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Effect of trap position on the electrical properties of unipolar organic semiconductor devices
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We investigated the electrical properties of a unipolar organic device by intentionally inserting traps at specific
positions within the device. Our findings demonstrate that the trap position has a considerable impact on the
charge distribution, electric field, and charge transport behavior of the device. In particular, when the traps
are positioned closer to a charge-injection electrode, the organic layer containing the traps experiences more
significant band bending, resulting in a higher charge injection barrier. We propose an electrical model that fully
explains the observed changes in the electrical properties of the device as a function of trap position.
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I. INTRODUCTION

Traps are initially present or can be generated in any type
of amorphous semiconductor device that is partly or entirely
based on organic molecules, be it an organic light-emitting
diode (OLED), an organic solar cell, an organic thin-film
transistor, or even a perovskite and quantum-dot-based de-
vice [1-8]. Hence, it has long been of particular interest to
researchers to understand the impact of traps because not only
is their presence the inevitable nature of organics, but they
also critically affect the device characteristics. For example,
traps can deteriorate the optical performance of organic op-
toelectronic devices in which they directly quench excitons
or trap free charges that are eventually removed via non-
radiative recombination with the opposite charges [6,8—10].
Moreover, in order to maintain the same level of the cur-
rent in a trap-containing device as that in a trap-free device,
an operating voltage must be increased to supply additional
free charges into the device to compensate for the trapped
(or immobile) charges, which indicates an increased device
resistivity.

Traps in organic devices are typically assumed to exhibit
a Gaussian density of states (DOS) due to the disordered ar-
rangement of the molecules consisting of the devices [11-13].
Several researchers have examined how the current density
vs voltage (J-V) characteristics of unipolar organic devices
are determined with respect to the density and energetic depth
and width of the Gaussian traps [14,15]. However, the spatial
disorder of traps and its impact on device characteristics have
not been thoroughly discussed in most previous studies, de-
spite the strong position dependence of degradation reactions,
e.g., the ion migration from a metal electrode into organics
[16-18] or the molecular bond dissociation induced by the
highly excited states that nonuniformly occur in organic op-

“parky @khu.ac kr
fjsanglee @snu.ac.kr

2469-9950/2023/107(16)/165204(6)

165204-1

toelectronic devices [6,19-23]. Although simulation studies
have demonstrated the spatial inhomogeneity of traps in aged
OLEDs [19,23], their effect on the charge and exciton dynam-
ics, and hence the postdegradation performance, has yet to be
clearly explained or experimentally investigated. The major
challenge of such studies is to analytically verify the specific
positions of a wide variety of traps with unknown energetics
and low concentrations (< 1wt %) and to decouple their mixed
effects on device performance.

To address this challenge, we present a direct method for
investigating the position-dependent J-V characteristics of
a hole-only unipolar organic device (HOD) with embedded
traps. Our HOD consists of a 200-nm-thick hole transport
layer (HTL), within which a 5-nm-thick slab at a specific
position is selectively doped with hole-trapping molecules at
controlled concentration of 1 wt% and with identified trap
depth. Our results reveal that the position of the traps has a
marked impact on the distribution of holes and the electric
field profile for the trap-containing HODs, leading to their
distinct J-V characteristics. Specifically, the resistivity of the
HODs consistently increases as the traps are moved further
away from the hole-extraction electrode (cathode) and closer
to the hole-injection electrode (anode) [24]. However, when
the traps are located within a certain critical distance from the
anode, the trend is unexpectedly reversed, meaning that the
device resistivity decreases. We also observe that the trapped
holes near the anode strongly influence the band bending of
the HTL, thereby enhancing the energy barrier against hole
injection. We considered these trap-induced band bending
effects in obtaining the boundary conditions (B.C.) for the
hole densities and electric potential in a J-V model, thereby
accounting for the varying electrical characteristics of the
HOD with respect to trap position.

