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Investigation of the structure-transport correlation in metal phthalocyanine thin films
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The correlation of thin films structure and orientation of small organic molecules with the physical properties
like charge carrier transport is not only important for basic understanding but also crucial for various application
as functional devices. Small organic semiconductor molecules assemble in different configuration in thin films
resulting in exhibiting a wide variety of optoelectronic properties. Here, we have investigated the structure of
thin films of three metal phthalocyanines (MPcs) having a metal ion as Cu, Co, and Ni using a combination
of x-ray scattering techniques and microscopic images. The x-ray results reveal that the molecules assemble
in sticklike nanograins of well-ordered structure on Si surface. These nanograins packed differently for three
different metal ions and CuPc growth are more of a columnar type whereas NiPc form much smoother films.
The I-V measurements reveal higher conductivity for the thinner films, both under optical illumination and dark
condition, in contrary to the normal convention. This observation was explained in terms of the transport of
carriers through the region of trapped charge states in the ordered phase of the nanograins and the porous region
between the grains resulting in different threshold voltages for differently ordered films.
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I. INTRODUCTION

Organic semiconductors (OSCs) have received enormous
attention due to their physical, optical, and electronic prop-
erties suitable for various optoelectronic device applications.
Over the last decades organic small molecular materials
have emerged as the platform to explore the spin-dependent
transport in the nanoscale with a wide range of potential ap-
plications starting from data storage devices [1,2], spintronic
devices with magnetic sensitivity [3], and many others. The
inexpensive nature of most of the OSC materials, easy way
of large-scale production, and mechanical flexibility make
them eligible for low-cost device fabrication. There are sev-
eral such materials like π -conjugated small chain polymers
[4,5], fullerenes [6,7], etc., and metal phthalocyanines (MPcs)
are one of the very important members of this OSC family.
MPcs have a highly conjugated cyclic structure with a central
chelated metal ion which consists of four isoindole groups
corresponding to 18 π electrons [8]. MPcs are successfully
used in various electronic devices including organic light
emitting diodes (OLEDs), organic solar cells, and organic
field effect transistors (OFETs) [9,10]. MPcs are also under
intensive investigation to fabricate spin-dependent devices
such as organic spin valves (OSVs), OLED-based magnetic
sensors, and spin-OLEDs [10,11].

MPcs can exist in different polymorphic forms like α, β, γ ,
etc. [8]. Among all these phases, the metastable α and stable
β phases are the most common and significant for device
applications. The transformation from α to β mainly depends
on substrate temperature and can be distinguished by their
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molecular packing and tilt angle. It is known that the molecu-
lar orientation and ordering of this kind of small molecular
thin films play a very crucial role in functionality and
efficiency of a device [12–20]. Such films can be easily de-
posited using simple thermal evaporation technique [21–24].
Thin-film morphology is mainly affected by parameters like
deposition rate, substrate temperature, and surface energy of
a substrate [8,25] which results in forming microstructures
of different sizes ranging from single crystal to amorphous.
At elevated substrate temperatures, molecules have enough
kinetic energy to migrate to lower energy sites creating nucle-
ation points, resulting in polycrystalline structures with large
crystallites, and fewer grain boundaries [8,26–28]. Nucleation
density is also affected by deposition rate and subsequently
dictates crystallite size leading to different morphology
[8,29–32]. It is predicted that the layer-by-layer growth of
such thin films is possible when the surface free energy of
the substrate is more than that of the film and interface. On
the other hand, the island-type growth will be the dominant
feature when the surface free energy of the substrate is smaller
than that of the film and interface [33]. Depending on the
substrate surface, different MPc molecules can orient differ-
ently in columnlike or horizontally aligned manner [13–15].
Weak interaction between the molecule and the substrate re-
sults in vertical stacking of the molecules, whereas some MPc
molecules can cover the whole substrate surface reducing the
total surface energy [34–37]. In thicker films, molecules start
to transform from the surface structure to bulk structure by
strain relaxation mechanism and the morphology of the initial
growth process dictates further growth in thin film systems
[38,39]. It is known that relative sizes between the cavity of
the phthalocyanine ring and central metal ion determine the
structure of MPcs. Different central metal atoms can result
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in either ring contraction, ring expansion, or ring doming in
MPcs and some metal ions like Cu and Co take cavity diame-
ter close to that of the equilibrium metal-free phthalocyanine
[8,40]. Szybowicz et al. have demonstrated a clear change
in the metal-dependent band around 1500 cm−1 for different
MPcs using polarized Raman spectroscopy [8,41,42]. This
change also affects the molecular packing, organization, and
also change in angle between MPc molecules and the sub-
strate. Despite all these previous results, the morphology and
the orientation of different MPc molecules at the initial growth
state are not clear yet. Mostly, the morphological studies on
the initial growth mode of MPc thin films were performed
by atomic force microscopy (AFM) or transmission electron
microscopy (TEM) measurement [34–37]. But only AFM or
TEM measurements are not useful to get information about
molecular orientation inside the film and also the conventional
x-ray diffraction (XRD) is not good enough to probe the
structure due to the small amount of materials in thin-film
configuration and the low-scattering cross section of organic
components.

