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ABSTRACT 

This study delves into the intricacies of creating highly effective power conversion assemblies 

from van der Waals heterostructures of phosphorene and graphene quantum dots by employing 

density functional theory calculations. We emphasize the role of individual monomer properties 

and their interlayer interactions on the power conversion ability by focusing on visible light 

absorption, charge carrier generation and their separation. Different edge atom functionalization 

(H, NH2, Cl, OCN, CN) in the phosphorene quantum dots and heteroatom doping (Group IV = Si, 

Ge, and Group VI = O, S, Se) in the basal plane of graphene quantum dots were employed to alter 

the monomer properties. Our results indicate that select combinations of these modification 

techniques yield staggered frontier molecular orbital alignments (Type II) with spatial separation 

of the highest occupied and lowest unoccupied molecular orbitals. These candidates possess 

improved visible light absorption range with reduced intensities owing to the dominance of charge 

transfer excitations. Edge functionalization of phosphorene was identified as the most significant 

contributor to interlayer interaction strength, with functional groups that are electron-withdrawing 

in nature forming stronger interactions. Heteroatom doping of graphene was recognized as the 

most important contributor to improving visible light absorbance owing to the reduction in 

fundamental gaps. From the candidates considered, systems with relatively weaker interlayer 

interactions were determined to be better at charge carrier separation due to the potential gradient 

being concentrated at the interfacial region. These systems possess approximated power 

conversion efficiencies ranging between 11-29%, amongst the highest reported for quantum dot 

systems characterized by density functional theory calculations. 
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1. INTRODUCTION 

The need for a robust approach to utilizing renewable energy as a viable alternative to 

declining reserves of fossil fuel is at an all-time high.1 To this extent, the focus has been on 

effectively harnessing solar energy, highlighting the necessity of effective power conversion 

devices that transform solar energy into electrical current (photovoltaics) or chemical energy 

(photocatalysis).  Thus, focusing on novel nano-scale materials, also known as low-dimensional 

materials, with high solar light absorption, charge-carrier generation, and charge separation 

capabilities is imperative.  

Low-dimensional materials, colloquially used as an umbrella term to refer to two-

dimensional (2D),2 one-dimensional nanowire,3 or zero-dimensional quantum dot (QD) materials,4 

have garnered a lot of attention owing to their robust and tunable electronic, optical, mechanical, 

and thermal properties that result from high surface area to volume ratios and quantum 

confinement. The exfoliation of graphene by Novoselov et al. in 20045, 6 led to the development 

of other 2D materials like phosphorene,7 transition metal dichalcogenides,8 graphitic carbon nitride 

(g-C3N4),9 hexagonal boron nitride,10 perovskites,11 and MXenes,12 which prompted investigations 

into constraining the dimensionality even further. Different monomer modification techniques like 

dimensionality control, composition tuning (doping, alloying, functionalization), and inclusion of 

external fields (electric fields or strain fields) are used to alter material properties.13 

A more intriguing approach to tuning system properties is the formation of 

heterostructures, where two or more materials are combined. The central challenge here is to retain 

surface properties or modulate them in a controlled manner without introducing unwanted 

electronic states.14 The traditional prescription for heterostructure formation has been covalent 
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bonding between constituent materials. However, this approach requires akin lattice and electronic 

structures, as even a slight mismatch could lead to defects/dislocations that can propagate beyond 

the interface,15 leading to uncontrollable Schottky barriers, Fermi level pinning, and undesired 

interfacial trapping states that hinder device performance.16,17  An alternate way to integrate 

materials is the formation of heterostructures utilizing the relatively weak van der Waals (vdW) 

interaction,18 which generally encompasses dipole-dipole, dipole-induced-dipole, and induced 

dipole-induced dipole interactions but is broadly used to characterize all composite assemblies that 

are typically stacked vertically via non-bonding interactions.19 This method offers a higher degree 

of flexibility in its ability to combine dissimilar materials, giving rise to an additive effect of 

electronic properties,20 which can be modulated by the electronic hybridization of neighboring 

layers based on the amount of energy and momentum overlap.21 These composite systems are 

stable, with in-plane covalent bonds within each material, while the relatively weak non-bonding 

forces are generally sufficient to overcome gravitational forces for most nanoscale and macroscale 

materials.  

