
Organic Electronics 13 (2012) 1409–1419
Contents lists available at SciVerse ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel
Defect profiling in organic semiconductor multilayers

Priya Maheshwari a, P.K. Pujari a,⇑, S.K. Sharma a, K. Sudarshan a, D. Dutta a, S. Samanta b,
A. Singh b, D.K. Aswal b, R. Ajay Kumar c, I. Samajdar c

a Radiochemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India
b Technical Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
c Department of Metalurgical Engineering and Material Science, Indian Institute of Technology Bombay, Mumbai 400076, India

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 January 2012
Received in revised form 21 March 2012
Accepted 27 March 2012
Available online 20 April 2012

Keywords:
Positron annihilation spectroscopy
Organic semiconductors heterostructures
Interfaces
Defects
1566-1199/$ - see front matter � 2012 Elsevier B.V
http://dx.doi.org/10.1016/j.orgel.2012.03.032

⇑ Corresponding author. Tel.: +91 22 25594575; fa
E-mail address: pujari@barc.gov.in (P.K. Pujari).
Defect depth profile study has been carried out in organic semiconductor (OSC) multilayers
to characterize the buried interfaces and layers using beam based positron annihilation
spectroscopy. The bilayer and trilayer heterostructures (p–n, p–p and n–p–n) comprise of
organic–organic and organic–inorganic (substrate) interfaces. Our study reveals the pres-
ence of defects at the interfaces whose concentration is seen to vary with the layer thick-
ness. The S–W correlation has been used to examine the effect of organic materials as well
as thickness of the layers on the defect microstructure in multilayers. The nature and type
of defects in p–p bilayer are seen to be different as compared to p–n and n–p–n multilayers.
Positron mobility in OSC layers has been calculated from the fitted diffusion length which
is seen to be of the same order as the effective mobility of charge carrier obtained from the
measured current density–voltage (J–V) characteristics. The role of structural defects and
the intrinsic electric field at the interfaces on positron systematics is also examined. Posi-
tron diffusion modeling together with experimental data suggests that the defect at the
interfaces has a stronger influence on the positron systematics than the intrinsic electric
field across organic–organic interfaces.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Molecular electronics has attracted worldwide atten-
tion due to the advantages over silicon technology in terms
of low-cost, ease of processing, compatibility with wide
range of substrates, large area and ease of tailoring the
material characteristics. The fundamental properties and
applications of organic molecules in electronic and opto-
electronic devices have been an issue of intensive research
since many years. Variety of organic molecules are being
used as active material in devices such as organic transis-
tors [1], organic photovoltaic cells (PVs) [2,3], organic light
emitting diodes (LEDs) [4] and organic memory devices [5].
These devices are essentially multilayered structures con-
sisting of heterojunctions of organic–organic, metal–
. All rights reserved.
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organic as well as organic–inorganic materials. The under-
standing of interface properties holds the key to ascertain
working mechanism as well as performance of the devices.
The growth and crystalline order of interfacial semicon-
ducting layers are believed to dictate device performance.
For example, nature of interface determines the fate of
excitons to be either stabilized (for efficient LEDs) or desta-
bilized (for efficient PVs) at the interface. In organic spin-
tronics, interface between a ferromagnetic metal contact
and an organic semiconductor (OSC) is important for the
spin transfer from one material to another [6,7]. The charge
transport across the interface between various organic and
inorganic components and light absorption/emission char-
acteristics of the device are believed to be influenced by
structural and electronic properties of the interface. A lot
of work focusing on the engineering of interfacial proper-
ties has been carried out to achieve the best possible per-
formance of organic devices [8,9]. While most of these
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studies deal with electronic band alignment at organic–or-
ganic interfaces [10–12], there are reports on the structural
and morphological aspects of film growth and interfacial
characteristics using scanning probe microscopies, X-ray
absorption and diffraction techniques. However, there is
no systematic study on the open volume defects, especially
at the interfaces which are believed to influence the charge
transport properties. In the present work we have carried
out a systematic depth profiling of defects in different
OSC multilayers comprising of organic–organic and organ-
ic–inorganic interfaces using a slow positron accelerator.
The objective has been two fold; one, to explore and under-
stand the positron systematics, two, extract useful infor-
mation on the microstructure across buried interfaces.

