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The evolution of surface morphology and scaling behavior of tin (IV) phthalocyanine dichloride

(SnCl2Pc) thin films grown on Si(100) and glass substrates have been studied using atomic force

microscopy (AFM) and height-height correlation function analysis. X-ray diffraction measurement

confirms the crystalline nature of the SnCl2Pc thin film on glass substrate, while no crystallographic

ordering is present for the film grown on Si substrate. The growth exponent b is found to be much

larger for the film on glass substrate (0.48 6 0.07) as compared to that on Si substrate (0.21 6 0.08),

which may be due to the high step-edge barrier, so-called Ehrlich-Schw€obel barrier, resulting in the

upward dominant growth on glass substrate. From the 2D fast Fourier transform of AFM images and

derived scaling exponents, we conclude that the surface evolution follows a mound like growth.

These results imply the superiority of glass substrate over the Si substrate for the growth of device

quality SnCl2Pc thin film. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936937]

Thin films based on molecular semiconductor, specifi-

cally “small” molecules like phthalocyanine are finding an

increasing application in a number of optoelectronic devices.

In particular, they have been exploited in organic light emit-

ting diodes,1 photovoltaic devices,2,3 and organic field-effect

transistors, organic sensors4 due to their favorable properties,

e.g., thermal and chemical stability, well ordered thin film

growth and wide absorption band at the optical region. They

also exhibit a certain degree of “specific tunability” due to

various metals ion (M¼Sn, Cu, CO, H2, Zn, etc.) and the

side groups (R¼F, Cl, NH2, O(CH2)10OH, etc.) that can be

introduced within a broad range.5 The optimized transport

phenomena like injection and recombination of charge car-

riers depend among other parameters, on molecular packing,

range of grain boundaries/microstructure and roughness/

morphology of surfaces. Therefore, the controlled deposition

of molecular thin films is primarily a key requirement for the

optimization of electro-optical properties in organic based

devices in which the optimized film thickness with desired

properties are essential. In this regard, the SnCl2Pc is par-

ticularly attractive, since it is considered as a good candi-

date for n-type organic material and the device based on

this molecule is relatively more stable.6,7 So, understanding

the growth dynamics of organic thin films is one of the key

issues in the field of organic electronics. In case of hetero-

structures, such as organic-organic heterostructures8,9 (for

organic diode) and organic-inorganic heterostructures10

(for electrode/contacts), the knowledge of growth kinetics

is of utmost importance, since their interfacial structures

can play a crucial role on the scaling properties. However,

there has been no report on the scaling behavior and growth

dynamics of SnCl2Pc on different substrates that are most

relevant for device applications.

The scaling theory can be implemented to quantify the

statistical properties of the surface morphology of thin films

and to formulate theoretical models of growth modes for dif-

ferent inorganic materials such as metals,11,12 semiconduc-

tors,13,14 organic like polymers,15 and small molecules.16,17

In this work, we elucidate the change of surface morphology

of SnCl2Pc with thickness variation, and we address the

effect of substrate-surface on the roughness scaling behavior.

From the height–height correlation function (HHCF) and

theoretical formalism of scaling theory, we have calculated

the growth exponents, and these exponents describe the mor-

phological features of SnCl2Pc thin films.

SnCl2Pc (n-type) thin films were grown in a high vacuum

organic thermal evaporation chamber with a base pressure of

�10�6 mbar. Commercially available SnCl2Pc (Alfa Aesar,

97%) molecules sublimed from self-assembled effusion cell

were deposited onto well cleaned Si(100) and glass substrates

at room temperature under identical conditions. The substrates

were first cleaned separately by deionized water (18.2 MX cm),

acetone, and 2-propanol with sonication for 15 min each. The

cleaned substrates were preheated to >300 �C and subse-

quently cooled slowly to room temperature. During the vac-

uum deposition, the cell temperature was maintained at

�350 6 2 �C, and molecules were condensed on the Si and

glass substrates. The average growth rate (�0.2–0.3 Å/s) of the

film was optimized by a thickness monitor during the growth.

SnCl2Pc thin films with different thicknesses (8–87 nm) were

deposited for different times and characterized ex situ by

atomic force microscopy (AFM) (Agilent-5500), high power

X-ray diffractometer (XRD) (Rigaku), X-ray photoelectron

spectroscopy (XPS) (ULVAC-PHI), and UV-Visible spectros-

copy (UV-Vis) (JASCO, V-630). Thermogravimetric analysis

(TGA) (NETZSCH) was carried out in Ar gas up to 1000 �C.