vdW systems are particularly advantageous for photocatalytic and photovoltaic 

applications, as the electronic hybridization between layers can be used to tune interlayer, 

intralayer, and hybrid excitons, thereby enabling the composite system to achieve a desired balance 

between light absorption capabilities and spatial separation of charge carriers. Theoretical 

investigations revealed that 2D vdW heterostructures of blue-phosphorene/boron-arsenide22, 

CdS/C2N, CdSe/C2N23, GeS/MoS2, GeSe/MoS2,  SnS/MoS224 are potential candidates for the 

water splitting reaction owing to the individual band edge energetics and formation of type-II-like 

staggered band alignment, which can promote interlayer or hybrid excitons. Similarly, 

graphene/MoS2,25 MoS2/MoSe2,26 MoS2/g-C3N4,27 and phosphorene/MoS228 are a few examples 
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of 2D material combinations investigated in the construction of vdW heterostructures as potential 

solar cell materials. Additionally, other lower dimensional forms of edge-modified phosphorene 

nanoribbon heterostructures,29 edge-modified phosphorene nanoflake heterostructures,30 edge-

modified phosphorene antidot heterostructures,31 and finite graphene, silicene, and arsenene 

heterostructures32 were shown to achieve desirable power conversion efficiencies and charge 

carrier separation through theoretical investigations. Apart from material choice, electric fields,33,34 

twist angles,35 pressure36 , and strain37 can be used as knobs to tune the absorption and lifetimes of 

these interlayer, intralayer, and hybrid excitons. 

The formation of vertically-stacked vdW heterostructures has also been explored as a 

means to encapsulate material surfaces, thereby preventing subsequent degradation while 

maintaining the parent material properties as demonstrated with 2D phosphorene and graphene38, 

39,40,41,42 and Al2O3 coating on phosphorene.43  Due to its excellent electronic,44 optical,45 

mechanical,46 and thermal properties,47 phosphorene, an elemental 2D material with sp3 hybridized 

phosphorous atoms and an anisotropic geometry, is a viable candidate for visible-light-driven 

energy conversion applications.48 The limiting factor in phosphorene has always been its ambient 

stability,49 which has been shown to improve upon encapsulation by employing materials like 

graphene via vdW interactions. 

In this work, we focus on a relatively underexplored realm of designing quantum dot van 

der Waals heterostructures by incorporating edge-functionalized, phosphorene quantum dots 

(PQDs) with graphene quantum dots (GQDs) to form composite assemblies that could be used in 

visible light-driven energy conversion applications. An advantage of using quantum dot candidates 

is their discrete, molecular-like energy levels that promote exciton generation at varied 

frequencies, thereby reducing thermalization losses and mimicking the performance characteristics 
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of multi-junction semiconducting devices. The motivation to use GQDs was driven by their 

capacity to enhance the ambient stability of phosphorene while also largely preserving the 

individual electronic properties of the composite system. To this end, we employ density functional 

theory computations to investigate the viability of these QD-vdW heterostructure systems as power 

conversion devices. We modulate the individual QDs by changing the edge terminating group on 

the PQDs and doping the basal plane of GQDs with group IV or Group VI heteroatoms. This work 

aims to decipher the effect of these tuning mechanisms in enhancing visible light-driven energy 

conversion in the context of these QD-vdW heterostructure systems while shedding light on the 

role of interlayer interactions and their strength in power conversion applications. 

 

2. METHODS  

The hexagonal C54H18 GQD with six zigzag edges, based on the experimentally available 

Circumcoronene50 framework, has been selected as a potential donor candidate in this study. This 

particular GQD has also been widely used in other theoretical studies to model GQDs with 

hydrogen functionalization at the edges.51,52,53  Additionally, we have explored heteroatom doping 

of Group IV and Group VI elements (Si, Ge, O, S, Se) in the basal plane of GQDs as a technique 

to modulate the donor candidate's electronic and optical properties. Edge-functionalized 

rectangular PQDs, denoted as P56X22, consisting of 56 phosphorus atoms and 22 edge sites have 

been employed as a potential acceptor material. The utilization of the P56 backbone in this 

investigation was driven by its similarity in size to the GQD and the minimal edge state 

contributions to the frontier molecular orbitals, as evidenced in our previous work.54 Here, we have 

used different edge functional groups (H, NH2, Cl, OCN, CN) based on our previous work45, 54 as 

a modulation technique to probe the optoelectronic properties of the acceptor while passivating the 
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edge sites. Including the pristine GQD, we have six donor and five acceptor candidates, giving us 

30 heterostructure assemblies for consideration. 

