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1. DPD Method for Determining the Self-Assembled Morphologies

The dissipative particle dynamics (DPD) method proposed by Hoogerbrugge and Koelman in 1992,
was performed to investigate the self-assembled morphologies.®' In DPD method, a bead represents

2-3
the center of mass of a group of monomers.”

The force acting on each bead includes non-bonded
and bonded forces. The non-bonded force acting on a particle, f,, is a pairwise additive force,
consisting of the conservative force (Fgﬂ), dissipative force (Fgﬂ), and random force (Fgﬁ). The
conservative force is a soft repulsion taking the form as

Fop = g 0(r o)t (S-1)

where a,p is the maximum repulsive interaction between particles a and f, r=r.rs, r,=|r.g,

P = Top/r,p and w(ryp) is the weight function, given by

1- )? X
(ry) = {(() Tap/e) gz ;; (S-2)

where r. (r.=1.0) is the cut-off radius. The dissipative force is a friction force that acts on the relative
velocities of particles, defined as

Foy = 70 (rap) (R upVop)tup (S-3)
and the random force, compensating the loss of kinetic energy due to the dissipative force, is defined

as
Fiy = 00R(r,p)0,50 1 F (5-4)
where v,3= v, —Vp, 7 is the friction coefficient, ¢ is the noise amplitude, Cl)D(I’aﬁ) and COR(I"aﬁ) are
weight functions vanishing for 7>r. that describe the range of the dissipative and random forces, and
Oqp 1s a randomly fluctuating variable with Gaussian statistics

(05) = 0, (Opp(O)0u(t")) = (Cuipr + 000p1)0 (L - 1) (S-5)
The system should satisfy the fluctuation-dissipation theorem and evolve to an equilibrium state
corresponding to the canonical ensemble. Therefore, only one of a)D(ra/;) and C()R(l"aﬁ) can be chosen
arbitrarily and the other one is then fixed by the relation

WP (ryg) = [0R (rap)]” = @(rp) (S-6)
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And the values of parameters y and ¢ are coupled by
02 = 2ykpTAt (S-7)
where kp and T are the Boltzmann constant and temperature, respectively.

To modulate the molecular orientation of the block copolymers, an external electric field is
applied during the self-assembly process. A dipole was set along the axis of the donor blocks, and

thus the interaction between the electric field and dipoles can rotate the block copolymers.
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2. Theoretical Methods for Determining the Photovoltaic Properties

2.1 Governing Equations

The drift-diffusion methodology used in our work consists of four self-consistent equations
involving the electric potential w[V] and the charge carrier number densities e, 4, X [m™] of

electrons, holes and excitons, respectively. These equations in steady state formula are as following,

a6
V- [e(r)Vy(r)] = -g[e(r) - h(r)] (S-8)
V- [, (0e(®V(r) - D (r)Ve(r) | = G,y (r) - Ryy(r) (S-9)
V- [, @A@Y () - DL()VA) | = G (X) - Rey(r) (S-10)
V- [Dy(r)VX() ] = G(r) + £ Ry(1) - Gy (r) - Ry(r) (S-11)

Equation (S8) is Poisson’s equation relating the electrostatic potential to concentrations of charge
carriers. In equation (S8), w(r) is the electrical penitential, &(r) is the relative dielectric constant
depending on the organic material at r, e(r) and 4(r) are electron and hole density respectively.
In equation (S9) and (S10), x,(r) and w,(r) are mobilities for electrons and holes, respectively.
Charge carrier mobility is dependent on electrical field in Poole-Frenkel form
M = g EXP (y |E|) (i=e,h). D,(r)and D,(r) are diffusion coefficients for electrons and holes
respectively. The mobility u is approximately in Einstein relation with the diffusion coefficient D,
u; = Di/kgT (i=e, h), where k;, is the Boltzmann constant and 7" is the temperature. The exciton
dissociation rate  G.;(r) is given by Onsager's theory for electrolyte dissociation,®’

G (1) = X(0) [ kp(E(r),a)F(a)da (S-12)
where g« is the separation distance of hole-electron pair of excitons assumed to follow the Gaussian

2

. . . 2
distribution F(a) = 4?{?5

exp(-a2/ag?) ( a, is the maximum property separation distance of 1nm),

and kp(E(r),q) is the field-dependent dissociation rate constant derived by Braun,*®
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1
g J1[2\/§(-b)7]
kp(E().a) = —Lexp(- AE/kyT) —— (S-13)
2V/2(-b)?
where Havg is the averaged mobilities of electrons and holes, E(r) is electrical field which is

calculated from negative gradient of position dependent electrical potential w(r), AE is the binding