TGA shows that the SnCl2Pc molecules are stable up to a

temperature of 450 �C.18 As the sublimed temperature here

is �350 �C, the molecules are not fragmented during the dep-

osition on various substrates. The surface morphology was
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analyzed by AFM measurements in the tapping mode (size:

512� 512 pixel) to avoid any damage to the film. Repeated

measurements were carried out at different locations of a sam-

ple in order to ensure that no changes occurred due to tip-

sample interaction. Representative AFM images (1lm� 1 lm)

taken at various stages of the growth of SnCl2Pc thin film are

shown in Fig. 1. The upper panel shows the morphology for

SnCl2Pc thin film grown on Si substrate, while the lower one

shows that on glass substrate for growth time t¼ 5, 20, 30,

and 60 min. Initially, SnCl2Pc forms nearly spherical grains

on both Si as well as glass substrates. The surface features

enlarge with increasing growth time. As the thickness of

SnCl2Pc films increases, the grains are nucleated on the both

substrates similar to other phthalocyanine based thin films.

At higher thickness, the average grain size (�15 nm) is big-

ger for SnCl2Pc film on glass as compared to that on Si sub-

strate (�9 nm), as measured from the AFM images.18 The

nearly spherical shape of the islands (spherical crystallites)

indicates negligible anisotropy, which is a characteristic

morphology for phthalocyanine derivatives.19

In order to understand the dynamic scaling behavior and

to gain a detailed insight into the growth processes, we have

calculated the scaling exponents and root mean square (RMS)

local slope of the mounds. These quantities can be obtained by

calculating the HHCF, gðr; tÞ, which is defined as the mean

square of height difference between two surface positions sep-

arated by a lateral distance r (¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 � ðy� y0Þ2

q
). If

scaling exists, it is of the form,20,21 g r; tð Þ ¼ h h r þ r0; tð Þ½
�h r0; tð Þ�2i ¼ 2w tð Þ2g r

n tð Þ

� �
, where spatial averaging is done

over r0 variable of the planar sample surface. HHCF can be

evaluated from real space images by spatial averaging over

one or several regions, which should be much larger than r to

avoid edge effects. The relative magnitudes of r and the corre-

lation length n (beyond which surface heights are uncorrelated

on the average) can divide the HHCF into two distinct behav-

iors: (i) r � n, gðrÞ / r2a; where a (0� a� 1) is the rough-

ness scaling exponent, which describes the surface fractility,

and (ii) r 	 n; gðrÞ ¼ 2w2, where w¼hðh� hhiÞ2i1=2
is the

standard deviation of the surface height/RMS roughness. The

parameters n and w are dependent on the deposition time, t,

and follow the power laws as w / tb and n / t1=z, where b
and 1/z are growth and dynamic scaling exponents, respec-

tively, and in many systems, they are related to 1/z ffi b/a.11,12

The n, which at each thickness is determined by fitting the

HHCF, where the two regimes r � n and r 	 n are con-

nected to a function for self-affine surface, which manifest ani-

sotropic scale invariance,22 is given by

g rð Þ ¼ 2w2 1� exp � r

n

� �2a
( )" #

: (1)

For self-affine surface, the roughness scaling follows a

simple power law with a growth exponent b and roughness

exponent a, which unambiguously distinguish the growth

universality classes.

From Fig. 2(a), it is perceptible that HHCF g(r,t)
increases linearly with r at small r and saturates at large r,

with the asymptotic behavior predicted by Eq. (1). The lat-

eral positions corresponding to a grain yields n, which is a

measure of the average island size. It is clear from Figs. 2(a)

and 3(a) that g(r, t) shifts upward as growth time progresses

or SnCl2Pc film thickness increases, which is consistent

FIG. 1. Representative AFM topogra-

phy images (scan size: 1 lm� 1 lm)

of SnCl2Pc thin films for different dep-

osition times 5, 20, 30, and 60 min on

Si(100) substrate (top panel) and glass

substrate (bottom panel) (thickness 8,

35, 51, and 87 nm, respectively).

FIG. 2. (a) HHCF g(r) as a function of distance r with best fitted theoretical

curve for SnCl2Pc thin films on Si substrate with different deposition times.

The symbols are experimental data and the solid lines are fit to Eq. (1). (b)

a, (c) w, and (d) n as a function of deposition time, t.
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with the results of other organic thin films.16,19 From HHCF

function analysis, the calculated average roughness expo-

nent, a is�0.90 for both Si and glass substrates [see Figs.

2(b) and 3(b)].

