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ABSTRACT 

Self-consistent field calculations were used to examine a design motif for organic double heterojunction 

solar cell materials. They are a specific type of cascade heterojunction designed to increase cell voltage 

without sacrificing current and consist of fully conjugated block polymers. The design employs three 

sections; a p-type section, an n-type section and a third section called the bridge. The energy alignment 

between sections is important to optimal device function and a motif based on electron donating and 

electron accepting subunits was evaluated. If the energetic offset between p-type and n-type sections is 

greater than the exciton binding energy and if the bridge is formed using the scheme presented, a nearly 

ideal energetic alignment is obtained. In addition, calculations on the excited states of the system were 

performed to illustrate the relationship between bridge length and the magnitude of charge carrier 

recombination currents. An order of magnitude decrease relative to the corresponding diblock polymer 
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can be expected for bridge lengths of > 6 repeat units. Taken in sum, these results offer concrete 

guidelines for the development of synthetic targets in this promising class of materials. 

TOC GRAPHIC 

 

The development of solar cells with high efficiency and low cost is both an important goal for the 

mitigation of climate change and presents an economic opportunity.
1,2

  Photovoltaic devices that use π-

conjugated molecules and polymers as their active layer have improved dramatically since their early 

demonstrations
3-5

 to become viable technologies for large-area, low-cost, flexible and building 

integrated photovoltaics.
6
 Indeed numerous examples of lab-scale devices

7-9
 have met the ambitious goal 

of producing cells with > 10% power conversion efficiency.
10

 However, new materials including metal-

halide perovskites
11

 can be leveraged to make solar cells of nearly double this power conversion 

efficiency.
12

 In addition, the rate of recent progress in organic photovoltaics seems to hint at the 

possibility that obstacles of a more fundamental nature are currently limiting cell efficiencies.
13,14

 

In response to these challenges, researchers are exploring the possibilities of energy cascade 

structures/ternary blends
15-21

 and singlet fission
22,23

 amongst other approaches to improve devices 

beyond the current paradigm of two-component bulk heterojunction cells. Often, these strategies are 

aimed at increasing cell current by improving the external quantum efficiency of photocurrent 

generation. To improve the open circuit voltage (VOC) of a cell  without sacrificing cell current, we 
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proposed a double heterojunction based on a fully conjugated triblock polymer system and performed a 

series of simulations that suggested power conversion efficiencies approaching 30% were possible.
24

 

Achieving the full potential of these devices requires excellent phase separation and careful energetic 

alignment of each section of the polymer. In addition, synthetic targets were identified from the 

literature and the thickness dependence of their power conversion efficiency was calculated. However, a 

more general connection between the electronic structure of the material and its chemical constituents 

was only hinted at, making it difficult to design synthetic targets and risky to carry out a challenging 

synthesis. To address this shortcoming, we performed self-consistent field calculations on a general 

structural motif based on electron donating and electron accepting subunits in an attempt to aid synthetic 

chemists interested in these materials.  

 In more detail, the double heterojunction structure is a specific type of cascade heterojunction, 

consisting of three fully conjugated sections, a p-type section, an n-type section, and a bridge section 

connecting the two (see Fig. 1). The key design principle that differentiates the double heterojunction 

solar cell from other fully conjugated block polymer solar cell materials
25-40

 is the bridge section. 

Specifically, the maximum efficiency for a double 

heterojunction solar cell is only obtained when all 

recombination currents flow across the bridge.
24

 

This factor sets stringent requirements on phase 

purity and differentiates it from ternary systems
20

 

because the electronic, not optical properties of the 

bridge are of primary concern. The bridge provides 

a synthetic handle to eliminate the standard charge 

transfer state pathway for recombination, 

increasing VOC by inhibiting recombination 

 

Figure 1. Schematic of an organic double 

heterojunction. The HOMO level refers to the 

ionization potential of the ground state while 

the LUMO refers to the electron affinity of the 

ground state. IPS1 and EAS1 refers to the 

ionization potential and electron affinity of the 

singlet exciton, respectively. 
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without a large energy offsets between the sections. In bulk heterojunction cells, large energy offsets 

decrease open circuit voltage but are necessary to prevent charge recombination by ensuring that charge 

transfer excitons cannot be converted into triplet excitons incapable of producing photocurrent.
41

