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Abstract 5,10,15,20-Tetraphenyl-21H, 23H-porphyrin

nickel(II), NiTPP films were prepared by thermal evapo-

ration method of mother powder material. Electrical as

well as thermo-electric properties were investigated for the

as-deposited and annealed NiTPP films. The effect of

NiTPP film thickness (160–460 nm) and isochronal

annealing in temperature range (300–348 K) on DC elec-

trical properties were studied. Both bulk resistivity and the

mean free path were determined; their values are

1.38 9 105 X cm and 0.433 nm, respectively. The elec-

trical conductivity exhibits intrinsic and extrinsic conduc-

tion. The values of activation energy in extrinsic and

intrinsic regions are 0.204 and 1.12 eV, respectively.

Mott’s parameters were determined at low temperature.

Seebeck coefficient indicates p-type conduction of NiTPP

films. Carrier density, mobility and holes concentration

were determined. Seebeck coefficient decreases with the

increasing of temperature, while the conductivity increases

with the increasing of temperature. The difference between

the conductivity and the thermoelectric power activation

energies was attributed to the potential barrier grain

boundaries.

1 Introduction

At the beginning of the twenty-first century, new elec-

tronics revolution has become possible due to the devel-

opment and understanding of a new class of materials,

commonly known as organic semiconductors. In this class

of materials, the molecular orbitals split into bonding and

anti-bonding states. The bonding states are the highest

occupied molecular orbitals (HOMO; p-orbitals), and anti-

bonding states are the lowest unoccupied molecular orbi-

tals (LUMO; p*-orbitals). This splitting is due to the

interaction of adjacent chains along given directions yields

the transfer integral to be used for the description of hole

(electron) transport in these directions [1–3]. HOMO level

is analogous to the term valence band, associated with

inorganic semiconductors, and used to imply a lower set of

energy levels, completely filled with electrons. Similarly,

LOMO level can be compared to the conduction band, a

term used to explain a vacant or partially occupied set of

many closely spaced electronic levels in which the elec-

trons are free to move [1–3]. The higher the HOMO

(LUMO) bandwidth, the higher the expected hole (elec-

tron) mobility. It turns out that, at low temperature, the

charge transport in a number of organic crystals and highly

organized thin films can be described in a band-like regime

similar to that in inorganic semiconductors. In that case, the

difference or the total widths and shapes of the valence and

conduction bands formed by the interaction of the HOMO

and LUMO levels of the p-conjugated chains, respectively,

determine the hole and electron mobilities or the band gap

of the material [1–3].

The enormous progress in this field has been driven by

the expectation to realize new applications, such as large

area, flexible light sources and displays, low-cost printed

integrated circuits or plastic solar cells from these materials

M. Dongol � A. El-Denglawey (&) � A. F. Elhady �
A. A. Abuelwafa

Nano and Thin Film Laboratory, Physics Department, Faculty of

Science, South Valley University, Qena 83523, Egypt

e-mail: denglawey@lycos.com

A. El-Denglawey

Physics Department, Faculty of Applied Medical Science,

Taif University, Turabah 21995, KSA

123

Appl. Phys. A (2015) 118:345–351

DOI 10.1007/s00339-014-8737-0



[4]. Organic thin-film transistors (OTFTs), organic light-

emitting diodes (OLEDs), photo-sensitive dyes in photo-

voltaic cells and receptors in chemical gas sensors [5] also,

owing to its unique optoelectrical property, porphyrin films

offer the promise of widespread adoption in numerous

technology areas, including molecular wire [6], informa-

tion storage [7], nonlinear optical material [8, 9] and

optoelectronic devices. The main advantages of using

organic materials lie in cost and processability [10, 11].

Characterizations of thin organic semiconductor films

are important for pure and applied sciences because of their

potential use in electronics and instrumentation industry.

The porphyrins are a class of naturally occurring mac-

rocyclic compounds, which play a very important role in

the metabolism of living organisms. The major character-

istics of the porphyrin ring are its thermal and chemical

stability, coupled with its extensive redox chemistry [12,

13]. The aromatic ring structure can be electrochemically

oxidized and/or reduced [14]. Porphyrins have attracted

wide research interest, including that of electrochemists,

because of their ability to act as electron transfer mediators

[15]. As well, porphyrin-based compounds have shown

promising properties to use in molecular electronics and as

supramolecular building blocks because they spontane-

ously self-assemble at room temperature on a variety of

surfaces. Their limitless functionalization options make it

possible to build an assembly with a chosen structure and a

wide range of characteristics. There are many available

techniques to prepare metalloporphyrins films [16–20].

