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Abstract. We analytically and numerically compute the Onsager dissociation rate (ex-
citon dissociation) on an interface induced by a piezoelectric potential in an inorgan-
icorganic hybrid p-n junction system (ZnO + (poly(p-phenylene vinylene)); PPV).
When a positive piezoelectric potential is created at the interface region owing to the
deformation of the system, free electrons accumulate at the interface. Hence, screening
effects are observed. It is assumed that the electron layer formed at the interface then
attracts free holes from the p-type PPV region, which leads to exciton formation, pos-
sibly via the Langevin recombination process. The increased exciton density can then
contribute to the Onsager dissociation rate, which is maximum around the interface.
This paper focuses on the role of piezoelectric effects in promoting exciton formation
at the interface and its relation with the exciton dissociation rate.
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1 Introduction

Dissociation of bounded electron-hole pairs (excitons) is important in organic solar cell
devices [1,2]. In a p-n junction system, a photo-generated exciton can migrate to the
interface via diffusion. Then, owing to the potential difference (built-in potential plus
applied bias) between each side of the interface, exciton dissociation, resulting in charge
separation, can occur across the interface [1,2]. Here, the dissociation of excitons can
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be explained by Onsager’s theory [3,4], where the dissociation rate constant (kg ;ss) [5] is
given by,

Kiss = 21— e Ev/ksT 1+b+b—2+b—3+b—4+--- (1.1)
diss 43 3 18 ' 180 ' '

In Eq. (1.1), Ej, is the exciton binding energy, b = ¢°|VQ)|/ 87ek3 T? is the field parame-
ter, kp is the Boltzmann constant, T is the temperature, <y is the Langevin recombination
parameter, given by 2(p,+u,) [6] and a is the electron-hole pair distance. Then, the
Onsager dissociation rate D [3,4] is given by,

D =kgiss- X (1.2)
2 3 4
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where X is the exciton density.

The calculation of D requires various parameters such as b, X, 7, Ep, a, kg and T.
Among them, the field parameter b is associated with the electric field, which is related
to the piezoelectric field /potential induced at the p-n interface in the hybrid junction
system when the system is deformed.

In this case, electrons or holes around the interface can accumulate at the interface, if
the piezoelectric field is strong enough even a depletion zone is formed. The piezoelectric
charges resulting in piezoelectric fields are not newly created ones but are resulted from
an occurrence of non-zero dipole moments which are generated by the deformation of
the structures of the piezoelectric materials using the external forces exerted onto the
system. (There is no change in total number of charges). Around such piezoelectric
charges generated, free carriers can be accumulated into them and screen them to reduce
the piezoelectric potential or can conserve them to maintain the piezoelectric potential.

Excitons can be formed via the exciton recombination process (Langevin recombina-
tion) [7, 8], by controlling the free carriers collected at the interface, resulting from the
piezoelectric potential induced. In this way, the density of excitons (and ultimately, the
dissociation rate) can be controlled, as the piezoelectric field can affect both b and X. This
is a point of modeling excitons here, but there are yet no experimental papers measuring
such a phenomenon of exciton formation induced by the piezoelectric effects in a hybrid
p-n junction system.

In this paper, we first analytically solve the Onsager dissociation rate in the inorgan-
icorganic hybrid p-n junction structure where a positive piezoelectric potential is gen-
erated on the p-n interface, which leads to accumulation of electrons that then assist in
forming excitons. These excitons are then dissociated into free carriers. We calculate the
Onsager dissociation rate numerically to better understand the piezoelectric effects on
the exciton dissociation in the hybrid p-n junction system and obtain a better physical
insight into it.
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2 Analytical solution for 1D inorganic-organic hybrid p-n
junction system

2.1 Hybrid p-n junctions

To describe a hybrid p-n junction, the Shockley theory [9] along with the exciton equation
[7,8] is used. Here, we assume that the p-type material is a non-piezoelectric poly(p-
phenylene vinylene) (PPV) [10,11] and the n-type material is a piezoelectric ZnO material
[12,13] (as shown is Fig. 1(a)). The growth direction of ZnO is indicated along the c-axis
in the figure. The positive piezoelectric charges are created at the interface mostly at the
n-ZnO part of the junction system by elongation along the c-axis because the piezoelectric
charge density arises from the piezoelectric properties of n-ZnO. It is assumed that the
distribution of the positive piezoelectric charges around the junction is within the width
wp in n-Zn0O part, as shown in Fig. 1(a).