 The net 

result is that one desires a bridge section long enough to minimize charge recombination currents by 

spatially separating electrons and holes without impeding charge transfer between n-type and p-type 

sections of the double heterojunction. It is worth pointing out that increases in VOC are commonly 

observed in energy cascade structures,
42-44

 but this fact has yet to be exploited to its full potential for 

lack of a device structure where voltage and external quantum efficiency (at a given wavelength) can be 

simultaneously optimized. 

Maintaining high cell current requires not only efficient energy transfer, but unimpeded electron 

transfer between n-type and p-type sections, in turn requiring the appropriate alignment of several key 

energy levels in the device. The optical gap of the p-type section (EP
OPT

) is the difference between the 

HOMO of the p-type section (EP
HOMO

) and the ionization potential of the singlet exciton (IPS1).
45

 In 

general, the energy of the singlet exciton is less than the electronic gap between the LUMO and HOMO 

levels (EP
LUMO

 - EP
HOMO

 ); this difference is the binding energy of the exciton.
46

 In the context of the 

double heterojunction solar cell, the existence of a non-zero exciton binding energy requires an energetic 

offset between EP
LUMO

 and the LUMO of the bridge section (EB
LUMO

) to ensure that electron transfer 

from the molecular exciton is a thermodynamically favorable process. Naturally, this same consideration 

applies to hole transfer from the n-type section, requiring the HOMO level of the bridge (EB
HOMO

) to be 

equal to or nearer the vacuum level than the electron affinity of the singlet exciton in the n-type section 

(EAS1 see fig. 1). This energetic configuration was calculated to enable solar cell efficiencies 

approaching 30% even in the presence of a 0.3 eV exciton binding energy.
24

 

The combination of electron donating and electron accepting subunits is a very common motif in 

semiconducting polymers,
10,47-51

 and is capable of lowering the optical gap of a material well into the 



 5 

near infrared, enabling large portions of the solar 

spectrum to be captured. We constructed a general 

model of this class of materials by approximating each 

subunit as a single site with its own HOMO and LUMO 

levels. The individual sites were allowed to couple to 

their nearest neighbors and electron-electron repulsion 

was accounted for in a self-consistent manner according 

to well established methods.
52

 Although this model does 

not identify synthetic targets without further analysis, it 

has the advantage of being independent of any particular 

chemical structure, allowing a wide latitude for the 

development of specific synthetic targets. 

The calculation had three parameters in total, two 

describing the coupling of nearest-neighbor orbitals (one for the HOMOs and another for the LUMOs), 

and a third parameter quantifying the strength of electron-electron repulsion. To determine values for 

these parameters, we calculated the energy of E
HOMO

, E
LUMO

 and E
OPT

 for a series of donor-acceptor 

tetramers and compared our results to a previous study that employed higher level simulations.
53

 The 

agreement between the calculations is modest, in some instances differing by ±0.5 eV. This lack of 

precision is due to important structural differences of the molecules in question. Fitting all of them to a 

single set of parameters without reference to their chemical structures is an approximation. However, the 

model used here provides us with the opportunity to comment on general, qualitative features of double 

heterojunction systems. 

We used the parameters extracted from the aforementioned calculations to demonstrate the variation 

of the HOMO and LUMO energies of donor-acceptor tetramers (D-A)4 as a function of the energy of 

 

Figure 2. Calculated LUMO (a) and 

HOMO (b) energies for a series of 

tetramers as a function of the energies of 

their subunits. 
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Figure 3. LUMO energies for p-type (red 

circles) n-type (blue squares) and bridge 

(green diamonds) sections as a function of 

one component of the p-type section 

(ED1
LUMO

). The energy of the 

complimentary component (EA1
LUMO

) was 

chosen to keep EP
LUMO

  of the tetramer 

unchanged and employed the following 

energy offsets between p- and n-type 

sections: (a) 0.2 eV (b) 0.3 eV (c) 0.4 eV. 
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their subunits. Tetramers are a good approximation of a 

semi-infinite system as calculations on larger oligomers 

did not yield significantly different results. The variation 

of the orbital energies of tetramer systems is shown in 

Fig. 2. The results are intuitive from the perspective of 

molecular orbital theory; the strength of the electron-

electron repulsion is not strongly dependent on the donor 

or acceptor energies. As a corollary, our model predicts 

an exciton binding energy (E
EX

) of 0.31 eV that is 

independent of tetramer composition.  

