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Abstract. Abstract. This paper delves into the use of graphene-based materials, particularly
graphene oxide (GO), as a low-temperature passivation medium for crystalline silicon (c-Si)
solar cells. GO’s negatively charged functional groups effectively lower the surface
recombination velocity (SRV) by creating a pronounced field-effect passivation, while also
providing partial chemical passivation of silicon’s dangling bonds. In comparison to
conventional passivation schemes such as thermal SiO2 or Al203, graphene-based coatings
allow simpler, solution-based deposition near ambient conditions. Here, we discuss the core
passivation mechanisms of graphene materials, survey various deposition methods, and
benchmark their performance versus standard approaches. Although GO passivation frequently
boosts carrier lifetimes and open-circuit voltage (Voc), it still faces constraints in moisture and
temperature stability. Even so, current progress in encapsulation, doping, and industrial-scale
processes suggests that GO could emerge as an economical solution for high-efficiency c-Si
photovoltaics.

Keywords. Graphene oxide, c-Si Solar Cells, Surface Passivation, field-effect, Chemical

Passivation

1. Introduction

Introduction Crystalline silicon (c-Si) solar cells
remain the bedrock of the photovoltaic (PV)
industry thanks to a longstanding supply chain, high
reliability, and a favorable ratio of performance to
cost. However, as devices approach ever-higher
efficiency thresholds, controlling recombination at
the silicon surface becomes a central challenge.
Conventional passivation layers including SiO2,
silicon nitride (SiNx), or aluminum oxide (Al203)—
can be effective but typically entail high-
temperature or plasma-based processing, increasing
manufacturing complexity [10]. These films also
must balance strong field-effect passivation with
minimal optical losses.

In recent years, research has pivoted toward low-
temperature, solution-based passivation materials
like graphene oxide (GO) [2,10]. GO contains an
abundance of oxygenated functional groups—
hydroxyl, carboxyl, epoxy—imparting a net negative
charge that repels minority carriers from the silicon
interface [11]. In some instances, these groups also
chemically saturate a fraction of silicon’s dangling
bonds, further reducing interface recombination [5].
Additionally, GO can be spin-coated or spray-coated
at near-room temperature, circumventing the

vacuum or high-heat steps common in depositing
conventional dielectrics [3,7,8]. That said, GO’s
functional groups can degrade when subjected to
moisture or temperatures beyond roughly 200 °C,
underscoring the need for encapsulation in certain
device designs [4].

This article reviews key principles behind
graphene-based passivation, outlines processing
routes from spin to spray, contrasts performance
with established dielectrics, and addresses stability
and industrial feasibility.

2. Fundamentals of Graphene
Based Passivation

2.1 Structure and Negative Charge

Graphene oxide (GO) differs from pristine graphene
by possessing an array of oxygen-functional groups
spread across its carbon backbone. These groups,
including -COOH, -OH, and -0- (epoxide), lead to
fixed negative charges that form the backbone of
GO’s passivation properties [2]. Once GO is
deposited onto silicon, the interplay of these
charges with the wafer doping type (n- or p-type)
effectively drives minority carriers out of the near-
surface region, reducing the possibility of



recombination.

2.2 Field-Effect vs. Chemical Passivation

Field-effect passivation is the primary mechanism:
the negative surface charges on GO create a near-
surface depletion zone, lowering carrier density at
interface defect sites [10]. Beyond that, some of the
oxygenated moieties can chemically bond with
dangling bonds on silicon (i.e, partial chemical
passivation), further decreasing the density of
recombination-active defects [5]. While not as
chemically robust as a grown oxide or nitrided
layer, GO leverages both these routes in tandem.

2.3 Oxidation Degree and Balancing
Conductivity

Achieving the optimal passivation effect demands
carefully tuning the oxidation level in GO. Overly
oxidized GO can have high negative charges but also
degrade in-plane conductivity, cause light
absorption, and introduce morphological
nonuniformities [6,8]. Conversely, insufficient
oxidation might yield only moderate field-effect
passivation. Hence, doping or partial reduction
steps—where GO is partially de-oxygenated—are
sometimes used to balance negativity (for
passivation) and conductivity (for improved carrier
extraction).

