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A B S T R A C T

Complex design strategies aimed at mitigating optical and thermal losses have resulted in significant improve
ments in the photovoltaic (PV) technology. However, these strategies often entail increased processing time, 
device complexity, and system cost. To address these limitations, a simple water-immersion strategy for silicon 
solar cells is proposed in this study. The water layer, with a low refractive index and in direct contact with the 
solar cell, reduces Fresnel reflectance and enhances light trapping, leading to improved diode and photovoltaic 
characteristics. Under standard AM1.5 illumination, the commercial PV cells in air, steady water, and flowing 
water show power conversion efficiencies (PCEs) of 20.41 %, 23.42 %, and 22.87 %, respectively. With the 
optimal water depth, the cell in flowing water shows significantly enhanced and consistent onsite power gen
eration, with the variation below 1 %. The immersion method also improves device performance across various 
light illumination wavelengths and intensities, maintaining a high PCE at 850 nm. The temperature of the solar 
cell in flowing water remained at 17 ◦C, ensuring high and reliable onsite power. This simple and cost-effective 
method presents as a promising high-performance and reliable strategy for solar power generation and may 
contribute significantly to the widespread deployment of renewable energy.

1. Introduction

Si solar cells have dominated the photovoltaic (PV) industry for de
cades owing to their abundance, mature technology, and relatively high 
efficiency [1–4]. Despite these advantages, their performance is still 
constrained by their limited optical absorption and associated thermal 
losses. Significant efforts have been made to address these challenges. 
Thus, various design innovations, material combinations, and complex 
processing techniques have been proposed [5–13].

One of the primary strategies for improving the efficiency of Si solar 
cells is the development of anti-reflection (AR) coatings, which 

effectively enhance light utilization, resulting in enhanced power gen
eration and energy conversion efficiency, even under a fixed light in
tensity and the limited incident angle on the Si light absorber. However, 
the reflective losses at the air-silicon interface can significantly reduce 
the amount of light absorbed by the solar cell, thereby limiting their 
power output [14,15]. To mitigate this issue, AR coatings, typically 
composed of silicon nitride (SiNX) or other dielectric materials [16–18] 
are applied to the cell surface to minimize reflectance across a broad 
range of wavelengths [19]. These coatings are designed to match the 
refractive indices of air and the silicon system, thereby reducing Fresnel 
losses and enhancing light absorption. While AR coatings have proven to 
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be effective in improving light management, they add complexity to the 
fabrication process and often require that the thickness and uniformity 
of the coating layers be accurately controlled to optimize the perfor
mance of the PV cell across different operating conditions.

In addition to AR coatings, nanotechnology has emerged as a 
powerful strategy for improving solar cell performance [20,21]. Modi
fying solar cell device architecture using nanostructures, such as quan
tum dots [21], plasmonic nanoparticles [22], and surface texturing [23,
24] have shown great promise for enhancing light trapping and mini
mizing recombination losses. By integrating nanostructures directly into 
the cell design, researchers have identified more efficient pathways for 
charge-carrier collection and have also successfully reduced the overall 
losses associated with charge recombination. For example, surface 
texturing techniques [25] that introduce nanoscale roughness or peri
odic patterns [26] can significantly increase the effective surface area of 
PV cells, thereby enhancing their ability to capture and absorb incoming 
light. These nanostructured surfaces can also scatter light, allowing the 
light to bounce within the cell, thereby increasing the likelihood of 
photon absorption.

Nanowires have been explored as an additional means for enhancing 
the performance of Si solar cells. Nanowires, typically composed of Si or 
other semiconducting materials, can be incorporated into solar cell 
structures to improve charge carrier separation and transport [27–29]. 
Further, the high aspect ratio of nanowires allows for efficient light 
absorption over a broad spectrum and their vertical alignment facilitates 
rapid charge extraction and reduces recombination losses. The integra
tion of nanowire arrays into Si solar cells has shown the potential to 
significantly improve the overall power conversion efficiency (PCE) of 
solar cells, particularly under low-light or diffuse illumination condi
tions [28,29]. However, the fabrication of nanowire-based solar cells 
introduces further complexity because precise control over the size, 
shape, and density of the nanowires is required to achieve optimal 
performance.

Although innovations in AR coatings, device architecture, and 
nanostructure integration have led to predictable improvements in solar 
cell performance, these strategies present significant challenges related 
to processing complexity and material integration. Combining different 
materials with varying optical and electrical properties often necessi
tates multistep fabrication processes that can be time-consuming and 
costly. For example, the deposition of AR coatings followed by the 
incorporation of nanostructures [28–30], often involves a series of 
lithographic and chemical vapor deposition techniques that must be 
carefully controlled to ensure desired material properties and device 
performance. Moreover, the integration of dissimilar materials, such as 
metals and semiconductors can cause additional issues such as interface 
defects and carrier recombination sites, which can negatively impact the 
overall efficiency of the device.

In addition to the effect of AR on light modulation, thermal concerns 
are critical for ensuring photovoltaic power generation under light 
exposure. When light interacts with solar cells, photon energy exceeding 
the band gap is converted to heat via thermalization. The infrared (IR) 
portion of the electromagnetic spectrum contributes to heating by 
inducing vibration in the atomic lattice. Additionally, high-energy 
photons with energies above the bandgap of the light-absorbing entity 
can induce thermal degradation via non-radiative losses owing to 
relaxation energy that is not fully converted to electricity. Thermaliza
tion losses induce rapid increases in temperature, and thus, degrade 
solar cell performance by introducing parasitic losses that significantly 
reduce the open-circuit voltage (VOC) and fill factor (FF), and conse
quently, the PCE [8,30–33]. Further, owing to thermalization, the 
temperature of solar devices can increase from 28 to 80 ◦C under sun
light, lowering output power by − 0.65 % K-1 and PCE by − 0.08 % K-1 for 
single-crystalline Si solar cells [34,35]. Standard solar cell modules 
consist of a backsheet and glass, which are thermal insulators that 
further intensify increases in temperature owing to poor heat dissipa
tion, resulting in the module temperature reaching 88 ◦C [36]. Under 

field conditions with the solar irradiance at 100 mW cm-2, the temper
ature of solar modules can reach 70 ◦C and an environmental temper
ature of 50 ◦C can induce economic impacts due to the thermal effects on 
the PV system during peak solar irradiance [37]. To mitigate 
heat-related power losses and performance degradation, various active 
and passive cooling methods have been proposed. These include water 
and air cooling, the use of phase-change materials, floating systems, 
water pipes, and water sprayers, geothermal cooling, and natural con
vection [8,38–43]. Moreover, immersion solutions have been explor
ed—such as ethanol, dimethyl silicon oil, ethyl acetate, distilled water, 
and tap water—to maintain a stable thermal state of solar cell modules 
[44–46]. However, these strategies remain insufficient to ensure 
adequate power generation.

