultrafast pulsed 
laser, [9] or thermally, e.g., using ITO or graphene micro heaters below 
the phase change material [38,39]. Phase transition in Sb2S3 from Cry to 
Amp or Amp to Cry phase takes place in 70 ns resulting in ~7.14 MHz of 
switching speed or modulation frequency [37]. 

In this paper, we have numerically proposed an efficient strategy to 
achieve dynamic control on narrowband photo response in the visible 
range due to significant index contrast present in the Sb2S3. A dielectric 
mirror (DM) made of TiO2/MgF2 employed to achieve sharp narrow-
band photo response on the top of Sb2S3. Combining DM and Sb2S3 with 
its phase change nature selective narrow response with FWHM < 100 
nm has been achieved. Hyperbolic metamaterial (HMM) made of 3 bi-
layers of silicon dioxide (SiO2) and gold (Au), used as a substrate and 

significantly increases the quality factor (Q- factor) of resonance. It 
shows a nature of Type I HMM, where the uniaxial anisotropic permit-
tivity values are suchε‖ = εx = εy > 0andε⊥ = εz < 0where ε‖ and ε⊥ are 
parallel and perpendicular permittivity, respectively and εx, εy and εz are 
effective permittivity in the ×, y and z directions, respectively. The 
frequency at which ε‖× ε⊥ < 0 corresponds to a topological transition 
from elliptical to hyperbolic dispersion can be conveniently calculated 
using the effective medium theory. The perpendicular and parallel 
permittivity of the system are given by [40–42]. 

ε‖ = fmεm + fdεd (1)  

ε⊥ =
εmεd

fmεm + fdεd
(2)  

where εd and εm are the complex permittivity of metal and dielectric 
respectively, fm and fd are the fill fraction of metal and dielectric in the 
structure and can be calculated as follows: fm= tm

tm+td andfd = 1 − fm, where 
tm and td are the layer thicknesses of metal and dielectric in a unit cell. So 
basically, HMM behaves like a dielectric (positive permittivity) below 
the transition wavelength and metal (negative permittivity) above 
transition wavelength (~500 nm). That helps to have resonance in the 
targeted wavelength of 552 nm and 691 nm. 

2. Result and discussion 

The schematic of proposed PD is shown in Fig. 1 (a) and (b). It’s a 
combination of DM and PCM on HMM substrate. DM is a combination of 
50 nm titanium dioxide (TiO2) and 50 nm magnesium difluoride (MgF2) 
followed by Sb2S3 as an active medium. Substrate is HMM consists of 3 
bilayers of SiO2 and gold (Au). The Sb2S3 thickness has been optimized 
for high response at ~552 nm and ~691 nm in Amp and Cry phase 
respectively. The critical light coupling into the cavity is given by:2nh =
(m + 1/2) λ0, where n is the refractive index of cavity (Sb2S3), m 

Fig. 1. Schematic of proposed PD (a) 3 –D (b) 2-D. DM consists of 50 nm TiO2 and MgF2, Sb2S3 is 110 nm thick. HMM is made of 3 bilayers of Au (5 nm)/SiO2 (10 
nm). (c) perpendicular (ε⊥) and parallel (ε‖) permittivity for HMM. 
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represents mode order, λ0 represents resonance wavelength and h is the 
Sb2S3 thickness. In terms of modes supported by the cavities, the number 
of modes can be increased or decreased significantly by adjusting h. 
Typically, supported modes follow a resonance condition. Optimized h is 
110 nm. Au electrodes are in direct contact with Sb2S3 and DM. Au has 
been chosen due to having lowest Schottky barrier height (ϕb) with 
Sb2S3 and better stability than other metals such as Al and Ag. There is a 
noticeable difference in index and absorption coefficient between the 
Cry and Amp phases of Sb2S3 with nanosecond switching speed ~70 ns, 
large band gap and low losses, which contributes to its ability to be used 
in both visible and NIR photonic applications [14]. A transfer matrix 
method (TMM) is used in FDTD lumerical to simulate optical systems. 
From 400 to 800 nm, light penetrates the structure in the downward Z - 
direction. The reflectance index for Sb2S3 was calculated using the 
following reference [37]. 