7EM]

energy of electron-hole pairs(excitons) minus the difference in electron affinity, and b= T
niekp

The carrier recombination rate R, (r) is described by a bimolecular recombination of the Langevin
form as following,>*

Roy(r) = L2 o(r)h(r) (S-14)
In equation (S11), Dy(r) stands for exicton diffusion coefficient, and X(r) stands for exciton

density. The function Gy(r) is for exciton generation events, which can be calculated from the

formula as following,

Gx(r) = X:6,(v)o(v)explo(L,»)] (S-15)
Where ¢.(v;) represents incident photon flux, which is dependent on frequency (v;).% The photon
absorption coefficient is also frequency dependent, and it is assumed to have a Gaussian distribution

against the frequency. The exciton decay rate R,(r) is determined by the lifetime (7) of exciton with

the form, Ry(r)= X(r)/t. Dx(r) is related with 7 and diffusion length [/, in the formula

Dy(r) = L2 /z.

To include the effect of molecular orientation on the photovoltaic performance, we extended the
drift-diffusion equation by considering anisotropic characteristics in the mobility of excitons and
charge carriers. In the extended formalism, the anisotropy of the mobility is determined by the order
parameter and the inherent anisotropic characteristic of the donor-acceptor block copolymers. Thus,

the mobilities of the charge carriers and excitons are described as anisotropic tensors.

2.2 Boundary Conditions

The boundary conditions in the x and z directions paralleling to electrodes are set as periodic for all
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the equations above. The boundary conditions in the y direction perpendicular to electrodes are set as

following equations,

9,9,
W(vaactivevz) - Q//(X,O,Z) = q “Yappl (S-16)
_ $.-LUMO
e(x,0,2) = Nyexp <- T ) (S-17)
Je,gf(xaLactive,Z) =0
Jh)y(x,O,z) =0
- S-18
h(xaLactiveaz) = P()eXp (_ M) ( )
kgT
Jye(x,0,2) =0
(0970 (S-19)
JX,y(xaLactiveaZ) =0

where ¢ and ¢ are work functions of anode and cathode electrode, L. is the thickness of

active layer, LUMO, is LUMO energy level of acceptor, HOMOp is HOMO energy level of
donor. N, and P, are number of energy states available for electron and holes, respectively.
Equation (S-16) is the boundary condition for Poisson equation, while equations (S-17), (S-18),
(S-19) are boundary conditions for continuity equations of electrons, holes and excitons, respectively.
In these boundary condition equations, we have assumed there are no current of electrons across the
anode and holes across the cathode, respectively. For excitons, a zero-flux boundary condition at the

metal-semiconductor interfaces is assumed.

2.3 Parameters

The electrical parameters used in the photovoltaic calculations are listed in Table S1. Most of the

parameters used here are typical for polymeric materials used in polymer photovoltaic cells. 5'*'2
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Table S1 Parameters for drift-diffusion model.

Parameter Symbol Value
Isotropic Hole mobility(zero-field) Ko 5x107°m*y~'s™!
Isotropic Electron mobility(zero-field) Heg 5x107°m*V"s™!
Field-dependent constant for hole mobility Vi 2.4x10m" 2y "2
Field-dependent constant for electron mobility Ve 2.4x107 m"? Y2

Exciton diffusion length L 10 nm

Exciton lifetime T 1075

Donor HOMO HOMOD 49eV

Acceptor LUMO LUMOA 35eV

Cathode work function 4 3.7eV

Anode work function ?. 5.0eV
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3. Effect of Variations in Structural Parameters on Performance Enhancement

To further confirm the generality of our findings, we calculate the photovoltaic performance of SPE,
SDC, SDA and SPA nanostructures with active layer thickness varied from ~50 nm to ~110 nm and
domain size varied from ~9 nm to ~12 nm, respectively. The photovoltaic properties of these
structures against active layer thickness are plotted in Figure S1. As can be seen, with the variation

of the structural parameters, the SDA nanostructure always exhibits high Jsc and FF and then shows

much higher efficiencies than the other nanostructures.
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Figure S1 Plots of Jsc (a, d), FF (b, €) and PCE (c, f) against the domain size and active layer

thickness respectively for SPE, SDC, SDA and SPA nanostructures.
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