OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS Vol. 16, No. 7-8, July-August 2022, p. 373 - 379

Effects of energetic disorder and diffusion on the hole
transport in the TQ1:PC+;,BM photovoltaic blends
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In this paper, the hole transport and spatial correlations between the transport site energies in the TQ1l:PC;1BM
(poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl]:[6,6]-phenyl C71 butyric acid methyl ester) blends as
used in organic photovoltaics are investigated. From an analysis of the temperature-dependent current density-voltage
(7 - v) characteristics of the TQ1:PC7:BM hole-only device, it is found that consistent descriptions with equal quality can be
obtained using both the improved extended Gaussian disorder model (IEGDM) and the extended correlated disorder model
(ECDM). However, the intersite distance obtained using IEGDM is more realistic than the value obtained using ECDM, which
indicates that in the TQ1:PC71BM blends, the correlations between the transport site energies are absent. Based on a
comparison between analyses of the ;7 — y characteristics of the TQ1:PC71:BM hole-only device using IEGDM and the
drift-diffusion simulations incorporating the extended correlated disorder model (DD+EGDM), it is demonstrated that the
diffusion has little effect on the charge transport in the TQ1:PC7:BM blends. In addition, it is shown that the effective mobility
in the TQ1:PC7:BM blends gradually increases with increasing temperature, and the maximum value of the carrier

concentration and the minimum value of the field strength appear at the interface of the TQ1:PC71BM hole-only device.
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1. Introduction

In recent years, the entire field of organic solar cells
has developed by leaps and bounds, and a series of
important progress has been made in material design and
synthesis, device preparation optimization, device physical
mechanism and lifetime. Organic photovoltaics (OPVs)
have the advantages of low production cost, high
flexibility, light weight and easy processing. It has great
development potential and is expected to provide the next
generation of energy [1-3]. Many research groups and
laboratories in the field have achieved photoelectric power
conversion efficiency (PCE) of more than 15% [4-7]. The
most advanced device structure is based on a bulk
heterojunction (BHJ) formed by a mixture of electron
donors and electron acceptors. The interface characteristics
of the BHJs play a vital role in exciton dissociation and
charge transfer, which control the performance of the
organic devices [8-12]. Polymer:fullerene TQ1:PC,;BM
(poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5
-thiophenediyl]:[6,6]-phenyl C71 butyric acid methyl ester)
yields a PCE of 7% and displays a high internal-quantum
efficiency of ~90% [13, 14], which represents a useful
model system for BHJ organic photovoltaics featuring
effective charge generation and transport. The positive
integer charge state of TQL is equal in energy to the

negative integer charge state of PC,;BM, leading to a
negligible potential step at TQ1:PC,;BM interface and
thus the vacuum level alignment [15]. As a result,
TQL:PC,.BM is an ideal system for a detailed
investigation of the charge transport in the organic
photovoltaic blends.

Charge carrier transport in disordered organic
semiconductors is commonly understood to occur by
incoherent hopping of charge carriers between molecular
sites with random energies. The most important parameter
characterizing the transport is the charge carrier mobility.
Due to the typically Gaussian distribution of site energies,
the mobility becomes strongly dependent on temperature
T, charge carrier density p, and electrostatic field £ .
In the past two decades, various methods have been
proposed to calculate the mobility function [16-23]. The
pioneering work of Béssler et al. used kinetic Monte Carlo
(kMC) simulation, and the random energy is described by
Gaussian Density of States (DOS), leading to the Gaussian
disorder model (GDM) [16], which only considers the
low-density Boltzmann limit and shows discrepancies in
the field dependence that are attributed to spatial
correlations of the site energies [17, 18]. In addition, some
people think that the spatial correlation of site energy is
caused by the interaction of charge and dipole [19],
leading to the correlated disorder model (CDM). Later, it
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was realized that, apart from the dependence of the
mobility on the electric field and temperature, there is also
a strong dependence on the carrier density p [20-23],
leading to the extended Gaussian disorder model (EGDM)
and extended correlated disorder model (ECDM) [20, 21],
within which spatial correlations between the transport site
energies are absent and are included, respectively.
Recently, it has been suggested that a more physical
approach as drift-diffusion (DD) modeling can be used to
simulate the whole OPV device including contacts and
active layer, and can reproduce steady-state experimental
data by incorporating the EGDM [24]. However, the
EGDM, only having a non-Arrhenius temperature
dependence In( z£) «c1/T?, cannot well describe the
charge transport at high carrier densities [25]. To date, it is
still unclear which models can provide the better
descriptions for the charge transport in disordered organic
semiconductors.