Fig. 2 (a) and (b) show contrast in absorption coefficient and index 
(Δn & Δk) for Cry and Amp phase of Sb2S3 depending on the wavelength 
of the incident light. Amp Sb2S3 exhibits a higher refractive index than 
Cry, with the maximum difference reaching Δn ~ 1 Δn 1 at 614 nm. Cry 
phase imaginary part is negligible after 700 nm, and zero for the Amp 
phase above 550 nm. This significant difference in index or absorption 
coefficient of Sb2S3 allows for dynamic tuning of the proposed PD. Phase 
transition in Sb2S3 can be tuned by optically or thermally [37]. Fig. 2 (c) 
and (d) show absorption response of PD with and without mirror. Cry 
Sb2S3 is slightly more absorbing than the Amp state, and this causes a 
broader resonance in case Cry Sb2S3 (see Fig. 2 (c)). It is somewhat 
revealing that the density of Sb2S3 increases from 3.42 ± 0.06 to 4.64 ±
0.06 gcm− 3 upon crystallization, which corresponds to a 35% increase in 
density [37,43]. Below bandgap refractive index also increases by 33%. 
The role of DM is clear i.e., it reflects the light selectively depending 
upon thickness and significantly increases the Q- factor (narrow line 
width). DM strongly reflects the light in a region where Sb2S3 has strong 
absorption and provides desired narrow response in a selective wave-
length window. Further enhancement in the Q-factor has been observed 
using HMM as a substrate. The results are optimized for 552 nm (green 
light) and 691 nm (red light), optimized parameters are (i) DM (MgF2 +

TiO2) thickness 100 nm, (ii) Sb2S3 thickness 110 nm and (c) HHM (Au +
SiO2) unit cell thickness 10 nm. 

The cavity can change its absorption band from 400 nm to 800 nm by 
properly selecting parameters from the resonance condition. Besides h, 
the resonance condition is also greatly influenced by the cavity (Sb2S3) 
index n and can be dynamically controlled use to Sb2S3. The electric field 
distribution of the proposed Amp and Cry PD are shown in Fig. 3 (a) and 
(b), respectively. We have calculated the field distribution versus 
wavelength and propagation direction (Z). As shown in Amp phase, the 
DM confines light before 550 nm while selectively allowing light at 552 
nm to pass. In contrast, after the phase transition to Cry phase, light 
beyond 700 nm is allowed to pass the DM. With narrow bands and high 
enhancements at resonance wavelengths, the electromagnetic field is 
mainly distributed in the middle layer (Sb2S3). There are two easy-to-see 
distribution windows: (i) A window <550 nm and 700 nm in Amp and 
Cry phase, which is following a Beer Lambert region (B. L. region) (ii) 
After 550 nm and 750 nm interference regions in which the absorbing 
media (Sb2S3) can be completely penetrated and then reflected back 
from the bottom HMM substrate (Interference region). Due to 
constructive interference between incoming and reflected light from the 
HMM in the interference region, the electric field at resonance becomes 
highly confined to the Sb2S3 layer or after B. L. region. In the B. L. region, 
the photo generated electrons reside on the surface of DM and Sb2S3 and 
known as ‘surface generation’. However, in the cavity region carriers are 
generated throughout the junction region including bottom Au layer and 
known as ‘volume generation’. It is also important to note for thin Sb2S3 
all the incident light can create volume charge with decent efficiency 
due to short extraction length for both the e- and hole and ultimately 
shows broad EQE response. However, increasing Sb2S3 thickness in-
creases surface charge in B.L. region and selective spectral response in 
interference region can be seen and used as PD for colour discrimination. 
Furthermore, the electric field intensity profile at 552 nm and 691 nm 
has been shown in Fig. 3 (c) for Amp and Cry. 

The EQE of proposed PD has been calculated following [44] and 
verified with this work [21,22]. EQE is always low for surface generated 
regions due to high recombination probability because of bulky local 

Fig. 2. (a) Absorption coefficient (b) Wavelength-dependent contrast in the Cry and Amp phases. PD Absorption with and without mirror in for (c) Sb2S3 in Cry and 
(d) Sb2S3 in Amp. 
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carrier concentration and also transit time imbalance of e- and holes 
[22]. On the other hand, in volume generated region recombination 
probability is low and selectively high EQE. In Fig. 3 (d), the B. L. region 
shows almost the same i.e., a flat EQE response however in the inter-
ference region strong enhancement can be seen corresponding to a 
particular wavelength. The calculated maximum EQE in Amp and Cry 
phase are ~90 % at 552 nm (green light) and 691 nm (red light) 
respectively. The EQE is basically a product of following four effi-
ciencies: (i) photon absorption that leads to exciton generation η A, (ii) 
exciton diffusion η ED, (iii) charge dissociation η CT, and (iv) collection of 
free charges via electrodes η CC. Including all the four factors expression 
for EQE is given by following formula: 

ηEQE = ηAηEDηCT ηCC (3)  

η ED is the probability of an electron to reach the junction before 
recombination. The e- diffusion length is the length that e- can travel 
without being recombined so it is very important to consider in photo-
voltaic. Therefore, high e- diffusion length can enhance the charge 
collection and light harvesting efficiency, which can improve the per-
formance of devices. The e- diffusion length for Sb2S3 is 300 nm, which is 
greater than the active layer (Sb2S3) thickness and can certainly increase 
the change transport as well as collection. We have considered η CT andη 
CC ~ 100 %, following the same approach given in [44]. Term η A η ED 
depends on material properties, excitation wavelength, thickness of the 
layers and its configuration. It can be estimated by calculating electric 
field intensity in each layer of device. 