Positron annihilation spectroscopy (PAS) is a sensitive
technique to probe atomic order defects/open volumes as
compared to conventional defect characterization tech-
niques. This is due to the unique repulsive force between
the positrons and ion cores that facilitates localization of
positrons in the open volume defects such as vacancies
or voids in metals or semiconductors with sensitivity in
the range of a few ppm to size as small as a monovacancy.
The underlying manifestation that is indexed in positron
defect spectroscopy is the increase in the life-time of pos-
itron/Ps upon localization in defects because of the lower-
ing of electron density as compared to bulk. The
momentum distribution of electrons in defects differs from
the bulk i.e. the measured momentum distribution is con-
siderably narrowed down when a positron is trapped in a
defect. This is reflected in the Doppler broadening of anni-
hilation gamma-rays. Conventional positron spectrosco-
pies use 22Na source which is sandwiched between the
samples under study. However, due to large spread in pos-
itron energy, it cannot be used for depth profiling studies
as well as the study of ultrathin films. The slow positron
accelerator, on the other hand, provides monoenergetic
beam of positrons that can be used to carry out depth pro-
filing studies even in ultrathin films. Also, it enables probe
of defects at the surfaces and buried interfaces in multi-
layer structures. In the context of semiconductors, exten-
sive studies have been carried out using positron
annihilation spectroscopy which are well documented
[13]. Positron has been used as a charged probe for band
bending structures near the interfaces between different
materials due to the effect of electric field on the diffusion
of positrons [14,15]. There are studies where positron has
been used as interface sensitive probe in polar heterojunc-
tions in addition to defects inside the bulk of the materials
[16].

Beam based positron annihilation technique has been
applied to study the surface and interfaces in multilayer
structures like thin high k-dielectric films on Si substrates
[17,18], metal-oxide semiconductor (MOS) structures [19],
Si/SiO2 interfaces [20] and many other multilayer struc-
tures. Most of the interest is centered on the characteriza-
tion of grown-in defects [21–23]. There are several studies
on internal field effects too, mainly at Si/SiO2 interface [24–
26].

We have prepared multilayer heterostructure of
Cobalt-phthalocyanine (CoPc), Zinc-phthalocyanine (ZnPc)
and Iron-phthalocyanine (FePc) having p-type, and
copper-hexadecafluoro-phthalocyanine (F16CuPc) having
n-type characteristics. They include individual layers (n
and p), bilayers (p–n and p–p) and multilayer like n–p–n
on quartz substrates. Depth profile study has revealed char-
acteristics features of the interfaces as well as type of de-
fects in these multilayers. Positron mobility in organic
molecular films (Phthalocyanines) has been determined
and compared with effective charge carrier mobility mea-
sured from current density–voltage (J–V) characteristics.
The positron data have been supplemented by Grazing
incidence X-ray Diffraction (GIXRD) measurement on the
multilayers. Positron diffusion modeling together with
experimental data suggests the presence of disorder/defect
at the interfaces which has a stronger influence on the pos-
itron systematics than the intrinsic electric field across
organic–organic interfaces.
2. Experiment

Single layer and multilayer films of n-type (F16CuPc)
and p-type (CoPc, FePc and ZnPc) OSC materials have been
prepared on quartz substrate by thermal evaporation using
Hind high Vac thermal evaporation system (model no-
12A4T) under vacuum better than 10�6 mbar. The sub-
strate is cleaned by sonication with trichloroethylene, ace-
tone and methanol separately for 5 min each before the
deposition. The films are deposited at the substrate tem-
perature of 100 �C and the deposition rate of 0.2 Å/s. The
single layer films of n-type (F16CuPc) and p-type (CoPc)
material are 80 nm thick. The multilayer structures com-
prise bilayer of p–n (CoPc-F16CuPc) and p–p (FePc-ZnPc)
type and trilayer of n–p–n (F16CuPc-CoPc-F16CuPc) type
OSC materials. The thickness of each film in bilayer and tri-
layer structures is 60 and 30 nm, respectively. The thick-
ness of the films is measured by quartz crystal monitor.