Electronic, optical, and geometric properties of all monomer and heterostructure systems 

were obtained upon performing full geometry optimizations with Becke 3-parameter Lee-Yang-

Parr (B3LYP) global hybrid density functional55, 56 in conjunction with a Pople-type split valence, 

triple-𝜁basis set (i.e., 6-311g(d,p)) with polarization functions (d orbitals on nonhydrogen atoms 

and p orbitals on hydrogen atoms). Grimme’s dispersion corrections (DFT+D3)57 were employed 

to account for the interlayer vdW interactions. The dispersion corrections were also applied to the 

monomer units to ensure uniformity across calculations. Harmonic vibrational frequencies were 

obtained upon structure optimization to ensure that the obtained ground state structures were at a 

minimum in the potential energy surface and thus dynamically stable. All computations were 

performed using a pruned grid (99 radial shells, 590 angular points per shell) along with a threshold 

of < 10-10 for the root-mean-squared change in the density matrix during the self-consistent field 

procedure.  

Time-dependent density functional theory (TD-DFT)58, 59 single-point energy 

computations were performed at the same level of theory to identify the first 100 singlet excitations 

in both monomer and heterostructure systems. The first 100 singlet excitations of the optimized 

ground state heterostructures were also modeled with the HSE06 density functional60 for 

comparison purposes while holding all other parameters constant. These simulations were further 

used to identify the optical energy gap (Eopt, defined as the energy of the first optically active 

excitation, where optical activity was determined by having an oscillator strength of at least 0.01) 

and the maximum absorption wavelength (𝜆!"#). Simulated absorption spectra were generated 

using a full width at a half-max value of 0.1 eV. Additionally, the interlayer, intralayer, or hybrid 
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(excitons comprising of both interlayer and intralayer character) nature of these excitations was 

identified using the intra-fragment charge transfer analysis (IFCT)61 with the aid of Multiwfn 3.8.62 

Electron-hole pair generation for these systems primarily occurs from singlet excitations, as the 

TD-DFT calculations for triplet excitations depicted the forbidden nature of these transitions and 

thus will not be considered for further evaluation. 

All electronic structure computations were performed using the Gaussian 16 software 

suite.63 Counterpoise corrections64 in Gaussian 16 were utilized to compute the counterpoise-

corrected complexation energies to gauge the extent of basis set superposition error (BSSE) and 

its role in comparing the thermodynamic stability of the heterostructure systems. Additionally, 

Multiwfn 3.8 was employed to obtain cube files for the electron density differences (charge density 

difference or CDD) that occur during the formation of the heterostructure systems and the 

corresponding data for the local integration curves of electron density. Kohn-Sham orbital figures 

of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) were constructed via projection onto the total electron density isosurface at 0.02 au. In 

comparison, electron accumulation and depletion regions corresponding to CDD analysis were 

plotted by projecting onto the total electron density isosurface at 0.0005 au.  

 

3. RESULTS & DISCUSSION 

Monomer Systems: The role of heteroatom doping in GQDs, particularly in the context of N, B, 

S, and Si doping,65-67 has been widely studied and shown to alter the HOMO and LUMO orbitals. 

This often results in reduced fundamental gaps (defined as the HOMO-LUMO energy gap and 
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sometimes used as an approximation to band gaps in periodic systems) and different absorption, 

emission, and excitonic properties compared to pristine GQDs. The dopants used in the current 

study effectively reduce the fundamental gap due to their varying orbital contributions to both 

HOMO and LUMO levels of the GQD, as depicted in Figure 1a. Group IV dopants primarily 

contribute to the LUMO level, reducing the LUMO energy and, thereby, the fundamental gap. In 

contrast, group VI dopants primarily affect the HOMO level, increasing its energy and reducing 

fundamental gaps. The geometric properties of the pristine quantum dot are locally perturbed due 

to the heteroatom dopants (Table S1), indicating a shift in hybridization away from sp2 toward sp3. 