In this paper, the hole transport and possible presence
of spatially correlated disorder in the TQ1:PC;,BM blends
are investigated. Firstly, we perform a detailed analysis of
the temperature dependence of the current density-voltage
(s - r) characteristics of hole-only device based on the
TQ1:PC;:BM blends by using the IEGDM and ECDM.
Subsequently, we re-analyse the temperature dependent
J — v characteristics using the drift-diffusion simulations
incorporating the EGDM (DD+EGDM), and investigate
the effect of diffusion on the charge transport in the
TQ1:PCBM blends. Finally, the variation of ;7 _y
characteristics with the boundary carrier density, and the
distribution of carrier density and electric field with the
distance from the interface of the TQ1:PC,;.BM hole-only
device are given.

2. Models and methods

The simple analytical GDM model does not account
for the dependence of the mobility on charge carrier
concentration and applied field. In order to characterize
charge transport more accurately in disordered organic
semiconductors, the use of numerical simulations is
required. A well-established mobility model that includes
the effects of temperature, charge concentration, and
electric field on the mobility is the extended Gaussian
disorder model (EGDM) [20]. This model describes the
mobility in the situation of hopping transport in a system
with a Gaussian density of states distribution, given by

(T P.E) = (DT D)oz (67 - 6)(2pa") T, @

#o(T) = by exp(-b,6°), (2a)
f(T,E)=exp]0.44(6%? - 2.2 1+o.8(eaE) ~1|b. (2b)
O

Where 4, (T) is the mobility in the limit of zero carrier
density and electric field, b =1.8x107°, b, =042 ,
6 =0/KkgT s the reduced disorder, o is the width of
Gaussian density of states (DOS), € is the charge of the
carriers, a is the lattice constant and v, is the
attempt-to-hop frequency.

It should be noted that the EGDM, only having a
non-Arrhenius temperature dependence In( ) oc1/T?,
cannot well describe the charge transport at high carrier
densities. In order to better describe the charge transport,
we proposed an improved model within which the
temperature dependence of the mobility based on both the
non-Arrhenius temperature dependence and Arrhenius
temperature dependence In( ) oc1/T , leading to the
improved extended Gaussian disorder model (IEGDM)
[26]. The dependence of the zero-field mobility on the
carrier density P and temperature T is given by

T P) = oMol (67 -6)(2pa’) 1. o)

4o (T) = o, exp(c,6 — C362) , (3b)

In(6% — &) —In(In 4) a’v,e
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where ¢ =0.48x10°, ¢,=0.80, and ¢, =052. The field
dependence of the mobility is included via

w(T,p,E)=u(T, p)°" = explc,(g(T,E)-1)], @

9(T,E)=[1+c,(Eeal/5)*]™"?, (5)

where g(T,E) is a weak density dependent function,
C, and C; are weak density dependent parameters,
given by

c, =d, +d, In( pa®) (6a)
¢, =1.16 +0.09In( pa®) (6b)
d, =287 —~36.36"1+42.567* (7a)

d, =-0.38+0.196 +0.036* (7b)

In addition to uncorrelated energetic disorder, the
presence of molecular dipoles may give rise to spatial
correlations in the energy distribution of the sites.
Bouhassoune et al. employed the same methodology as in
the EGDM, but for an energy landscape with Gaussian
disorder that result from randomly oriented dipole
moments of equal magnitude on all lattice sites, leading to
the extended correlated disorder model (ECDM) [21]. The
mobility can be described as follows:
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H(T, P, E) =[(t60(T, P, E))¥D + (ttyqn(p, E)H T

(8)
q(6)=2.4/11-6), )

with ,ulOW(T, p, E) the mobility in the low-field limit,

and with ,uhigh(p,E) the mobility in the high-field
limit.

,u,OW(T,p,E)=/10(|')g(T,p)f(T,E, p) (10)

where g(T, p) and f(T,E, p) are the dimensionless
mobility enhancement functions. These functions can be
written as follows:

1(T) =1.0x107° 11, exp(-0.296%) ,  (11)

exp[(0.256° +0.76)(2pa®)’], pa’® < 0.025 (12)
9(T,0.025a%) pa® > 0.025

g(T,p)={
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h(E,.) =1 r(6)=076"", (15)
within the very low-field, 0<E,  <0.16=E e,
h(E,.,) can be written as
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Using the above model and the following coupled
equations, the J—V characteristics of organic electron
devices can be exactly calculated by employing a
particular uneven discretization method introduced in our
previous papers [27, 28].