Thus, there has been growing interest in exploring more effective 
strategies for improving the performance of Si solar cells without the 
need for complex processing or material combinations [1,47]. In this 
context, the use of water immersion as a passive light management and 
thermal dissipation technique has emerged as a promising alternative 
[38,48–56]. Water, with its low refractive index and excellent thermal 
conductivity [57–59], offers a simple yet effective strategy for reducing 
Fresnel reflectance and managing the thermal load of solar cells during 
operation [60]. It is worthy of mansion that tap water, distilled water, 
and seawater has been examined for the Si solar cell modules for do
mestic [40,52,55] and underwater applications [61–63]. Furthermore, 
Chow et al. proposed PV water glazing to include harvest thermal loss of 
solar module for the building integrated applications [64–66].

However, it remains unclear whether water can be transformed from 
a passive cooling or unwanted entity into an active component of PV 
systems. Table 1 summarizes various immersion strategies for solar cells 
along with potential techniques for improving power conversion effi
ciencies, providing a benchmark for this study. By immersing Si solar 
cells in water, it is possible to not only enhance light trapping but also 
maintain lower operating temperatures. This approach can improve the 
overall stability and reliability of the device, in addition to enhancing 
power generation.

In this study, we investigated water immersion as a novel method for 
enhancing the performance of Si solar cells. Our experiments showed 
that water immersion significantly enhanced PCE under both steady and 
flowing water conditions (23.42 % and 22.26 %, respectively) under 
standard light illumination at a wavelength of 850 nm. A water-gated Si 
photovoltaic (PV) system was also developed to enhance power gener
ation by modulating light management and thermal treatment. Thus, we 
observed that the water layer reduced Fresnel reflectance by matching 
refractive indices, allowing greater light absorption and conversion to 
electrical energy. These results highlight water immersion as a simple, 
scalable, and cost-effective strategy for enhancing the efficiency and 
reliability of Si solar cells. In a world increasingly driven to replace fossil 
fuels with clean and renewable energy across diverse sectors, the find
ings from our study unveil novel frontiers for photovoltaic applications 
that have received limited attention but are generating growing interest 
within the scientific community [67]. Submerging photovoltaic systems 
just a few centimeters beneath the water’s surface presents a promising 
advancement in the field of floating PV, enhancing PCE and providing 
significant cooling benefits, as demonstrated by our research.

2. Results and discussion

2.1. Water immersion Si solar cell for broadband solar energy harvesting

The AM1.5G solar irradiance spectrum (Fig. 1a) provides a critical 
baseline for understanding the performance of solar cells under standard 
test conditions. The spectrum spans the ultraviolet (UV) to near-infrared 
(NIR) region and shows peak intensities in the visible range. This dis
tribution is essential for evaluating the efficiency of solar cells as it 
captures the solar energy available for conversion into electrical energy. 
This spectrum also aids in the design of solar cells that maximize 
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sunlight absorption across the entire range. The inset of Fig. 1a illus
trates the various energy conversion processes within an ideal single- 
junction Si solar cell. It shows the different losses and efficiencies of 
the solar cell, including solar spectrum absorption (100 mW cm− 2), non- 
absorbed light (19 mW cm− 2), thermalization (33 mW cm− 2), electrical 
losses (15 mW cm− 2), and available electrical power (33 mW cm− 2) 
[21]. This breakdown highlights the importance of minimizing optical 
and thermal losses to enhance the overall efficiency of solar cells.

Over the years, the use of AR coatings has become common practice 
in solar-cell design to improve light management and overall perfor
mance [17,68,69]. As shown in Fig. 1b (left panel), a commercial p-n+

junction Si solar cell is designed with a SiNX AR coating to reduce the 
inevitable reflectance of incident light at the surface of the cell and 
thereby increase light absorption.

Water with a lower refractive index than SiNX or glass introduces an 
optical interface that guides incident light more effectively [50,52,55,
70,71]. Fig. 1b (right) shows a Si solar cell with an additional water 
layer to minimize reflection and guide incident light at various incident 
angles. This layer enhances light penetration into the device and 
broadens the range of guided light angles; thus, significantly improves 
the performance of the solar cell for real-world application, character
ized by a significant variation of the sunlight incident angle throughout 
the day [72]. By optimizing the design for different incident angles, the 
solar cell can achieve a more stable performance as well as a higher 
overall efficiency.

To determine the total amount of reflected light at the cell surface, 
we used Fresnel equations [73], which describe the reflection and 
transmission of light at the boundary between two media. Under normal 

incidence, the reflectance R, was calculated using according to the 
following equation: 

R=

(
n1 − n2

n1 + n2

)2

(1) 

where n1 and n2 denote the refractive indices of the first and second 
media, respectively. For non-normal incidence, the reflectance becomes 
more complex and depends on the angle of incidence (θ). 

R=R⊥ + R∼ (2) 

where R⊥ and R~ represent the reflectances of p-polarized (parallel) and 
s-polarized (perpendicular) light, respectively. Further, the equations 
for calculating R∼ and R⊥ are given by: 

R⊥ =

(

tan
(

θ − θ1

tan(θ + θ1

)2

(3) 

R∼ =

(

sin
(

θ − θ1

sin(θ + θ1

)2

(4) 

where θ1 represents the angle of refraction according to Snell’s law: 

n1 sin(θ)= n2 sin(θ1) (5) 

Fig. 1c shows the air-to-Si, air to SiNX and air-to-water Fresnel 
reflection profiles of the solar cell used in this study. From this figure, it 
is evident R⊥ and R~ decreased across various incident light angles due 
to the formation of an effective optical interface by the water layer.