This shift is more prominent for dopants with a considerably larger atomic radius than C, as 

 

Figure 1. Optoelectronic properties of heteroatom-doped GQDs. (a) HOMO, LUMO levels and 
fundamental gaps with orbital contributions, (b) Optical absorption spectrum of GQDs. 
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evidenced by the increasing C-X bond lengths (1.42 – 1.90 Å) and reducing bond angles (119.9 – 

95.7°) in Table S1. This change can be observed visually from a side-on view where the dopant 

atoms protrude out of the plane of the GQD. These dopant atoms have great potential as active 

sites owing to the electron density redistributions, as seen by the AIM (Atoms-in-molecules) 

charge distribution on these locations and the neighboring atoms (Figure S1). This analysis also 

revealed that the C atoms in neighboring sites to the heteroatom possess partial positive charges, 

except when O is used as a dopant due to the electronegativity differences. Thus, these heteroatom 

substitutions can reduce energy gaps while concurrently possessing characteristics of an active site 

to drive chemical transformations, which may be advantageous when constructing a final 

composite assembly. The effects to the GQD optical properties are depicted in Figure 1b. The 

nonmetal heteroatoms provide new excitation channels, as can be seen in the more continuous 

 

Figure 2. Optoelectronic properties of edge-functionalized PQDs. (a) HOMO, LUMO levels 
and fundamental gaps, (b) Optical absorption spectrum of PQDs. 
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spectra of the doped systems. However, this comes at the cost of reduced optical absorption 

intensities. This trend has also been observed in other theoretical investigations with different 

dopant atoms.68  

The geometric properties (in-plane and out-of-plane bond lengths and angles between 

phosphorous atoms) of the edge-functionalized PQDs align with reports of pristine phosphorene 

and are discussed in our previous work.54 The edge functional groups in these PQDs, unlike the 

heteroatom doping in GQD, do not compositionally contribute to the frontier molecular orbitals 

(FMOs; i.e. HOMO and LUMO), which are primarily comprised of 3p orbitals of phosphorous 

atoms as observed in Figure 2a. However, functionalization enables the repositioning of both 

HOMO and LUMO levels in a concerted fashion due to the edge dipole layers that are established 

from bond polarity at the periphery. This creates an electric field that shifts all particle energy 

levels similarly, which has been discussed in detail for PQD systems and 1D phosphorene 

nanowires.29, 30, 54 As a result of the lack of compositional contribution from the edge states to the 

FMOs, which are involved in the excitations (refer to Figure 2b), the fundamental gaps, optical 

gaps, and the low energy portion of the absorption spectra for these systems remain essentially the 

same.  

 
Heterostructure systems: Next, we delve into the formation of heterostructure systems using the 

previously discussed monomer QDs. Based on previous reports of optimized 2D vdW assemblies 

of phosphorene and graphene,41 the optimized QD monomer systems used for this study were 

placed roughly 3.5 Å apart vertically (along the Z direction) and optimized to obtain the structure 

of the final heterostructure. A summary of the HOMO and LUMO energetics, predicted FMO 

alignments, and fundamental gaps for all 30 heterostructure systems can be found in the SI (Figure 

S2-S3 and Table S2).  Since this work aims to create heterostructures capable of utilizing solar 
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light to achieve higher power conversion efficiencies with effective charge carrier separation, we 

utilize screening criteria based on the monomer unit’s FMO energy alignments. Here, we select 

systems that possess staggered HOMO and LUMO energetics (referred to as type II alignment and 

depicted in Figure S4) and ensure the HOMO and LUMO orbitals of the optimized heterostructures 

are localized in the separate layers, as this spatial separation is essential in reducing the exciton 

binding energy and charge carrier recombination. Additionally, we require these systems to 

possess a positive open circuit voltage (𝑉$%) value to facilitate power conversion (see values in 

Tables 1 and S2). Here 𝑉$%  is defined as 

𝑉$% = 𝐸&'()*+(+, − ∆𝐸-./$ − 0.3    (1) 

where 0.3 eV is an approximate value used for losses associated with conversion kinetics.69, 70 

𝐸&'()*+(+,is the fundamental gap of the donor monomer, and ∆𝐸-./$ refers to the LUMO offset 

between the donor and acceptor units. Based on this screening, we reduced the candidate space to 

the ten systems discussed in the rest of this section. The interlayer separation (vdW gap) of these 

selected candidates, defined as the vertical distance between the top layer of the phosphorene basal 

plane and the graphene basal plane, ranges approximately from 3.12-3.43 Å (Table 1) indicating 

Table 1 Summary of electronic properties of optimized heterostructures. 

