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Abstract

This study explores the fabrication and performance analysis of
ultra-thin III-V solar cells using indium phosphide (InP) epitaxial
wafers through two approaches: substrate thinning via lapping and
thermocompression bonding. The thinning method reduced the
substrate thickness to 160 um, while the bonding process achieved a
final thickness of 0.9 um. Photoluminescence (PL), internal quantum
efficiency (IQE), and external quantum efficiency (EQE)
measurements were conducted to evaluate the devices. Results
showed that the thinned solar cells exhibited poor photovoltaic
characteristics due to suboptimal n-type metal contacts and
excessive electron-hole recombination, with no observable light-
induced current at zero bias. Backside solar cells fabricated through
bonding showed better performance, with improved IQE and EQE
due to enhanced light penetration and reduced reflectance from an
anti-reflection coating. PL analysis revealed a distinct 1280 nm peak
for the backside structure, indicating better light interaction with the
active region. Despite these advances, both methods demonstrated
low open-circuit current and power efficiency, underscoring the
need for further optimization to achieve commercially viable III-V
solar cells.
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1. Introduction

With the rapid advancement of science and technology, the depletion of Earth's natural
resources has become a pressing concern. As energy demands continue to rise, the search
for sustainable and renewable energy sources has gained significant attention (Metaferia
et al. 2022). Among the various alternatives, solar energy stands out as one of the most
promising solutions due to its abundance and environmental benefits. Harnessing solar
power efficiently has become a key focus in renewable energy research, leading to the
development of advanced photovoltaic technologies (Boyer et al. 2023).
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Compared to conventional silicon-based solar cells, III-V solar cells offer superior power
conversion efficiencies due to their direct bandgap properties (Lee and Forrest 2021).
These materials can absorb and emit light more effectively, making them highly efficient
for photovoltaic applications. However, the high cost of epitaxially growing III-V single-
crystal materials presents a major obstacle to their widespread adoption (Daniel et al.
2023). One viable approach to reducing costs is minimizing the thickness of the active
material while maintaining its performance, which can be achieved through
improvements in the fabrication process (Chen and Packard 2021).

In this paper, we study two different approaches to fabricating ultra-thin solar cells using
indium phosphide (InP) epitaxial wafers. The first approach involves substrate thinning
via lapping, where the InP substrate is mechanically ground to reduce the overall
thickness of the device. The second method utilizes thermocompression bonding, which
applies high temperature and pressure to bond a micro solar cell to a supporting substrate.
By comparing these fabrication techniques and analyzing their impact on device
performance, we aim to optimize the manufacturing process for III-V solar cells and
explore their potential for high-efficiency, cost-effective photovoltaic applications.

2. Literature review

Research on III-V solar cells has significantly advanced in recent years, focusing on
improving efficiency and reducing manufacturing costs. One of the primary challenges
in III-V solar cell development is the high cost of epitaxial growth, which has driven
efforts to explore alternative fabrication techniques (Raj et al. 2020). Various studies have
investigated methods to minimize material usage while maintaining high power
conversion efficiency (Braun et al. 2023).

One approach to cost reduction is the development of ultra-thin solar cells by reducing
the thickness of the active layer. Substrate thinning techniques, such as mechanical
grinding and chemical etching, have been explored to achieve this goal (Depauw et al.
2023). These methods aim to decrease material consumption while preserving the
photovoltaic performance of the device. However, thinning the substrate can lead to
increased surface defects and higher recombination rates, which may negatively impact
efficiency (Wulf et al. 2021).

Another promising method is indirect bonding, which involves transferring thin-film
solar cells onto a new substrate using techniques such as thermocompression bonding or
wafer bonding (Schygulla et al. 2020). This approach allows for the reuse of the original
substrate, significantly reducing production costs. Studies have demonstrated that bonded
solar cells can maintain high power conversion efficiencies while achieving ultra-thin
structures (Haggren et al. 2023). However, challenges remain in ensuring strong adhesion,
minimizing thermal stress, and optimizing the electrical contact quality (Cappelluti et al.
2020).