To predict the electrical performance of proposed heterostructure 
Current (I) - Voltage (V) analysis is carried out. The I-V relation is given 
by: 

I = AA*T2exp(− qΦb/kT)[exp(eV/kT) − 1] (4)  

where A = 0.2 cm2 is the effective area of PD, Id =AA*T2exp ( − qΦb/kT), 
A* = 4πqmek2/h3 Indicates Richardson constant, q represents elemen-
tary charge, k Shows Boltzmann constant, h displays Planck constant and 
me is the effective mass (me ~1.035 m0 for Sb2S3, m0 is e- mass in free 
space). A* value is ~125 A/ (cm2/K2) for Sb2S3 at room temperature 
(300 K). Upon illumination the number of generated change carriers are 
given by photocurrent Iopt = ηI0Aqλ/hc modified diode Eq. (4): 

I = AA*T2exp(− qΦb/kT)[exp(eV/kT) − 1] − ηI0Aqλ/hc (5)  

I0 is the irradiance (illumination intensity) of incident laser light. Fig. 4 
(a) shows the I-V curve at 550 nm and 800 nm in Amp and Cry phase 
respectively with an irradiance of 500 Wm− 2 falling on the active area of 
PD. Moreover, the figure of merit (FOM) for any detector depends on its 
photoresponsivity (R) and detectivity (D). Photoresponsivity is the 
ability of PD to respond to the incident light and given by the ratio of 
current generated to power of incident light. 

R =
Iopt − Idark

I0
(6)  

Idark is the current without illumination at a certain applied voltage. 
Detectivity is also a critical parameter to characterize the ability of PD to 
detect the low optical signal and given by following expression: 

D =
R.

̅̅̅̅
A

√

̅̅̅̅̅̅̅̅̅̅̅̅̅
2eIdark

√ (7) 

Estimated D and R as a function of incident light with irradiance of 
200 Wm− 2 at V = 0.2 V are shown in Fig. 4 (c) and (d) respectively. The 
I-V curve has been simulated for green and red light with irradiance of 
500 Wm− 2 in Amp and Cry phase, respectively. We can observe similar 
fill factors (FFs) in both the cases with a difference in short circuit 

Fig. 3. Wavelength and location of the electromagnetic field in the device (a) Amp phase, (b) Cry phase (c) Electric field intensity in Cry and Amp phase at 
wavelength of 815 nm and 550 nm, respectively depending on the device’s location (d) EQE in Cry and Amp phase responding in red and NIR region. 
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current for 540 nm and 700 nm. Similar FF shows that transport per-
formance of long-lived carriers is preserved and sudden change in short 
circuit current has a high rate of recombination or low generation rate 
[11]. Furthermore, we also investigate the current variation as a func-
tion of irradiance (intensity dependent photocurrent) at 550 nm in Amp 
phase and 800 nm in Cry phase (see Fig. 4 (b)). The responsivity and 
detectivity at 550 nm and 800 nm are maximum in Amp and Cry phase, 
respectively as shown in the Table 1. Our dark current calculations and 
detectability values are comparable to the experimentally proposed 
values for thin film based Sb2S3 PD [45]. We have also drawn a com-
parison Table 2 at the end comparing the responsivity and detectivity of 
our detector with previous detectors. 