II. THEORY

Kao and Hwang developed a formula to describe the trap-
limited J-V characteristics of a unipolar organic device that
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contains deep traps with the Gaussian DOS and the spa-
tially nonuniform distribution. Their formula is expressed as a
power law as [25,26]

Vm+1
J x d2m—+1’ (13)
eff
where
, /(1) (m+1)/@m+1)
2 1 d X
d = {2 / / S(r)dx dx'
m+ 1 0 0
(1b)

Here, d and d. are the actual and effective thicknesses of
a charge transport layer, respectively, S(x) is the spatial distri-
bution of traps as a function of position x, and the exponent
m is given by (1 + 27w0?2/16k*> T?)"/? with o the Gaussian
width of the trap DOS, k the Boltzmann constant, and 7 the
temperature.

The Kao and Hwang (K-H) model, represented by Eq. (1),
provides insight into the electrical properties of organic de-
vices in the presence of traps [15,25]. The K-H model
suggests that the slope of the J-V characteristics (m + 1) is
determined by the energetic disorder of the traps (oy), and
under the condition of fixed oy, the spatial disorder of the
traps [S(x)] modulates d i and determines the level of J at
a given V. However, the K-H model can be only valid under
limited conditions due to simplifying assumptions made in the
derivation of Eq. (1): First, the model neglects the diffusion
current, although it is found to dominate over the drift current
in a low voltage regime in devices with Ohmic contacts [27].
Second, the trapped hole density p; is exceedingly larger than
the free hole density p for all x, i.e., pi(x) > p(x) = 0. Third,
the electric field F at the anode/organic interface is assumed
to be zero, i.e., F(x = 0) = 0. This assumption is not valid
since p and p; are present near the anode with high densities,
leading to a nonzero and varying F(0) with respect to the
applied voltage. Due to these constraints not being met un-
der our experimental conditions, we found that using Eq. (1)
incurs a large deviation from the measured J-V data (see the
Supplemental Material [28]).

Therefore, we developed a general trap-limited J-V model
that incorporates the drift-diffusion current equation, Pois-
son’s equation, the Fermi-Dirac statistics, which takes into
account the Gaussian DOS for both the trap and hole-transport
states, and an enhanced charge injection barrier due to charge
trapping (vide infra). Our model is used to fit the J-V char-
acteristics of our trap-containing HODs by calculating the
electrical potential (V), free hole density (p), and trapped
hole density (p;) as functions of position x in the HTL with
a thickness of d =200 nm. The hole traps are doped in a
5-nm-thick slab around the center point x;, i.e., in the range
(x—2.5 nm, x; + 2.5 nm) (refer to the Supplemental Material
for more detailed information on our model [28]).

To solve the second-order differential equations for V(x)
and p(x) in the model, we should define the B.C. for these
two variables at x = 0 and x = d at which hole injection and a
hole extraction occur, respectively. The B.C. for V are given by
V(0) = V,-Wyi and V(d) = 0, where V, is the applied voltage
and W is the built-in potential. Here, V; can be viewed as
the difference between the energy barriers for hole injection

at x = 0 and extraction at x = d, denoted by ¢i;; and ey,
respectively, at a thermal equilibrium of V, = 0. Namely,

WVbi = Pext — Pinj (x, Va=0), (2a)
where
Ginj (i, Vo) = Ao + A(x) — [V V. (2b)

Equation (2b) indicates that the hole-injection barrier (¢;y;)
can vary with respect to x; and V,, as schematically described
in Fig. 1. Here, A in Fig. 1(a) represents the intrinsic band
bending at equilibrium, which naturally arises if the HTL is
in contact with a high work-function anode [27]. This can be
understood as follows: In an instant after contact formation,
the substantial density of holes diffuses from the anode into
the HTL to align the Fermi level [12,13,29-31]. Then, the
accumulated holes near the anode/HTL interface create an
electric field towards the anode, resulting in the downward
curvature of an electric potential (i.e., Ap). Note that the high
work-function anode can render an Ohmic-like contact for
efficient hole injection at the anode/HTL junction rather than
a Schottky contact.