Further, Fig. 1d shows the total reflected light for various incident 

Table 1 
Summary of immersion strategies for silicon solar cells using various techniques to improve power conversion efficiency.

Device structure Immersion solution Improvements in PCE (%) Study Strategy Year/Ref.

Optical Electrical Thermal

Si solar cell module with EVA encapsulation Ethanol – Passive 2009/[44]
Silicon oil
Tap water

CPV-Mono-crystalline Si solar cell module Flowing DI water – Passive 2011/[48]

CPV-Mono-crystalline Si solar cell module Flowing DI water 7.4 % to 8.2 % Passive 2012/[43]

CPV-Mono-crystalline Si solar cell module DI water 17.9 % to 19.4 % Passive 2013/[45]
IPA 18.7 % to 21.7 %
Silicon oil 17.6 % to 19.4 %
Ethyl acetate 18.2 % to 19.8 %

CPV-Mono-crystalline Si solar cell module Dimethyl silicon oil – Passive 2014/[46]

a-Si based thin film PV module Tap water – Passive 2019/[50]

Mono-Si poly-Si 
a-Si module

DI water – Passive 2021/[63]
Tap water
Lake water
Seawater

Mono-Si a-Si module DI water – Passive 2020/[62]
Tap water
Seawater

poly-Si module DI water – Passive 2020/[61]
Tap water
Seawater

poly-Si module Tap water 14.25 % to 15.54 % Passive 2021/[55]

Mono-Si module Tap water – Passive 2022/[40]

Mono-Si module Tap water – Passive 2023/[52]

poly-Si solar cell (n + p junction with SiNX) Steady tap water 20.41 % to 23.42 % Active This study
Flowing tap water
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light angles when light traveled from air to Si through the water and 
SiNX layers. From this Figure, it is evident that the water layer signifi
cantly reduced reflectance from 40 % to <2.2 % across a wide range of 
incident angles (0–45◦). This decrease in reflectance is crucial for 
enhancing the light-trapping efficiency of solar cells, as it allows more 
light to be absorbed and converted into electrical energy throughout the 
day. The use of the water layer in conjunction with the SiNX AR coating 
further improved the overall light management.

As shown in Fig. 1d, the decrease in the total reflected light can be 
attributed to the combined effect of the SiNX AR coating and the water 
layer. The SiNX coating minimized reflectance at the air-Si interface 
(from 40 % to 11.1 %), whereas the water layer further reduced 
reflectance (from 11.1 % to 2.1 %) by matching the refractive indices 
more closely, thereby minimizing light reflection at the Si-water inter
face. Upon adding water dropwise to the Si cell, we observed a rapid 
change in color from blue to black. This color change further confirmed 
a significant decrease in light reflection at the water interface.

Fig. 1e shows the total amount of transmitted light for various inci
dent light angles at the Si-air and SiNX-water interfaces. The plot in
dicates that the water layer helped to maintain higher transmission 
rates, even at different angles. This improved transmission enabled the 
solar cell to utilize the maximum amount of light. Additionally, by 
enhancing light transmission through the cell, the water layer improved 
the overall performance of the solar cell.

2.2. Diode properties and performance of the water-immersed solar cell

In this study, we examined the performance of the water-immersed 
solar cell, focusing on diode characteristics (dark saturation current 
(J0) and diode ideality factor (n)), and solar cell performance as 
compared to current conventional coating system of SiNX for Si solar 
cells. We also examined the current density-voltage (J-V) characteristics 
of the device. Fig. 2a shows a comparison of the dark current density (J) 
values of a cell operated in air with that immersed in water at 25 ◦C, with 
the water layer considered to be part of the device (inset in Fig. 2a). 
Further, given that the dark current density values of a solar cell are 
determined by its normal p-n junction behavior, they can be used to 
determine diode characteristics 

J= J0

⎛

⎝e

(
qV
nkT

)

− 1

⎞

⎠ (6) 

where V, k, T, and q represent applied voltage, Boltzmann constant, 
temperature, and elementary charge, respectively.

Fig. 2b and c show the J0 and n values of 12 devices in air and water, 
respectively. From these results, it is evident that water immersion 
lowered the J0 values of the cells from 6.3 × 10− 7 to 1.6 × 10− 8 A cm− 2 

(Table S1), implying fewer recombination currents [16]. Further, the 
diode ideality factor for the water-immersed cells improved from 1.8 to 

Fig. 1. Broadband solar energy harvesting using a water-immersed Si solar cell. (a) Solar irradiance of AM1.5G and breakdown of energy conversion processes for an 
ideal single-junction Si solar cell. (b) Schematic representation of a commercial Si solar cell with an SiNX anti-reflection coating and a water layer for light absorbance 
at various incident angles. (c) Fresnel reflection profiles of light polarized in parallel (R⊥) and perpendicular (R~) to the surface in terms of the incident light angle. 
Top panel, air-Si interface; middle panel, air-SiNX interface; and bottom panel, air-water interface. The vertical line shows the incident light angle corresponding to 
the Brewster’s angle at which Fresnel reflection on the RP becomes minimum. In calculations, we used 1, 1.33, 2, and 4.32 as the refractive indices of air, water, SiNX, 
and Si, respectively. (d) Total reflected light for various incident light angles at the air-Si and water-SiNX interfaces. (e) Total transmitted light for various incident 
light angles with light traveling from Si to air through the SiNX and water layers.
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approximately 1, indicating a more ideal diode behavior. Therefore, the 
distribution of the J0 and n values for the Si devices in air and water 
confirmed minimal recombination currents and improved diode char
acteristics owing to the presence of the water layer.