 
System 

 
Predicted  
Efund (eV) 

 
Actual  
Efund (eV) 

 
∆Efund (eV) 

 
𝑉$%  

 
D-A e 
transfer  

 
~ vdW 
gap (Å) 

C54H18-P56H22 2.24 2.49 0.25 1.94 0.056 3.30 
C54H18-P56Cl22 1.00 1.90 0.90 0.70 0.100 3.32 
C54H18-P56CN22 0.41 1.74 1.33 0.11 0.151 3.33 
C53SiH18-P56H22 2.13 2.38 0.25 1.83 0.063 3.20 
C53SiH18-P56Cl22 0.89 1.82 0.92 0.59 0.091 3.37 
C53GeH18-P56Cl22 0.96 1.84 0.88 0.66 0.089 3.38 
C53GeH18-P56CN22 0.38 1.64 1.27 0.08 0.127 3.43 
C53OH18-P56H22 1.10 1.42 0.32 0.80 0.075 3.28 
C53SH18-P56H22 1.48 1.77 0.30 1.18 0.079 3.23 
C53SeH18-P56H22 1.51 1.83 0.32 1.21 0.076 3.12 
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vdW interactions, and the interlayer separations are consistent with other low dimensional 

heterostructure candidates.71  

To examine the thermodynamic stability of the heterostructures, the following quantities 

are defined:  

∆𝐺 = -𝐺012 − .𝐺)+(+, + 𝐺"33142+,01 𝑛⁄     (2) 

∆𝐸5(2 = -𝐸012012 − (𝐸)+(+,012 − 𝐸"33142+,012 )1/𝑛     (3) 

𝑐. 𝑐. = (𝑛∆𝐸5(2 − 𝐵𝑆𝑆𝐸)/𝑛      (4)  

∆𝐸65() = -𝐸012012 − (𝐸)+(+,)+(+, − 𝐸"33142+,
"33142+,)1/𝑛 .   (5) 

Here 𝐺012, 𝐺)+(+,, and 𝐺"33142+, are the sum of electronic and thermal free energy of the 

corresponding units, and ∆𝐺 is defined as the free energy of binding.  In general, 𝐸 refers to the 

total electronic energy of the units, while the superscript denotes the geometry at which the 

electronic energy was obtained. ∆𝐸5(2 is defined as the interaction energy and is slightly different 

than the binding energy ∆𝐸65(), which accounts for the monomer deformation during 

heterostructure formation. The counterpoise corrected complexation energy (𝑐. 𝑐.) is the difference 

between the interaction energy and BSSE. In all cases, 𝑛 refers to the total number of atoms in 

each heterostructure system and has been utilized to represent these values on a per-atom basis to 

assess relative stability across the systems. Figure 3 depicts the energetic parameters demonstrating 

the interaction strength and thermodynamic stability. These energetic parameters indicate that 

heterostructure formation between phosphorene and graphene QDs is thermodynamically feasible. 

The counterpoise corrected complexation energies reveal that ∆𝐸5(2 is sufficient for comparing 

relative interaction strengths amongst these candidates, as the trends are preserved even after 

accounting for the BSSE. However, they suggest that, on average, ∆𝐸5(2 overestimates these 

interactions by roughly 0.16 – 0.23 kcal mol-1 per atom, with chloride functionalized systems 
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having the highest over-estimation. The distinction between ∆𝐸5(2 and ∆𝐸65()  remains small, 

indicating that the monomer deformation during the formation of these composite heterostructures 

is minimal. However, the variation of this parameter amongst the considered heterostructures (see 

Table S3) reveals that systems with acceptor units having electron-withdrawing edge groups (Cl, 

CN, and OCN) have a relatively higher deformation. Figure S5 also unveils the tunability of 

interaction strength with the monomer modification technique. The acceptor PQD’s edge 

terminating group has a larger impact on the interaction strengths than the GQD’s dopant atom, 

likely due to the higher concentration of these modifications. Generally, the more electron-

withdrawing edge groups (Cl, CN, OCN) on phosphorene will result in a higher electron transfer 

from the graphene unit to phosphorene due to its ability to pull electron density, which is indicated 

 

Figure 3. Thermodynamic stability of the selected donor-acceptor heterostructure systems. 
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by the NBO-determined charge transfer values in Table 1 (and Figure S6). These systems also 

possess more favorable interactions, as depicted in Figure S5. The higher charge transfer, better 

interaction energies, and larger monomer deformation indicate a higher degree of interlayer 

coupling in such systems. Thus, systems like C54H18-P56Cl22 or C54H18-P56CN22 possess a higher 

degree of interlayer coupling than their corresponding counterpart, C54H18-P56H22.  

