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Electrical transport has been investigated in amorphous and polycrystalline (a-phase) iron
phthalocyanine (FePc) thin films grown by molecular beam epitaxy. Measurements carried out in the
temperature range of 150-300 K showed hysteric current-voltage (I-V) characteristics at
temperatures above 200 K. The I-V characteristics measured during the increasing voltage scan
showed a transition from the Ohmic conduction to the trap controlled space charge limited
conduction followed by a trap free conduction. During the decreasing voltage scan, trap free
conduction was observed in full voltage range. The /-V hysteresis is attributed to the filling of deep
surface traps created by chemisorbed oxygen. Amorphous films showed higher hysteresis as well as
chemisorbed oxygen content. © 2008 American Institute of Physics. [DOL: 10.1063/1.2990060]

I. INTRODUCTION

Organic semiconductors (OSCs) are attractive for elec-
tronic applications due to their low cost, simple fabrication
methods, and large variation in material characteristics.
These have been exploited for devices such as light-emitting
diodes,1 field-effect transistors,2 photovoltaic cells,3 and
electronic memory.4 In these materials, molecules are bound
by weak van der Waals forces leading to narrow bands, lo-
calized charge carriers, and thermally activated charge trans-
port. The charge transport in OSCs is not well understood
and is controlled by two basic processes: (a) injection of
charge carriers from electrodes into the semiconductor and
(b) transport of carriers in the bulk. Depending on the semi-
conductor and electrode metal used, the current may be in-
jection limited (due to the mismatch between energy levels
of the electrodes and the OSC) or bulk transport limited
(controlled by the intrinsic mobility of the OSC and charge
traps). Both the device structure and charge traps need to be
considered to understand the conduction mechanism in OSC
thin films.

Hysteric I-V characteristics and switching at specific
voltages, useful for memory devices, have been reported in
different OSC thin films. Mechanisms proposed for explain-
ing these phenomena include the formation of nanofilamen-
tary metallic pathways,5 conformational chamge,6 charge in-
jection control by the space charge formed at metal/polymer
interface,” electric-field-induced charge transfer,®” charge
storage mechanisms (charge transfer or charge trapping),*
redox reactions of metal ions or molecules,' and filling-
defilling of the charge tlraps.12 " The reported mechanisms of
hysteresis belong to one of the two categories. In the first
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category, the metallic species get embedded into an organic
matrix either by deliberate inclusion or by an electromigra-
tion process. These species act as charge trapping centers,
and the hysteresis is relatively insensitive to the nature of the
organic material. In the second category, hysteresis is asso-
ciated with the properties of the organic molecules, which
includes donor-acceptor systems, redox reactions of mol-
ecules, and the conformational change of the molecules.

Metal phthalocyanine (MPc) based OSCs have received
great attention due to their exceptional chemical and thermal
stability. These have been widely investigated for applica-
tions in chemiresistor type gas detectors, solar cells, color
filters, etc.'* However, electrical transport in iron phthalocya-
nine (FePc) has not been studied in detail. This is important
as FePc may also show interesting magnetic properties. Fur-
ther, the effect of adsorbed oxygen (which leads to an in-
crease in hole carrier density) on the transport properties of
MPc is not well understood. In the present study, the electri-
cal characteristics of FePc films deposited by molecular
beam epitaxy have been measured and the effect of adsorbed
oxygen on transport properties has been investigated. The
measurements have been carried out on both amorphous and
polycrystalline (a-phase) thin films as the extent of adsorbed
oxygen in two types of films is quite different. The results
showed hysteresis in /-V characteristics that was attributed to
filling and defilling of surface traps created by chemisorbed
oxygen similar to trap based mechanisms reported
earlier.''® The measurements were carried out in a planar
electrode geometry to ensure that the hysteresis does not
originate from metal ion incorporation in the films. The role
of oxygen was confirmed by x-ray photoelectron spectros-
copy (XPS) studies and measurements after repeated expo-
sure to oxygen.