To confirm the solar cell performance improvement effects of the 
water layer, the J-V characteristics of the devices were measured under 
standard AM1.5G illumination (100 mW cm− 2). The solar cells in air 
(Fig. 2d) and underwater (Fig. 2e) showed downward shifts in dark 
current, consistent with the variation of the photocurrent, which de
pends on light intensity. However, the water-immersed device showed 
significantly enhanced current and voltage values, implying a higher 
PCE. This output power enhancement was also confirmed by the power 
density-voltage (P–V) characteristics of the water-immersed device as 
shown in Fig. 2f and highlights the power output (Pout) under standard 
illumination for the device in air and under water. Notably, the Pout of 
the device in air and water were 16.86 and 18.98 mW cm− 2, respec
tively. This improvement could be attributed to enhanced photovoltaic 
performance parameters, including the short-circuit current (JSC), VOC, 

and FF, as well as the better thermal management provided by the water 
layer.

For solar cells in practical application, JSC, VOC, FF, and PCE are 
calculated as follows: 

JSC = Jph − Io

(

e
qV
nkT − 1

)

(7) 

VOC =
kT
q

ln
(

1+
JSC

J0

)

(8) 

FF=
JmVm

JSC VOC
=

Pmax

JSC VOC
(9) 

PCE=
JSC VOC FF

Phv(AM1.5G)
(10) 

where Jph represents photocurrent density; Jm and Vm represent the 
maximum current density and voltage values, respectively, Pmax 

Fig. 2. Diode characteristics of Si cells in air and water. (a) Current density-voltage (J–V) characteristic of Si PV device in air and underwater for dark conditions at 
25 ◦C. Summary of (b) Dark saturation current (J0), and (c) Diode ideality factor (n) of the Si PV device in air and underwater. J-V characteristic of devices under 
standard AM1.5G illumination (100 mW cm− 2) in (d) Air and (e) Water. A total of 12 devices were examined using the O-ring assembly, as shown in the inset. (f) 
Power density-voltage (P–V) characteristic of solar cells in air and water under AM1.5G illumination. Summary of the distribution of PV cell performance parameters: 
(g) Short-circuit current (JSC), (h) Open-circuit voltage (VOC), (i) Fill factor (FF), and (j) Power conversion efficiency (PCE).
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represents the maximum power density; and Phv represents light in
tensity. Given that J0 is negligible relative to Jph, we considered JSC as 
equal to Jph.

Fig. 2g–j summarizes the distribution of crucial PV performance 
parameters, including JSC, VOC, FF, and PCE, respectively, showing that 
water immersion resulted in higher performance metrics across the de
vice array. The PV parameters are tabulated in Table S2. As previously 
confirmed, water immersion reduced Fresnel reflectance and improved 
light trapping, thereby enhancing JSC owing to an increased light flux. 
The reduced reflectance allowed more light to be absorbed by the silicon 
layer, increasing the number of generated charge carriers and, thus, JSC. 
Further, improving JSC also improved the VOC, FF, and PCE.

To evaluate the performance of PV devices, it is also crucial to 
consider the parasitic losses that occur due to electrical losses (series 
resistance, RS) and recombination losses at the junction interface (shunt 
resistance, Rsh) based in the relationship below. 

JSC = Jph − Io

(

e
q(V− IRS)

nkT − 1
)

−
V − IRS

Rsh
(11) 

According to the above equation, improvements in JSC are reflective 
of the underlying importance of RS and Rsh improvements owing to 
water immersion. From Fig. 2, it is evident that water immersion 
significantly enhanced the electrical properties and overall efficiency of 
the p-n junction Si PV devices. Improvements in JSC, VOC, FF, and PCE, 
alongside the decrease in the J0 value and a more ideal diode behavior, 
highlight the beneficial effects of water immersion.

2.3. Effect of immersion depth and light intensity on device performance

In this study, we also investigated the effects of water layer thickness 
and light intensity on the performance of the Si solar cells. The water 
layer thickness was controlled using an O-ring assembly, which defined 
the active area of the device and isolated the emitter and real metal 
contacts.

The J-V and P–V characteristics of Si PV devices at different water 
depths (up to 29 mm) under standard AM1.5G illumination are shown in 
Fig. 3a and b. From Fig. 3a, it is evident that increasing water layer 
thickness resulted in improvements in JSC and VOC up to a certain 
threshold, beyond which the JSC and VOC values plateaued or declined 
slightly. This trend was also evident in the P–V curves shown in Fig. 3b, 
with the PCE peaking at an optimal water-layer thickness. This behavior 
can be attributed to the balance between reduced Fresnel reflectance 
and enhanced light trapping at the optimal thickness, which maximized 
light absorption within the silicon layer owing to internal reflection by 
the water layer. The reduced reflectance and multiple reflections 
allowed the absorption of more light by the silicon layer, resulting in an 
increase in the number of generated charge carriers and thus the value of 
Jsc. This observation can be clarified considering the relationship be
tween photon flux (ϕ), reflectance, internal quantum efficiency (IQE), 
and JSC, as shown below. The variation of PV parameters as a function of 
water layer thickness (Fig. S1) also confirmed stable VOC and FF values 
of 0.58 V and 70 %, respectively, throughout the measurements. 

JSC = q
∫

(λ)
ϕ(λ) (1 − R(λ))IQE(λ)dλ (12) 

Fig. 3. Effects of water layer thickness and light intensity on the performance of PV cells. (a) Current density-voltage (J–V) characteristics, and (b) Power density- 
voltage (P–V) characteristic plots of Si PV devices under different water layer thicknesses, varied from 1 to 29 mm using the O-ring assembly cell (tap water was used 
for the experiment). (c) Power conversion efficiency (PCE) of Si PV devices under different water layer thickness conditions. J-V characteristic of Si PV device 
operation in (d) Air and (e) Water under AM1.5 illumination in the range 10–100 mW cm− 2. The device temperature was set at 25 ◦C. (f) Power conversion efficiency 
(PCE) of device under different light intensities (AM1.5 in the range 10–100 mW cm− 2).
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Fig. 3c provides a summary of PCE as a function of water layer 
thickness. From this figure, it is evident that PCE increased with 
increasing water layer thickness up to an optimal point (approximately 
15 mm) and thereafter, declined slightly. This optimal thickness is 
crucial for minimizing reflectance and maximizing light trapping, as 
discussed earlier. Additionally, beyond this optimal thickness, the 
additional water layer did not bring about any significant improvement 
in light absorption, but increased light travel distance light, leading to 
light loss owing to scattering.