3. Deposition Techniques and
Processing Conditions

3.1 Spin Coating

Spin coating is widely used for lab-scale
demonstrations. Typically, an aqueous or alcoholic
GO dispersion is dispensed on the wafer, which
spins at 2000-6000 rpm for tens of seconds to a
minute. The resulting film thickness is governed by
fluid viscosity, solution concentration, and spin
speed [2]. Post-spin, a gentle bake (~80-120 °C)
removes solvents and stabilizes the functional
groups without exceeding the ~200°C threshold
that can degrade them.

3.2 Spray Coating (Including SVASC)

Spin coating is widely used for lab-scale
demonstrations. Typically, an aqueous or alcoholic
GO dispersion is dispensed on the wafer, which
spins at 2000-6000 rpm for tens of seconds to a
minute. The resulting film thickness is governed by
fluid viscosity, solution concentration, and spin
speed [2]. Post-spin, a gentle bake (~80-120°C)
removes solvents and stabilizes the functional
groups without exceeding the ~200°C threshold
that can degrade them.

3.3 Key Process Parameters

In general, key process parameters for GO
passivation  revolve around (1) solution
concentration, (2) deposition speed and substrate
temperature, (3) mild annealing, and (4)
compatibility with additional layers. While higher

GO solution concentration can deliver stronger
passivation by producing a thicker film, it may also
raise absorption and reduce optical transparency.
Deposition speed—whether during spin coating or a
nozzle-based spray process—together  with
substrate temperature, determines thickness and
uniformity: in spin coating, for example, higher
speeds create thinner films, whereas in spray
systems, nozzle distance, gas flow, and moderate
substrate heating define droplet coverage. Brief
thermal steps (roughly 80-120°C) can remove
residual solvents or reorganize functional groups,
although going above about 200 °C risks degrading
the oxygen sites [3]. Finally, compatibility with
other layers—such as polymeric coatings (e.g.,
PEDOT:PSS) or doping elements—often proves
critical for unifying passivation and carrier
conduction, as demonstrated in several hybrid
designs [7,8].

4. Mechanisms of Recombination
4.1 Field-Effect Dominance

Alarge portion of GO’s passivation strength stems
from field-effect passivation, wherein negatively
charged functional groups repel minority carriers
away from the wafer interface. This effect can be
directly observed via quasi-steady-state
photoconductance (QSSPC) mapping, which shows a
notable enhancement of minority carrier lifetime
(t_eff) [2]. Additional methods like surface
photovoltage measurements or Kelvin probe
microscopy also confirm band bending that aligns
with negative charge accumulation near the wafer
surface.

4.2 Mild Chemical Passivation

While the field-effect aspect is primary, a portion of
the oxygen functional groups can bond with or
saturate unsatisfied silicon bonds [5]. Although less
thorough than thermal or plasma oxides, this partial
chemical bonding complements the field-based
effect, collectively lowering interface defect
densities. Moreover, doping or partial reduction—
where some oxygen is selectively removed—might
further refine the film’s electronic structure,
improving conduction or balancing doping profiles
[6,8].

4.3 Empirical Evidence from Hybrid Cells

Multiple authors have integrated GO with standard
or advanced cell structures. For instance, doping GO
or layering it with a hole-transport polymer can
yield a doping-free heterojunction that outperforms
standard doping routes in moderate-resistivity
wafers [7]. Gains in open-circuit voltage (V°c) up to
several tens of millivolts, along with an improved fill
factor (FF), have been reported relative to uncoated
or poorly passivated references.

5. Performance Comparison with
Other Passivation Materials



5.1 Recombination Velocity and (Voc)
Gains

Thermal SiO, has historically been the gold
standard, achieving SRVs below 10 cm-s™ in ideal
conditions but demanding high-temperature growth
above 900-1000 °C [10]. GO can reduce SRVs to tens
or a few hundred cm-s™, typically enough for
moderate doping densities. The resulting gains in
Voc can be comparable to or slightly below those
attained with top-tier dielectrics, albeit at a fraction
of the thermal cost [8,9].

5.2 Optical and Thermal Trade-Offs

While a few-nanometer GO layer usually adds
negligible absorption, it does not strongly reduce
reflection unless integrated with wafer texturing or
separate antireflection films (e.g., SiNy) [6]. Thermal
stability is another limitation: standard cell lines do
doping or firing cycles at 700-850°C, which
degrade GO’s oxygen groups. Consequently, GO
might be reserved for back-end processing or
doping-free cells that operate at or below 200-
300 °C. Meanwhile, dielectrics such as SiN, handle
the thermal steps well but require specialized
PECVD or other vacuum-based depositions.