Thermal evaporation technique was used to prepare

5,10,15,20-tetraphenyl-21H,23H-porphyrin nickel(II),

NiTPP films. NiTPP nanostructure properties were studied

through our earlier work [21, 22]. To the author’s knowl-

edge, no such information is available in the literature for

DC electrical conductivity and thermoelectric power of

thin NiTPP films. The goal of this study was focusing on

the electrical properties of NiTPP films.

2 Experimental

Aldrich powder NiTPP was used to prepare NiTPP films as

received condition. Edwards coating unit model E-306A

was used to prepare NiTPP films with different thicknesses

(160–460 nm) by direct thermal evaporation method in a

vacuum of 10-6 torr onto clean glass substrates. The

evaporation rate was kept constant using a low rate about

0.5 nms-l approximately. Two-point probes technique was

used to study the electrical properties of NiTPP films. The

results of the electrical measurements were obtained using

planar configuration with Au electrodes separated by

5 mm. Films were stored in a dry, nonoxidizing atmo-

sphere. DC electrical conductivity of NiTPP films was

obtained by measuring the resistance of mentioned films as

a function of temperature within range (300–450 K) using

a Keithley 614C instrument. Chromel–Alumel thermo-

couple monitored by a micro-voltmeter was used as tem-

perature sensor recorder controlled by electric heater.

The resistivity was calculated according to:

q ¼ R
Wd

L
ð1Þ

where W, d and L are the width, the thickness and the length

of the film. More details of the evaporation process and film

thickness measurements are available at [23]. Two tech-

niques are available to measure thermoelectric properties,

the integral and the differential method. Among those two

available techniques, differential technique is applied to

study the thermoelectric properties of NiTPP films within

temperature range 300–375 K [23, 24]. A temperature dif-

ference of about 10 K was maintained across the sample.

Planar configuration with Cu electrodes separated by 5 mm

with different thicknesses (160–370 nm) was used to mea-

sure Seebeck voltage using Keithley electrometer model

614C. The tolerance of the film thickness is about ±2 % and

for the resistivity and Seebeck voltage to be ±1 %.

3 Results and discussion

3.1 DC electrical conductivity

3.1.1 Thickness effect

Figure 1 shows the dependence of the resistivity q of the

as-deposited NiTPP films on the film thickness d calculated

according to Eq. 1. It is shown that, the decreasing of dark

electrical resistivity with the increasing of the film thick-

ness is nonlinear. This behavior agrees well with the film

growth mechanism. Due to the increasing of the film

thickness, microstrain decreases because of the decreasing

of the lattice defects, which were pronounced at small

thickness [25]; this results in a decrease of the film resis-

tivity. This decrease is continuing up to reach relatively

thicker film where the film structure resembles that one of

bulk material [26]. At such thickness, the film resistivity is

equal to that of bulk material, qB. According to Tellier’s

[27] model of effective mean free path, which takes into

account the surface scattering in addition to bulk scattering,

the resistivity qf of the film of thickness, d, can be repre-

sented by the following relation [28, 29]:

qf ¼ qB 1þ 3lo 1� pð Þ
8d

� �
ð2Þ

where qB is the bulk resistivity, lo is the bulk electron mean

free path and p is the specularity parameter, which gives
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the fraction of electrons incident on the surface that are

specularity scattered. This equation is valid only at certain

limiting conductions, i.e., large film thickness and/or small

mean free path. However, in our case, if we assume a

complete diffuse scattering (p = 0), Eq. 2 could be

rewritten as follows:

qf ¼ qB 1þ 3

8
� lo

d

� �
ð3Þ

qf � d ¼ qB � d þ
3

8
loqB ð4Þ

According to last two equations, qf � d is a function of

the film thickness. The linear relation of qf�d against film

thickness of as-deposited NiTPP films is shown in Fig. 2.

The slope of the line gives the bulk resistivity, qB, and the

intercept of each line gives the mean free path lo. Figure 2

shows that qB = 1.38 9 105 X cm and lo = 0.433 nm.