The grown films have been characterized by GIXRD
using PANalytical MRD system. The system studied are n
and p-type films (80 nm) as well as p–n and p–p hetero-
structures (individual film thickness 60 nm). The measure-
ments are carried out using CuKa radiation of wavelength
0.15418 nm in out of plane geometry. The measurements
are performed at varying grazing angles so as to probe
the multilayer system as a function of depth. The high res-
olution theta-2-theta scan ranging from 0� to 30� in the
step size of 0.0001� is carried out at each grazing angle.

The positron annihilation measurements have been car-
ried out using the slow positron beam at Radiochemistry
Division, Bhabha Atomic Research Centre. Positrons from
a 50 mCi 22Na source are moderated by a 1 lm tungsten
foil and guided to the target chamber with the help of elec-
tric and magnetic field. The acceleration is done by floating
the target to the required voltage. The depth dependent
Doppler broadening measurements have been carried out
in the energy range 200 eV–15 keV. A high efficiency high
purity germanium detector with a resolution of 2.0 keV
at 1332 keV photopeak of 60Co is used for Doppler broaden-
ing measurements and approximately half a million counts
are acquired under the 511 keV photopeak at each energy.
The Doppler broadened annihilation c-radiation is charac-
terized by line shape parameters S and W. The S-parameter
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mainly reflects the change due to positron annihilation
with electrons having low momentum distribution,
whereas, W-parameter reflects the annihilation from elec-
trons with high momentum distribution. The ratio of inte-
gral counts within �2.0 keV energy window centered at
511 keV to the total photo peak area is used to evaluate
the S-parameter, whereas, W-parameter is evaluated from
5.0 keV energy window in the wing region. The S–W corre-
lation is examined to identify the nature and type of de-
fects in these multilayers. VEPFIT analysis is used to fit
the S-parameter profiles as a function of energy of the pos-
itrons. Positron mobility in organic layers is calculated
from the fitted value of positron diffusion length.

The current density–voltage (J–V) measurements are
carried out using in-plane electrode geometry. Two planar
gold electrodes of length 3 mm, width 2 mm separated by
12 lm are thermally deposited onto the films using a me-
tal mask and silver wires are attached to the gold pads
with silver paint. The J–V measurements are carried out
using Keithley 6487 picoammeter/voltage source and com-
puter based data acquisition system.

3. Results

Figs. 1 and 2 show the GIXRD measurements for single
layer (n and p) and bilayer (p–n and p–p) heterostuctures,
respectively. The sharp peaks indicate that the films are
crystalline. The d-spacing for p-type OSC material (CoPc)
is 13.497 Å (2h-angle 6.55�) and that of n-type OSC mate-
rial (F16CuPc) is 14.083 Å (2h-angle 6.22�) as calculated
from diffraction peaks for single layer films. In bilayer
structures, different layers have been probed by varying
the grazing angle. The dashed line (Fig. 2) corresponds to
the organic–organic interface region i.e. it samples both
the layers. In the case of p–n bilayer (Fig. 2a) two peaks ob-
tained at different 2h-angles correspond to p and n-type
OSC materials. The 2h-angles (d-spacings) for p and n-type
materials are 6.62� and 6.22�, respectively consistent with
the single layer films. For the p–p bilayer, sharp peaks are
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Fig. 1. GIXRD data for single layer films of n and
obtained at different grazing angles with slightly different
2h-angle values (Fig. 2b) which correspond to p-type OSCs
used in this bilayer. The 2h-angles for the peaks are 6.87�
and 6.80� and the d-spacing are 12.77 and 12.93 Å respec-
tively. The p-type OSC materials used in p–p bilayer are dif-
ferent (FePc and ZnPc) from that used in p–n bilayer and
single layer p-type film (CoPc). This has resulted in differ-
ent values of 2h-angles (d-spacing) in p–p bilayer.