© 2008 American Institute of Physics
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Il. EXPERIMENTAL

FePc films with a nominal thickness of ~100 nm were
grown on glass substrates by the molecular beam epitaxy
technique using a RIBER make model EVA 32 system de-
scribed earlier.'” The films were deposited using an effusion
cell loaded with 97% pure a-FePc powder (Aldrich make) at
substrate temperatures of 30 and 200 °C to prepare
amorphous and polycrystalline films, respectively. Prior
to the depositions, the evaporation source was heated at
200 °C for a prolonged period to remove the moisture and
other impurities. For the determination of the deposition
rate, the pressure (p) of the FePc vapors was measured
at a substrate position using a flux gauge. The flux
was  calculated  using the  following  relation:
F=3.52%10%(p/\MT) molecules/cm?®s, where p is the
pressure in torr, M is the molecular weight of FePc (568.38),
and T (in K) is the temperature of the effusion cell. The
depositions were carried out at a rate of 0.07 nm/s at vacuum
of better than 107% torr.

The structure of the films was determined by grazing
incidence x-ray diffraction (GIXRD); measurements were
carried out using Cu K radiation (Seifert-XRD 3003 TT) in
an out-of-plane geometry with an incidence angle of 0.1°.
Neutron reflectivity (NR) measurements were carried out us-
ing a polarized neutron reflectometer installed at the Dhruva
reactor in India."® NR data yielded information about the
density, thickness, and interface roughness of the films. The
morphology of the films was studied by scanning electron
microscopy (SEM) images obtained using a Tescan make
VEGA MV2300T/40 system. A RIBER make (model FCX
700) system was used for XPS measurements carried out
using a Mg Ka (1253.6 eV) source and a MAC-2 electron
analyzer. The binding energy scale was calibrated to the
Au-4f5,, line at 83.95 eV. For electrical measurements, two
gold electrodes separated by 15 wm were evaporated using a
metal mask, and silver wires were attached to the gold pads
with silver paint. The I-V measurements were carried out
using a Keithley make 6487 picoammeter/voltage source and
a computer based data acquisition system. The measurements
at low temperatures were carried out using a closed cycle
cryostat.

lll. RESULTS AND DISCUSSION

The SEM micrographs and GIXRD spectra of the films
are shown in Fig. 1. The SEM of films deposited at 200 °C,
showed densely packed crystallites similar to FePc films re-
ported in the literature." The GIXRD spectrum showed
single peak (200) of a-FePc phase, indicating that the films
are oriented with the a-axis normal to the substrate and have
edge-on stacking of the molecules. A very high signal to
noise ratio of the GIXRD peak showed good structural qual-
ity of the films. The value of the a-lattice parameter was
found to be 2.54 nm, in agreement with earlier studies.”’ The
SEM micrographs of the films deposited at 30 °C [inset of
Fig. 1(a)] showed a very smooth texture, indicating their
amorphous nature, and the same was confirmed by GIXRD
spectrum shown in Fig. 1(b).

J. Appl. Phys. 104, 073717 (2008)

T LAY T ST T
Vega ©Tescan

SEM MAG: 90.00 kx
HV: 250 kv

DET: SE Detector -
DET: SE Detector 1 pm

VAC: HVac Device: VEGA MV2300TH0 Digital Microscopy Imaging
T T T T T T T
=) 0
o S
—~ AN . 4
(2] ~ <
o S
< z
- 2
T 2 | i g, -
£
2 A
O 1 4 6 8 10 12 14 16 18 201
~ 20 (degree)
> 4
=
n
C -
()
—
E = -
" ' s R L e
4 6 8 10 12 14 16 18 20

20(degree)

FIG. 1. (a) Scanning electron micrograph and (b) GIXRD pattern recorded
for the FePc thin films deposited at 200 °C. Insets show corresponding
results for room temperature deposited thin films.

NR measurements were carried out to investigate the
thickness, density, and interface roughness of the grown
films.”'** The specular reflectivity from typical amorphous
and crystalline films was measured as a function of wave
vector transfer Q [Q=(47/\)sin 6, where 6 is the incident
angle and \ is the wavelength of neutrons]. Specular reflec-
tivity depends on scattering length density (SLD) p(z)
(where z is the film depth), averaged over in-plane features.
NR data were fitted using a depth-dependent SLD profile
p(z) defined as p(z)=2,N,(z)b;, where N; is the (in-plane)
average number density and b; is the nuclear scattering
length of individual atoms.?"?

Figure 2 shows the NR data for the crystalline films.
Closed circles represent experimental data, and the curve
shows fitting of the data using the p(z) profile shown in the
inset. The results showed a film thickness of 97 nm and
p(z)=4.82%x10° A=2 (which corresponds to a density of
1.91 g/cc for FePc film). However, for amorphous films, the
thickness was found to be 100 nm. The lower value of the
thickness for crystalline films compared to that of amorphous
films could be due to the desorption of molecules from the
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FIG. 2. NR data of the FePc thin film as a function of momentum transfer Q
(A~1). Open circles are experimental points, and the solid line is the theo-
retical fit obtained using SLD vs depth variation shown in the inset.

hot substrate surface during deposition. For crystalline films,
the results showed roughness of <20 A for the surface and
<10 A for the film-substrate interface.

