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Abstract. Graphene quantum dots (GQDs) have recently been developed as promising
interfacial engineering materials for modifying perovskite solar cells (PSC) surfaces due to their
low toxicity and good charge mobility compared to other metallic-based quantum dots in
semiconductors. However, the side effect of decorating PSC with GQD is that it creates more
structural defects that might cause shallow trap states and non-radiative recombination, leading
to decreased PSC performance. This paper reviews the impact of structural defects and trap state
of GQDs and the combined corresponding influence on the performance of PSC based on
thermally stimulated current (TSC) and density-voltage (J-V) plots. This paper then offers new
guidelines to minimize the trade-off of GQD by suggesting a well-controlled fabrication process.
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1. Introduction

Perovskite solar cells (PSCs), illustrated in a formula of ABX;[1], are strikingly developed as a novel
renewable technology choice to supplement former photovoltaic solar cell technologies. One vital factor
deciding the photovoltaic efficiency and lifetime of the PSCs is the crystalline quality of perovskite
films. Difficulties in precisely controlling the crystallization process of perovskite often result in
undesirable morphology of the grain boundaries, film coverage, and trap states. Among the various
techniques to improve device efficiency and stability, interfacial engineering (IE) with graphene
quantum dots (GQDs) shows unique optical properties and good charge mobility for PSC application
[2]. Experimentally, GQDs are shown to be convincing electrode modifiers to enhance the performance
of PSC due to their increase in surface area and to fix the device’s aging due to their abundance of
functional groups that can easily be non-toxically functionalize with organic and inorganic molecules
[3].

As an additional process in the PSC fabrication, GQDs similarly possess various defects during their
preparation. Du et al. introduce density functional theory (DFT) to traditional MAPbI; perovskite film
and obtain the result that interstitial defects often lead to creating electronic trap states [4]. Cuevas et al.
substantiate the hypothesis that electronic trap states often correlate to structural defects like
dislocations, grain boundaries, and impurities in inorganic semiconductors like multi-band PSCs [5].
When undergoing photoluminescence (PL) measurement, samples from solution-processed perovskite
films are shown to have a decrease in PL lifetime compared to bulk single-crystal. This suggests the
solution process with more sophisticated interfacial engineering needs to be well controlled to reduce
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substantial trap state concentration [6]. Moreover, Wetzelaer et al. use voltage-dependent
electroluminescence to quantify the non-radiative recombination caused by trap states and conclude that
electron traps are significant for the non-reversible drop in PSC performance [7].

Based on experimental results from the literature, we discuss the combined effect on the interfacial
decoration of GQD/PSCs from the perspective of structural defects and trap states. In addition, this
article provides a brief overview of recent developments in interfacial engineering mechanisms to
control the structural defects of PSC.

2. Analysis

2.1. Structural Defects
In a perovskite solar cell, typically, the migration of an atom from its original crystal ABX3 structure
originates structural defects [8], which alters the localized electronic energy states from their carrier
conduction and valence bands (CB and VB). In this case, additional energy states are generated due to
the trapped carriers, usually causing restrictions in their crystal mobility [9]. Interestingly, from the
aspect of photovoltaics, the efficiency of solar cells can be improved by extending the cell response
within the typically forbidden gap of the host semiconductor. If the sub-energy level is generated within
the gap between the CB and VB, structural defects surprisingly do not restrict the photovoltaic emission
intensities but allow the cell to respond more effectively to energy photons under the original bandgap.
Specifically, GQD/PSC can be generalized into surface defects [10], Stone-Wales (SW) defects, and
edge defects. Surface defects in GQD/PSC usually occur between the boundaries of two thin films. Since
there is no atom above the outer surface, the quantum dots on the shell are free to adjust their favorable
locations, introducing defect states by C-OH and COOH functional groups on the perovskite film [11].
SW defects take place topologically in GQDs structure due to the rotation of C-C bonds [12]. Additional
defects in perovskite crystal structures due to ion migration when a bias voltage is applied are
systematically investigated by density functional calculations [13]. Such ion displacement may induce
hysteresis in J-V curves, significant lattice distortion, and contraction leading to aging of PSC
performance.

2.2. Trap states
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Figure 1. (a). Energy level structures incl, including photoexcited electrons' photovoltaic behaviors
in GQDs. Reprinted with permission from Q. Xu et al., ACS Nano 7, 10654 (2013).
(b). Configuration coordinate diagram for an electron trap located at Ec-Et. Reprinted from Peaker et
al., J. Appl. Phys. 123, 161559 (2018).