3.1.2 Temperature effect

The temperature dependence of DC electrical conductivity,

r, obeys the well-known Arrhenius Eq. [30]:

r ¼ ro exp
�DE

kBT

� �
ð5Þ

where ro is the pre-exponential factor, DE is activation

energy and kB is Boltzmann’s constant. The Arrhenius plot

ln(r) versus (1,000/T) yields a straight line, with a slope

corresponding to the value of thermal activation energy. In

Fig. 3, ln(r) versus (1,000/T) is plotted for NiTPP films

with different film thicknesses (160–460 nm). According to

Davis and Mott [30], the conductivity exhibits different

behavior in various regions of the Arrhenius plot. There are

two linear regions, first region included within temperature

range 300–330 K and the second one in the temperature

range 330–448 K; this yields two activation energies, for

extrinsic DEex and for intrinsic DEin. The calculated aver-

age activation energy in extrinsic region is 0.204 eV and in

intrinsic region is 1.12 eV, which approximately is half the

onset bandgap of NiTPP (Egopt & 2 DEin & 2.17 eV)

[21]. The conduction mechanism at lower temperatures is

explained in terms of hopping through a band of localized

states and at higher temperatures in terms of thermal

excitation of carriers to the band edges. The slope changes,

and hence, the change of the activation energy reflects a

change from intrinsic conduction to the extrinsic one [31,

32]. The values of activation energies and the pre-expo-

nential factor are listed in Table 1. Variable range hopping

(VRH) conduction mechanism within intrinsic region
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Fig. 1 Dependence of dark resistivity of as-deposited NiTPP films on

the film thickness
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Fig. 3 DC conductivity of NiTPP film as a function of reciprocal

temperature for different film thicknesses
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(300–330 K) takes place through localized states near the

Fermi level.

The plot of ln(rT1/2) versus T1/4 is shown in Fig. 4.

According to VRH model, long hops of carriers from one

site to the other one becomes more likely to occur at low

temperatures than the sum of all other auxiliary hops. This

VRH model is characterized by Mott’s [33–35] expression:

rðTÞ ¼ r0oT�1=2 exp �AT�1=4
� �

; ð6Þ

A4 ¼ To ¼ ka3=kBNðEfÞ ð7Þ

where k = 16–18 is a dimensionless constant, kB is

Boltzmann’s constant, N(Ef) is the density of localized

states at Ef, a-1 is the spatial extension of the wave func-

tion associated with the localized states and To is the degree

of disorder. The value of r0o obtained by various workers

[36, 37] is given by:

r0o ¼ 3e2c NðEf Þ=8pakBT½ �1=2 ð8Þ

where e is the electron charge and c is the Debye frequency

(1013 Hz) [38].

Simultaneous solution of Eqs. 6 and 8 yields:

a ¼ 22:52r0o A2cm�1 ð9Þ

and

NðEfÞ ¼ 2:12� 109 ðr0oÞ
3
A2

� �
cm�3 eV�1 ð10Þ

The hopping distance, R, and the hopping energy, W, are

given by [38–40]:

R ¼ ½9=8pakBTNðEfÞ�1=4
cm ð11Þ

W ¼ ½3=4pR3NðEfÞ� eV ð12Þ

Various parameters such as density of states N(Ef),

degree of disorder T0, hopping distance R and hopping

energy W are called Mott’s parameters. These parameters

were calculated according to Eqs. 6–12 and listed in

Table 2. The values of Mott’s parameters W and aR are of

the order of the few kBT and greater than unity, respec-

tively. This shows a close agreement with Mott’s VRH [30,

35, 36].

The hopping distance increases with the increasing of

the film thickness, while the hopping energy is vise versa.

These results are in complete agreement with the concept

of VRH.

3.2 Thermoelectric power

The differential category was chosen from the two

essential categories techniques of thermoelectric power to

study NiTPP films [41]. The thermoelectric power of

semiconductor is about 103 times that of metals [42].

Copper is used as conducting electrode because the

thermoelectric power of copper electrode could be

neglected. This means that the measurement of the rela-

tive thermoelectric power between NiTPP films and

copper as reference is nearly the absolute value of the

thermoelectric power of NiTPP films. The hopping of

holes at one energy level is given by [43, 44]:

SðTÞ ¼ �kB

e

Ef � El

kBT
þ Al

� �
ð13Þ

where S is Seebeck coefficient, Ef is the energy of Fermi

level, El is the energy of the transport state and Al is a

constant [44]. The Seebeck coefficient directly reveals (1)

the conduction type (n or p transport) by its sign and (2) the

energy difference between the Fermi level and the transport

state labeled as El. The variation of Seebeck coefficient of

NiTPP films with temperature is shown in Fig. 5, which

reveals that the value of S is positive over the entire tem-

perature range.