The MPc’s are reported to be highly susceptible to the
atmospheric oxygen, and chemisorptions of the oxygen on
the central metal atoms result in the formation of charge
transfer complexes. To investigate the interaction of FePc
with oxygen, XPS studies were carried out. The core level
XPS spectra of FePc thin films were recorded for (i) as de-
posited films (before exposure to atmosphere), (ii) after pro-
longed exposure to air (1 h), and (iii) after annealing at
200 °C for 30 min under vacuum (~107° torr). The results
are shown in Fig. 3. As deposited films showed a single peak
for Fe-2p5;, (at ~708 eV), indicating the presence of Fe in
Fe?* state.”” Similar results were obtained for the vacuum
annealed sample. However, for air exposed samples, the
Fe-2ps,, peak could be deconvoluted into two peaks with
binding energies of 708 and 711 eV corresponding to Fe?*
and Fe?* states, respectively.24 The presence of Fe3* states at
the surface is attributed to the formation of the charge trans-
fer complex between Fe and chemisorbed oxygen. The for-
mation of the Fe—O charge transfer complex was further con-
firmed by the analysis of the O-1s spectra. For air exposed
films, the O-1s spectrum showed two components at binding
energies of 531 and 533 eV attributed to physisorbed and
chemisorbed oxygen, respectively.zé‘_26 Fresh samples did
not show the presence of oxygen, as expected for films de-
posited under ultrahigh vacuum conditions while vacuum an-
nealed films exhibited the presence of physisorbed oxygen
only. Thus the XPS data clearly show that on exposure to
oxygen, Fe?* is oxidized to Fe**, and the chemisorbed oxy-
gen desorbs on vacuum annealing, which is in agreement
with reported literature.”” For air exposed samples, the
Fe*/Fe?* ratio was found to be 0.94 and 0.78 for amorphous
and crystalline samples, respectively, indicating a stronger
interaction of amorphous samples. This is attributed to the
high defect density in amorphous films.

To understand the influence of chemisorbed oxygen on
the charge transport, I-V characteristics were measured for
vacuum annealed polycrystalline films (measured in vacuum
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FIG. 3. (Color online) Core level Fe-2ps, and O-1s XPS spectra of (a) as
prepared (in situ measurement), (b) air exposed, and (c) vacuum annealed
FePc films in crystalline form. (d) shows XPS spectra for amorphous films
after exposure to air.

at room temperature) and those exposed to atmosphere for
short (<5 min) and long (1 h) times (measurement in air),
and the results are shown in Fig. 4. It is seen that the I-V
characteristics for vacuum annealed films exhibit an Ohmic
behavior and do not have hysteresis, while air exposed films
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FIG. 4. I-V characteristics recorded at 300 K after (a) vacuum annealing and
(b) short and (c) long time exposure to atmosphere. The inset shows the
SEM  micrograph of the planar Au/FePc/Au structure used for
measurements.

Downloaded 06 Apr 2013 to 142.51.1.212. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



073717-4 Samanta et al.
0.22 eV ]
o 1.00F ]
e 0.03 eV
S [
3 0.26 eV
> 0.14E 3
©
S -
o 0.09eV
C 0.02 E[—— amorphous film 3
- —O— crystalline film
0.003 0.004 0.005 0.006

1T(K™

FIG. 5. (Color online) Temperature dependence of the conductance recorded
for amorphous and crystalline FePc films.

show both hysteresis and nonlinear characteristics. Further,
the hysteresis increases with an increase in air exposure time.
As demonstrated by XPS studies, the films adsorb oxygen on
exposure to atmosphere, and therefore we believe that the
presence or absence of the hysteresis is related to the chemi-
sorbed oxygen. We also see (Fig. 4) that the vacuum an-
nealed films have higher conductivity compared to air ex-
posed films. This indicates that in addition to hole doping (as
suggested by the oxidation of Fe** to Fe**), the chemisorbed
oxygen creates surface traps, which localize the charge.
Therefore, both hole doping and charge localization need to
be considered to understand the electrical properties of these
films.