Now, in the presence of traps at x = x; near the anode as
shown in Fig. 1(b), the HTL band curves further downwards
by A(x;) due to the additional electric field that is exerted
towards the anode by the trapped holes. On the other hand, the
application of V, > 0 opposes the intrinsic (Ag) and extrinsic
[A(x;)] band bending so that ¢y, is effectively reduced with
respect to that at equilibrium (i.e., V, = 0) [see Fig. 1(c)].
We assumed that this bias-dependent barrier-lowering effect
depends on the square root of V, in Eq. (2b) inspired by
the thermionic emission current model, where the current
density is given by J « exp[—(%_— ”,C';F/‘m)] with ¢ the ele-
mentary charge and ¢ the permittivity. Here, ¢y, is lowered
by «/q/4mwed+/V, with an assumption of the constant electric
field of F =V,/d across the organic layer [11,32,33]. How-
ever, considering the space charge effect in our HOD, we
replaced the constant prefactor (/g/4med) with a scale factor
of [ that is set as a free parameter in our J-V model.

The B.C. for p can be given according to the Fermi-Dirac
statistics for holes and the Gaussian DOS for the HTL as

Ny (E — Ep)?
x=0,d) = exp| ————
P ) /_oo ouN 2T P |: 204 :|

1
X dE,
1 + expl(Pinj,ext — E)/kT]

3)

where E is an electronic state energy for holes, Ny is the total
molecular density, Ej is the center of the Gaussian DOS, and
oy is the Gaussian width for the HTL molecules. Equation (3)
indicates that the injected hole density [p(0)] is a function of
¢inj and hence it depends on x; and V,. For example, extrinsic
band bending [A(x;)] caused by traps enhances the injection
barrier (¢n;) and thus reduces p(0), whereas a positive V, low-
ers ¢y, thereby increasing p(0). p(0) determines the density
of the free holes available in the HTL and hence the cur-
rent density (J) in the HODs according to the drift-diffusion
equation.
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FIG. 1. Energy band diagrams for the HODs (a) at thermal equilibrium where intrinsic band bending (A,) arises for the Fermi level
alignment, effectively acting as a hole-injection barrier (¢i,j), (b) at equilibrium where additional extrinsic band bending occurs due to traps
inserted near an anode at x = Xx;, further increasing ¢;y;, (c) upon the application of a positive voltage (V, > 0) where band bending is mitigated,

reducing ¢iy;.
III. EXPERIMENT
The HODs were fabricated in an inverted struc-
ture: indium tin oxide (ITO)/I0 nm MoO3;/200 nm

tris(4-carbazoyl-9-ylphenyl)amine  (TCTA)/3 nm 4,4'-
bis(N-carbazolyl)biphenyl (CBP)/10 nm MoO3;/100 nm
Al. Here, an anode with the sequence of Al, MoOs, and
CBP forms an Ohmic-like hole-injection contact with
the TCTA HTL due to the CBP interlayer with its high
ionization energy [34]. This allows us to focus on the hole
transport properties in the HTL bulk by minimizing the
injection-limited effects on the J-V characteristics. We
chose 4,4’,4"-tris[2-naphthyl(phenyl)amino]triphenylamine
(2-TNATA) as a hole-trapping molecule due to its shallower
highest occupied molecular orbital of HOMO = —5.3 &+
0.1 eV vs —5.8 0.1 eV for the TCTA HTL. This 0.5-eV
difference eliminates the energetic overlap between the HTL
and trap HOMOs, even considering the width of a Gaussian
DOS ~0.1 eV for typical organics [31,34].