 To further assess this and get a better idea of charge transfer during the formation of the 

heterostructures, we have plotted the charge density differentials (CDD) in Figure 4, which are 

obtained by plotting the difference in electron density of the heterostructure and the corresponding 

 

Figure 4. Charge density difference plots and local integral curves of electron density differences 
of selected donor-acceptor heterostructure systems. Blue isosurfaces indicate charge depletion, 
and lime green isosurfaces indicate charge accumulation.  
 

C54H18-P56H22 C53SiH18-P56H22C54H18-P56Cl22 C54H18-P56(CN)22 C53SiH18-P56Cl22

C53GeH18-P56Cl22 C53GeH18-P56(CN)22 C53OH18-P56H22 C53SH18-P56H22 C53SeH18-P56H22
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monomers in the heterostructure geometry. Typically, when two materials are brought together, a 

charge will be injected from the donor material to the acceptor material. Both NBO charge transfer 

and CDD analysis confirm electron injection from the GQD systems to PQD systems, aligning 

with our initial assumption of using the GQDs as donor candidates and PQDs as the acceptor 

candidates. It is worth noting that the local integral curves in Figure 4 denote the integration of the 

electron density differences in the xy plane (horizontal) for a given z value (vertical axis) that 

arises during heterostructure formation.  The distance defined in the y-axis of these curves 

corresponds with the z-axis of the cartesian coordinate system for the heterostructures. Here, the 

xy plane cutting the z = 0 point aligns with the top layer of phosphorene atoms. The CDD 

isosurfaces and corresponding local integral curves in Figure 4 reveal that most of this charge 

rearrangement is concentrated at the interface regions. However, the charge injected into the 

phosphorene layer seems to propagate to the bottom layer of phosphorene atoms. The charge 

depleted from graphene for systems with Cl and CN functionalization also propagates above the 

interface region. Thus, the existence of type II-like donor-acceptor heterostructures coupled with 

charge transfer from donor GQDs to acceptor PQDs, which results in a built-in potential difference 

across the interface region (observed by ∆𝜌 of the local integral curves corresponding to the 

interface region), will drive electron-hole separation in these power conversion devices. It is worth 

mentioning that systems that are deemed to have a relatively higher degree of interlayer 

interactions through stability analysis and NBO charge transfer analysis (systems with Cl and CN 

functionalizations) display muted interlayer potential differences owing to the ease of charge 

propagation beyond the interfacial region, which is consistent with having stronger interlayer 
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interactions.  

Next, we shift the focus back to the electronic properties of the resulting heterostructure 

systems. As discussed previously, our primary focus is on systems that achieve a type II-like 

energetic alignment. This is depicted in Figure 5, along with the resulting optimized 

heterostructures HOMO and LUMO energetics. Here, we see a difference in these optimized 

heterostructure’s predicted fundamental gap (derived from the HOMO and LUMO energetics of 

the individually optimized monomers) and actual fundamental gaps (derived from the HOMO and 

LUMO energies obtained post-optimization of the heterostructure systems). This difference is 

given by ∆Efund in Table 1 and can be ascribed to the interlayer interaction, as systems deemed to 

 

Figure 5. HOMO, LUMO orbital energies of selected donor-acceptor heterostructure systems 
with staggered alignments. D refers to the donor GQD, A refers to the acceptor PQD, and H 
refers to the resulting optimized heterostructure. 
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have a higher degree of interlayer interaction (and deformation) from the previous sections have 

higher ∆Efund values. Figure 6 depicts the isosurfaces of the spatially separated HOMO and LUMO 

orbitals of the ten heterostructure candidates. These orbitals remain largely undisturbed and 

compositionally akin to the individual monomer counterparts, indicating that despite the varying 

levels of interlayer interactions, none of the ten candidates possess strong enough interactions to 

promote compositional changes to the FMOs inducing charge delocalization. This is important in 

maintaining charge carrier separation, as stronger interlayer interactions can result in delocalized 

FMO states, which can reduce charge carrier separation. Additionally, we see a reduction in 

fundamental gaps of all the heterostructure systems compared to the individual monomer 

 

Figure 6. HOMO, LUMO orbital isosurfaces of the selected donor-acceptor heterostructure 
systems with staggered energy alignments. 
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counterparts (Table 1), enabling these systems to have fundamental gaps better suited for 

optimizing visible light absorption.  