Recent advancements in anti-reflection coatings and surface passivation techniques have
also contributed to performance improvements in III-V solar cells. These enhancements
help to reduce optical losses and improve carrier collection efficiency (Reeves et al. 2022).
Additionally, innovations in multi-junction solar cell designs have enabled higher
efficiency by utilizing a broader spectrum of sunlight. While these approaches show
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promising results, further optimization is necessary to achieve commercially viable
solutions for large-scale production (Schygulla et al. 2021).

The previous research has focused on reducing material costs, enhancing efficiency, and
developing advanced fabrication techniques for III-V solar cells. This study builds upon
these efforts by comparing substrate thinning and thermocompression bonding methods
to evaluate their impact on device performance and feasibility for practical applications
(Woo et al. 2022).

3. Methodology

In this study, two fabrication techniques were employed to develop ultra-thin III-V solar
cells using indium phosphide (InP) epitaxial wafers: substrate thinning via lapping and
thermocompression bonding. The performance of the fabricated solar cells was evaluated
using photoluminescence (PL), internal quantum efficiency (IQE), and external quantum
efficiency (EQE) measurements.

3.1 Substrate Thinning via Lapping

The first fabrication approach involved mechanical grinding to reduce the thickness of
the InP substrate. The process began with the deposition of a thin SiO: anti-reflection
(AR) coating using Plasma-Enhanced Chemical Vapor Deposition (PECVD). A
photolithography system was then used to define the contact areas, followed by dry
etching to remove 111 nm of SiOs..

The p-type metal was deposited using an electron-beam evaporation technique. The
excess photoresist was lifted off, and the n-metal contact was subsequently deposited.
The InP substrate was then thinned down to 160 pm using a precision lapping process.
Rapid Thermal Annealing (RTA) was performed on some samples to improve the metal
contact quality. The thickness of the solar cell affects carrier transport and recombination.
The absorption coefficient of the material is given by equation (1):

I(x) = Toe™ (1)
where:
e I(x) is the light intensity at depth xxx,
e [Ipis the incident light intensity,
e o is the absorption coefficient of InP.
e x is the penetration depth

Reducing the substrate thickness impacts the ability of photogenerated carriers to reach
the junction before recombining, which directly affects the efficiency of the device.

3.2 Thermocompression Bonding

The thermocompression bonding was used to attach a micro solar cell to a dummy wafer.
P-type metal was first deposited on both the epitaxial and dummy wafers. The two wafers
were then bonded under a temperature of 300°C and a total force of 750 kg in a vacuum
chamber with a pressure of 0.27 Torr.

To remove excess material, wet etching was performed using hydrochloric acid (HCI)
with an InGaAsP etching stop layer to ensure uniform thickness. A Crystalbond™
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adhesive was applied around the device to protect it during the etching process. After
etching, acetone was used to remove the adhesive, and a second photolithography step
was performed before n-metal deposition.

The thickness of the bonded structure was measured using an Alpha-step stylus profiler,
revealing a final thickness of 0.9 um. The electrical characteristics of the bonded solar
cell were evaluated using current-voltage (I-V) measurements, given by the diode
equation (2):
qv_
1= 1I;(enkT — 1) (2)

where:

e [is the output current,

e [ is the reverse saturation current,

e ¢ is the elementary charge,

e Vis the applied voltage,

e nis the ideality factor,

e ks the Boltzmann constant,

e Tis the absolute temperature.
3.3 Performance Evaluation

The optical and electrical properties of the fabricated solar cells were analyzed using PL,
IQE, and EQE measurements. IQE is calculated using the relation, equation (3):

EQE

IQE = 3)

(1-R)

where:
e EQEF the external quantum efficiency,
e R is the reflectance of the solar cell surface.

The EQE values were compared for both the topside and backside solar cells. The
backside solar cell demonstrated better performance due to enhanced light penetration
and reduced reflectance from the AR coating. By analyzing these parameters, the study
evaluates the effectiveness of thinning and bonding techniques in improving III-V solar
cell performance

4. Experimental Setup and Measurements

To evaluate the performance of the fabricated III-V solar cells, a series of experiments
were conducted, including structural analysis, electrical characterization, and optical
measurements. These experiments aimed to compare the effectiveness of substrate
thinning via lapping and thermocompression bonding in achieving high-efficiency ultra-
thin solar cells.