To ensure that trap molecules do not form filamentary paths
for the percolating movement of the holes via the trap states
and create complexity in analysis [19,24,35], we keep their
concentration low at <1wt % [36,37]. 2-TNATA was doped at
1 wt % in a 5-nm-thick layer of the 200-nm-thick TCTA HTL,
forming a trap-containing slab centered at x = x; within the
HTL. The “insertion” of the trap-containing slab at a desired
position (x;) was done by sequentially depositing the partial
HTL, slab, and then another partial HTL with their precisely
controlled thickness. The vacuum pressure in the deposition
chamber is kept below ~5 x 10~7 Torr to minimize the in-
troduction of environmental impurities such as oxygen and
water molecules into the HODs. The trap depth for 2-TNANA
in TCTA was measured to be 0.5 0.1 eV with ultraviolet
photoelectron spectroscopy (UPS), precisely matching with
the difference between their independently measured HOMO
levels (see the Supplemental Material [28]).

We classified the HODs into two groups as shown in
Fig. 2(a). The devices in “group 1” include a trap-containing
slab centered at x; = 0.2d up to 0.9d with an interval of
0.1d, relatively far away from the anode. For the devices in

“group 2,” on the other hand, the slab is situated at a shorter
distance of x; = 0.025d to 0.1d to the anode with a shorter
interval of 0.025d. Group 2 was used to investigate strong
trap-induced band bending near the anode with high precision.

IV. RESULTS AND DISCUSSION

Figures 2(b) and 2(c) show the J-V characteristics of a
few select HODs from group 1 and group 2, respectively,
along with that of a control device without traps (symbols:
experimental data; solid and dotted lines: model fits). In con-
trast to the other devices in group 1 and group 2, the control
device clearly exhibits a trap-free charge transport behavior
consistent with the Mott-Gurney law (i.e., J o V2) [38]. This
indicates that the intrinsic or environmental traps that may be
present in all HODs [24,39] do not act as hole traps due to the
shallow HTL HOMO of —5.8 + 0.1 eV (cf. —6.0 eV for water
clusters; see Kotadiya et al. [39]). Thus, we confirmed that the
only kind of hole traps active in the HODs is the intentionally
introduced 2-TNATA molecule.

For the group 1 HODs, the J-V model with an assumption
of A(x;) =0 shows a good agreement with the measured
J-V data [Fig. 2(b)]. This indicates that the trap-induced
band bending may be insignificant for the group 1 HODs
whose traps are situated relatively far from their anode
(0.2d < x; £ 0.9d). However, for the group 2 HODs with the
traps in proximity to the anode with x; < 0.1d, the J-V model
with the same assumption [i.e., A(x;) = 0] largely overesti-
mates the actual J-V trend or the conductivity of the devices
[dotted lines in Fig. 2(c)]. Furthermore, such a discrepancy
progressively increases with decreasing x;. This model over-
estimation can be resolved by considering the mechanisms
that can lessen the device conductivity: (i) the reduced hole
mobility of the HTL or (ii) restricted hole injection into the
HTL as x; approaches the anode. While the former can be
ruled out as it is not the case for group 1, the latter can result
from nonvanishing trap-induced band bending [A(x;) # 0eV]
[Eq. (2b)]. That is, the nonzero A(x;) increases ¢i,; and hence
concomitantly reduces p(0), rendering the HODs to become
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FIG. 2. (a) A few select HODs with traps inserted at different positions (x;). The group 1 and group 2 HODs have the traps relatively far
from (0.2d < x < 0.9d), and near (x; < 0.1d), their anode, respectively, with d the thickness of the HTL. (b) The J-V characteristics for the
group 1 HODs and the control device without traps [dotted line: J-V model following the Mott-Gurney law; solid lines: our J-V model only
assuming intrinsic band bending (A); symbols: experimental data]. (c) The J-V characteristics for the group 2 HODs [dotted and solid lines:
our J-V models with the assumptions of A(x;) = 0 and A(x;) > 0, respectively]. The inset shows the nonzero A(x,) values with respect to x,

for the group 2 HODs.

resistive. The J-V model with the revised A(x;) values can
precisely fit the data for the group 2 HODs [solid lines in
Fig. 2(c)].