Subsequently, we focus on the optical absorption of the resulting heterostructure systems. 

Figure 7 depicts the simulated absorption spectra from the first 100 singlet excitations, denoted by 

the UV-Vis response curves. The color-coded traces correspond to the contributions to the total 

response curve arising from a local perturbation in the donor (D curve) or acceptor (A curve) 

environment or a charge transfer excitation (DàA or AàD curves) between these monomer units. 

The maximum solar spectral irradiance roughly corresponds to the visible light region. Thus, a 

 

Figure 7. Simulated absorption spectra of selected donor-acceptor heterostructure systems. Total 
response of the heterostructure is depicted by the UV-Vis curve, while colored traces indicate the 
local response associated with the acceptor (A), donor (D), or charge transfer (AàD or DàA). 
Dashed vertical lines correspond to 𝜆!"# (grey) and the 𝐸+42 excitation (magenta).   
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power conversion device utilizing solar light should ideally have continuous and intense 

absorptions around ~ 1.5 eV – 3.3 eV (380 nm – 700 nm) to maximize solar energy absorption. 

The heterostructure systems have new excitation channels within this desired range compared to 

their monomer counterparts (Figure 1b and Figure 2b) owing to the additional charge transfer 

excitations denoted by the green and yellow curves in Figure 7. Additionally, heteroatom doping, 

which reduced the optical gap of the donor, has enabled the corresponding heterostructures to have 

excitations around the low energy region of the desired range (~ 1.5 eV), thereby increasing the 

absorbance range. The optical absorption spectrum of these heterostructures is a combination of 

the individual donor and acceptor spectra with additional charge transfer excitations. As a result, 

more excitations are present, but there is a considerable decrease in the absorption intensity. This 

can be observed by the muted features of the red and blue response curves (in Figure 7) that arise 

roughly around the same excitation energies as those in Figure 1a and Figure 1b. This can be 

ascribed to the long-range nature of charge transfer excitations, which are the prominent 

contributors to the total response curves in Figure 7. The reduction in intensity in these long-ranged 

excitations typically stems from the lower overlap between initial and final states, reducing 

transition dipole moments and, thereby, the absorption intensities. The 𝜆!"# feature for all 

heterostructure systems (denoted by the vertical grey dotted line in Figure 7) typically corresponds 

to a point where all or most types of inter-fragment and intra-fragment excitations can coincide. In 

contrast, the 𝐸+42 excitation (denoted by the vertical magenta lines in Figure 7) mainly corresponds 

to the lower 𝐸+42 excitations of the two contributing monomers, with some occasional charge 

transfer contributions. Thus, 𝐸+42 in the heterostructure systems primarily arise due to intralayer 

transitions in the donor, except for systems with undoped GQDs where intralayer transitions in the 

acceptor become the primary contributor.  It is worth mentioning that there are dark excitations (f 
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~ 0), which are primarily HOMO-LUMO transitions (~99% contribution) arising before the 

defined 𝐸+42 excitations in these heterostructure systems, which can be attributed to the lack of 

overlap between these orbitals. The total UV-Vis response has also been obtained with the HSE06 

functional (see Figure S7), and the similarity depicted between the response curves is evident.  

Finally, we quantify the power conversion efficiency (PCE) of these heterostructure 

systems based on Scharber’s model, which approximates the fraction of incident power converted 

to electricity72 by using the following functional form to estimate the power output over the input 

power. This model has been widely employed in similar theoretical work for other low-

dimensional materials.30, 73 

𝑃𝐶𝐸 = 7!!8"#9$%
:$&'()

       (6) 

The power output of a device is dependent on the fill factor (𝛽;; = 0.65), the open circuit voltage 

(𝑉$%  which is the maximum voltage at zero current and is defined in Equation 1) and the short 

circuit current density (𝐽<3 which is the maximum current flow at zero voltage). Here 𝐽<3 is defined 

as 𝐽<3 = ∫ 4(ℏ?))(ℏ?)
ℏ?