In our model, an abrupt junction consisting of impurities — Np (donor concentration)
and N4 (acceptor concentration) is used initially. However, when the increasing posi-
tive piezoelectric charges are generated, electrons from n-ZnO start to remove the donors
(positive density) until only the electron density remains within a width of w.—w,, as
shown in Fig. 1(b). In the p-type PPV region, holes form a depletion zone, which is
indicated by a box representation (N,4) within a width of w,4, assuming that PPV is crys-
talline. To calculate the accumulated electron density 1, due to the positive piezoelectric
potential induced at the interface inside the p-n junction, the electric field and potential
distribution are first considered. In the case of a 1D hybrid p-n junction ZnO-PPV system,
the Poisson equation can be written as,

dE _ p(x)

dx €5 :els [_LINA(XHsz‘ezo(X)—qne(X)—qn(x)+€lp(x)]r (2.1)

where N4 (x) is the acceptor concentration, 0., (X) is the density of piezoelectric charges,
ne(x) is the accumulated free electron density around the interface, n(x) is the free elec-
tron density, p(x) is the free hole density, w4 is the depletion width in the p type region,
w, is the width of the positive piezoelectric charge density, and w,—w), is the width of the
accumulated electron density beside the py;.,, around the interface as shown in Fig. 1(b).
The electric field is then calculated by integrating p(x)/¢€s in Eq. (2.1)

E(x)= _ZNA (x+wy) for —wy <x<0, (2.2)
1 qne

E(x)= e_ppiezo(x_wp) T e (wp—w,) for0<x<w, (2.3)
S S

E(x):ﬂ(x—we) for w, <x <w,. (2.4)
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Figure 1: (a) Inorganicorganic hybrid p-n junction structure, with positive piezoelectric charge density due
to elongation along the c-axis. Piezoelectric charge density p;.;,, acceptor concentration Ny, and collected

electrons n, are indicated. (b) Initially, both donors (Np) and acceptors (N4) present with the piezoelectric
charge density pjezo (left). However, as Ppiezo iNCreases, the donor concentration starts to reduce due to increase
in free electron density around the interface (right).

From the above electric fields, the electric potential @ can be obtained as shown below,

N 2
@(x)z—qNA 1xz%—wa FITATA for —w,<x<0, (2.5)
€ |2 26
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Therefore, the built-in potential @;; can be obtained as shown below,

) w2 w2 2
®bi:%< we> l . P qhe P_i_qNAwA‘ (28)

From the built-in potential, the accumulated electron density 7, can be calculated from
the piezoelectric potential induced as follows:

2 2
1 Wy gNawy 2¢€;
= i — —Opiezo—— — . . 2.
ne {sz esp,vlezo 5 2e, q(w%—w%) ( 9)

Then, the maximum density of the excitons X can be estimated as
XM =2.1,. (2.10)

The Onsager dissociation rate can be restated as shown below,

¥ B b?
D%4—e kpT [1+b—|———|—---] X 21,, (2.11)
371'5[3 3
where b is given by the following equations,
3
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3 Results and discussion

3.1 Numerical simulation of hybrid p-n junctions

The equation of the inorganicorganic p-n junction system, consisting of charge transport
with exciton dissociation in the steady state, is described in [14]. The analytical expres-
sion for the Onsager dissociation rate in Eq. (2.11), in the case of a 1D p-n junction, shows
a correlation between the piezoelectric potential and the exciton density, and thus can be
used to obtain the dissociation rate. In other words, it can provide a mechanism of how
the piezoelectric potential can affect the dissociation rate and a physical insight into the
system. Based on this, the equations governing the exciton behavior for the junction sys-
tem can be numerically solved. The region of exciton dissociation is constrained to the
vicinity of the junction interface. For recombination of carriers, the Langevin recombina-
tion for the formation of excitons [7,8] and the Shockley-Read-Hall (SRH) recombination
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Figure 2: Exciton density distribution along the z-axis for different T;.

for traps [9] are both considered. The trap level in SRH recombination is modeled such
that it lies in the middle of forbidden band gap. As a boundary condition of the electri-
cal contacts, the bottom of the p-n junction is grounded, and the top potential is set to
be —0.6 V, with ideal ohmic contacts. The boundary condition used is a fixed boundary
condition (i.e., Dirichlet boundary condition) [15].