MPc-based devices exhibit different performance depend-
ing on the nature of the central metal atom [43]. The transition
metal (Fe, Co, Ni, Cu, Zn) phthalocyanines have the same
molecular structure and symmetry [43,44]. In this article, we
report detailed growth and structural evolution of CuPc, CoPc,
and NiPc thin films on silicon substrate by varying thick-
ness and have shown the effect of thickness and morphology
variation in charge-carrier transport by measuring the I-V
characteristics from these films. The out-of-plane and in-plane
structure of the thin films were obtained using x-ray reflectiv-
ity (XRR) and grazing incidence small-angle x-ray scattering
(GISAXS) measurement respectively. The x-ray scattering re-
sults show MPc molecules grow as sticklike nanograins on the
Si surface and the assembly of these grains varies for different
MPcs where CuPc molecules form more like a columnar
structure and NiPc films form smoother films. The in-plane
morphology measured using AFM corroborates the extracted
in-plane structure from the GISAXS measurement. A model
has been predicted to establish a correlation in charge-carrier
transport of these films having different thicknesses with the
structure and morphology of the molecular assembly. Such
a correlation between the structure at the initial growth pro-
cess in thin films with the transport properties will help us
to engineer various optoelectronic devices for wide range of
applications.

II. EXPERIMENTAL DETAILS

Metal-Pc (MPc) chemicals, namely CuPc (99.9% pure),
CoPc (97%), NiPc(97%) have been purchased from Sigma
Aldrich and used with no further purification process. Sili-
con wafers (ptype, 〈100〉) have been purchased from Sigma
Aldrich. Wafers were cleaned in an ultrasonic bath with
acetone, 2-propanol, and DI water successively. Before load-
ing into the chamber, all substrates were dried by using
dry N2 gas. Thermal evaporation was performed at 5.0 ×
10−6 Torr pressure and at a rate of 0.15 Å/s. A substrate
temperature of 373 K was maintained during evaporation.
We have deposited four different types of thickness for each
Pc’ s and they are denoted as A, B, C, and D in ascending

order of thickness. X-ray reflectivity and diffraction were per-
formed using a Rigaku Smart Lab instrument at wavelength
1.54 Å. GISAXS was performed in the Indian Beamline at
Photon Factory (BL-18B), KEK, Japan with incident energy
of 12 keV and the scattered beam was imaged with a Pilatus
1M detector. The distance from the sample to the detector was
3.6 m for the GISAXS measurement. AFM was performed
in taping mode using a CSI nano-observer instrument. We
have used WSxM software for image processing and to ex-
tract power spectral density (PSD) profiles from the images.
SEM images were taken using a Supra 40 FESEM instrument
with accelerating voltage at 5 kV. For electrical measure-
ment, we have fabricated two-terminal devices with a channel
length of ∼200 µm. First, we patterned SiO2 substrates (10 ×
10 mm) using photolithography and then a Ti/Au electrode
was deposited using e-beam evaporation. Over these patterned
substrates, an organic layer was deposited to fabricate the
device. The I-V characteristics were performed using a Keith-
ley 2602 source meter and an UV lamp was used for the
photoconductivity measurement.