Figs. 3 and 4 show the S-parameter variation as a func-
tion of positron energy for single layer films of n and p-type
OSCs. A non-monotonic change in the S-parameter profile
as a function of depth of the film is seen. The high value
of S-parameter at a given depth is a signature of the pres-
ence of defects in that region. The single layer films of n
and p-type OSC on quartz comprise of an interface between
organic and inorganic (substrate) materials. The increase in
S-parameter reflects the interfacial characteristics between
the film and the substrate. The high value of S-parameter at
the interface indicates the presence of open volume de-
fects/domains (trap centers) and reveals the microstruc-
ture variation between organic and inorganic materials
(substrate) as indicated by the subsequent fall in S-param-
eter. The epitaxial relation between the film and the sub-
strate is important in crystallographic sense as well as for
growth behavior. The organic molecules have large anisot-
ropy and internal degrees of freedom due to low symmetry
and extended size. The effect of size difference of unit cells
of organic molecules and the inorganic substrate as well as
molecule–substrate interaction lead to translational and
orientational domains, which are the sources of disorders
[27]. In addition, growth of the films is accomplished by
the interplay of molecule–molecule and molecule–sub-
strate interaction [28].

Figs. 5 and 6 show S-parameter profiles for p–n and p–p
bilayers. These bilayers comprise of organic–organic and
organic–inorganic (substrate) interfaces. Enhancement in
the S-parameter is seen at the organic–inorganic interfaces
in both the cases (p–n and p–p) similar to the observation
in single layer films. However, there is a marked difference
20 25 30
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Fig. 2. GIXRD data for bilayer layer films of p–n and p–p-type OSC materials on quartz substrate.
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Fig. 3. Variation of S-parameter as a function of positron energy (keV) in single layer film of n-type OSC material deposited on quartz substrate. The solid
line represents the best fit to data using VEPFIT.
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in S-parameter profiles in the region corresponding to or-
ganic layers. The region corresponding to organic-organic
interface in the two types of heterostructures show differ-
ent features. The S-parameter shows sharp increase at a
depth corresponding to the interface between p and n-type
OSCs (in p–n bilayer) which is absent in the case of p–p
interface (in p–p bilayer) that shows a smoothly varying
S-parameter profile. As mentioned earlier, p–n interface
has an intrinsic electric field directed in the beam direction
which is absent in the p–p interface. It is tempting to sug-
gest that the intrinsic electric field is responsible for the in-
creased S-parameter at the interface in p–n bilayer. It is to
be noted that the difference in d-spacing for the constitu-
ents in p–n bilayer is larger compared to that of p–p
bilayer. This incoherency/lattice mismatch at the interface
is expected to produce defects due to local molecular
ordering at the junction as well as strain at the interface
in p–n bilayer as compared to p–p bilayer.

The S-parameter profile as a function of depth for n–p–n
heterostructure is shown in Fig. 7. The n–p–n trilayer com-
prises of two organic–organic (n–p and p–n) and organic–
inorganic (n-type OSC and substrate) interfaces. The S-
parameter profile shows similar features as observed in
the case of p–n bilayer i.e. enhancement of S-parameter
at all the interfaces. The enhancement in S-parameter at
the organic–organic interfaces in p–n and n–p–n hetero-
structures is expected to be a cumulative effect of the pres-
ence of defects and intrinsic electric field. However,
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positron diffusion modeling in the presence and absence of
electric field is suggestive of the fact that electric field
across the interface need not necessarily help localize pos-
itrons at the interfaces, a discussion on which is given in
latter section.
4. Discussion

4.1. Positron diffusion analysis

Depth dependent S-parameter profiles have been fitted
using VEPFIT analysis to evaluate the characteristics of het-
erostructures with depth. VEPFIT analysis involves solving
positron diffusion equation taking into account the posi-
tron diffusion, trapping and annihilation in the medium
[29]. The positron diffusion equation is given as,

Dþ d2cðzÞ
dz2 �

d
dz
ðvdcðzÞÞ þ IðzÞ � jtntcðzÞ � kbcðzÞ ¼ 0 ð1Þ

where, c(z) is the time averaged positron density at a cer-
tain depth z below the solid surface, vd is the drift velocity
of positrons, I(z) is the positron stopping rate at depth z, nt

is defect density, jt is rate constant for positron trapping at
defects, kb is the bulk annihilation rate and D+ is positron
diffusion coefficient. The drift velocity is the function of
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electric field and is expressed as:vd ¼ lE; where, l is the
mobility of positron and E is the electric field strength.