The structural integrity and thickness of the fabricated solar cells were measured using an
Alpha-step stylus profiler. The results confirmed that the thinned solar cell had a final
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thickness of 160 um, while the bonded solar cell achieved an ultra-thin structure of 0.9
um. These measurements validated the effectiveness of both fabrication methods in
reducing material usage while maintaining structural stability, shown in Figure 1.
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Figure 1. The simulation result of IQE(left) and EQE(right) of the topside solar cell.
Source: Author, 2025

The current-voltage (I-V) measurements were performed using a source meter unit (SMU)
under controlled illumination. The diode equation was used to analyze the photovoltaic

properties of the devices. The open-circuit voltage (VOC) and short-circuit current (ISC)

were extracted from the I-V curves. Results showed that the bonded solar cell exhibited

extremely low open-circuit current and power efficiency, likely due to excessive photon

absorption before reaching the active region, leading to poor carrier collection.

The photoluminescence (PL), internal quantum efficiency (IQE), and external quantum
efficiency (EQE) measurements were conducted. The PL spectrum revealed peaks at 1.04
pum and 1.1 pm for the thinned solar cell, while the bonded solar cell exhibited a clear
1280 nm peak, indicating improved light interaction with the active region. IQE and EQE
measurements provided insight into carrier collection efficiency, with the backside solar
cell showing better EQE values compared to the topside solar cell. This improvement was
attributed to enhanced light penetration and reduced optical losses due to an anti-
reflection (AR) coating.

A spectrophotometer was used to measure the reflectance of both topside and backside
solar cells. The results demonstrated that the backside solar cell had lower reflectance,
confirming the effectiveness of the AR coating in improving light absorption. This
contributed to better overall quantum efficiency and performance.

The experimental results indicated that both thinning and bonding methods were
successful in achieving ultra-thin III-V solar cells. However, electrical characterization
highlighted performance limitations, particularly in the bonded solar cell, where photon
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absorption and recombination losses reduced efficiency. Further process optimization,
including improving metal contacts and refining the bonding method, is necessary to
enhance charge carrier extraction and overall photovoltaic performance.

5. Results and Discussion

The fabricated III-V solar cells were analyzed based on their electrical, optical, and
structural characteristics. The comparison between substrate thinning via lapping and
thermocompression bonding provided valuable insights into their advantages and
limitations in achieving high-efficiency ultra-thin solar cells, shown in Figure 2.
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Figure 2. The J-V characteristics of four samples before the RTA process (left), the I-V
response of a sample prior to RTA (middle), and the I-V response after RTA treatment
(right)

Source: Author, 2025
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Figure 3. The I-V characteristics of the backside solar cell (left), the internal quantum
efficiency (IQE) comparison (middle), and the external quantum efficiency (EQE)
comparison (right) between the backside and topside solar cells.

Source: Author, 2025

5.1 Electrical performance analysis

The electrical properties of the solar cells were evaluated through current-voltage (I-V)
measurements. The results for the thinned solar cells before the rapid thermal annealing
(RTA) process showed poor photovoltaic behavior, which was attributed to ineffective n-
type metal contact. After RTA, the electrical characteristics improved slightly, but the
devices still exhibited low photovoltaic response, suggesting that electron-hole
recombination and charge transport inefficiencies were significant issues.

For the bonded solar cells, the I-V curves indicated normal semiconductor behavior, but
the devices did not produce a noticeable difference between dark and light current when
no external voltage was applied. This suggested that insufficient photon absorption in the
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active region prevented effective charge carrier generation, leading to low open-circuit
voltage and poor overall efficiency.

5.2 Optical performance analysis

Photoluminescence (PL) measurements provided further insights into the optical
properties of the fabricated devices. The thinned solar cell exhibited emission peaks at
1.04 uym and 1.1 pum, indicating that most of the light was absorbed before reaching the
active region. In contrast, the bonded solar cell showed a clear emission peak at 1280 nm,
which suggested that light penetration was improved in this structure, allowing better
interaction with the active layer.