Next, we measured the growth exponent b (w / tb) of the

SnCl2Pc films. At the initial stage of growth, b is nonzero for

both cases. From Fig. 2(b), we measured b¼ 0.21 6 0.08 and

0.48 6 0.07 for SnCl2Pc on Si and glass, respectively. Thus, a

large b value (0.48 6 0.07) is observed for the growth on glass

substrate in contrast to the small b value observed for Si sub-

strate. The large b value of SnCl2Pc on glass substrate suggests

that the growth front is roughening and it implies a large step-

edge barrier or Ehrlich-Schw€obel (ES) barrier that does not

allow atoms to diffuse over the edge of step on the surface,

resulting in the uphill current of diffusive particle,23 and differ-

ent plane of stacking directions between the domains, which

comes from the intrinsic anisotropy of the molecular structures

and their crystallographic ordering. The influence of deep grain

boundaries on the growth exponent has been described

using (1þ 1)-dimensional surface growth-model by Yim and

Jones,16 and this may contribute to the high b value due to

tilted upward orientation of slip-stacked SnCl2Pc molecules on

the glass substrate. High b value (>0.5) is common to growth

situations where unusually rapid roughening takes place, as

expected for random deposition in “hit-and-stick” model,

which could arise from non-local effects, such as shadowing

effect or bulk diffusion.21,24–26 The anomalous large b> 0.5

values have been reported for several organic-molecular

crystalline thin film systems, e.g., free-base H2Pc on glass

(b¼ 1.02 6 0.08),27 ZnPc on glass (b¼ 0.62 6 0.04),19 di-

indeno perylene on SiO2 (b¼ 0.75),28 and F16CuPc on ITO

coated glass (b� 3.089).29 These values are higher than those

predicted by the random deposition model.21 On the other

hand, small b value for Si substrate may be attributed to small

ES barrier at edge of the molecular layer. A decrease in the

crystallographic ordering of the films may be due to reduced

step-edge barrier, although several studies have reported signif-

icant differences in the b values obtained for amorphous and

crystalline films.30 It is believed that phthalocyanines tend

to grow in a standing-up configuration in thicker film on

chemically “inert” glass substrate as compared to single

crystalline Si substrate. This different growth modes observed

on two different substrates can be understood in terms of

molecule-substrate interactions, since molecule-molecule inter-

action strength is nearly the same for all investigated films.

Here, the molecule-substrate interaction strength may be stron-

ger for Si substrate than the glass substrate. So, the adsorption

of the molecule occurs in a lying geometry of SnCl2Pc mole-

cules on Si substrate.31 Our XPS analysis on 5 nm thin

SnCl2Pc film on Si and glass substrate shows different oxygen

concentrations in the film and the Si 2 p spectrum of the Si sub-

strate shows Si4þ, Si3þ, and Siþ oxidation states corresponding

to different suboxides of Si, which are due to the native

oxides.18 Thus, the nature of molecular interactions in two dif-

ferent substrates are likely to be different, giving rise to differ-

ent molecular structures. We find the dynamic scaling

exponents 1/z� 0.12 6 0.03 and 0.26 6 0.13 for SnCl2Pc thin

films on Si and glass substrate, respectively (see Figs. 2(d) and

3(d)). This indicates that the molecules grow in an upward

direction rather than lateral direction on glass substrate and

higher density of grains is formed on glass than Si within the

same scan area (1 lm� 1 lm). Thus, during the growth, the

SnCl2Pc molecule, which is intrinsically anisotropic, can

change its orientation due to its orientational degrees of free-

dom (standing-up or lying-down). The anisotropic interactions

with the surface of the substrates (inert or reactive) may play a

significant role upon the scaling relations predicted by growth

dynamic theories. This information would be important to

understand the growth mechanism of molecular thin films and

to control the interfacial properties of the films.32

Interestingly, the calculated exponents (a, b, 1/z) are quite

close to the exponents predicted by the model of mound for-

mation,8 which is reported for both organic and inorganic

materials. Although the asymptotic value of roughness expo-

nent a¼ 1 for mound formation, in practice, a lower value can

be obtained.14 We have plotted 2D fast Fourier transform

(FFT) of the surfaces from the representative AFM images on

Si and glass substrates, as shown in Figs. 4(a) and 4(b),

respectively. It clearly shows a ring like behavior, which sup-

ports the mound growth morphology.8,33 Further, the HHCF is

oscillatory in nature for mounded surfaces, which is clearly

visible at large r from Figs. 2(a) and 3(a). The formation of

mound on surface can be attributed to different growth effects

FIG. 3. (a) HHCF g(r) vs. distance r with best fitted theoretical curve (solid

line) for SnCl2Pc thin films on glass substrate with different deposition

times. (b) a, (c) w, and (d) n as a function of deposition time, t.