The optimal water layer thickness was considered to confirm the 
effect of water immersion under varying light illumination intensities on 
solar cell performance. The J-V characteristics of Si PV devices in air and 
water under AM1.5G illumination in the range 10–100 mW cm− 2 are 
shown in Fig. 3d and e. The increased Jph value resulting from the shift in 
the J-V plot data showed that water immersion consistently enhanced 
JSC across different light intensities. The light intensity versus JSC rela
tionship also confirmed the recombination process [74]. By applying 
power law fitting based on JSC α Phv

α , with α representing the recombi
nation process and trapping of an electron–hole pair in the semi
conductor material, the α value approached unity (1) suggesting fewer 
recombination states and less trapping of photogenerated carriers. PV 
devices in air and water showed α values of 1.02 and 1.001, respectively, 
implying fewer recombination sites and less trapping of photogenerated 
carriers (Fig. S2). This observation also confirmed improvements in VOC 
and FF with increasing light intensity for the device in both air and 
water.

Fig. 3f illustrates PCE as a function of light intensity for devices in air 
and water. Notably, PCE increased with light intensity under both 
conditions, but the water-immersed devices exhibited a higher PCE 
across all intensities. This improvement can be attributed to the reduced 
reflectance and better light and thermal management provided by the 
water layer.

These results emphasize the potential of water immersion in miti
gating optical and thermal losses, leading to high-performance solar 
cells. These results also demonstrate that an optimal water layer thick
ness significantly enhances the efficiency of Si solar cells without the 
need for complex design modifications [16,69,75] by reducing reflec
tance and improving light trapping. In addition, the consistent perfor
mance of the device across various light intensities highlights the 
reliability of the water immersion method for real-world applications.

2.4. Spectral optoelectronics and onsite power of immersed Si solar cells

In addition to the water layer thickness, the spectral characteristics 
of the Si PV device in air and water were investigated to clarify how 
water immersion affects the spectral performance of the device across 
different wavelengths. This analysis is crucial for understanding the 
broader implications of water immersion on the optoelectronic opera
tion of Si solar cells, specifically for underwater photodetection and 
communication applications [76,77].

Pulsed light illumination at 50 Hz was applied to the Si solar cell in 
air and water, and JSC profiles were recorded. Under UV light illumi
nation (λ = 340 nm, 1.7 mW cm− 2), the JSC value for the device 
increased from − 0.339 in air to − 0.423 mA cm− 2 in water (Fig. 4a). 
However, under visible light illumination (λ = 530 nm, 6.8 mW cm− 2), 
the JSC value of the device improved from − 1.9 (in air) to − 2.83 mA 
cm− 2 (in water) as shown in Fig. 4b. Further, under IR illumination (λ =
850 nm), the immersed device showed improvements in its JSC values 
from − 12.11 (air) to − 14.49 mA cm− 2 (water) as shown in Fig. 4c.

The above results indicated that water immersion enhances photo
response across all wavelengths relative to air operation. This 
improvement can be attributed to reduced Fresnel reflectance and light 
trapping provided by the water layer. Further, the photoresponse speed 
was consistent with that of water immersion. The rise and fall times of 
the photoresponse for the device were below 0.5 ms for all the UV, 
visible, and IR wavelengths in air and underwater (Fig. S3), confirming 

its underwater photoelectric applicability.
Incident-photon to current-conversion efficiency (IPCE) defines the 

quantum efficiency of a solar device as per the expression below. 

IPCE(λ)=
electrons cm− 2s
photons cm− 2s

=
JSC(mA cm− 2) × 1239.8 (V nm)

Phv(mW cm− 2) × λ(nm)
(13) 

where Phv represents the intensity of light illumination.
Fig. 4d shows the relationship between IPCE, a critical metric that 

quantifies the efficiency of converting incident photons into electrical 
currents, and light wavelength for solar devices in air and water. From 
this figure, it is evident that water immersion significantly enhanced 
IPCE from 74 to 97.37 %, 72–96.7 %, and 80 to 96.07 for UV (340 nm), 
visible (530 nm), and IR (850 nm) wavelengths. The IPCE values esti
mated for illumination wavelengths 340, 365, 400, 430, 470, 530, 680, 
and 850 nm are summarized in Table S3.

The role of the water layer in driving more photons into the device 
was evident, resulting in a higher photocurrent owing to increased 
photon-to-carrier generation and collection. To provide clarification in 
this regard, we measured the reflectance profiles of the device in air and 
water using a diffused integrating sphere, as shown in Fig. 4e. The device 
was placed inside a quartz cuvette to obtain profiles. The results ob
tained revealed a decrease in reflectance, specifically in the UV and IR 
wavelength regions, suggesting that water plays a pivotal role by 
increasing the number of photons in the device.

Notably, we observed a decrease in IR wavelength reflectance below 
the Si bandgap, possibly owing to light absorption by the water layer, 
which prevented the induction of a thermal stimulus by the indirect 
bandgap structure. This phenomenon is further beneficial for PV oper
ation as it lowered device temperature. The increased JSC values and 
reduced surface reflection indicated that this improvement in the 
spectral IPCE across the UV–visible-IR wavelength range could be 
attributed to improved light absorption and charge carrier management 
resulting from water immersion.

The enhanced IPCE and reduced surface reflectance over a broad 
range of photon wavelengths suggested that water immersion helped 
drive more photons into the device. This minimized recombination 
losses via thermal regulation and improved IPCE performance, leading 
to an overall higher solar cell efficiency.