Using the same parameters as above, we calculated a 

series of fully conjugated triblock polymers intended as 

candidates for double heterojunction solar cells. The 

materials consist of p-type, n-type and bridge sections, 

the former two again being approximated as tetramers. 

The p-type section is (D1-A1)4, the n-type section is (D2-

A2)4 and the bridge section is a dimer made from the 

electron donating subunit of the p-type section and the 

electron accepting subunit of the n-type section (eq. 1). 

(1) (D1-A1)4-(D1-A2)2-(D2-A2)4   

The results of a calculation of the LUMO energies for each section of the polymer is shown in Fig. 3. 

In performing this calculation, we varied the composition of the bridge while attempting to maintain a 

constant EP
LUMO

 using the results of fig. 2. In other words, we varied ED1
LUMO

 and EA1
LUMO

 in such as 
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way as to follow the contours of Fig 2a for the p-type section while maintaining a fixed EA2
LUMO

. Thus, 

we varied the bridge composition while attempting to hold the energy levels of the n-type and p-type 

sections constant relative to the isolated system. We found that maintaining constant energy levels of the 

p-type and n-type sections was largely possible; the variation was less than 0.1 eV. This is the expected 

behavior if the energies of the p-type and n-type sections are independent of the bridge. In other words, 

the energy levels of the HOMOs and LUMOs associated with the p-type and n-type sections of a double 

heterojunction can largely be predicted by examining the polymers individually. However, Fig. 3 

demonstrates that the same consideration is not true of the bridge section.  

As stated earlier, the components of the bridge are ED1
LUMO

 and EA2
LUMO

 the former of which was 

varied during the calculations shown in fig 3. There is only a minor variation in the energy of the bridge 

section until the far right of each graph. At this point, ED1
LUMO

 becomes lower in energy than EA2
LUMO

 

and the energy of the bridge drops to become equal to the n-type section. In other words, the energy 

levels of the bridge are largely independent of its components so long as the electron donating subunits 

have a smaller electron affinity than the electron accepting subunits. Instead of varying strongly with 

composition, the energy level of the bridge is pinned to approximately 0.1 - 0.15 eV above the n-type 

section regardless of the value of EP
LUMO

.  

A similar calculation was performed to determine how the HOMOs are affected by their composition. 

We fixed the energy of both components in the p-type section and changed the energies of the 

components in the n-type section, while maintaining a nearly fixed EN
HOMO

. The results were 

functionally identical to the ones pictured in Fig. 3. That is, EB
HOMO

 is pinned below EP
HOMO 

by a value 

of 0.15 to 0.1 eV, a nearly optimal energy to allow for unimpeded hole transfer.  

As mentioned previously, electron transfer into the bridge from the p-type section should be 

thermodynamically favorable, while electron transfer into the bridge from the n-type section should be 
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unfavorable. The first consideration ensures good charge separation, the second inhibits recombination. 

In symbols, EP
LUMO

 - E
EX

 ≥ EB
LUMO

 describes the favorability of electron transfer into the bridge, 

accounting for the binding energy of the molecular exciton, while EB
LUMO

 > EN
LUMO

 describes the 

condition for favorable electron transfer out of the bridge. Maximum device efficiency is predicted to 

occur when EP
LUMO

 - E
EX

 = EB
LUMO 

and EB
LUMO

 = 

EN
LUMO

+0.05 eV.
24

 The calculations of Fig. 3 show that 

for our double heterojunction materials, EB
LUMO

 ≈ 

EN
LUMO

+0.1 eV while EP
LUMO

 can be tuned 

independently of EB
LUMO

. Thus, it should be possible to 

satisfy the requirements for a functioning double 

heterojunction cell by choosing n-type and p-type 

materials with offsets 0.1 eV greater than the exciton 

binding energy, and forming the bridge according to eq. 