The depth dependent implantation rate of thermalised
positrons is obtained by Makhovian distribution P(z), given
by,

PðzÞ ¼ m
zm

0
zm�1exp � z

z0

� �m� �
ð2Þ

where, m is the shape parameter of P(z), z0 is given by,
z0 = AEn/q, where, z0 is expressed in nm, E is the positron
energy in keV, q is the density of medium in g/cm3 and A
is a material dependent constant. In the present work, val-
ues of A, m, n and q are taken as 40 nm g/(keV)n cm3, 1.9,
1.6 and 1.7 g/cm3 for OSCs and 2.33 g/cm3 for quartz
substrate, respectively. The observed S-parameter profiles
are then fitted by the relation:

SðEÞ ¼ SsFs þ
Xn

i¼1

SiFi ð3Þ

where, SS, Si, FS and Fi are the characteristics value of S-
parameters and fraction of positrons annihilating at the
surface and in different layers, respectively. The fast non-
iterative calculation scheme is used to solve the diffusion
equation to calculate the time averaged positron density
in the medium. The average positron density is then used
to extract diffusion length and the fraction of positrons
annihilating at various depths taking into account the var-
ious boundary conditions for the diffusing positrons. The



Table 1
Fitted values of S-parameter and positron diffusion length (L+) in single layer of n and p-type OSCs.

Sample Layer 1 Layer 2 Layer 3

S1 L+(1) (nm) S2 L+(2) (nm) S3 L+(3) (nm)

n-type 0.51198 30 0.54468 0.2 0.5000 320
p-type 0.50742 35 0.51533 0.2 0.5000 110

Table 2
Fitted values of S-parameter and positron diffusion length (L+) in p–n and p–p bilayers.

Sample Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

S1 L+(1) (nm) S2 L+(2) (nm) S3 L+(3) (nm) S4 L+(4) (nm) S5 L+(5) (nm)

pn type 0.48532 37 0.54303 0.1 0.44971 62 0.51752 0.2 0.4970 500
pp type 0.51625 31 – – 0.506181 27 0.51619 0.2 0.4970 350
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above information can be used to calculate S-parameter
and positron diffusion length at various depths of the
sample.

The fitted S-parameter profiles for single layer as well as
bilayers (p–n and p–p type) are represented by solid lines
in Figs. 3–6. The fitted parameters are shown in Tables 1
and 2. The best fit could be obtained by taking an interface
layer between OSC and the substrate in all cases. In p–n bi-
layer, unlike the p–p case, an additional interface layer be-
tween the p and n-type OSC has to be considered for fitting
the data. The obtained diffusion lengths are seen to be in
the range of 30–40 nm in organic layers and 0.1–0.2 nm
in the interfaces. The S-parameters in the interface layers
are seen to be higher, and, together with the observed
short diffusion length clearly indicate strong positron
localization at the interfaces.

In the case of p–n bilayer the presence of an intrinsic
electric field at the interface of p and n type OSC layers is
expected. However, in the fitting described above we have
not considered the presence of electric field due to lack of
knowledge on the exact value of the field which is evalu-
ated from current–voltage characteristics and in situ spec-
troscopic measurements. In order to examine the influence
of electric field alone or together with the presence of de-
fects at the interface on the positron systematics, we have
simulated the S-parameter profile. The model system con-
sists of a top p-type layer, followed by an interface layer
and n-type layer of infinite thickness. The presence of de-
fects is represented by high S-parameter and short diffu-
sion length of positrons at the interface. Similarly, the
absence of defects is represented by taking the interface
layer S-parameter and diffusion length identical to that of
the top layer.

Fig. 8 shows the simulated profiles of S-parameter.
Fig. 8a shows the effect of electric field at the interface in
the presence of defects. Presence of electric field in the
direction of the beam (in the present case) drifts the posi-
trons away from the interface. Effectively, positrons see the
bottom layer at lower implantation energy or depth lead-
ing to the observed profile. It can be seen that the electric
field has marginally but distinctly modified the profile
keeping the effect of defects (positron trapping at the
interface) dominant. Fig. 8b shows the effect of electric
field at the interface in the absence of defects. The profile
indicates that the electric field alone cannot generate the
observed experimental profile in the absence of defects
at the interface. It is clear from this modeling that the pres-
ence of defects due to epitaxial relation between the mate-
rials is the dominant feature leading to enhanced trapping
of positrons at the interface.