The positive value of Seebeck coefficient indicates

p-type conduction of NiTPP, i.e., the conduction is due to

holes moving in the valence states of the matrix molecules

and not by a hopping of electrons between acceptor states.

Table 1 The values of activation energies DEin and DEex for dif-

ferent thicknesses of as-deposited NiTPP thin film

Film thickness

(nm)

Intrinsic region Extrinsic region

DEin

(eV)

roin

(X m)-19103
DEex

(eV)

roex

(X m)-1910-4

160 1.02 0.316 0.241 2.73

240 1.10 1.562 0.217 2.44

370 1.18 9.365 0.195 1.97

460 1.19 17.27 0.165 1.50

0.235 0.236 0.237 0.238 0.239 0.240

-1.2

-1.0

-0.8

-0.6

-0.4

ln
σ d

cT
1/

2 (Ω
-1

.c
m

-1
.K

1/
2 )

T-1/4 (K-1/4)

 160 nm
 240 nm
 370 nm
 460 nm

Fig. 4 lnrdcT
1/2 versus T-1/4 for NiTPP films with different

thicknesses
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S is continuously decreasing with temperature, indicating a

negative shift of the Fermi level Ef toward the transport

level El. The general behavior of the conductivity and

Fermi level follows the situation of inorganic semicon-

ductors [45]. By combining Seebeck and conductivity

results, carrier density and the mobility could be deter-

mined. The only assumption in this analysis is that the

effective density of states Nl at the transport level El is

comparable to the density of molecules, provided each

molecule contributes one state. The hole density can then

be directly calculated from the Seebeck coefficient,

neglecting Al and taking into account that the Maxwell–

Boltzmann approximation is justified since; (Ef -

El) » (kBT) [45]. The concentration of holes, p, was cal-

culated from:

p ¼ 2
2pm�kBT

h2

� �3=2

exp
DE

kBT

� �
ð14Þ

where m* is the effective mass of charge carrier and DE is

the thermal activation energy obtained from temperature

dependence of resistivity. The hole mobility lh can be

deduced by applying Eq. [46]:

rint ¼ ej j nile þ pilhð Þ ð15Þ
rint ¼ ej jpi le þ lhð Þ ð16Þ

rint ¼ ej jpilh 1þ le

lh

� �
ð17Þ

rint ¼ ej jpilh 1þ cð Þ ð18Þ

where lh is holes mobility, le is electrons mobility and c is

the calculated mobility ratio (le/lh). pi is the intrinsic hole

concentration. In the intrinsic region, the Seebeck coeffi-

cient can be given as [46]:

S ¼ �kB

e

c� 1

cþ 1

� �
DEs

kBT
þ 2

� �
ð19Þ

where DEs is the activation energy of the thermoelectric

power. It is assumed that the effective mass is equal to the

rest mass of the electron and the mean value of the thermal

activation energy, which obtained from the resistivity

measurements. At room temperature, the calculated

p according to Eq. 14 is 5 9 1031 m-3. The value of

c could be determined from the intercept and DEs from the

slope of the graph of S against 1/T in the intrinsic region as

shown in Fig. 6.

The mean value of DEs = 0.97 eV, and the mobility

ratio c was calculated to be 0.92. le [ lh for semicon-

ductor materials; therefore, c [ 1. However, c values are

Table 2 Mott’s parameters for

as-deposited NiTPP thin films

of different thickness

d (nm) To 9 106

(K)

N(Ef) 9 1013

(eV-1 cm-3)

a 9 104

(cm-1)

R 9 10-4

(cm)

W (meV) Ra

160 1.46 5.38 7.51 2.23 40 16.74

240 0.46 1.65 3.45 3.64 29 12.55

370 0.18 0.71 1.93 5.22 23 10.07

460 0.09 0.17 0.94 8.87 19 8.33
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Fig. 5 The variation of Seebeck coefficient S of NiTPP thin films,

against temperature, T
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smaller than one have also been given for several inorganic

(PbSe, PbTe, etc.) and organic (anthracene, pyrene, etc.)

semiconductors [43].