The onsite power characteristics of photovoltaic devices are partic
ularly crucial for remote applications such as underwater power trans
mission. As water is transparent in the visible region, optical power 
transmission can be used to power underwater electronic and commu
nication units. Fig. 4f summarizes the photovoltaic performance pa
rameters, including VOC, JSC, FF, and PCE, for devices in air and water 
across different wavelengths (340, 365, 400, 430, 470, 530, 680, and 
850 nm). These results are based on the J-V characteristics of the device 
in air and water at the optimal water layer thickness (Fig. S4 and 
Table S4) and indicated that water immersion consistently improved 
these performance parameters across the spectrum. The enhanced JSC 
and VOC values directly resulted from the improved light absorption and 
reduced recombination losses provided by the water layer. Additionally, 
the increased FF and PCE highlighted the effectiveness of water im
mersion in optimizing charge transport and minimizing losses within the 
device.

Taken together, water immersion significantly enhanced photo
response and IPCE across different wavelengths, leading to improved 
JSC, VOC, FF, and PCE values. This improvement across the broadband 
spectrum highlights the reliability and potential of the water-immersion 
method for large-scale deployment. Additionally, these findings 
contribute to ongoing efforts to optimize PV technologies and pave the 
way for more efficient and reliable solar power generation.
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Fig. 4. Spectral characteristics of the Si PV cell in air and water. Photoresponses of the device in air and water with illumination wavelengths of (a) 340 nm for 
ultraviolet, (b) 530 nm for visible, and (c) 850 nm for infrared. (d) Variation of incident-photon to current-conversion efficiency (IPCE) with light wavelength for 
devices in air and water. (e) Reflectance spectra of the Si PV cell in air and water. (f) Summary of photovoltaic performance parameters of the Si device in air and 
water corresponding to the light illumination wavelength of 340, 365, 400, 430, 470, 530, 680, and 850 nm. These parameters were obtained from the current 
density-voltage (J–V) characteristics.
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2.5. Thermal characteristics and steady power generation by the water- 
immersed device

Thermalization loss due to the photon energy being higher than the 
bandgap energy induces heating during prolonged operation of solar 

cells. According to the expression, VOC = kT
q ln

(

1 + JSC
J0

)

, an increase in 

device temperature owing to thermalization heat results in a decrease in 
VOC. This happens because of a significant increase in the dark satura
tion current in turn, degrades onsite power generation and conversion 
efficiency. Water emersion provides additional thermal radiation and 

Fig. 5. Continued operation of solar cells under three conditions. (a) Schematic representation of the experimental design to investigate onsite power generation, 
thermal characteristics, and light intensity for solar cells in air and under steady and flowing water. (b) Original setup showing the Si solar cell in water under 
standard AM1.5 illumination with a solar power meter, photosensor, and 3D printed cell enclosure with water flowing and thermal profile of the setup with flowing 
water. (c) Thermal profiles showing temperature distribution of the device operating in air (top panel), steady water (middle panel), and flowing water (bottom 
panel) for 30 min with continuous AM1.5 illumination at 850 W m− 2. (d) Current density-voltage (J–V) characteristics and (e) power density-voltage (PV) char
acteristics of the device in air. (f) J-V and (g) P–V characteristics of the device in steady water. (h) J-V and (i) P–V characteristics of device in flowing water. Solar cell 
performance parameters as a function of operation time: (j) Open-circuit voltage (VOC), (k) Short-circuit current density (JSC), and (l) Power conversion effi
ciency (PCE).
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dissipates heat while reducing Fresnel reflection. To further provide 
clarification in this regard, the thermal characteristics of the PV device 
in air and water were examined under continued operation under 
AM1.5G illumination.

Fig. 5a shows a schematic representation of the experimental setup 
used to study the thermal characteristics of the water-immersed solar 
cell. The setup included a 3D-printed underwater device enclosure, Si 
solar cell, solar power meter, and photosensor under standard light 
illumination. For qualitative assessment, onsite power generation was 
monitored via J-V and P–V characteristics synchronized with the light 
intensity and thermal profiles. The power generated by the device was 
measured in air, steady water, and flowing water.

Fig. 5b shows the original setup used to examine onsite power 
degradation and the thermal profile of the PV devices, depicting various 
components, including the flowing water profile. Further, Fig. 5c shows 
the time-elapsed thermal profiles of the setup. For device operation in 
air, we observed rapid heat gains, reaching 66.4 ◦C within 30 min of 
operation under continuous light illumination. In contrast, the thermal 
profiles of the device in steady water confirmed a lower solar cell tem
perature owing to the direct interface between the device and water. 
Heat transfer from the solar cells to water via thermal conduction 
increased the water temperature from 17 to 43.6 ◦C, potentially 
enabling water heating applications while lowering the solar cell tem
perature from 60.3 to 43.6 ◦C.

Interestingly, flowing water maintained a steady device temperature 
at approximately 17 ◦C, significantly lower than that observed in air and 
under the steady water scenario. This difference highlights the effective 
thermal management provided by the flowing water layer, functioning 
as a cooling medium and helping to dissipate heat more efficiently.

Sequential J-V characteristics were measured over a 30–min period 
to assess the effect of prolonged illumination on the PV characteristics of 
the device in air. Fig. 5d shows a significant degradation of the Voc value 
in air within 30 min of operation. Further, the P–V plot in Fig. 5e 
confirmed that the Pmax decreased by 15.87 % (from 17.4 to 14.65 mW 
cm− 2) due to collective thermal degradation. The squareness of the J-V 
plots and the shift in the Vm value decreased over time, indicating a 
decrease in the FF value. The performance of the PV cell also decreased 
with time owing to thermalization-induced thermal stress.

In contrast, the device in steady water exhibited improved JSC and 
VOC values (Fig. 5f) as well as an increase in the Pmax value to 19.92 mW 
cm− 2 (Fig. 5g), with the temperature maintained below 44 ◦C. Thus, in 
steady water, the PV device only showed a 10 % decrease in power 
degradation within the 30-min operation period. This observation sug
gests better thermal management and reduces parasitic losses.