The quantum efficiency of the devices was further evaluated through internal quantum
efficiency (IQE) and external quantum efficiency (EQE) measurements. The results
showed that the backside solar cell exhibited higher EQE values compared to the topside
solar cell. This improvement was attributed to the anti-reflection (AR) coating, which
reduced optical losses and allowed lighter to pass through to the active region.

5.3 Structural and thickness impact

The structural properties of the devices played a significant role in determining their
efficiency. The topside solar cell had a measured thickness of 166 um, which resulted in
inefficient carrier transport. The excessive thickness of the n-region caused electron-hole
recombination before the carriers could reach the junction, leading to a lower
photocurrent.

The bonded solar cell had a much thinner structure of 0.9 um, which allowed better light
penetration. However, due to the nature of the bonded structure, photon absorption was
still not optimal, and a significant portion of the light energy was lost before generating
electrical current. These factors contributed to the low power conversion efficiency
observed in the bonded devices.

6. Conclusion

This paper study the fabrication and performance evaluation of ultra-thin III-V solar cells
using indium phosphide (InP) epitaxial wafers through two approaches: substrate thinning
via lapping and thermocompression bonding. The objective was to assess the
effectiveness of these methods in reducing material usage while maintaining photovoltaic
performance.

The results revealed that substrate thinning successfully reduced the InP thickness to 160
um, but the excessive thickness of the n-region led to high recombination rates and poor
carrier transport, ultimately limiting the device’s efficiency. On the other hand,
thermocompression bonding achieved an ultra-thin structure of 0.9 pum, yet suffered from
inefficient photon absorption in the active region, resulting in low open-circuit current
and power conversion efficiency.

Electrical characterization through I-V measurements showed that both methods
exhibited semiconductor behavior, but the photovoltaic response was weak due to either
poor metal contact (in the thinned solar cell) or excessive photon absorption before
reaching the active layer (in the bonded solar cell). Photoluminescence (PL)
measurements confirmed that the bonded solar cell exhibited a distinct 1280 nm peak,
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indicating improved light penetration compared to the thinned device. Reflectance and
quantum efficiency (IQE and EQE) analyses demonstrated that the backside solar cell
performed better than the topside solar cell due to the presence of an anti-reflection (AR)
coating, which enhanced light absorption.

Acknowledgment

The authors sincerely thank the reviewer for the constructive feedback. All
equations have been numbered and reformatted to ensure clarity and consistency
throughout the manuscript

References

Boyer, J., Anna Braun, K. Schulte, J. Simon, S. Johnston, H. Guthrey, M. Steiner, C. Packard,
and A. Ptak. 2023. “Analysis of Crystalline Defects Caused by Growth on Partially
Planarized Spalled (100) GaAs Substrates.” Crystals. doi: 10.3390/cryst13040681.

Braun, Anna, Jacob Boyer, K. Schulte, J. Simon, Steve Johnston, M. Steiner, Corinnne Packard,
and A. Ptak. 2023. “Effect of Surface Morphology on GaAs Solar Cells Grown on
Planarized Spalled (100) GaAs Substrates.” 2023 IEEE 50th Photovoltaic Specialists
Conference (PVSC) 1-1. doi: 10.1109/pvsc48320.2023.10359585.

Cappelluti, F., A. Tukiainen, T. Aho, F. Elsechrawy, Natasha Gruginskie, M. Eerden, G. Bissels,
A. Tibaldi, G. Bauhuis, P. Mulder, Arastoo Khalili, E. Vlieg, J. Schermer, and M. Guina.
2020. “Quantum Dot-Based Thin-Film III-V Solar Cells.” 1-48. doi: 10.1007/978-3-030-
35813-6 1.

Chen, Jie, and C. Packard. 2021. “Controlled Spalling-Based Mechanical Substrate Exfoliation
for III-V Solar Cells: A Review.” Solar Energy Materials and Solar Cells. doi:
10.1016/J.SOLMAT.2021.111018.