III. RESULTS AND DISCUSSION

XRR, a well-known nondestructive technique, has been
used to investigate the out-of-plane structure of the deposited
thin films which gives us the information of electron den-
sity profile (EDP) as a function of the film thickness [45].
The fitted EDP provides us the model about the molecular
arrangement in the vertical direction of the film and the rough-
ness at the interfaces of the molecular stack along the film
growth direction. XRR data and fitted curves for all the
samples are shown in Figs. 1(a)–1(c). We have used Parratt
formalism to fit the XRR data and extracted the EDPs from
the fitted curves [45,46]. The thin films are modeled with
multiple stacks of bilayer configuration and each of the bi-
layers consists of a high-density and low-density region. The
roughness-convoluted periodic density variations throughout
the thickness of the films are shown in Figs. 1(d)–1(f) and the
orange curve in Fig. 1(d) shows the representative block of
different density layers without the roughness convolution that
we used for reflectivity calculation with Parratt formalism.
This kind of periodic density variation gives us the XRR
Bragg peaks at qz value 0.48 Å−1 and the calculated thickness
corresponding to that peak is about 13 Å which is a single
molecular length in a tilted configuration and a gap between
the stack of two molecules [20]. �qz corresponding to two
consecutive oscillations increases for the thinner films and
for the lowest thickness CuPc film, the curve A in Fig. 1(a),
the Bragg peak is broadened and only one oscillation can be
measured after qz = 0.6 Å−1 before the reflectivity reaches
the background [Fig. 1(a)]. The corresponding EDP profile
(black curve) shows that the organic film thickness is around
64 Å and it consists of three well-defined molecular layers and
two semifilled layers [Fig. 1(d)]. The thicknesses of the other
three CuPc films (B–D) are 105, 180, and 220 Å respectively.
It is clear from the XRR of CuPc films that the Bragg peak
is getting sharper and Laue oscillations start to appear with
the increase in film thickness. The fitted EDPs for the thicker
films also show two partially filled molecular layers at the top
but the layers underneath are mostly filled with well-organized
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FIG. 1. (a)–(c) XRR profiles of CuPc, CoPc, and NiPc films. Experimental data (open circles), fitted curve (red line). (d)–(f) Extracted
EDP profiles from the fitting of XRR of the corresponding films. Orange curve in (d) shows EDP profile without roughness convolution. Insets
show the corresponding XRD profile of D films.

molecular arrangement and do not change much for the higher
thickness of CuPc films. XRR profiles of CoPc films are
shown in Fig. 1(b) and the corresponding EDP profiles are
shown in Fig. 1(e). The thicknesses are coming out to be 51 Å,
71 Å, 102 Å, and 145 Å for the films A–D, respectively. In
the case of NiPc, the XRR profiles and fitted EDPs give the
thickness of these films as 50 Å, 80 Å, 144 Å, and 206 Å for
films A–D, respectively, as shown in Fig. 1(c) and Fig. 1(f). It
is important to note that only a small hump is visible after the
Bragg peak for the thinner films (sample A and B) of CoPc
and NiPc, whereas a clear reflectivity oscillation is present
even for the thinner films (sample A and B) of CuPc. In the
case of CoPc and NiPc films, reflectivity oscillations have
started to appear on the right side of the Bragg peak for thicker
films only, in contrary to the same for the CuPc films. So, in
the earlier growth stage, the out-of-plane structure is a little
distorted for thin films of all three materials and with increas-
ing thickness this distortion reduces drastically. The presence
of almost undamped oscillations (Laue oscillations) around
the Bragg reflections for the thicker films is evidence of homo-
geneous coherent thickness, i.e., a well-defined out-of-plane
structure [Figs. 1(a)–1(c)]. The calculated reflectivity profile
matches well with the experimental data and also replicates
exactly the Bragg peaks, and Kiessig and Laue oscillations in
the XRR profiles. This is only possible when the out-of-plane
structure grows along the substrate normal. So, an almost ver-
tical columnar growth pattern is found to be the predominant
growth mode in these thin films and CuPc is showing the
most ordered vertical structure among these three materials.
XRD profiles of thick (D) films are shown in the insets of
Figs. 1(a)–1(c). All the profiles exhibit only one diffraction
peak around 2θ = 6.8◦. This peak corresponds to the (200)

lattice plane of α phase and it is consistent with the results
found elsewhere [47–50].