Moreover, the device under flowing water demonstrated excellent 
steady onsite power generation within the 30-min observation period, 
with JSC, VOC, and Pmax values of 41.3 mA cm− 2, 665.5 mV, and 19.6 mW 
cm− 2, respectively (Fig. 5h and i). These results confirmed onsite power 
generation with less than 1 % variation under prolonged light illumi
nation. Three consecutive cycles of prolonged light illumination also 
validated these results as shown in Fig. S5–S7, confirming stable onsite 
power delivery for 270 min, and these improvements could be directly 
attributed to the enhanced thermal management provided by the water 
layer, which helps maintain optimal thermal conditions and minimized 
parasitic losses caused by thermal degradation in the PV device.

Fig. 5j provides a summary of the VOC of the device in air, steady 
water, and flowing water over time. The results showed that the VOC of 
the device in air decreased rapidly from 630.3 to 580 mV within 10 min 
and thereafter, stabilized at 572.9 mV. In steady water, the VOC 
increased to 657.8 mV and thereafter decreased slowly and stabilized at 
614.3 mV. However, in flowing water, the VOC was high and remained 
stable at 665.6 mV, owing to the excellent thermal control and improved 
diode properties provided by the following water at the water-Si device 
interface. This trend aligns with the improved thermal management and 
reduced recombination losses observed in the water-immersed devices. 
Fig. 5k provides a summary of the JSC values of the device in air, steady 

water, and flowing water over time. From this figure, it is evident that 
steady and flowing water enhanced and stabilized JSC values owing to 
improved optical losses. The FF of the device in air decreased from 70.7 
% to 66.35 % (Fig. S8). However, under steady water and flowing water 
conditions, it remained stable in the range 70–72 %. Fig. 5l presents PCE 
as a function of operation time for the PV devices under the three test 
conditions. In air, PCE decreased significantly from 20.4 % to 17.21 % 
within 30 min of operation. In steady water, it was initially high PCE at 
23.42 %, but decreased to 20.98 % with time. In flowing water, it 
remained stable at 22.87 %, demonstrating the effective management of 
thermal and optical losses through water immersion. The dark satura
tion current for a heavily n-doped junction is calculated according to the 

expression: J0 = qni
2
(

Dn
LnNA

)

, where ni, Dn, Ln, and NA denote the 

intrinsic carrier concentration, electron diffusion coefficient, electron 
diffusion length, and acceptor carrier concentration, respectively, of the 
device [4]. Notably, J0 is directly proportional to ni

2, leading to a sig
nificant increase in temperature and a consequent decline in output 
power. The water-flow condition helped maintain the thermal state, 
providing an improved and stable power output probably owing to 
better thermal management, which stabilized VOC (Eq. (8)) via more 
effective charge carrier management and a stable saturation current 
owing to the water layer.

The findings of this study emphasize the potential of water immer
sion in improving thermal management and enhancing the overall 
performance of Si solar cells. The results demonstrate that water im
mersion significantly reduces the operating temperature of the device, 
leading to more stable and higher JSC, VOC, and PCE values over pro
longed operation. Therefore, water immersion presents as a simple and 
effective strategy for addressing thermal management challenges in PV 
technology. The stable performance of the water-immersed device 
across multiple conditions highlights the reliability and potential of 
water-immersion for large-scale deployment. These findings may 
contribute to ongoing efforts to optimize PV technologies and pave the 
way for more efficient and reliable solar power generation. Regarding 
concerns about water-induced degradation and the safety of electrical 
connections, we acknowledge that direct water contact necessitates an 
appropriate encapsulation strategy to protect the electrodes and ensure 
long-term durability. Furthermore, alternative water stream
s—including recycled water or even seawater—can be used, ensuring 
that the desired optical and thermal enhancements are achieved without 
exclusive reliance on clean water [47,67,78].

3. Conclusion

In this study, we investigated the effect of water immersion on the 
performance of Si PV cells. The results obtained indicated that a water 
layer, employed as an AR coating and thermal-treatment strategy, en
hances the performance of commercial Si solar cells. Specifically, the 
water layer reduced Fresnel reflectance and improved light trapping, 
resulting in more efficient light absorption and an increase in the JSC 
value of the device, hence a higher PCE. These improvements were also 
consistent across a broad spectrum of wavelengths and light intensities, 
as reflected by the enhanced photoresponses and IPCE of the water- 
immersed device. The optimal water layer thickness, 15 mm, further 
enhanced these benefits by minimizing optical loss and improving light 
management. Additionally, under standard AM1.5G illumination, the 
device showed a significant increase in PCE, highlighting the efficacy of 
the water immersion technique. Water immersion also provided effec
tive thermal management, maintained lower operating temperatures, 
and reduced thermal stress, essential conditions for long-term stability 
and device performance. The stable JSC, VOC, and PCE values observed 
over prolonged operation demonstrated the potential of this method in 
enhancing the reliability of Si solar cells for continuous use. Under 
flowing water, the PCE of the device increased from 20.4 % to 22.8 % 
and provided stable on-site power generation with less than 1 % 
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variation over time.
These findings have important implications in the field of PVs, pre

senting water immersion as a simple, cost-effective, and scalable 
approach for improving the efficiency and reliability of Si solar cells. The 
consistent improvement in the key performance parameters across 
multiple devices suggested that the water immersion method is both 
reproducible and reliable, making it a promising candidate for large- 
scale deployment. These findings may also contribute to ongoing ef
forts to optimize PV technologies and promote the widespread adoption 
of renewable energy solutions. Future research should focus on further 
optimizing water immersion techniques, integration of encapsulation 
layer to protect against water degradation, possibility of using alterna
tive water sources, modular design for outdoor conditions, and 
exploring its applicability to other photovoltaic technologies to drive 
more sustainable and energy-efficient innovations in the solar energy 
sector.

