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ABSTRACT

NiggFeaq films with a thickness of 40-170 nm were sputter-deposited on HCl-doped polyaniline (HCI-PANI) sub-
strates at 300 K, forming the NiggFe,o/HCI-PANI composites. In order to study the electrical transport property of
the composite, a temperature dependence of the resistance (R-T) within 2-290 K was measured from the film
surface and from the substrate back surface, respectively. The R-T curve measured from the film surface is
very different from that measured from the substrate back surface. With the increase of temperature, the former
exhibits the transition from almost temperature-independent region to semiconducting region whereas the lat-
ter shows a decrease of resistance. The transition temperature increases with increasing film thickness. The com-
posite shows the temperature-independent feature below the transition temperature and the semiconducting
feature over the transition temperature. Furthermore, for the R-T curve measured from the substrate back sur-
face, the resistance of the composite is smaller than that of the HCI-PANI. With the increase of film thickness, it
decreases and trends to be stable. The interface layer between the film and the substrate plays an important

role in the electrical property of the composite.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The composites consisting of polymers and metal nanoparticles or
metal films were widely studied because of their potential applications,
e.g. references [1-10]. Recently, Ni and Au films were sputter-deposited
on HCl-doped polyaniline (HCI-PANI) substrates at 300 K, forming Ni/
HCI-PANI and Au/HCI-PANI composites. A temperature dependence of
the resistance (R-T) within 5-300 K revealed that these composites ex-
hibited the metal-semiconductor transition. The composite showed the
metallic conduction feature below the transition temperature and the
semiconducting feature over the transition temperature [11,12]. A
two-resistor parallel model was used to explain the metal-semiconduc-
tor transition of Ni/HCI-PANI and Au/HCI-PANI composites [11-13]. This
model could qualitatively but not quantitatively explain the R-T rela-
tionship of the composite. It is very important to further understand
the mechanism of the R-T relationship. The present work will do further
experiment to clarify the mechanism of the R-T relationship. In order to
better understand the R-T relationship of the composite, the R-T curve
was measured from the film surface and from the substrate back sur-
face, respectively. Furthermore, except for the Ni film and the Au film,
do the composites consisting of other metal films and HCI-PANI have
the metal-semiconductor transition? Are their R-T relationships differ-
ent from those of Ni/HCI-PANI and Au/HCI-PANI composites? The
answers to these questions are valuable and significant for the funda-
mental viewpoint. On the other hand, NiggFe,o film has superior soft
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magnetic property and high anisotropic magnetoresistance. It can be
used in magnetic read heads and in magnetic sensors [14-16]. More-
over, NiggFe,q is an alloy material and is different from Ni and Au.
Thus, in the present work, NiggFe,o films are sputter-deposited on
HCI-PANI substrates, forming the NiggFe,o/HCI-PANI composites. Field
emission scanning electron microscopy (FE-SEM) is used to observe
the structure of the film. Atomic force microscopy (AFM) is used to ob-
serve the surface morphology of the HCI-PANI substrate. The R-T rela-
tionship of the composite is studied within 2-290 K as a function of
the NiggFe, film thickness.

2. Experimental procedure

All the chemical reagents were purchased from Beijing Chemical
Works and were analytically grade. Only aniline was doubly distilled
under reduced pressure and stored in refrigerator (at about 4 °C) prior
to using. The other chemical reagents were used without further purifi-
cation. HCI-PANI was chemically synthesized using the well-established
polymerization procedure [17]. The polymerization procedure is sum-
marized as follows: (1) Aniline (0.1 mol) was dissolved in 100 mL aque-
ous hydrochloric acid (HCI, 1 mol/L) taken in a three-neck flask. The
mixture solution was cooled and stirred at — 3 °C by a magnetic stirrer.
(2) 51.5 mL ammonium persulfate solution (2.4 mol/L) in a constant
pressure funnel was slowly added into the mixture solution for 1 h in
order to avoid heating the reaction mixture. The reaction proceeded at
—3 °C for 8 h. (3) The final solution was filtered. (4) The protonated
precipitate was washed with deionized water, acetone and ethanol
until the washing water, acetone and ethanol became colorless and
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the pH was equal to 7. (5) The powder was dried at 50 °C in oven for two
days. The HCI-PANI powder was obtained.