A
B*+,-
.&,&) 	. It is noteworthy that the power out of these devices is largely 

dependent on electronic structure factors, like the fundamental gap of donor units (captured within 

the short circuit current density calculation) and the energy difference in the donor’s HOMO and 

acceptor’s LUMO (captured within the open circuit voltage). The input power is defined as 

𝑃<+C", = ∫ 𝑝(ℏ𝜔)𝑑(ℏ𝜔) = 1000	𝑊/𝑚DA
E , where 𝑝(ℏ𝜔) is the AM1.5 solar energy flux at the 

photon energy ℏ𝜔. It is important to note that the model assumes an external quantum efficiency 

of 100%. Although slightly red-shifted, the optical gaps in the optimized heterostructure systems 

closely resemble the donor monomer’s fundamental gap. Thus, using the corresponding donor 

fundamental gap as the lower integration limit in the short circuit current density calculation is a 
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conservative approximation that can capture the trends observed between the optimized 

heterostructure systems. However, it is worth noting that the expression for 𝑉$%  (Eq. 1), which 

utilizes the individual monomer energetics, may fail to accurately reproduce the trends observed 

in all the optimized heterostructures due to the changes in the electronic structure of 

heterostructures, 

particularly with higher 

interlayer interactions. 

Considering that there is 

a slight decrease in the 

charge separation ability 

of these strongly 

interacting systems (Cl 

and CN functionalized systems), we can utilize the PCE values for heterostructures with hydrogen 

edge functionalizations in their acceptor units (those deemed to be better performing in terms of 

charge carrier segregation and where the electronic structure changes are minimal, i.e. ∆Efund < 

0.35 eV) to best distinguish between device performance. In doing so, we identify that these 

hydrogen-functionalized systems possess PCE% values between 11 – 29% (Table 2), where the 

higher PCE% values can largely be attributed to the dopant-led band gap lowering of the donor 

units, as witnessed by the enhancement in 𝐽<3 of these systems.  

 

4. CONCLUSIONS 

In summary, we employ DFT and TD-DFT computations to illustrate the optoelectronic properties 

of van der Waals heterostructure quantum dots capable of solar energy conversion, formed using 

Table 2. Power conversion performance of heterostructure systems. 
 
 
System 

 
𝑉$%  (eV) 

 
𝐽<3  
(W/m2eV) 

 
PCE% 

C54H18-P56H22 1.94 92.86 11.71 
C54H18-P56Cl22 0.70 92.86 4.22 
C54H18-P56CN22 0.11 92.86 0.66 
C53SiH18-P56H22 1.83 198.73 23.64 
C53SiH18-P56Cl22 0.59 198.73 7.62 
C53GeH18-P56Cl22 0.66 314.13 13.48 
C53GeH18-P56CN22 0.08 314.13 1.63 
C53OH18-P56H22 0.80 549.66 28.58 
C53SH18-P56H22 1.18 365.25 28.01 
C53SeH18-P56H22 1.21 331.55 26.08 
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hydrogen-terminated doped GQDs and edge-functionalized PQDs. We systematically evaluate the 

synergistic effects of doping GQDs with novel heteroatoms like Si, Ge, O, S, and Se and edge 

functionalizing PQDs with groups like H, NH2, Cl, OCN, and CN. These modification techniques 

work by either compositionally affecting the HOMO and LUMO orbitals of donor molecules or 

by shifting the orbital energies of the acceptor molecules. This approach results in 10 out of 30 

heterostructure candidates attaining staggered energy alignment (type-II) with spatial separation 

of HOMO and LUMO orbitals along with a positive open circuit voltage. Additionally, these 

modulations produce varying degrees of interlayer coupling, which plays a role in the resulting 

electronic properties and charge carrier separation. Out of the ten candidates discussed in this work, 

the heterostructures with lower interlayer coupling were deemed better for charge carrier 

separation, owing to the higher potential difference at the interface and the ability to oppose charge 

carrier recombination. These systems also have better open circuit voltages, short circuit current 

densities, and, as a result, higher power conversion efficiencies, rendering them ideal candidates 

for power conversion applications like photovoltaics or photocatalysis. 

 

5. SUPPORTING INFORMATION 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

xxx.xxx.   

Geometric properties around dopant site in graphene quantum dots; AIM charges around the 

dopant site of C53XH18; HOMO, LUMO orbital energies of undoped and Si, Ge-doped 

heterostructure systems; HOMO, LUMO orbital energies of O, S, and Se-doped heterostructure 

systems; Electronic properties of all heterostructure systems; Depiction of Type I, Type II, and 

Type III band alignment; Thermodynamic stability of all donor-acceptor heterostructure systems; 
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Binding and interaction energies of all heterostructure candidates; Donor-acceptor electron 

transfer from GQD to PQD; Simulated absorption spectra using B3LYP+GD3 and HSE06. 
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