In order to investigate the in-plane structure of the films
of three different molecules, we have performed GISAXS
experiment and the extracted line profiles from the GISAXS
images of all the films are shown in Figs. 2(a)–2(c). The
inset shows the 2D GISAXS image of the corresponding
A-type films only. The GISAXS image shows a strong peak
at qy = 0 and a pair of weak satellite peaks on each side of
the main peak. These satellite peaks can be termed as the
“in-plane correlation peak,” which signifies the presence of a
2D correlated in-plane structure caused by the lateral density
modulations in the sample [51]. To estimate the shift in the
in-plane correlation peaks for different samples, we have plot-
ted the peak positions (qy) with corresponding film thickness
(Z) in Fig. (3). It is observed that the peak position shifts to
higher qy values with the increase in the film thickness for all
three types of material indicating a larger separation between
the correlated in-plane structure with the increase in film
thickness.

In order to model the GISAXS data we have considered
a simple one-dimensional “sticklike” shape function which
is defined in Eq. (1) and the corresponding form factor in
Eq. (2) [52]:

F(x, L) =
{
ρ0 if |x| � L
0 if |x| > L ,

(1)

F (q, L) = 2Lρ0[sin(qL)/qL], (2)

where ρ0 is the electron density of the material. Now, if
we consider that the size of these sticks follows a Gaussian
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FIG. 2. (a)–(c) GISAXS line profiles of CuPc, CoPc, and NiPc samples. Experimental data (open circles), simulated curve (solid line), and
insets show corresponding 2D GISAXS image of A films.

probability with a mean length L0 and standard deviation σL

then it leads to as follows:

〈|F (q, L)|2〉 = 2ρ2
0

q2

[
1 − exp

(−2σ 2
L q2

)
cos(2qL0)

]
, (3)

|〈F (q, L)〉|2 = 4ρ2
0

q2
sin2(qL0) exp

(−q2σ 2
L

)
. (4)

Assuming that the sticks are separated by a mean distance ξ

with standard deviation σξ and follows Gaussian probability,
this leads to the expression in the q space as

P(q) = exp

(−q2σ 2
ξ

2

)
exp(iqξ ). (5)

Writing P(q) = φ(q) exp(iqξ ), we reach the expression of in-
terference function of a one-dimensional Hosemann paracrys-
tal equation [52,53]

Sφ (q) = 1 − φ(q)2

1 + φ(q)2 − 2φ(q) cos(qξ )
. (6)

The total scattered intensity is then expressed as

I (q) = �0(q) + |〈F (q, L)〉|2Sφ (q) + G(q), (7)

where �0(q) = 〈|F (q, L)|2〉 − |〈F (q, L)〉|2 is the incoherent
contribution due to the size distribution of the sticks and G(q)
is a Gaussian peak added to simulate the central peak which
arises due to substrate contribution at qy = 0. Using Eq. (7)

FIG. 3. Peak position in GISAXS vs thickness plot. Schematic
of in-plane and out-of-plane molecular structures in thin film config-
uration is shown in the inset.

we have calculated the scattered intensity as a function of
qy and the result is plotted in Fig. 2 (solid red lines). The
parameters used to simulate the intensity are shown in Table I.
We can see that the length L of the sticks as well as the
interstick distance ξ both have quite a large deviation (σL and
σξ ) for all three types of samples. These deviations signify that
the stick size and the distance between the sticks both have
the Gaussian fluctuations around a peak value, and the peak
width signifies the variation of random nature around that
mean value. The average length of the sticks increases with
thickness for all three types of samples. On the basis of these
results, we propose a model of the initial growth mechanism
of these films, and a schematic of that model with a detailed
view of molecular assembly is shown in Fig. 3 (inset). Crystal
structure analysis of a similar type of CuPc film is reported in
Ref. [50] and shows that the lattice parameter a = 26.1 Å.
This value of a is almost twice the value of our extracted
bilayer thickness 13 Å. This implies that for these films the
a axis is aligned towards the normal to the substrate [50]. On
Si surface, the molecules form well-ordered small crystalline
nanodomains and these domains are separated by noncrys-
talline porous regions. If we consider the fitting parameters
of L0 and ξ of the thickest film and the thinnest one for CuPc
films, the increase in crystalline domain size and the noncrys-
talline domain size is almost in the same ratio. But in the case
of CoPc and NiPc, the size of the crystalline domain increases
almost double that of the noncrystalline domain size. These

TABLE I. GISAXS line profile fitting parameters.