The HCI-PANI powder was compacted to pellets with 0.32 mm in
thickness and 15 mm in diameter. The HCI-PANI pellets were used as
the substrates. The DC magnetron sputtering system (KYKY) with the
target inclined to the substrate at an angle of 45° was used [18]. The
HCI-PANI substrates were placed in the working chamber via a load-
lock chamber, which prevents the working chamber from air during
changing the sample. 40 nm-, 90 nm- and 170 nm-thick NiggFe,( films
were sputter-deposited on the HCI-PANI substrates at 300 K, obtaining
the NiggFe,o/HCI-PANI composites. Prior to deposition, the working
chamber was evacuated to a pressure lower than 2 x 10~* Pa by using
a turbo molecular pump. The Ar gas (99.9995% in purity) pressure was
2.0 Pa and the sputtering power applied to the NiggFe,q target (99.99%
in purity) of 50 mm in diameter was fixed at 150 W. A distance between
the target and the substrate was 100 mm. The substrate holder was ro-
tated at a rotary rate of 8 rotation/min during deposition in order to ob-
tain the uniformly thick film. The average deposition rate was 9 nm/min.

FE-SEM of SUPRA55 (Zeiss) was used to observe the crystalline
structure of the NiggFe,q film. AFM of CSPM5000 (Ben Yuan Ltd.) was
used to observe the surface morphology of the HCI-PANI substrate. A re-
sistance of the NiggFe,o/HCI-PANI composite was measured in the tem-
perature range of 2-290 K using the Cryogen-Magnet system of CFM-
5T-H3-CFVTI-1.6K-24.5 with the four-point probe (Cryogenic Inc.).
The R-T curve was measured from the film surface and from the sub-
strate back surface, respectively.

3. Results and discussion

Fig. 1 shows FE-SEM microphotographs of the 170 nm-thick NiggFe,q
film sputter-deposited on the HCI-PANI substrate. As shown in Fig. 1,
the film grows with thin columnar grains perpendicular to the substrate
surface and many voids are formed at the grain boundaries, i.e., the film
has a porous structure. The grain size is around 30 nm.

Fig. 2 shows R-T curves of the NiggFe,o/HCI-PANI composites with
different film thickness. The R-T curve was measured from the film sur-
face. In Fig. 2, the resistance R at each temperature is normalized to the
resistance R, at 2 K. As can be seen from Fig. 2, all the composites exhibit
a transition from almost temperature-independent region to semicon-
ducting region. The transition temperature increases with increasing
film thickness. The composite shows the temperature-independent fea-
ture below the transition temperature and the semiconducting feature
over the transition temperature. A temperature coefficient of resistance
trends to zero with increasing film thickness in the almost temperature-
independent region. A decrease of resistance with temperature be-
comes more marked with decreasing film thickness in the semiconduct-
ing region.

Fig. 3 shows R-T curves of the NiggFe,o/HCI-PANI composites with
different film thickness, plotted as IgR versus T. The R-T curve was mea-
sured from the substrate back surface. As a comparison, the R-T curve of
the HCI-PANI substrate is also shown in Fig. 3. As can be seen from Fig. 3,
the resistance of the composite decreases monotonously with increas-
ing temperature, similarly to the HCI-PANI substrate. However, the
change of composite resistance with temperature is not smooth com-
pared with the HCI-PANI substrate. The resistance of the composite is
smaller than that of the HCI-PANI substrate. The difference between
the composite resistance and the substrate resistance becomes more
marked with decreasing temperature. Moreover, as the film thickness
increases, the resistance of the composite decreases and trends to be
stable. The R-T curve measured from the film surface is different from
that measured from the substrate back surface. In order to see clearly
the difference between them, Fig. 4 shows the R-T curves measured
from the film surface and from the substrate back surface. In Fig. 4, the
resistance R at each temperature is normalized to the resistance Ryq at
20 K. As can be seen from Fig. 4, the R-T curve measured from the
film surface is very different from that measured from the substrate