J = pWewT, p(x), E(x))E(x), (18a)

dE e
— = p(x), (18b)
dx  g,¢,
L
V= jo E(x)dx, (18¢)

where X is the distance from the injecting electrode, &,

is the vacuum permeability, &, is the relative dielectric

constant of the organic semiconductors, and [ is the
organic semiconductor layer thickness sandwiched
between two electrodes.

3. Results and discussion

To explore the charge transport in more detail and
evaluate the energetic disorder, we investigate the
temperature dependence of the hole current in the
TQ1:PC,:BM blends. Figs. 1 and Fig. 2 show the ; -
characteristics of a hole-only organic electronic device
with a thickness of 110 nm based on the TQ1:PC,,BM at
different temperatures. The solid lines in Fig.1 and Fig.2
represent the numerical calculation results of IEGDM and
ECDM combined with the coupled equations (Egs.(18)),
and the symbol is the experimental data of the ;s -
characteristics [23]. It can be seen from the figures that the
numerical calculation results of the organic electronic
device based on the IEGDM and ECDM models are quite
consistent with the experimental data. In the IEGDM and
ECDM models, the charge transport is described by the
three input parameters: the width of Gaussian density of
state distribution o, the intersite distance a , and a
mobility prefactor . The mobility prefactor , is a
temperature-independent parameter that only influences
the magnitude of the mobility, o mainly controls the
temperature and charge concentration dependence of the
mobility, and a predominantly affects the field
dependence of the mobility. The three parameters in
IEGDM and ECDM are a=17 nm, o=0.099 eV,

4, =20 m’Vvs, and a=0.32 nm, ©=0.126 eV,

1, =50 m?/Vs, respectively. It is found that the best-fit

values of the intersite distance a as obtained from the
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IEGDM and ECDM are quite different. The value of a
found for the ECDM may be considered as unrealistically
small (significantly lower than the typical value of organic
semiconductors), in view of the fact that in copolymer
TQ1 the use of side-chain architecture is expected to give
rise to a larger typical distance between neighboring
the TQL1:PC;BM blends [29].
Furthermore, intra-chain hopping between the rather long

polymer chains in
segments is also expected to be associated with larger a.
However, the value of a obtained from the IEGDM is
very close to the typical value of organic semiconductors,
and slightly smaller than the value obtained by Melianas et
al. for the TQ1l:PC;BM blends (1.8 nm) [30]. These
results indicate that there is no correlation between
transport site energy in the TQ1:PC,BM blends. The
comparison between the values obtained for o and g,
does not change this point of view. For disordered organic
semiconductors, the width of the DOS is typically
observed to fall in the range 0.06-0.15 eV. It is thus clear
that the optimal values of o obtained from the IEGDM
and ECDM in the present study (0.099 ev for the IEGDM
and 0.126 ev for the ECDM) are physically realistic.

To compare the applicability of the IEGDM with
EGDM and investigate the effect of diffusion on the
charge transport in the TQ1:PC,,BM blends, we re-analyse
the above temperature dependent ; — p characteristics
using the EGDM by also taking the diffusion contribution
to the current density into account. The experimental data
is fitted with drift-diffusion simulations incorporating the
EGDM (DD+EGDM), using an energetic disorder o of
0.0922 eV and a lattice constant a of 1.75 nm, as
displayed in Fig. 3. As can be observed in this figure, the
experimental ;7 — y curves cannot be well described by
using drift-diffusion simulations incorporating the EGDM
(especially in low voltage range), even though taking both
the drift and diffusion contribution to the current into
account. However, it can be seen from Fig. 1 that the
experimental data can be well fitted over the full voltage
range by the IEGDM in the case of only taking the effect
drift on the current density into account. Therefore,
it is concluded that the diffusion has little effect on the
charge transport in the TQ1:PC;;BM blends. The above
results show that, compared with the EGDM and ECDM,
the IEGDM can better describe the charge transport in the

TQ1:PC,:BM blends.
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Fig. 1. Temperature dependent J -V characteristics of
a hole-only device based on TQ1:PC;BM 1:1 with a
layer thickness of 110 nm. Symbols are experimental data
from Ref. [23]. Lines are the numerically calculated
results based on the IEGDM (color online)
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Fig. 2. Temperature dependent J -V characteristics of
a hole-only device based on TQ1:PC;BM 1:1 with a
layer thickness of 110 nm. Symbols are experimental data
from Ref. [23]. Lines are the numerically calculated
results based on the ECDM (color online)