4. Materials and methods

4.1. Methods

Commercial 152 cm × 152 cm Si PV cells with polycrystalline p-Si 
and SiNX AR coatings were used in this study. These devices have a p-n+

junction with a certified PCE of 20 % under AM1.5G illumination at 300 
K. Custom-sized devices (1.5 cm × 1.5 cm, 5.7 cm × 5.7 cm, and 4.4 cm 
× 6.5 cm) were fabricated using laser patterning (Cat-UV 5 W, Marcs, 
South Korea). The laser power, scan speed, and number of cycles were 
optimized for Si cell scribing to ensure electrical isolation and breakage- 
free cell cutting. For the underwater studies, tap water was applied to 
the front surface of the Si solar cells. Initially, the front and back contacts 
were isolated using Kapton tape to examine the diode properties of the 
device in air and water. Throughout this study, no modifications were 
made to the solar cells unless otherwise mentioned in the manuscript.

4.2. Water layer thickness and light intensity experiments

Water layer thickness experiments were performed using a home- 
built photoelectrochemical cell assembly composed of a Teflon mate
rial. The Si PV cell was assembled using an O-ring fixed to a stainless- 
steel back plate. The diameter of the O-ring, representing the working 
area, was 1 cm (0.785 cm2) and the front contact constituted a gold- 
coated pogo pin immersed in water, while the back contact comprised 
a stainless-steel plate. The pogo-pin was aligned with a bus bar to ensure 
stability. Tap water was injected into the PV cell using a 5-ml syringe, 
with a cylindrical holder achieving predefined thicknesses of 1–29 mm. 
Further, the water layer thickness was varied successively to investigate 
its effect on the performance of the solar cell. For intensity studies, the 
optimal water thickness was applied and compared with the case 
without water.

For the electrical measurements, gold-coated tungsten pogo pins 
were connected to the reference and counter electrodes. The device was 
positioned under standard light illumination (AM1.5, McScience-K300, 
Korea), with the back electrode connected to the working and sensing 
electrodes. Fig. S9 shows the spectral characteristics of the AM1.5 light 
source. A PV power meter (McScience-K101, Korea) and a solar power 
meter with a data logger (TES-132 Solar Power Meter) were used to 
calibrate the solar simulator. The intensity of the light source was 
controlled by adjusting the lamp current from 10 to 50 A. Further, the 
light sensor was placed at the same height as the solar cell surface for 
accurate measurements, which were performed at room temperature (i. 
e., 300 K) and 50 % relative humidity.

To investigate the current density-voltage (J-V) and power density- 
voltage (P–V) characteristics of the solar cells, a potentiostat/galvano
stat (PGStat, WonATech, ZIVE SP1) was used. PGStat was calibrated 
using standard LCR circuits before conducting the measurements. Linear 
sweep voltammetry was also performed within a voltage scan range of 

− 0.2 to 0.7 V, at a scan speed of 0.2 V s− 1, at 20-mV intervals, with 
appropriate current compliance.

4.3. Spectral characteristics

The spectral characteristics of the Si PV cells in air and under the 
optimal water thickness were investigated using the aforementioned O- 
ring assembly. For the light source, light-emitting diodes emitting light 
at various wavelengths were integrated into a dual-adjustable power 
supply and function generator (Mightex WheeLEDTM, P/N: WLS-22-A). 
Light wavelengths of 340 nm (WLS-LED-0340-02), 365 nm (WLS-LED- 
0365-04), 400 nm (WLS-LED-0400-04), 410 nm (WLS-LED-0410-03), 
460 nm (WLS-LED-0460-03), 520 nm (WLS-LED-0520-03), 625 nm 
(WLS-LED-0625-03), 730 nm (WLS-LED-0730-03), and 850 nm (WLS- 
LED-0850-03) were used. The light intensity of the visible wavelengths 
was calibrated using a standard Si photodiode, whereas the intensities at 
340 and 365 nm were calibrated using a UV light meter (Lutron, UV- 
340A). The pulse illumination frequency was set to 50 Hz with the 
duty cycle at 50 %.

Chronoamperometry was employed to measure the transient current 
profiles of the devices under pulsed illumination at zero bias. The cur
rent range was custom-fitted according to the light intensity, and the 
sample period (1 ms) was set to burst mode. Fifty illumination pulses 
were recorded for the photoresponses and used to examine the incident 
photon-to-current conversion efficiency (IPCE) of the device in air and 
water.

To quantify the spectral PV performance of the solar cells, steady- 
state illumination at various wavelengths was employed and analysis 
was performed based on current density-voltage (J-V) and power 
density-voltage (P–V) characteristics. Three cycles were employed to 
verify the stable performance of the devices.

The reflectance spectra of the Si solar cells were determined using a 
UV–visible–NIR spectrophotometer (UV-2600; Shimadzu, Tokyo, 
Japan) equipped with a diffuse-reflectance integrating sphere. The de
vice was immersed in tap water in a quartz cuvette, and the measure
ments were performed at 5-nm intervals. The reflectance baseline was 
established using a compressed BaSO4 powder plate facing the incident 
light.

4.4. Investigation of the stable operation of solar cells

A time-elapsed underwater solar cell study was conducted to 
examine the operation of the PV device in air, steady water, and flowing 
water. The device (4.4 cm × 6.5 cm) was assembled into a 3D-printed 
enclosure with a water-flow arrangement. The back contact of the de
vice comprised aluminum foil, while the front contact comprised a gold- 
coated pogo pin connected to the bus bar (at 5-cm spacings). The 
enclosure was designed using the Blender tool and printed using a 3D 
printer (Bambu Lab X1 Carbon Combo, Shenzhen, China). For the 3D 
printing, a PLA filament with a diameter of 1.75 mm was used, with the 
build plate temperature set at 100 ◦C and the tool head speed at 100 mm 
s− 1. Next, the Si solar cell was assembled using waterproof epoxy. The 
setup is as shown in Fig. 5b.

To observe the stability of the device, the solar simulator was pre
heated for 15 min and its performance was measured throughout the 
experiments. The temperature of the setup was measured in real time 
using a thermal imaging camera (Ti95 Thermal Imager, Fluke, Everett, 
WA, USA). For each run, a total exposure time of 30 min was considered 
to ensure reliable measurements. Three runs were performed to examine 
the solar cell performance parameters in air and under steady water and 
flowing water by recording J-V characteristic plots synchronized with a 
thermal camera and solar power meter at 2-min intervals.
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