To further understand the conduction mechanism, the
conductivity of air exposed films was measured (at a voltage
of 50 V) as a function of temperature, and the results are
presented in Fig. 5. A change in conduction mechanism is
evident at a temperature of ~200 K. Fitting of the tempera-
ture dependence of conductance to the thermally activated
hopping model, o=0, exp(AE/kT), reveals two activation
energies, AE;=0.22 eV (T>220 K) and AE,=0.03 eV
(T<220 K) for crystalline films and AE;=0.26 eV
(T>200 K) and AE,=0.09 eV (T<200 K) for amorphous
films. The presence of two different activation energies indi-
cates the possibility of two different types of charge trap
states in the films: (i) surface traps arising due to chemi-
sorbed oxygen and (ii) bulk traps arising due to impurity/
structural defects. The first activation energy (AE,) is very
close to the value of 0.26 eV reported for the MPc-oxygen
interaction.”” The lower activation energy effective at tem-
peratures <200 K is attributed to bulk traps.

The hysteresis in the /-V characteristics was studied as a
function of temperature (for air exposed samples), and the
results obtained in the voltage range of =50 V are shown in
Fig. 6. It is seen that hysteresis is higher for amorphous films
than for crystalline films, in agreement with XPS data, indi-
cating higher chemisorbed oxygen in this case. Further, the
hysteresis reduces at lower temperatures (150 K), and I-V
characteristics are linear (seen by replotting data in the linear
scale, not shown here), indicating that traps are ineffective at
low temperatures due to high activation energy.

J. Appl. Phys. 104, 073717 (2008)
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FIG. 6. (Color online) Temperature dependence of I-V characteristics for
amorphous and crystalline FePc films.

To understand the charge transport mechanism, we have
replotted the room temperature /-V characteristics in the log-
log scale, and the results are shown in Fig. 7 for both crys-
talline and amorphous films. A power law behavior of I-V
characteristics (I~ V) is observed in different regions, with
exponent (a) increasing (for the increasing voltage scan)
from ~1 at low voltages to a value of ~5 at a voltage of
about 25 V and finally to 2 at higher voltages. For the reduc-
ing voltage scan, the exponent has a constant value of 2 at all
voltages. The value of the exponent is an indication of the
conduction mechanism, and its variations indicate a cross-
over in conduction mechanisms as a function of voltage. For
voltages <10 V, a~1 and linear /-V may be described by28

J=npeukE, (1)

where J is the current density, n, is the concentration of
thermally generated holes, e is the electronic charge, u is the
hole mobility, and E is the electric field. In the Ohmic re-
gime, the density of the injected charge carriers is much less
than the thermally generated carrier density leading to a lin-
ear behavior. Room temperature values of n, determined
from Eq. (1) (using typical mobility values of
7%107 m? V~! s7! reported for MPc) are given in Table I
for both types of films.?*%

For the voltage range of 10-20 V, characteristics
(a~?2) indicate space charge limited conduction (SCLC).”®
SCLC occurs if the injection electrode forms an Ohmic con-
tact with the organic film. Due to the presence of a very
small energy barrier of 0.2 eV at the Au/FePc interface, an
Ohmic contact is expected.30 At sufficiently high voltages,

I(x107 Amp)
o

o

o

=
T

10
Bias (V)

FIG. 7. (Color online) I-V characteristics for (a) amorphous and (b) crystal-
line films recorded at 300 K in the log-log scale.
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TABLE I. Parameters of the FePc film determined from /-V characteristics.

Surface trap concentration

Hole Total surface per unit energy at the
concentration Trap characteristic trap density valence band edge
Sample (ng) temperature (7)) (N,) (Py)
Amorphous 6.4x10"7 m™ 1410 K 1.03% 10 m™ 53%x10% J7'm™
Crystalline 2x10"% m™ 1050 K 3.9%x10*' m™ 2.7x10* J-' m™
the injected carrier concentration exceeds that of thermally O¢ ,uV2
generated carriers, and the SCLC current becomes dominant. J= 84 (5)

The existence of traps within the organic film has the effect
of localizing a large proportion of charge carriers. If the traps
are shallow and located at a discrete energy level above the
valence band edge, the current is given by28

9euV?
J=—t
8d

6, (2)

where d is the electrode separation, € is the permittivity of
the FePc, and 6 is given by 6=p/(p+p,), where p is the
density of free holes and p;, is the density of trapped holes.
Therefore, the observed slope of 2 in the 10-20 V bias range
is attributed to SCLC with the shallow discrete traps.