Finally, we will use IEGDM and the numerical
methods described in Sec.2 to systematically study the
electrical properties of the TQ1:PC,;BM blends. Fig.4
shows the variations of ; —y characteristic with the
boundary carrier concentration p(0) for TQ1:PC,BM
hole-only device at low temperature and at room
temperature. The figure shows that the voltage increases
with increasing the current density, and the variation of
voltage with p(0) is dependent on the current density. In
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the density range of 10-10® m?, the V - p(0) curves are  reach the same current density / at the same p(0), the
fairly flat, indicating that the voltage is independent of p(0)  stronger electric field and the corresponding larger voltage
and the J - V characteristics are physically realistic in this are needed at low temperature than those at room
region. On the other hand, the voltage decreases with temperature. This can be explained by the fact that the
increasing p(0) for p(0) less than 10® m?® and also effective mobility as determined at room temperature is
increases with increasing p(0) for p(0) more than 10® m>. higher than that at low temperature.

Furthermore, it can be seen from the figure that in order to
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Fig. 3. Temperature dependent J - characteristics of a hole-only device based on TQ1:PC7,BM 1:1 with a layer thickness of
110 nm. Symbols are experimental data from Ref. [23]. Lines are the numerically calculated results based on the DD+EGDM
(color online)
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Fig. 4. Theoretical results of voltage versus the boundary carrier density of a hole-only device based on TQ1:PC,,BM blends at
200 K and 300 K (color online)

The numerically calculated distribution of the carrier temperature and at room temperature are plotted in Fig. 5.
density and electric field as a function of the distance from It can be seen from the figure that the carrier density p(x)
the interface of TQ1:PC;;BM hole-only device at low is a decreasing function of the distance, and the electric
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field E(x) is an increasing function of the distance x . The
function of p(x) with a relatively large p(0) decreases
faster than that with a relatively small p(0). On the other
hand, the function of E(x) with a relatively small p(0)
increases faster than that with a relatively large p(0). As
the distance x increases, p(x) in the organic
semiconductor film rapidly reaches saturation. The
thickness of accumulation layer decreases with increasing
p(0). The variation of carrier density p(x) and electric field
E(x) with the distance x at low temperature (200 K) is
greater than that at room temperature (300 K), which

108

p(0) 1*105m3

0.01 0.1 1 10 100

x [nm]

1024

J =0.1Alm"\

L =110nm
T =200K
1022 . . .
0.01 0.1 1 10 100

X [nm]

further indicates that the effective mobility at room
temperature is higher than that at low temperature. Both
the maximum of carrier concentration and the minimum of
electric field appear near the interface of TQ1:PC,.BM
hole-only device. As a result, the injection of carriers from
the electrode into the TQ1:PC,;BM organic layer leads to
carriers accumulation near the interface and a decreasing
function p(x). The distribution of p(x) leads to the variation
of E(x), and the carriers accumulation near the interface
results in increasing function E(x).

108

p(0)
¢ 1*10%°m

J =10A/m?
L =110nm
T =300K

0.01 0.1 1 10 100
x [nm]

J =10Alm2\\
L =110nm
T =300K
1022 L L
0.01 0.1 1 10 100

X [nm]

Fig. 5. Numerically calculated distribution of the charge carrier density p and electric field £ as a function of the distance
X in a hole-only device based on TQ1:PC,;BM blends at 200 K and 300 K (color online)

4. Summary and conclusions

In summary, the effects of energetic disorder and
diffusion on the hole transport in the TQ1:PC,BM
photovoltaic blends are studied. It is found that consistent
descriptions with equal quality for the temperature
dependent s —y characteristics of the TQ1:PC,;BM
hole-only device can be obtained using both the IEGDM
and ECDM. However, the intersite distance obtained using
IEGDM is more realistic than the value obtained using

ECDM, which indicates that the correlations between the
transport site energies in the TQ1:PC;;BM blends are
absent. The comparison between DD+EGDM and IEGDM
proves that the diffusion has little effect on the charge
transport in the TQ1:PC,;BM blends. In addition, it is
shown that the effective mobility in the TQ1:PC,;.BM
blends gradually increases with increasing temperature.
These numerical results show that, compared with the
EGDM and ECDM, the IEGDM can better describe the
charge transport in disordered organic semiconductors.
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