Note that A(x;) increases with decreasing x; only if the
traps are in close proximity to the anode (x; < 0.1d), but
otherwise A(x;) =0 eV (x; = 0.2d). This is because the
trapped holes nearer the anode exert a stronger electric field
towards the anode, further inducing downwards band bending
(see the Supplemental Material for verification [28,40]). Note
also that because the density of trapped holes (p;) increases
with the applied electric field or voltage (V,), so does the
nonzero A(x,) for x; < 0.1d, which arises due to p; in the
first place. However, the variation of p; vs V, is small despite
the addition of free holes (p) due to the much larger density
of py > 10%*m=3 vs p~ 10'"® ~ 102 m—3 across the HODs
(vide infra), which is attributed to the favorable energy level
for the trap states (i.e., E; = 0.5 £ 0.1 eV) to readily capture a
majority of free holes even at a very low V,. This leads to the
negligible V,-dependence of A(x;).

On the other hand, the band bending can be mitigated by a
positive applied bias (V, > 0) [see Fig. 1(c) and Eq. (2b)]. To
account for this bias-dependent barrier lowering for HODs,
the fitting parameter / in Eq. (2b) was obtained to be 0.09,
which is nearly twice the prefactor /q/4mwed =~ 0.05 for the
thermionic emission model with the assumption of a con-
stant electric field. This discrepancy may be attributed to the
space charge effect in our HODs, one of the fundamental as-
sumptions in our model (see the Supplemental Material [28])
that leads to the nonuniform electric field across the devices
(vide infra). Another possible explanation can be given in
terms of an energy broadening effect in the organic layer at
a metal-organic interface. The energy broadening originates
from the disorder of interfacial dipoles formed between the
metal and organic [11]; however, upon the application of the
positive bias, such disordered dipoles would tend to align in
the direction of the electric field. This, as a result, can reduce
the energy broadening of the organic layer with a narrowed

Gaussian DOS such that charge injection from the metal into
the organic layer may be facilitated.

To investigate the overall trend of the J-V characteristics
with respect to the trap position, we present a contour map
of log J as functions of x; and V, in Fig. 3(a). The black
contour line at Jy = 0.01 mA/cm? shows two trends: (1) the
required V, to attain Jy increases with decreasing x; from 0.9d
to 0.2d (i.e., the HODs become resistive); (2) for x; < 0.2d,
the trend is reversed (i.e., the HODs become conductive). To
understand this, we plot in Fig. 3(b) the distributions of free
(p) and trapped holes (p;) along with the electric field profile
(F) at Jy = 0.01 mA /cm? for the three selected HODs with
traps inserted at x; = 0.05d, 0.3d, and 0.5d, respectively. The
commonality for these devices is that p sharply drops near the
trap-inserted position at x = x; due to strong charge localiza-
tion, manifested also as a large local density of p; therein. In
the case of x; = 0.5d, for example, the proportion of trapped
holes vs total holes, fod pi(x)dx/ fod[p(x) + pi(x)]dx, is ap-
proximately 40%. This is remarkable in that only 1 wt % of
the traps within a 5-nm-thick slab (i.e., 2.5% of the entire
thickness) can localize nearly a half of the total available
holes. It is the result of the trap depth of E; = 0.5 £0.1 eV
being deep enough to readily and exothermically attract holes
from the transport energy level.

The remaining free holes (p) between the trap-containing
slab at x = x; and the cathode at x = d are nearly negligible,
for which p in this region is smaller by at least ~ 3 orders of
magnitude than the injected hole density [p(0)]. As a result,
the electric field in the direction of the cathode (F > 0) surges
at which a large local p; arises near x = x;, but it flattens out
in the region of x; < x < d due to the scarcity of overall holes
therein according to F(x) = F(0) + f(f ‘gl[p(x’) + p(x)]dx
[Fig. 3(b)]. Therefore, as x; approaches the anode more, the
width of this flattened or constant-electric field region at x; <
x < d becomes wider. This leads to the higher V, to maintain a