L0(Å) σL(Å) ξ (Å) σξ (Å)

A 128 33 1018 304
CuPc B 143 27 1061 323

C 148 37 1111 386
D 187 42 1597 386

A 59 19 454 161
CoPc B 92 21 678 246

C 97 28 805 259
D 141 40 832 273

A 47 29 685 248
NiPc B 98 31 765 284

C 125 30 796 315
D 142 37 935 429
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FIG. 4. (a)–(c) AFM images of B-type films of CuPc, CoPc, and NiPc. (d)–(f) AFM images of D-type films of CuPc, CoPc, and NiPc.
Insets show corresponding FFT profiles. (g)–(i) SEM images of D-type films of CuPc, CoPc, and NiPc and corresponding insets show the
images taken from the edges of the films.

in-plane structural differences between the films of CuPc and
CoPc-NiPc have a clear signature in the I-V measurements
which will be explained later in the paper.

In order to investigate the surface morphology of the de-
posited films, AFM was performed and the images for one
thin (B-type) and one thick (D-type) film for all three mate-
rials are shown in Figs. 4(a)–4(f). It can be clearly seen that
in the initial growing period (B-type films), only the CuPc
film exhibits a sticklike pattern but CoPc and NiPc films are
more compact and uniform [Figs. 4(a)–4(c)]. But when the
film thickness gradually increases, sticklike patterns gradually
appear for all the materials and then become more and more
clear as shown in Figs. 4(d)–4(f). The r.m.s. roughness we
get from the thin samples (B-type films) are 7.1, 3.6, and
3.9 Å for CuPc, CoPc, and NiPc, respectively, and for the
thick samples (D-type films) these values are 10.7, 5.6, and
12.5 Å. This roughness evolution and surface morphology of
the film clearly indicate the columnar growth of molecules for
the thicker films in particular. The FFT of the AFM images is
shown in the insets of Fig. 4. The presence of circular sym-
metric spectra implies that the surface is isotropic (rotational
invariance) [54] and the clear bright ringlike patterns indicate
the presence of a characteristic length scale [55–57]. These
patterns signify the possibility of the presence of a correlation
between the sticklike features. To better estimate the in-plane
correlated length scale from the AFM images, we have plotted
the PSD profiles of corresponding AFM images, which are

shown in Fig. 5. It is known that the PSD profile is the angular
average of the radial distribution of wavevector k. Here we
have extracted the lateral correlation length by converting the
characteristic bend, i.e., a major change in the slope in the

FIG. 5. PSD profile of AFM images of Fig. 4. Open circles de-
notes the data and red-dashed lines are corresponding linear fit. The
in-plane correlation lengths ξ are shown from the specific positions
of the wavevector k (marked by dashed lines of corresponding color)
are indicated.
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FIG. 6. (a) and (c) show the I-V characteristics under dark condition of thick and thin films, respectively. (b) and (d) show the I-V
characteristics under UV illumination condition of thick and thin films respectively. Corresponding

√
I vs V plot in insets.

PSD, directly to a real space length [58,59]. The obtained
correlation lengths ξ from the PSD curves have been indicated
by the dashed line in the PSD profile (Fig. 5). Here we have
fitted each PSD curve with two straight lines and used the k
values of the intersection points to estimate the corresponding
ξ values. It is interesting to note that the obtained lengths
from the PSD curves match well with the interstick distance
obtained from the GISAXS analysis.

We have also taken SEM images for three types of films,
shown in Figs. 4(g)–4(i). The images are not sharp due to
very low-density contrast in the fully covered surface region.
Images taken from the edges of the films are shown in the
corresponding insets. These inset images are shown to rep-
resent the molecular assembly shape with better clarity. We
can see that each of these images consists of sticklike shaped
molecular assembly which are randomly distributed over the
substrate. This observation justifies our model of 1D sticks
considered to fit the GISAXS profiles.