Although defects in GQD/PSC can benefit the performance by providing more sub-energy states, the
defective state will inevitably occur between the band edges (the gap between CB and VB) and
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permanently trap charges. In energy level structure, the shallow traps residing near band edges are
revealed in a redshift PL measurement. On the other hand, deep traps between the CB and VB band
typically hamper the anti-trapping process and cause the majority of non-radiative recombination, as
depicted in Figure la [14].

As shown in Figure 1b., w, photons are not involved in the measured photovoltaic transitioning and
participate in non-radiatively Auger or multi-photon emission (MPE) mechanisms. The capture of a free
hole, h+, for instance, is significantly detrimental to solar cells by creating a negatively charged trap
with atomic configuration Q in the energy level diagram [15]. Both carrier types play a role in
determining the device’s performance for PSCs. The theoretical mechanism of non-radiative
recombination at a deep trap state is usually governed by Shockley-Read-Hall (SRH) statistics that
depend on the single electron carrier capture rates [16]. Statistically, the rate at which a defect-generated
trap captures an electron in a conduction band state (similarly to a valence band) is given by

Ch = op{vp)n €]

The thermally stimulated current (TSC) measurements in Figure 2. reveal the quantity and temperature-
dependent distribution of electronic trap states in PSCs based on different thermal activation energies.
Since the peaks in TSC are caused by the thermally distributed electronic trap states, the two low-
temperature peaks (T1 and T2) indicate trap states’ existence in the PSC sample.
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Figure 2. TSC plots reveal the qualified trap states in perovskite solar cells. Reprinted with
permission from A. Baumann et al., J. Phys. Chem. Lett. 6, 12, 2350-2354 (2015).

Highly replied to the crystalline quality of the perovskite film, the trap density found in multi-crystalline
silicon distributed between 1018 and 1021 m like single-crystal structure [17]. Based on the integration
of TSC results [18], under high sunlight intensities, the electronic trap state in GQD/PSC does not
effectively hinder the device’s performance because the concentration of photovoltaic charge carriers is
ten times more than that of the trap state concentration. However, the quantities of charge carriers and
trap states are competitive at low light intensities. The defect-generated trap states in the perovskite layer
certainly impact the PSC’s performance, as shown in Eq 2.

E,
Irsc = exp (— kBT) (2)

2.3. Combine effect in GOQD/PSC

In Figure 3a. the improved perovskite solar cell efficiency (PCE) is caused by the increases in Vo, Jsc,
and the Fill Factor (FF). The resulting measurements prove the hypothesis that GQDs modification can
passivate the trap states existing at the perovskite grain boundaries. Consequently, non-radiative
recombination is reduced, and electron extraction is improved for PCE. In the J-V curve, a 10% GQD
coating trial does not have a greater interval than a 7% GQD coating trial. The drawback effect of too
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many quantum dots substantiates the suggestion that the regulation of fabricating GQD is crucial to
idealizing PSC performance. The external quantum efficiency (EQE) is calculated to verify the
increasing photocurrent, shown in Figure 3b. Compared to a pure PSC without the coating, GQD
modification improves PSC performance from the visible wavelength region to the extent of the UV
region.

100 +
E
(%]
q —
E *
- ~
B = :
& \
40",
] . e wilhotl GOD ) w o — 1.9 rﬁg/mL GQD/PVP/HNO,
E | —e—3.5% GQD ‘ Origin
g — 7% GQD 20 4
3 4 10% GQD -
b + UV promotion
0 ; : . . : ]
0.0 0.2 0.4 0.6 0.8 1.0 400 600 800 1,000
Voltage (V) Wavelength (nm)

Figure 3. (a) Current density—voltage (J-V) curves of PSC/GQDs. Reprint with permission
from X. Fang et al., Phys. Chem. Chem. Phys. 19, 6057-6063 (2017).

(b) External quantum efficiency curves of PSCs with GQD/PVP/HNO3. Reprinted with
permission from X. Zhao et al., Nano Res., 1 (2021).

3. Conclusion

The decoration of graphene quantum dots will create structural defects that benefit the performance of
PSC by letting the photon respond below the energy band. The corresponding trap states, however,
induce more non-radiative recombination that affects the aging of PSC. The overall performance of
GQD/PSC shows that it is a promising method to improve the perovskite interface if the defects of
adding graphene quantum dots are well controlled. During the synthesis of GQD and preparation of
perovskite solar cell, annealing is typically a finalizing step, which, according to Ramen spectra, will
cause a more disordered graphene structure [19, 20]. This paper proposes future research on GQDs
modification to more variable device size, electrode film thickness, and perovskite lattice spacing
control under well-controlling structure defects and traps states to optimize the favorable optical
properties of decorated GQDs. Based on the simulation in the experimental condition, researchers can
eventually develop industry-scale fabrication methods for GQD/PSC production with consistent surface
structure and performance for every PSC to provide solar energy for a long lifetime.
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