5.3 Cost and Manufacturing
Considerations

One of GO’s prime benefits lies in its low-
temperature solution processing. Spin or spray lines
are simpler and less capital-intensive compared to
vacuum-based or high-temperature approaches [8].
If stable GO dispersions can be reliably produced,
large-area coverage becomes feasible at scale.
However, controlling parameters like pH, oxidation
level, and dryness are essential for consistent
passivation performance. In industrial settings,
batch-to-batch reproducibility must be assured
before widespread adoption can occur.

6. Stability, Reliability, and
Industrial Prospects

6.1 Moisture Degradation

Because GO passivation hinges on oxygen functional
groups, water exposure can disturb or remove
them, eroding passivation over time [3,4]. Some
authors propose multi-layer encapsulation schemes
—embedding GO between protective layers or
doping it to form stable functional complexes.
Nevertheless, proven 25+ year reliability data (the
usual module lifespan) remain limited, so robust
long-term testing under damp heat conditions is
essential.

6.2 Integration into Cell Lines

Despite the moisture vulnerability, GO’s solution-
based approach offers a streamlined route to
doping-free or advanced c-Si device concepts. It can
be implemented post-firing or in processes that skip
doping entirely, thereby sidestepping high-

temperature steps. Large-scale lines can adapt
existing spin or spray stations for GO, with minimal
vacuum usage [8,9]. Potential synergy with flexible
or ultrathin wafers stands out, as these substrates
would be more prone to breakage or warping under
conventional high-temperature steps.

6.3 Path Forward: Doping and
Encapsulation

Recent progress focuses on doping calibrations,
partial reduction, or lamination with doping-like
species that anchor negative charges more
permanently. Meanwhile, protective cappings or
polymer overlayers can reduce humidity infiltration.
If these approaches prove effective at stabilizing
GO’s negative charge over many thermal cycles, the
method could become a mainstream alternative to
SiOZ, A1203, or SINX

7. Conclusions and Outlook

Graphene oxide (GO), with its suite of oxygen-
functional groups, stands as a compelling field-effect
passivation layer for crystalline silicon (c-Si) solar
cells. By displacing minority carriers from the wafer
surface and mildly saturating interface bonds, GO
can significantly elevate minority carrier lifetime,
Voc, and overall device performance achieved at or
near room temperature without advanced vacuum
or plasma systems. Though conventional dielectrics
sometimes achieve lower absolute SRVs, GO’s
simpler, low-cost route appeals strongly to novel
doping-free or flexible cell designs.Going forward,
the main obstacles revolve around stability
(particularly moisture and moderate heat), doping
or partial reduction to optimize both conduction
and passivation, and ensuring uniform coverage
across large wafers. Encapsulation and doping
strategies along with real-world reliability testing
should clarify how far GO can replace or supplement
well-known passivation schemes like thermal
oxides or silicon nitrides. If these challenges can be
met, graphene oxide promises a valuable addition to
the passivation toolkit for next-generation c-Si
photovoltaics.
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Introduction Crystalline silicon (c-Si) solar cells remain the bedrock of the photovoltaic (PV) industry thanks to a longstanding supply chain, high reliability, and a favorable ratio of performance to cost. However, as devices approach ever-higher efficiency thresholds, controlling recombination at the silicon surface becomes a central challenge. Conventional passivation layers including SiO2, silicon nitride (SiNx), or aluminum oxide (Al2O3)—can be effective but typically entail high-temperature or plasma-based processing, increasing manufacturing complexity [10]. These films also must balance strong field-effect passivation with minimal optical losses.

In recent years, research has pivoted toward low-temperature, solution-based passivation materials like graphene oxide (GO) [2,10]. GO contains an abundance of oxygenated functional groups—hydroxyl, carboxyl, epoxy—imparting a net negative charge that repels minority carriers from the silicon interface [11]. In some instances, these groups also chemically saturate a fraction of silicon’s dangling bonds, further reducing interface recombination [5]. Additionally, GO can be spin-coated or spray-coated at near-room temperature, circumventing the vacuum or high-heat steps common in depositing conventional dielectrics [3,7,8]. That said, GO’s functional groups can degrade when subjected to moisture or temperatures beyond roughly 200 °C, underscoring the need for encapsulation in certain device designs [4].