For the voltage range of 20-40 V, the current rises rap-
idly, and a~ 5.7 for amorphous films and ~4.5 for crystal-
line films. The higher value of exponent (>2) suggests a
SCLC mechanism in the presence of deep traps (i.e., surface
traps), which are distributed exponentially in energy above
the valence band edge. In this regime the /-V characteristics
may be described by28’29’31

P )l Vl+l

[ -, 3
ePokT,) d**! ®)

J=e,uN<

where N is the effective density of states at the valence band
edge, P, is the trap density per unit energy range at the
valence band edge, and [ is the ratio 7,/T, where T is the
absolute temperature and 7, is the temperature characterizing
the trap distribution.*® Using reported values of N
(10" m™>) and £ (2.43 X107 F/m) for MPc, values of 7,
and P, were determined from Eq. (3) and are given in Table
1. The total concentration of surface traps (N,) can be deter-
mined from the value of P, and 7, using the following
equation:28

N, = PykT,. (4)
The value of N, determined in this manner is also listed in
Table I.

The values of n, T,, N;, and P are within the range of
reported values for various MPc’s.®® Tt may be noted that
surface trap density is higher for amorphous films than for
crystalline films. This is in agreement with the higher con-
centration of Fe**/Fe?* for the amorphous films.

For voltages >40 V, the current rises slowly and the
exponent again reduces to ~2. It is attributed to filling of all
traps so that the sample behaves like a trap free sample:.zg’29
In this regime, the I-V characteristic follows Child’s law,31

Summing up, as the voltage is scanned from 0 to 50 V, the
carrier transport mechanism changes from Ohmic to SCLC
controlled by shallow traps to SCLC controlled by traps ex-
ponentially distributed in energy and finally to SCLC con-
trolled by Child’s law. On the reverse scan, the films show
high conductance with @~ 2, indicating that trapped carriers
are not released. Thus the film behaves like a trap free
sample, and the -V characteristic follows Child’s law. The
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FIG. 8. (Color online) (a) I-V characteristics recorded at 300 K with differ-
ent values of maximum voltage bias. (b) Time dependence of the current
recorded for high and low conducting states measured at a voltage of 30 V.
The inset shows the time dependence of the current starting from the high
conducting state at different temperatures.
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data show that hysteresis arises from trapping of carriers on
the application of voltage (leading to high conductivity state)
and their release on the reduction of voltage (yielding lower
conductivity state).

In order to investigate the feasibility of the observed
hysteresis for the memory effect, we have measured the
maximum bias dependence of the /-V characteristics, and the
results are shown in Fig. 8(a). Clearly, the hysteresis is ab-
sent for applied voltages <10 V and increases with voltage.
To investigate the time dependence of different states and
memory effect, we define the low conductivity state as 0 and
the high conductivity state as 1. We write 0 and 1 by the
application of zero and +50 V, respectively, for a time pe-
riod of 100 s. After writing O or 1, we read the state by a
continuous application of a voltage of +30 V. The results are
shown in Fig. 8(b). The ratio of currents in 1 and O states
reduces from the initial value of ~19 to 1.4 after 400 s. The
decrease in current ratio is attributed to the relaxation of
trapped charge carriers. To investigate the relaxation mecha-
nism, we studied the time dependence of current (at the ap-
plied voltage of 30 V) starting from the high conductivity
state at different temperatures, and the results are shown in
the inset in Fig. 8(b). It is observed that the relaxation rate
increases with temperature, indicating that the relaxation
process is predominantly thermally activated. The observed
memory effect was found to be repeatable and reproducible.

IV. CONCLUSIONS

We have studied the current-voltage (I-V) characteristics
of the amorphous and crystalline iron phthalocyanine (FePc)
thin films grown by molecular beam epitaxy. By carrying out
the room temperature /-V measurements on vacuum an-
nealed and air exposed samples, we have demonstrated that
the I-V hysteresis in FePc films is intimately related to the
filling and defilling of deep surface traps created by chemi-
sorbed oxygen. The presence of chemisorbed oxygen has
been confirmed by the XPS. Room temperature /-V charac-
teristics showed higher hysteresis for amorphous films than
for crystalline films, indicating higher density of surface sites
for chemisorption in amorphous films. The study indicates
that the FePc films may be utilized in memory devices.
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