In the case of n–p–n trilayer, fitting could not be done
due to the presence of large number of layers (seven lay-
ers) including the interfaces between organic materials.
However, sharp features in experimental S-parameter pro-
file are indicative of interfaces between p and n-type mate-
rials similar to that observed in p–n bilayer. It may be
mentioned that the electric fields at the two organic inter-
faces (n–p and p–n) are in opposite direction. We believe,
this has effectively improved the depth resolution espe-
cially for the middle layer (p-type) owing to the modifica-
tion of implantation profile.
4.2. S–W analysis

Depth dependent Doppler broadening measurement
provides the characteristic features of the layers as a func-
tion of depth. The S-parameter profiles for single and mul-
tilayers (n, p, p–n, p–p and n–p–n) have indicated the
presence of interfaces with significant defects at the junc-
tion of different organic as well as organic and inorganic
materials. However, the type and nature of defects at the
interfaces can be discerned from S–W analysis which in-
volves simultaneous analysis of S and W parameters. This
helps in recognizing positron annihilation states in the sys-
tem. Fig. 9 shows the S–W curve for p–p and p–n bilayers.
The S and W values have been normalized with respect to
quartz substrate. Each S and W value corresponds to a par-
ticular depth of the sample. The quartz substrate is repre-
sented by S = W = 1. The S–W curves for p–p and p–n
bilayers show different slopes which indicate the presence
of different type of defects in these heterostructures. In the
case of p–n bilayer, S–W points corresponding to different
depths lie on the line L2 (shown in Fig. 9) indicating the
presence of similar type of defects throughout the bilayer.
However, defects at organic–organic interface are more as
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compared to bulk layer. Similarly, in the case of p–p bi-
layer, only one kind of defects exist throughout the depth,
however, the S–W curve (line L1) shows the absence of
interface between p-type materials. Fig. 10 shows the S–
W curves for p–p, p–n and n–p–n together. It is seen that
the slope of S–W curves of p–n and n–p–n multilayer is
same, but different from p–p bilayer. It indicates that the
nature of defects in p–n and n–p–n is similar and distinct
from p–p bilayer. The difference in the nature of defects
in these multilayers is due to the presence of different
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organic materials (n and p-type). The S–W curves for n–p–n
trilayer shows the presence of more defects at the organic
interfaces as compared to p–n bilayers. This can be attrib-
uted to different morphology of the layers owing to the dif-
ferent thickness of the layers in p–n and n–p–n multilayers.
Thus, S–W mapping has revealed the effect of organic
materials as well as thickness of layers on the defect micro-
structure in multilayers.
4.3. Mobility of positrons and charge carriers in OSC layers

The mobility of positrons in a medium depends on its
microstructure due to the tendency of positrons to get
trapped at the structural defects. The positron diffusion
length obtained from VEPFIT analysis can be used to calcu-
late positron mobility in OSC layers. The positron diffusion
length L+ and diffusion coefficient D+ are related as,

Lþ ¼
ffiffiffiffiffiffiffiffiffi
Dþs

p
ð4Þ

where, s is positron lifetime in the material. The diffusion
coefficient can be used to calculate positron diffusion
mobility in the material using Nernst–Einstein relation,

Dþ ¼ lþkBT=e ð5Þ

where, l+ is positron diffusion mobility, kB is Boltzman’s
constant, T is temperature and e is electronic charge. Coin-
cident Doppler broadening studies have shown that posi-
tron/Ps do not interact with the metal ion in
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phthalocyanines. The positron lifetime in bulk of phthalo-
cyanine is reported in the range 0.290–0.330 ns [30]. The
positron diffusion coefficient is calculated using Eq. (4),
taking into account the positron diffusion length of
35 nm as calculated from VEPFIT analysis and positron life-
time as 300 ps. The diffusion mobility (l+) of positron esti-
mated using Einstein’s relation (Eq. (5)) is 1.6 cm2/Vs.