Fig. 2 shows the exciton density along the z-axis where the density is maximum
around the interface (at 500 nm). It can be clearly seen that the exciton density in the
presence of T, >0N/m? is greater than that with no compression (T, =0), owing to the
induced piezoelectric potential at the interface. Note that even with T, =0 (reference),
exciton exists because the free carriers (electrons and holes) are still present in the junc-
tion region. In other words, because the density of electrons and holes is not completely
zero, there is a possibility of exciton formation via recombination processes, even in the
depletion zone. The gap in Fig. 2 seems to originate from unstable meshes which cannot
calculate appropriate values at the points. The value of the exciton density should have
positive values, so that it can be meaningful physically. As explained previously, here the
excitons are generated not by incident light, but by piezoelectric potential which attracts
free carriers (electrons and holes) to form excitons due to a possibility that electrons and
holes can meet each other. Therefore, the source of origin of the generation of the exci-
tons is different from the conventional organic solar cell where the excitons are created
everywhere where light is incident on the cell. However, the device model used here is
based on the p-n junction solar cell device, not an OLED model.

Fig. 3 shows the distribution of b along the z-axis, indicating a maximum around the
p-n interface with different T,. In Eq. (2.11), the polynomial form of the field parameter
is also calculated in the equation and shown in the Fig. 4 with different T,. The value

of b( 8721%2) is greater when T, >0, because |E| is influenced by the piezoelectric field
B
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Figure 3: Distribution of the field parameter b along the z-axis for different T.

Tz [N/m?]
—0

| 3e7
= | —5e7
=) 10 Te7
<t
<
Q
+
[ee]
—
3 5
*
0
*
o
+
m
e}
*
b
% 2
+
—

i Va L\
0 200 400 600 800 1000

Z [nm]

Figure 4: Polynomial of the distribution of the field parameter along the z-axis for different T.

induced at the interface.

Fig. 5 shows the distribution of the Onsager dissociation rate along the z-axis with
positive piezoelectric potential induced at the interface (T, > ON/m?), where the max-
imum is indicated at the junction, and is compared with the no-elongation case in the
model system (T, = 0N /m?). The plot of the dissociation rate is quite similar to that of
the exciton density. This proves the fact that the exciton density is a dominant parameter
in determining the dissociation rate, as shown in Eq. (1.3). The reason for the maximum
is that the positive piezoelectric potential can promote exciton formation by generating
positive piezoelectric charges at the interface. This then attracts the electrons, followed by
holes, which leads to the formation of excitons, as shown in Fig. 6. Thus, the increase in
exciton density contributes to the increase in the dissociation rate. Note that the order of
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Figure 5: Distribution of the Onsager dissociation rate along the z-axis for different T.
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Figure 6: A schematic of exciton formation around the interface due to the piezoelectric charges, where the
free electrons that are formed in the n-type region attract free holes from the p-type region.

the b is lesser than that of the exciton density. This implies that the dominant parameter
in the exciton dissociation rate is not b, but X.

4 Conclusion

In summary, we present an analytical model and a numerical study on the exciton disso-
ciation rate of the hybrid p-n junction system under elongation. Our analytical approach
to describe the exciton dissociation using the piezoelectric potential is useful for under-
standing the piezoelectric effects on carrier separation. The numerical results from the
model system are useful to understand that the exciton dissociation is maximum around
the junction. This is because of the exciton density. The model study introduced here can
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be used to establish a foundation to design a piezophototronic device using the piezoelec-
tric potential, which will be able to control both exciton density and exciton dissociation.
The future work is following: This model can be applicable to the entire organic solar cell
model [16] to fully analyze the device performance.
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