Fig. 1. FE-SEM microphotographs of the 170 nm-thick NigoFe, film sputter-deposited on
the HCI-PANI substrate.

back surface. It means that the electrical transport property measured
from the film surface is different from that measured from the substrate
back surface.

In order to further understand the R-T relationship of the composite,
the R-T curve of about 170 nm-thick NiggFe,q film sputter-deposited on
SiO, at 300 K was measured in the temperature range of 3-300 K. Fig. 5
shows its R-T curve. In Fig. 5, the resistance R at each temperature is
normalized to the resistance Rs at 3 K. SiO; is a well-known insulator.
Thus the measured R-T relationship comes from the NiggFe,q film. As

Fig. 2. R-T curves of the NigoFe,o/HCI-PANI composites with different film thickness. The
R-T curve was measured from the film surface. An arrow represents the transition
temperature.
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Fig. 3. R-T curves of the NiggFe,o/HCI-PANI composites with different film thickness,
plotted as IgR versus T. The R-T curve was measured from the substrate back surface.

shown in Fig. 5, the R-T curve of the NiggFe; film exhibits a metallic fea-
ture. It is different from the R-T curve of the NiggFe,q/HCI-PANI
composite.

Through the analysis of the results shown in Fig. 2, Fig. 3 and Fig. 5,
the consideration is given as follows. When the resistance of the com-
posite is measured from the film surface, the current flows into the

Fig. 4. R-T curves measured from the film surface and from the substrate back surface.

Fig. 5. R-T curve of the about 170 nm-thick NiggFeyo film sputter-deposited on SiO,.

NiggFe,o film and the HCI-PANI substrate. Thus the R-T curve shows
the transition from almost temperature-independent region to semi-
conducting region. When the resistance of the composite is measured
from the substrate back surface, the current only flows into the HCI-
PANI substrate and does not flow into the NiggFe,q film. Thus the resis-
tance decreases monotonously with increasing temperature. However,
the R-T curve measured from the substrate back surface is different
from that of the HCI-PANI substrate as shown in Fig. 3. Therefore, the
electrical transport property measured from the substrate back surface
is different from the electrical transport property of the HCI-PANI sub-
strate. The R-T relationship of the HCI-PANI substrate can be explained
by Mott three-dimensional (3D) variable range hopping (VRH) model
[10,19,20]. In the 3D-VRH model, a temperature T dependence of con-
ductivity o can be expressed as [10,19,20]

O = 0gexp {— <T7?>1] (1)

where Ty is the Mott characteristic temperature and 0g is the conductiv-
ity at T = «. Tp and 0y are determined by the localization length, the
density of state and the hopping distance in the material. Fig. 6 shows
the o-T relationship of the HCI-PANI substrate and a temperature de-
pendence of conductance G in the NiggFe,o/HCI-PANI composites, plot-
ted as Ino versus T~ 4 and InG versus T~ /4, The conductance of the
composite was measured from the substrate back surface. As can be
seen from Fig. 6, the plot of the HCI-PANI substrate exhibits a good linear
dependence having a linear correlation coefficient of 0.9995 whereas
the plots of the composites show a nonlinear relationship. It means
that the 3D-VRH model is suitable to explain the electrical transport
property of the HCI-PANI substrate but unsuitable to explain that of
the composite. Furthermore, it seems to indicate that the electrical
transport property of the composite can be divided into three types in
the high, middle and low temperature ranges, as shown in Fig. 6.

