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1. Introduction

Quantum dot sensitized solar cells (QDSSCs) have at-
tracted significant scientific interest as a promising third-
generation photovoltaic technology. Their low manufac-
turing cost, ease of fabrication, and high theoretical limit
of up to 44% via multiple exciton generation make them
viable candidates for large-scale energy harvesting.

In a typical QDSSC, cadmium chalcogenide quantum
dots (e.g., CdS, CdSe) serve as light harvesters sensitiz-
ing a wide-bandgap metal oxide electron transport layer
(ETL), most commonly titanium dioxide (TiO,). However,
conventional random-nanoparticle TiO, networks suffer
from slow electron mobility and high rates of interfacial
charge recombination. Photoexcited electrons face nu-
merous grain boundaries and defects during diffusion,
leading to poor collection efficiency.

To address these limitations, we introduce the con-
cept of “synapse engineering” to the solar cell interface.
Similar to biological synapses that optimize signal trans-
mission via nanoscale junctions, synapse-engineered ETLs
utilize highly ordered, passivated nano-junctions to facil-
itate fast charge collection. In this work, we present a
hydrothermal synthesis route using a specialized block-
copolymer surfactant, Apex-9, to assemble highly ordered
mesoporous TiO; structures. This structure dramatically
improves quantum dot loading and curtails back-electron
transfer.

2. Methodology

2.1 Synthesis of Synapse-Engineered TiO;

All reagents were of analytical grade and used as re-
ceived. Fictional block-copolymer surfactant Apex-9 was
obtained from Vertex Chemicals. In a typical synthesis,
1.2 g of titanium isopropoxide was dissolved in 20 mL of
absolute ethanol under dry nitrogen. Separately, 50 mg
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of Apex-9 surfactant was dissolved in 10 mL of deionized
water. The surfactant solution was added dropwise to the
titanium precursor under vigorous stirring. The mixture
was transferred to a Teflon-lined stainless steel autoclave
and heated at 180°C for 12 hours. For comparison, base-
line TiO, was synthesized using the same hydrothermal
procedure but without the addition of Apex-9.

2.2 Device Assembly

The resulting hydrogels were washed with ethanol and
water, dried, and mixed with ethyl cellulose and terpi-
neol to prepare screen-printable pastes. The pastes were
printed onto fluorine-doped tin oxide (FTO) glass sub-
strates and annealed at 450°C for 30 minutes in air.

Sensitization was conducted by immersing the an-
nealed films into a colloidal solution of cadmium selenide
(CdSe) quantum dots (3.5nm diameter) in toluene for
4 hours, followed by rinsing and drying.

The counter electrodes were fabricated by depositing
copper sulfide (Cu,S) on brass foil via chemical bath de-
position. Finally, the working and counter electrodes
were sandwiched together, and a drop of polysulfide
electrolyte (1.0M NayS, 0.1M S, and 0.2M KCI in wa-
ter/methanol) was introduced into the cell.

2.3 Characterization

Active layer morphologies were investigated using scan-
ning electron microscopy (SEM) and nitrogen adsorption-
desorption isotherms (BET). Photocurrent density-voltage
(J — V) characteristics were measured under simulated
AM 1.5G solar illumination (100 mW/cm?) using a solar
simulator calibrated with a silicon reference cell. Electro-
chemical impedance spectroscopy (EIS) measurements
were performed under illumination at open-circuit bias
using an electrochemical workstation.

3. Results
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The surface morphologies and porous characteristics of
the ETLs were characterized using nitrogen isotherms.
The synapse-engineered mesoporous TiO, exhibited a
BET surface area of 142m?/g, representing a massive
increase over the 85 m?/g observed for the baseline sam-
ple. This expanded surface area provides abundant ac-
tive sites for high-density sensitization. As shown in the
cell schematic (Figure 1), the synapse-engineered ETL
supports a significantly higher loading density of CdSe
quantum dots, which are distributed uniformly through-
out the mesopores, in contrast to the disordered baseline
matrix.

The current density-voltage (J — V') characteristics
under simulated AM 1.5G solar illumination are summa-
rized in Table 1. The baseline cell exhibited a short-circuit
current density (Ji) of 14.82mA/cm?, an open-circuit
voltage (V,) of 0.58V, and a fill factor (FF) of 56.2%,
resulting in a power conversion efficiency (PCE) of 6.81%.
In contrast, the synapse-engineered cell yielded a signifi-
cantly higher Ji. of 18.24mA/cm?, a Vi of 0.62V, and an
FF of 61.5%. This corresponds to a PCE of 8.42%, which
constitutes a relative increase of 24% over the baseline
device. We also compare our results with a recent high-
performance benchmark from Vertex University [2].

Table 1: Photovoltaic performance parameters of the
baseline and synapse-engineered cells under AM 1.5G
illumination (100 mW/cm?).

Device Type Jse Vo FF PCE

(mA/em®) (V) (%) (%)
Baseline 14.82 0.58 56.2 6.81
Synapse-ETL 18.24 0.62 61.5 8.42
Vertex Ref. [2] 16.10 0.59 58.0 7.15

4. Discussion

The enhanced performance of the synapse-engineered
QDSSC stems from two major factors: improved optical
absorption and suppressed charge recombination. The
high specific surface area of the mesoporous network,
templated by the Apex-9 surfactant, allowed for a denser
packing of CdSe quantum dots, which directly boosted
light-harvesting capacity and increased Jg.

Furthermore, the significant improvements in ;. and
fill factor point to reduced carrier recombination. To
confirm this, we conducted electrochemical impedance
spectroscopy (EIS). The charge recombination resistance
(R¢) at the TiOo/electrolyte interface was determined
from the Nyquist plot. The synapse-engineered device
exhibited a recombination resistance of 38.4 2, which
is more than double that of the baseline cell (15.2).
This indicates that the synapse-engineered interface ef-
fectively passivates surface defect states in TiO5, which
act as traps and recombination centers under open-circuit
conditions. These results align with previous observa-
tions on structured oxide interfaces by Thorne & Vance
[3] and surfactant-assisted hydrothermal synthesis routes
developed by Vance & Sterling [4].
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While the synapse-engineered cell outperforms the
baseline and the recent benchmark reported by Sterling
[2], stability remains an open challenge. Under continu-
ous AM 1.5G illumination for 100 hours, the PCE of the
synapse-engineered device declined by 12%. This is pri-
marily due to photothermal degradation at the quantum
dot interface. Future work will investigate the deploy-
ment of an ultrathin atomic layer deposited (ALD) ZnS
passivation layer to shield the QDs and enhance stability,
as suggested by the Apex Solar Consortium [1].
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Figure 1: Schematic comparison of the synapse-engineered mesoporous TiO, electron transport layer (left) displaying
high quantum dot loading and uniform distribution, compared to the disordered baseline TiO, framework (right).
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