We have measured the effective mobility of charge car-
riers from J–V characteristics in organic layers. The mea-
sured J–V characteristics in n-type OSC single layer film is
shown in Fig. 11. At low voltage, J–V characteristics repre-
sent ohmic conduction. At higher voltages the transport
mechanism is governed by space charge limited conduc-
tion (SCLC). In the SCLC region, charge transport is gov-
erned via deep traps existing in the organic layers. These
deep traps can be generated due to the presence of struc-
tural defects in the organic layers [31]. In the presence of
deep traps (defects), J–V characteristics in SCLC region is
given by:

J ¼ 9e0erlh

8d3 V2 ð6Þ

where, e0 is the permittivity of free space, l is the charge
carrier mobility, er is the static dielectric constant of the
material and h is described as ratio of density of free carri-
ers to the density of total charge carriers, i.e. h = p/(p + pt)
where, p is the free carrier density and pt is the density
of trapped carriers. In the presence of defects the value of
h is less than 1 and approaches a maximum value of 1 in
the absence of any defect. Using the slope of J–V plots for
n-type OSC single layer film and the literature value of
e0er as 2.43�10�11 F/m, the effective mobility of charge
carriers, lh in organic layer is calculated as 3.5 cm2/Vs.
The effective mobility (lh) of charge carriers decreases
with the increase in defect density of the medium. The
mobility of positrons which is also strongly dependent on
the structural defects in the materials is seen to be compa-
rable to the effective mobility (lh) of charge carriers deter-
mined from the J–V characteristics. It is an interesting
observation and it offers the possibility to determine defect
(trap) density and charge conductivity in organic thin films
by measuring the positron mobility. It may, however, be
mentioned that the dynamic behavior of positron and
charge carrier are different in a medium due to the differ-
ence in the scattering mechanism and nature of delocaliza-
tion of their wave functions. More studies on variety of OSC
materials are necessary to ascertain stronger correlation
between positron mobility and effective mobility of charge
carriers.
5. Conclusion

We have carried out defect depth profiling in OSC mul-
tilayers of varying thickness to characterize buried inter-
faces and microstructure of the layers. The variation of S-
parameter as a function of depth shows a non-monotonic
change represented by an increase at a depth correspond-
ing to the junction between organic–organic and organic–
inorganic materials. VEPFIT analysis reveals the presence
of interface with high S-parameter and short diffusion
length between the organic–organic and organic–inorganic
materials. The high value of S-parameter shows the pres-
ence of structural defects owing to the incoherency or lat-
tice mismatch between the layers. The organic–organic
interface is seen to be absent in p–p bilayer where lattice
mismatch is found to be less compared to p and n-type
materials in p–n and n–p–n multilayers. We have also
examined the nature and type of defects in these multilay-
ers by simultaneous mapping of S and W parameters. The
S–W correlation shows the presence of different type of de-
fects in p–p bilayer as compared to p–n and n–p–n reflected
from the different slopes of the S–W curves. The effect of
type of organic materials and layer thickness on defect
microstructure is also observed.

Positron systematics at charged organic interfaces has
been examined using positron diffusion modeling to
understand the influence of intrinsic electric field and
structural defects present at the interfaces. It has been
shown that the defect/disorder at the interface has more
influence on the positron systematics than the built in
electric field. While the interface defects tend to localize
the positrons, the electric field facilitates drift of positron
away from the interface in the direction of the electric
field. The positron diffusion length calculated from VEPFIT
fitting is used to calculate positron mobility in organic lay-
ers which is influenced by structural defects. Positron
mobility obtained in organic layers is seen to be compara-
ble to effective mobility of charge carrier measured from J–
V characteristics. This is an interesting observation and can
be used to evaluate trap density as well as charge conduc-
tivity in organic layers. Our study reveals that the defect
profiling using positron annihilation technique can be used
as a non destructive tool to characterize organic devices at
the early stage of fabrication and can give preliminary
knowledge of trap density and charge conductivity in or-
ganic layers.
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