2.1. Radiative cooling for photodetector 

Generally, photocurrent and light incident on the PD active area 
generate heat in the PD. The total heating power is equal to the power 
absorbed from incident light and photocurrent times the voltage applied 
to the PD. In higher bias voltages, the heating effect due to photocurrent 
dominates the heating caused by light absorption, limiting the device’s 
operating bias voltage. This limitation may result in damage to the PD 
semiconductor chip or even a loss of soldering connections. Hence, PD 
requires an effective heat management method. Here we integrate pas-
sive cooling by radiating heat outward [46–48]. Radiative cooling can 
manage its heat by releasing thermal radiation to outer space in 
conjunction with a transparency window of 8–13 µm associated with 
blackbody peak at 300 K. The terrestrial body can therefore manage its 
heat by releasing thermal radiation to outer space. Fig. 5 illustrates the 

proposed PD with cooler. SiO2 and Si3N4 are commonly used materials 
for radiative cooling due to their high emissivity in the atmospheric 
window and negligible absorption in the visible. In addition to serving as 
a DM, the top two 200 nm thick layers (SiO2 + Si3N4) also contribute to 
cooling. Fig. 6 shows the total emissivity/absorptivity of the proposed 
device, which shows typical PD response with maximum at 532 nm in 
the visible and high emissivity within the atmospheric window (yellow 
shaded region in the inset). Hence, the upper two layers of SiO2 and 
Si3N4 also act as DM. For radiative cooling, we have computed the 
overall cooling from the device using FDTD-lumerical and Finite 
Element Method (FEM) approaches in COMSOL (heat transfer module 
for radiative cooling). The simulation has been carried out considering 
ambient temperature of 300 K, absolute pressure 1 Pa and relative hu-
midity ~0. The emissivity/absorptivity of the structure is shown in 
Fig. 6 from visible to atmospheric transparent window (yellow shaded 

Fig. 4. (a) Current-voltage measurement at 800 nm and 550 nm @ 500 W/m2 (b) Current with varying irradiance at 800 nm and 550 nm at V = 0 V, (c) detectivity as 
a function of wavelength at V = 0.2 V and (d) Responsivity as a function of wavelength V = 0.2 V, detector area 0.2 cm2. 

Table 1 
R, D and IShort at 550 (green light) nm and 800 nm (red light). I0 = 500 Wm− 2.   

R (A/W) @ V = 0.2 V D (Jones) @ V = 0.2 V Ishort (mA) @ V = 0 V 

540 nm  0.4 2.3 × 1012 − 3.6 
700 nm  0.52 3 × 1012 − 5  

Table 2 
Comparative table of various photodetectors.  

Device R D (Jones) Dynamically 
control 

Ref. 

Gr/PdSe2/Ge 691 mA/ 
W 

1.73 ×
1013 

No [10] 

graphene/PtSe2/β-Ga2 
O3 

76.2 mA/ 
W 

1013 No [7] 

PdSe2/Si structure 300.2 
mA/W 

1013 No [13] 

PdSe2/perovskite 313 mA/ 
W 

1013 No [11] 

Sb2S3 nanowires 1152 A/ 
W 

2 × 1013 No [30] 

Au-nanoparticles- Sb2S3 
nanowires 

59.5 A/W 4.29 ×
1010 

No [33] 

RGO–MoS2/pyramid Si 21.8 A/W 3.8 ×
1015 

No [12] 

Au/Sb2S3/Au devices 0.24 A/W 1013 No [45] 
DM-Sb2S3-HMM 0.5 A/W 1013 Yes This 

Work  
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region in inset). 
€Using emissivity results we can further calculate the cooling power 

of structure by using following expressions [49]: 

Pcooling(TEmit) = Prad(TEmit) − Patm(Tamb) (8)  

where Prad is the power radiated by the structure. TEmit is the tempera-
ture at the top surface and will be taken as a boundary temperature in 
the thermal simulation. 

Prad(TEmit) =
∫

dΩcosθ
∫∞

0

dλIBB(TEmit, λ)ε(λ,Ω) (9)  

∫
dΩ represnts solid angle integrated over a hemisphere and IBB repre-

sents blackbody spectral radiance at temperature T. Patm is power 
absorbed in the ambient atmosphere and expressed as follows: 

Patm(Tatm) =

∫

dΩcosθ
∫∞

0

dλIBB(Tamb, λ)ε(λ,Ω)εatm(λ,Ω) (10)  

εatm(λ,Ω) is the angle dependent emissivity of atmosphere and given 
byεatm(λ,Ω) = 1 − t (λ) 1/cosΘ, t(λ) is atmospheric transmission in the 
zenith direction. Emissivity results from optical simulation further used 
in the thermal simulation. Temperature dependent heat capacity and 
thermal conductivity data for Sb2S3 extracted from following reference 
[19]. The aim is to maintain the selective absorption in visible light 
using DM and high emissivity in the atmospheric transmission window 
for radiative cooling. This way we can maintain the PD at low temper-
ature even in case of high incidence power or high operating voltage. 
The temperature field follows heat diffusion equations: 