FIG. 4. 2D FFT pattern of the AFM images of SnCl2Pc thin film of thick-

ness�8 nm (deposited for 5 min) on: (a) Si and (b) glass substrate. The ver-

tical dark line in the center of each image is due to the AFM fast scan

direction.
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such as step-edge barrier, diffusion effect, shadowing, and ree-

mission, and the mound formation may be local or non-local

in nature.33,34

The structural quality of the SnCl2Pc films has been

evaluated from XRD measurements. Figures 5(a) and 5(b)

show the XRD pattern of SnCl2Pc thin films grown on glass

and Si substrates, respectively. For the films on glass (Fig.

5(a)), peaks at 2h � 10� and �12� are prominent for film

thickness above �8 nm. The inset shows the XRD pattern in

the extended range of 2h¼ 15�–40� in each case. The film

on the glass substrate shows a broad peak centered at �25�

arising from the glass substrate, while no such peak was

observed for the case of Si substrate. The SnCl2Pc thin film

deposited on glass substrate is identified as triclinic crystalli-

tes (a¼ 0.7363 nm, b¼ 0.8676 nm, and c¼ 1.1048 nm,

a¼ 74.21�, b¼ 80.33�, and c¼ 85.47�),35 while the film on

Si substrate appears amorphous like, as evidenced by the ab-

sence of any diffraction peak even for�87 nm thick film

(see Fig. 5(b)).18 The peaks corresponding to inter-planar

spacing d(010) and d(100) of 8.46 Å, and 7.29 Å are due to the

diffraction from the (010) and (100) planes of the SnCl2Pc

crystallites, and it is due to the two different kinds of slip-

stacked molecular packing formed on the glass substrate,

which implies that the intermolecular p-p direction is paral-

lel to the glass substrate and it is useful for optoelectronic

devices.6,36 In contrast, for SnCl2Pc films on Si (see Fig.

5(b)), no predominant peak was observed for the range of the

thicknesses (8–87 nm) studied here, even at different grazing

angles of XRD18 and it reveals the amorphous nature of the

SnCl2Pc film. A possible reason for lying-down molecular

geometry of SnCl2Pc without any ordered arrangement is its

tetragonal-bipyramidal (non-planar disk like) structure, and

it would prevent it from crystallizing on the Si substrate with

diamond structure. The amorphous characteristic of SnCl2Pc

thin films on Si may be due to very small extra energy

required at the step edge when the molecules move down to

the lower layer. The small b value of SnCl2Pc film on Si can

be rationalized by the small step-edge barrier and amorphous

nature of the film. Note that no XRD peak was observed for

the SnCl2Pc films of thickness below 8 nm on both the sub-

strates. Although the intensity of the XRD pattern is depend-

ent on film thickness, there is no significant shift in the

Q-band peak position in the UV-Vis spectra for different

samples,18 consistent with earlier reports.37

Further, it is found that the height distribution p(h) func-

tion is skewed negatively on Si and positively on glass sub-

strate,18 where the skewness S (¼ h h�hhi½ �3i
w3 ) is compared with a

Gaussian distribution, which indicates the violation of the

h !�h symmetry and thus the presence of a nonlinearity

(ðrhÞ2) associated with growth dependence on the local sur-

face inclination.38 However, the calculated exponents do not

match with the reported Kardar-Parisi-Zhang (KPZ) growth

model, @h
@t ¼ vr2hþ b rhð Þ2 þ g, where vr2h appears due to

surface relaxation and g represents random Gaussian during

deposition.39,40 Interestingly, the scaling exponents (a, b,
and 1/z) of organic SnCl2Pc thin films is not consistent with

any of the universality classes described by the conserved

growth equations for kinetic growth developed for inorganic

materials. Note that the b value for SnCl2Pc on Si is quite

comparable with that of F16CuPc on ITO coated glass.41

In conclusion, we addressed the structural evolution of

SnCl2Pc thin films grown by thermal evaporation on Si and

glass substrates. The growth dynamics of SnCl2Pc thin films

has been studied using AFM and HHCF analysis. Analyzing

the scaling behavior and 2D fast Fourier transforms, it is con-

cluded that the morphological evolution of the deposited

SnCl2Pc molecules follows mound like formation, which sug-

gests that the SnCl2Pc crystallites grow in the upward direc-

tion as the film thickness increases on glass substrate, which

may be due to the high potential barrier or step-edge barrier.

One of the important findings is that the b value for SnCl2Pc

thin film on glass substrate is comparable to that predicted by

the random deposition model, while for Si substrate it is very

small and results in “smoothening”-a lying down geometry,

which may be due to the small step-edge barrier. SnCl2Pc

films grown here on glass substrate exhibited crystalline

behavior, which is suitable for device fabrication.

FIG. 5. XRD patterns of SnCl2Pc thin

films gown on (a) glass, and (b) Si

substrate for different deposition

times (5–60 min). The inset shows the

XRD pattern for thick film (60 min) in

the extended range 15�–40� for glass

and Si substrates.
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