This article reviews key principles behind graphene-based passivation, outlines processing routes from spin to spray, contrasts performance with established dielectrics, and addresses stability and industrial feasibility.
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Graphene oxide (GO) differs from pristine graphene by possessing an array of oxygen-functional groups spread across its carbon backbone. These groups, including −COOH, −OH, and −O− (epoxide), lead to fixed negative charges that form the backbone of GO’s passivation properties [2]. Once GO is deposited onto silicon, the interplay of these charges with the wafer doping type (n- or p-type) effectively drives minority carriers out of the near-surface region, reducing the possibility of recombination.				Field-Effect vs. Chemical Passivation







Field-effect passivation is the primary mechanism: the negative surface charges on GO create a near-surface depletion zone, lowering carrier density at interface defect sites [10]. Beyond that, some of the oxygenated moieties can chemically bond with dangling bonds on silicon (i.e., partial chemical passivation), further decreasing the density of recombination-active defects [5]. While not as chemically robust as a grown oxide or nitrided layer, GO leverages both these routes in tandem.				Oxidation Degree and Balancing Conductivity
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While a few-nanometer GO layer usually adds negligible absorption, it does not strongly reduce reflection unless integrated with wafer texturing or separate antireflection films (e.g., SiNₓ) [6]. Thermal stability is another limitation: standard cell lines do doping or firing cycles at 700–850 °C, which degrade GO’s oxygen groups. Consequently, GO might be reserved for back-end processing or doping-free cells that operate at or below 200–300 °C. Meanwhile, dielectrics such as SiNₓ handle the thermal steps well but require specialized PECVD or other vacuum-based depositions.				Cost and Manufacturing Considerations







One of GO’s prime benefits lies in its low-temperature solution processing. Spin or spray lines are simpler and less capital-intensive compared to vacuum-based or high-temperature approaches [8]. If stable GO dispersions can be reliably produced, large-area coverage becomes feasible at scale. However, controlling parameters like pH, oxidation level, and dryness are essential for consistent passivation performance. In industrial settings, batch-to-batch reproducibility must be assured before widespread adoption can occur.		Stability, Reliability, and Industrial Prospects		Moisture Degradation







Because GO passivation hinges on oxygen functional groups, water exposure can disturb or remove them, eroding passivation over time [3,4]. Some authors propose multi-layer encapsulation schemes—embedding GO between protective layers or doping it to form stable functional complexes. Nevertheless, proven 25+ year reliability data (the usual module lifespan) remain limited, so robust long-term testing under damp heat conditions is essential.				Integration into Cell Lines







Despite the moisture vulnerability, GO’s solution-based approach offers a streamlined route to doping-free or advanced c-Si device concepts. It can be implemented post-firing or in processes that skip doping entirely, thereby sidestepping high-temperature steps. Large-scale lines can adapt existing spin or spray stations for GO, with minimal vacuum usage [8,9]. Potential synergy with flexible or ultrathin wafers stands out, as these substrates would be more prone to breakage or warping under conventional high-temperature steps.				Path Forward: Doping and Encapsulation







Recent progress focuses on doping calibrations, partial reduction, or lamination with doping-like species that anchor negative charges more permanently. Meanwhile, protective cappings or polymer overlayers can reduce humidity infiltration. If these approaches prove effective at stabilizing GO’s negative charge over many thermal cycles, the method could become a mainstream alternative to SiO₂, Al₂O₃, or SiNₓ.		Conclusions and Outlook



Graphene oxide (GO), with its suite of oxygen-functional groups, stands as a compelling field-effect passivation layer for crystalline silicon (c-Si) solar cells. By displacing minority carriers from the wafer surface and mildly saturating interface bonds, GO can significantly elevate minority carrier lifetime, Voc, and overall device performance achieved at or near room temperature without advanced vacuum or plasma systems. Though conventional dielectrics sometimes achieve lower absolute SRVs, GO’s simpler, low-cost route appeals strongly to novel doping-free or flexible cell designs.Going forward, the main obstacles revolve around stability (particularly moisture and moderate heat), doping or partial reduction to optimize both conduction and passivation, and ensuring uniform coverage across large wafers. Encapsulation and doping strategies along with real-world reliability testing should clarify how far GO can replace or supplement well-known passivation schemes like thermal oxides or silicon nitrides. If these challenges can be met, graphene oxide promises a valuable addition to the passivation toolkit for next-generation c-Si photovoltaics.		References
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