Daniel, Valentin, T. Bidaud, Jérémie Chrétien, A. Jaouad, Jean-Francois Lerat, Nicolas Paupy, B.
Ilahi, Jinyoun Cho, Kristof Dessein, Christian Dubuc, G. Hamon, Abderaouf Boucherif,
and M. Darnon. 2023. “Characteristics of Detachable III-V Solar Cells Grown on Porous
Germanium.” 2023 IEEE 50th Photovoltaic Specialists Conference (PVSC) 1-1. doi:
10.1109/pvsc48320.2023.10359809.

Depauw, Valérie, C. Porret, Myriam Moelants, Emma Vecchio, Koen Kennes, Han Han, Roger
Loo, Jinyoun Cho, G. Courtois, R. Kurstjens, Kristof Dessein, Victor Orejuela, Clara
Sanchez-Perez, 1. Rey-Stolle, and Ivan Garcia. 2023. “Wafer-scale Ge Epitaxial Foils
Grown at High Growth Rates and Released from Porous Substrates for Triple-junction
Solar Cells.” Progress in Photovoltaics: Research and Applications 31:1315-28. doi:
10.1002/pip.3634.

Haggren, T., J. Tournet, C. Jagadish, H. Tan, and J. Oksanen. 2023. “Strain-Engineered
Multilayer Epitaxial Lift-Off for Cost-Efficient III-V Photovoltaics and Optoelectronics.”
ACS Applied Materials & Interfaces. doi: 10.1021/acsami.2c18629.

Lee, Byungjune, and S. Forrest. 2021. “Byungjun Lee Defense Flyer.”

Metaferia, W., Jason Chenenko, C. Packard, Evan Wong, A. Ptak, and K. Schulte. 2022. “(110)-
Oriented GaAs Devices and Spalling as a Platform for Low-Cost III-V Photovoltaics.”
IEEE Journal of Photovoltaics 12:962—67. doi: 10.1109/jphotov.2022.3161869.

Raj, Vidur, F. Rougieux, L. Fu, H. Tan, and C. Jagadish. 2020. “Design of Ultrathin InP Solar
Cell Using Carrier Selective Contacts.” IEEE Journal of Photovoltaics 10:1657—-66. doi:
10.1109/JPHOTOV.2019.2961615.

www.tdmujournal.vn Page 978


http://www.tdmujournal.vn/

Thu Dau Mot University Journal of Science ISSN (print): 1859-4433; (online): 2615-9635

Reeves, Benjamin, M. Steiner, T. Carver, Ze Zhang, A. Lindenberg, and B. Clemens. 2022.
“Pulsed Laser Ejection of Single-Crystalline III-V Solar Cells From GaAs Substrates.”
SSRN Electronic Journal. doi: 10.2139/ssrn.4232453.

Schygulla, Patrick, F. Heinz, F. Dimroth, and D. Lackner. 2021. “Middle Cell Development for
Wafer-Bonded I1I-V//Si Tandem Solar Cells.” IEEE Journal of Photovoltaics 11:1264-70.
doi: 10.1109/JPHOTOV.2021.3090159.

Schygulla, Patrick, F. Heinz, D. Lackner, and F. Dimroth. 2020. “Subcell Development for
Wafer-Bonded I1I-V//Si Tandem Solar Cells.” 2020 47th IEEE Photovoltaic Specialists
Conference (PVSC) 2716-19. doi: 10.1109/PVSC45281.2020.9300801.

Woo, S., Geunhwan Ryu, Taesoo Kim, N. Hong, Jachoon Han, R. Chu, Jinho Bae, Jihyun Kim,
In-Hwan Lee, Deahwan Jung, and W. Choi. 2022. “Growth and Fabrication of GaAs Thin-
Film Solar Cells on a Si Substrate via Hetero Epitaxial Lift-Off.” Applied Sciences. doi:
10.3390/app12020820.

Waulf, Jana, E. Oliva, G. Mikolasch, J. Bartsch, F. Dimroth, and H. Helmers. 2021. “Thin Film
GaAs Solar Cell Enabled by Direct Rear Side Plating and Patterned Epitaxial Lift-Off.”
2021 IEEE 48th Photovoltaic Specialists Conference (PVSC) 1931-35. doi:
10.1109/PVSC43889.2021.9518788.

www.tdmujournal.vn Page 979


http://www.tdmujournal.vn/