1. Although the energetic position of the bridge appears 

to be pinned above the n-type section to an amount 

slightly greater than is optimal in terms of device 

efficiency, the additional amount of offset is an 

advantage from the perspective of an initial synthetic 

approach.  

Another important design parameter to specify in a 

double heterojunction material is the length of the 

bridge section. In order to estimate the magnitude of 

recombination currents as a function of bridge length, a 

series of double heterojunction materials were 

 

Figure 4. Lowest energy excited states. (a) 

offset of 0.4 eV without a bridge section. 

(b) offset of 0.9 eV with bridge of 6 

monomer units (12 sites). Red illustrates 

hole density and blue illustrates electron 

density. (c) spatial overlap between 

electron and hole density for a series of 

double heterojunction systems.   
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calculated. The materials had n-type and p-type sections with identical optical gaps and differed in terms 

of the length of the bridge section (𝑁 = 2𝑁𝑠𝑖𝑡𝑒𝑠) and the energetic offset (ΔE) between the n-type and p-

type orbitals. 

(2) (D1-A1)4-(D1-A2)N-(D2-A2)4   

The excited states were calculated self-consistently to find the charge separated state in a manner very 

similar to the calculation of the ground states of the system. Fig 4a shows the lowest energy excited state 

of a diblock polymer (i.e. having no bridge) and an energetic offset between  ΔE=0.4 eV. Fig. 4b shows 

a triblock system with a bridge length of 6 repeat units (12 sites total) and an energy offset of ΔE=0.9 

eV.  Because of the strong electronic coupling between sites, the spatial overlap between electron and 

hole wavefunctions is larger in Fig. 4a. This implies that the recombination rate should be significantly 

higher in the absence of a bridge section as significant electron density leaks into the p-type section and 

significant hole density leaks into the n-type section. An estimate of the recombination rate for a series 

of double heterojunction materials can be made by multiplying the electron and the hole probability 

densities on each site and summing over all sites. Fig. 4c shows the result for two different energy 

offsets between the p-type and n-type sections. As the length of the bridge increases, the electron/hole 

overlap decreases; this decrease is more pronounced for larger energy offsets. Our previous report 

indicated that approximately 5 nm of bridge length was sufficient to eliminate the effect of tunneling 

currents through the bridge. A similar length also seems effective at lowering the overlap of electron and 

hole wavefunctions by an order of magnitude relative to the corresponding diblock system. 

The length of the p-type and n-type sections also plays an important role in the proposed double 

heterojunction structure. As stated briefly above, optimum efficiency occurs only when all 

recombination currents occur through the bridge. This requires a complete absence of direct connections 

between p-type and n-type sections, in other words, completely pure phases of the block polymer.
24
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Although the phase behavior of rigid-rod block polymers
54

 is not explored to the extent of coil and rod-

coil block polymers
55-57

 phase separation is thermodynamically favored in the case of infinitely long 

random-coil chains.
58,59

 Thus, higher solar cell efficiencies are likely to be obtained for longer p-type 

and n-type sections. In addition, work by the McGehee group indicates that a complex hierarchical 

morphology is an important aspect of a high performance bulk heterojunction.
60

 Because the optimal 

morphology of a double heterojunction system is likely the thermodynamically favorable state, it has an 

important advantage relative to the bulk heterojunction, especially in terms of large scale production.     

A series of self-consistent field calculations on a generalized donor-acceptor structure for block 

polymer based organic double heterojunction materials was performed. The structure contains a p-type 

section and an n-type section connected via a bridge section that is composed of one subunit from each. 