A proposed model is based on band structure represen-

tation for explaining these values of the carrier mobility

ratio [44]. In this model, the conduction band consists of

two overlapping bands. When the electrons are excited

from the valence band at lower temperatures, they occupy

mainly the lower conduction band, where their mobility is

larger than that of the holes. At higher temperatures, the

concentration of electrons excited into the upper conduc-

tion band increases. At upper conduction band, the electron

mobility is smaller than that of the holes [47]; therefore,

c \ 1. According to Eq. 17, Seebeck coefficient of

respective semiconductor is positive. According to Eq. 18,

the calculated holes mobility of NiTPP films as function of

temperature is shown in Fig. 7. Seebeck coefficient S and

electrical conductivity rdc (intrinsic region) as a function of

inverse temperature for as-deposited NiTPP thin films of

different thickness are depicted in Fig. 8. It is clear that

both S and rdc increase with the increasing of the films

thickness, and S decreases with the increasing of temper-

ature, while rdc increases with the increasing of

temperature. The mean value of DEr was found to be larger

than the mean value of DEs. The activation energy of

polaron, DEQ, is deduced according to [30]:

DEQ ¼ DEr � DES ð20Þ

The calculated value of DEQ is 0.15 eV. In some

materials, DEr was found to be equal to DEs, which has

been interpreted in terms of holes conduction in the

extended states. In other materials, DEr was found to be

larger than DEs [47–50]. This result may be accounted for

either with an intrinsic two carriers model [51] or with

conduction by hopping in the valence band with an acti-

vation energy for the mobility equal to DEr–DEs [24, 48–

52]. The nonzero value of DEQ is due to the long-range

static potential that modulates the energy of the mobility

edge in space [53]. The difference between the conduc-

tivity and the thermoelectric power activation energies,

DEr–DEs, may also be attributed to a ‘‘grain boundary’’

limited mobility. Since the films are deposited from a

vapor, the growth process involves the nucleation and

growth of amorphous domains. As these domains grow

together, an interface region exists between domains [24].

There are several researches [53–56] reported the existence

of voids of approximately 10 Å diameter. If this void

network continued to exist in the films, it could serve as a

‘‘domain boundary’’ network that impedes the carrier

mobility: DEr–DEs could then be attributed to the activa-

tion energy necessary for carriers to be transported across

the voids. One can call the DEr–DEs as the activation

energy of mobility [57], and also, one can suggest that this

difference may be due to the potential barrier grain

boundaries. Hence, the potential barrier grain boundary

plays a distinguishable role in the NiTPP films.

4 Conclusion

Thermal evaporation technique was used to prepare NiTPP

films onto clean glass substrates. The as-deposited and

annealed samples were considered to investigate the elec-

trical properties within low and high temperature range,

while the thermoelectric properties were investigated

through the high one only, both as a function of thickness

effect. Au was used as conducting electrode to measure the

electrical properties. The dark electrical resistivity

decreased exponentially with the increasing of the film

thickness continuously to reach relatively thicker film.

Both bulk resistivity and the mean free path were deter-

mined. The electrical conductivity was studied through two

temperature ranges: low range 300–330 K and the high one

330–448 K. The intrinsic and extrinsic conductions were

revealed for low and high ranges, respectively. VRH con-

duction was dominated within intrinsic region. The values
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Fig. 7 The calculated holes mobility for NiTPP films as function of

temperature, T
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of activation energy in extrinsic and intrinsic regions are

0.204 and 1.12 eV, respectively. Mott’s parameters: degree

of disorder, the spatial extension of the wave function,

density of localized states, hopping distance and the hop-

ping energy were determined at low temperature. Copper

was used as conducting electrode to measure the thermo-

electric properties. Seebeck coefficient indicates p-type

conduction of NiTPP films. Carrier density, mobility and

holes concentration could be determined. The thermo-

electric power activation energy was 0.97 eV. Seebeck

coefficient and electrical conductivity increase with the

increasing of the films thickness. Seebeck coefficient

decreases with the increasing of temperature, while the

conductivity increases with the increasing of temperature.

The difference between the conductivity and the thermo-

electric power activation energies was attributed to the

potential barrier grain boundaries.
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