The charge carrier transport through such organic semi-
conductor materials is vastly affected by the trapped charge-
carrier states of the material [60–63]. To understand the
correlation of such crystalline and porous domain structures
for the development of the trap states in carrier transport,
we have measured the I-V characteristics for thin (B) and
thick (D) samples as shown in Fig. 6. We have performed
the experiment in dark conditions and as well as under UV
illumination and the corresponding current is referred to as
“dark current” and “photo current,” respectively. We can see
that the value of photo current is significantly high for all the
thick samples under UV illumination in comparison to the

respective dark currents. But this difference in values of dark
current and photo current is much lower for the thinner sam-
ples as shown in Figs. 6(c) and 6(d). In fact, it was observed
that the photo-current value of thick samples is comparable
to the values of dark current of thin samples, i.e., an increase
in the thickness of the films results in a more resistive path
contrary to the normal circumstances. After a certain voltage
(threshold Vth), the current is found to be nonlinear for all
the samples. The value of Vth for all three materials also
decreases with decreasing thickness under UV illumination.
The

√
I vs V plot for all the samples follows a straight line

at high voltage region as shown in the insets of Fig. 6. This
V2 dependence of current implies that the current through
the material of the film is bulk trapped which corresponds
to the space-charge limited conduction (SCLC) [60,61]. It is
known that these trap states are generally situated in the band
gap of the material and when the applied voltage exceeds the
value of the barrier corresponding to the trapped states then
the current increases rapidly with voltage resulting in such
V2 dependence [62]. Under illumination conditions, the Fermi
level rises and the trap carrier states become more populated
with charge carriers, thus the newly injected charge carriers
are not getting trapped further. Therefore, the free carrier
increases, which results in a lowering of the Vth and a rapid
increase of current with applied voltage. The defects or voids
produced between the crystalline and noncrystalline domains
due to spontaneous aggregation of molecules during the film
growth process [64] can be responsible for the decrease in
in-plane conductivity with an increase in thickness of the
film. As the columnar structure evolves with an increase
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in thickness, the molecular realignment with the crystalline
domains may leave some voids between the crystalline and
noncrystalline regions, leading to a decrease in number of
possible paths for charge transport through the materials. This
transition makes the material more resistive, resulting in a
decrease in current for thick films. The GISAXS data shows
the increase in crystalline size and intercrystalline domain dis-
tance with an increasing thickness that supports the proposed
mechanism for the existence of extra resistance in the thick
films.

IV. CONCLUSION

The structure-property correlation in thin films of small
organic semiconductor molecules is very important for the
wide range of applications of these materials as devices. Here,
we have investigated the growth and structural evolution of
three different metal (Cu, Co, and Ni) Pc molecules in thin
films and explained the differences in charge-carrier transport
in thick and thin films with the structural organization of the
molecules in the film. The XRR of CuPc films show clear
Kiessig oscillations corresponding to uniform film thickness,
and almost undamped Laue oscillation around the Bragg peak.
This indicates a coherently ordered out-of-plane structure of
CuPc molecular periodicity in the vertical direction on Si
substrate. The Laue oscillations are not so prominent for CoPc
and NiPc thin films but higher thickness films show simi-
lar out-of-plane ordering as found for the CuPc molecules.
The in-plane structure reveals a two-dimensional arrangement
of sticklike crystalline ordered assembly formed by the Pc
molecules. The surface morphology imaged from AFM and
SEM also shows the similar ordered structure in thin-film
configuration. The interstick distances increase with thickness

for all the molecules but the increase is more for CuPc
molecules and the least in NiPc molecules. The PSD profile
analysis also corroborates this observation. The in-plane I-
V characteristics measured on thin and thick samples show
higher current for the thinner samples than the thick samples
in contrast to the normal circumstances. The appearance of
defects or trapped states due to molecular realignment results
in extra resistance and affects the charge-carrier transport
through the thick materials. Though hopping-mediated trans-
port is the primary mode of transport in such OSC materials,
here the contribution to transport of charge carriers is more
dominated by the trap states of the crystalline domains. The
investigation of structural configuration of such small organic
molecules in thin films helped us to solve the discrepancies
in charge transport through the materials as a function of film
thickness.
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