given Jy according to V, &~ — fdo F(x)dx', indicating that the
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FIG. 3. (a) Contour plot of the current density of the HODs with respect to trap position (x) and driving voltage (V,). Solid lines represent
a required V, to attain J, = 0.01 mA /cm? for the HODs with traps at x = x,, calculated using the J-V model with and without considering the
effect of A(x,). Dashed and dotted lines represent the relative contributions of the width of the constant-F region [factor (i)] and the negative
shift of F(x) [factor (ii)], respectively, to the contour line with respect to x,. (b) (upper panel) The profile of the free hole density (p; solid
line), trapped hole density (p,; diagonal pattern), and (lower panel) electric field (F; solid line) for a few select HODs with traps inserted at
x, = 0.05d, 0.3d, and 0.5d, all of which are calculated at J, = 0.01 mA /cm?.

HODs become more resistive with decreasing x, as is found
in trend (1). In short, the free holes available in the devices
become more deficient as they are captured by the traps nearer
to the anode and this leads to the reduced device conductivity,
i.e., requiring the higher V, to attain Jy, as indicated by the
decreasing slope of the J-V curves for the group 1 HODs with
decreasing x; [Fig. 2(b)].

While the same effect also holds true for the case with
x <0.2d, it is overwhelmed by a counterbalancing factor
that renders the HODs to become conductive with decreasing
X, i.e., trend (2)—an entire negative shift of the F(x) that
occurs with decreasing x; such that the magnitude of F'(x) > 0
in the direction of the cathode progressively reduces (i.e., at
x; < x < d), whereas F(x) < 0in the direction of the anode is
further intensified (i.e., at 0 < x < x;). This can be understood
in terms of the relative distance between the trapped charges
[pe(x¢)] and the respective electrodes, which modulates the
magnitude of F(x) according to the method of images. The ob-
served relationship of F(x) vs x; can be more clearly shown by
solving the Poisson’s equation with p;(x;) with a fixed density,
excluding the influence of the free charges [i.e., p(x) = 0]
without loss of generality (see the Supplemental Material
[28]).

In summary, the turning point of the device conductivity
curve (i.e., the contour line at Jy) is determined by the in-
terplay of three factors: (i) the broadening of the width of
the constant-F region, (ii) the negative shift of the entire F(x)
profile, and (iii) the trap-induced bend bending [A(x;)]. Fac-
tors (i) and (iii) render the HODs resistive, whereas factor (ii)
exerts the opposite effect. Figure 3(a) shows the relative con-
tribution of the individual factors to the device conductivity
with respect to x;. Factor (i), represented by a dashed line, is
dominant in the range 0.2d < x; < 0.9d, whereas factors (ii)
and (iii) become activated with decreasing x; < 0.2d; how-
ever, even though the effect of factor (iii), rendering the HODs
resistive, is present [see the difference between black and red
solid lines assuming A(x;) > 0 and A(x;) = 0, respectively],

factor (ii), represented by a dotted line, is so dominant that the
HODs become conductive after all, manifested as the turning
point of the contour line in Fig. 3(a).

V. CONCLUSIONS

We investigated the effects of traps on the electrical char-
acteristics of unipolar organic devices by varying the position
of the traps in the devices. We found that the traps near
an anode induce strong band bending of the organic layer,
thereby hindering charge injection into the device. In addition,
the position of the traps critically determines the distribution
of the free and trapped charges, the electric field, and hence
the conductivity of the device. Note that our analysis on
organic devices could be easily transferrable to any type of
device based on amorphous semiconductors. This is because
although the material composition for amorphous semicon-
ductor devices is different, the governing principle of charge
dynamics, electronic states arising due to the structural dis-
order, and their variation due to the presence of traps can
be common in a broad sense. Our findings indicate that for
amorphous semiconductor devices in which environmental or
degradation-induced traps are normally found, a slight spatial
disorder of the traps even with a minute amount can largely
modulate the entire electrical properties of the devices. It is
therefore imperative to figure out what kinds of traps are
present in devices in the first place and then the effects of such
traps with their originating position and distribution, as was
proposed in this study.
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