The results show that the energy of the n-type and p-type sections are largely independent of one 

another. Moreover the LUMO (HOMO) of the bridge section does not strongly depend upon its 

constituents, but is pinned to just above the LUMO of the n-type (just below the HOMO of the p-type) 

section. Thus, proper energy alignment for the system can be achieved by choosing p-type and n-type 

materials with an energy offset slightly greater than the exciton binding energy, forming the bridge from 

their components according to fig. 1. The length of the bridge has an important effect on the overlap 

between electron and hole wavefunctions in the charge separated state. This overlap is minimized for 

long bridge sections with large energy offsets between n-type and p-type sections. In addition, the length 

of the p-type and n-type sections should be made as large as possible to achieve the necessary degree of 

phase separation.  

COMPUTATIONAL METHODS 

Conjugated polymers made from electron donating and electron accepting subunits were modeled by 

approximating each subunit as a single site with two energy levels, the HOMO and the LUMO. The self-
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consistent field calculations were performed according to well-established prescriptions.
52

 Each site was 

allowed to couple to its nearest neighbors, the strength of the coupling between adjacent HOMOs was 

parameterized independently from the strength of the coupling between adjacent LUMOs. Solving the 

resulting eigenvector problem produces a set of solutions in the absence of electron-electron repulsion. 

These were used as a basis set for the self-consistent field calculations. Repulsion between the 

eigenvectors was calculated by representing each eigenvector in the site basis and taking the product of 

their probability densities on each site |𝑐𝑖|
2. The total repulsion is the sum of these products multiplied 

by a parameter 𝛾 used to quantify the strength of this repulsive interaction. In symbols, the total 

repulsion between eigenvectors 1 and 2 is given by the following: 

(3) Γ12 = ∑ 𝛾|𝑐𝑖1|
2|𝑐𝑖2|

2𝑁
𝑖  

The eigenvector problem in the presence of electron-electron repulsion was solved iteratively until the 

orbital energies converged, typically requiring less than 10 iterations.  

The excited states of the system were also calculated self-consistently. The initial guesses were 

generated by removing an electron from an occupied ground state orbital and placing it into an 

unoccupied orbital to create a basis set of multiparticle wavefunctions. The self-consistent multiparticle 

wavefunctions were calculated by considering the electron-electron repulsion between them in a manner 

similar to the ground state calculation. 

In order to make an unambiguous connection to previously published estimates of solar cell 

efficiency,
24

 it was necessary to assign states to the p-type, bridge, and n-type sections of the double 

heterojunction. Although such distinctions are somewhat artificial, we employed an algorithm that gave 

a wide latitude to the necessary parameters with the intent of sorting states as objectively as possible. 

The algorithm for sorting the ground state wavefunctions produced results insensitive to small variations 

in the sorting parameters; it proceeds in several steps. First, the system was divided into three sections, 
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defining a demarcation between p-type, bridge and n-type sections. This definition essentially 

determines the length of the bridge and was not fixed, but allowed to vary in search of the optimal 

solution. The demarcation was allowed to vary symmetrically from the bridge position as defined in eq. 

1 to plus or minus two sites. Second, the total probability density for each section was found by 

summing the probability density of each state over the appropriate sites. A state was then assigned to a 

section if its total probability density for that section was greater than a threshold value. The threshold 

value was also allowed to vary to find the optimal solution. However, before finding the optimal value 

for the two sorting parameters, we rejected any solution that did not meet two requirements. In a valid 

solution, every state is assigned to at least one section and every section is assigned at least one state. 

However, we did not require that a state be assigned to only one section, because there were many states 

that were equally shared among multiple sections. 

The result of these considerations was a set of solutions that differed by the value of the two sorting 

parameters. Clearly, a state does not belong to a section if the total probability density for that section is 

near zero, far from the threshold. Conversely, an assignment is strong if the total probability density for 

that section exceeds the threshold by a large margin. Thus, a margin of exclusion or inclusion could be 

defined by the absolute value of the difference between the probability density and threshold. An ideal 

assignment has both large margins of inclusion and exclusion. Maximizing the product of these margins 

produces the optimal values of the sorting parameters. The optimal threshold value was typically near 

the largest values which still produced valid assignments. The optimal bridge length typically 

corresponded to the definition found in eq. 1. As stated above, minor variations in the values of the 

sorting parameters did not change the assignments. 
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