∇.(k.∇T)+G(r, t) = ρcp∂T/∂t (11)  

where t and r are the time and position vector, G (r, t) is energy gener-
ation rate. ρandcp are the density and specific heat capacity at constant 
pressure of the material. For steady – state case and 1-D simulation heat 
diffusion Eq. (9) takes the following form: 

d
dz

[

k(z)
dT(z)

dz

]

+G(z) = 0 (12)  

k(z) is the spatial dependent thermal conductivity of material. Now Eq. 
(11) can be solved for spatial distribution of temperature in the device 
by choosing appropriate boundary conditions at the top and bottom 
surface of PD as shown in schematics. Generally, three boundary con-
ditions one can use: (1) Dirichlet boundary condition for the surface at 
fixed temperature, (2) Neumann condition corresponds to fixed heat 
flux, (3) convective boundary condition comes from Newton’s law of 
cooling and (4) radiation boundary condition. Boundary conditions in 
our case are third at bottom surface (see Eq. (13)) and fourth at the top 
surface (see Eq. (14)) as shown in schematics. 

− k(z)
dT(z)

dz
= h(Tbottom − Tambience) (13)  

where h is convective heat transfer coefficient and Tambience is the tem-
perature of ambience or surrounding medium. Eq. (13) talks about heat 
transfer between the bottom surface and its surrounding (in our case it’s 
air). Once the temperature of the device is above absolute zero it emits 
radiation to the outer surrounding radiatively and is called thermal 
radiation. 

− k(z)
dT(z)

dz
= Prad(Ttop) − Patm(Tatm)+ h(Ttop − Tambience) (14)  

which takes into consideration both the cooling effect due to radiation 
and non radiative heat loss due to convection. Applying B. C. and 
Combining FDTD optical simulation with FEM heat diffusion equation, 
Fig. 7 shows the temperature variation as a function of solar heating 
power with or without a cooler. The temperature field profile further 
verifies in MATLAB using self-written numerical code following FEM. It 
is clear that without the cooler temperature rise from 310 K to 340 K 
corresponds to 300 W/m2 to 1000 W/m2, respectively. On the other 
hand, and with cooler temperature rise is negligible and at 1000 W/m2 

its rise ~5 K. Fig. 7 inset shows the 2-D temperature profile at 500 W/m2 

with and without cooler. By seeing the significant advantage of radiative 
cooling approach in controlling operating temperature of PD, one can 
certainly increase the responsivity of PD at higher operating tempera-
ture, where generally device performance degrades due to high 
temperature. 

3. Conclusions 

In summary, we have numerically demonstrated a wavelength 

Fig. 5. Schematics of proposed photodetector with cooler, it consists of Si3N4 
(100 nm) – SiO2 (100 nm)- Sb2S3 (110 nm)– SiO2 (2000 nm). Si3N4-SiO2 works 
as a DM and cooler. 

Fig. 6. Emissivity/absorptivity of proposed PD with cooling , yellow highlight 
(8–13 µm) is atmospheric transmission window. 
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selective PD response using a PCM. In Sb2S3 the phase transition from 
Amp to Cry or Cry to Amp allows for dynamic control of photo response 
PD. DM reflects the light just before the absorption cutoff, allowing for 
selective absorption. EQE response shows two distinct region one with 
broad response efficiency in B. L. region and another one with narrow 
response in the interference region. In case of Amp Sb2S3, maximum 
efficiency is at 552 nm (green light), and in case of Cry Sb2S3, maximum 
efficiency is at 691 nm (red light). The estimated maximum photo-
responsivity is 0.4 A/W and 0.52 A/W in the Amp and Cry phase at 552 
and 800 nm respectively. The estimated Jd and D values in Amp and Cry 
phase at 0.2 V are: (4.21 × 10− 8 A, 2.2 × 1012 jones @ 552 nm) and 
(4.33 × 10− 8 A and 3.3 × 1012 jones @ 691 nm), respectively. Finally, 
we presented an integrated approach that incorporated radiative cooling 
to manage PD temperatures significantly. Apart from being low-cost and 
dynamically controllable, the proposed PD does not require lithography. 
Additionally, it can be used for other applications, such as sensing, 
filtering, and solar applications. 

4. Simulation methods 

The optical simulations and electric field distribution calculations 
were conducted using the transfer matrix method in FDTD Lumericals. 
Using optical response of the device current – voltage equation has been 
simulated with MATLAB. The final step was to perform a radiative 
cooling analysis using COMSOL Multiphysics with a heat transfer 
module and surface to ambient radiation. COMSOL allows users to 
model or import data for emissivity, device, and atmosphere. In the 
Radiative Cooling section, each boundary condition is discussed in 
detail. 
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