For the NiggFe,o/HCI-PANI composites, in order to understand the R—
T relationship measured from the substrate back surface, AFM was used
to observe the surface morphology of the HCI-PANI substrate. Fig. 7
shows AFM image of the HCI-PANI substrate. A roughness of the sub-
strate surface is about 18 nm. Thus it is considered that an interface
layer is formed between the HCI-PANI substrate and the NiggFeoq film.
The interface layer consists of HCI-PANI and NiggFe,q and its thickness
is about 18 nm. The interface layer should influence the R-T curve of
the NiggFe,0/HCI-PANI composite. Fig. 8 shows a sketch of the R-T mea-
surement in which the four-point probes are contacted on the substrate
back surface. As shown in Fig. 8, the current is limited in the HCI-PANI
substrate and the interface layer. Therefore, the R-T curve measured
from the substrate back surface is determined by the R-T relationships
of the substrate and the interface layer. As a result, the R-T curve
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Fig. 6. 0-T relationship of the HCI-PANI substrate and temperature dependence of
conductance G in NigoFe,o/HCI-PANI composites, plotted as Ino versus T~ /4 and InG
versus T~ /4, O: 40 nm-thick film, : 90 nm-thick film, A: 170 nm-thick film.

measured from the substrate back surface is different from that of the
substrate and that measured from the film surface.

When the R-T curve is measured from the substrate back surface,
the measured composite conductance G (=1/R) is determined by the
parallel of the substrate conductance G and the interface layer conduc-
tance G;. Thus G; can be expressed as

Gi = G—G; (2)

Fig. 7. AFM image of the HCI-PANI substrate.

Fig. 8. Sketch of the R-T measurement in which the four-point probes are contacted on the
substrate back surface.

where G is measured by the four-point probe technique and G is deter-
mined by the 3D-VRH model. Then, according to Eq. 2, the G;-T curve of
the interface layer can be obtained. Fig. 9 shows the G;-T curves of the
interface layers in the NiggFe,o/HCI-PANI composites with different
film thickness. As can be seen from Fig. 9, for all the composites, the con-
ductance of the interface layer increases mainly with increasing temper-
ature. The interface layer consists of HCI-PANI and NiggFe,o. The 3D-VRH
model and the thermally activated band conduction model are consid-
ered to explain the conductive mechanism in the interface layer. Using
the 3D-VRH model, G; is given by [10,19,20]

Gi = Goexp {— (?)1 3)

where G is a constant. Fig. 10 shows the G;-T curves of the interface
layers in the NiggFe,o/HCI-PANI composites with different film thick-
ness, plotted as InG; versus T~ /%, As shown in Fig. 10, the G;-T relation-
ship is nonlinear, indicating that the electrical transport property of the
interface layer cannot be simply explained by the 3D-VRH model. Ac-
cording to the thermally activated band conduction model, G; can be
expressed as [21,22]

AE
Gi =G exp(— ﬁ) 4)

Fig. 9. G;-T curves of the interface layers in the NigoFe,o/HCI-PANI composites with
different film thickness.
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Fig. 10. G;-T curves of the interface layers in the NigoFe,o/HCI-PANI composites with
different film thickness, plotted as InG; versus T~ /4, O: 40 nm-thick film, : 90 nm-thick
film, A: 170 nm-thick film.

where G; is a constant, AE is the activation energy and k is the
Boltzmann's constant. Fig. 11 shows the G;-T curves of the interface
layers in the NiggFe,o/HCI-PANI composites with different film thick-
ness, plotted as InG; versus T~ !. As can be seen from Fig. 11, the G;-T re-
lationship is also nonlinear, indicating that the electrical transport
property of the interface layer cannot be simply explained by the ther-
mally activated band conduction model. It is considered that the electri-
cal transport property in the low temperature range is the 3D-VRH and
that in the high temperature range is the thermally activated band con-
duction. Fig. 12 shows the G;-T curves of the interface layers in the
NigoFe20/HCI-PANI composites with different film thickness, plotted as
InG; versus T~ 4 below 40 K and InG; versus T~ ' over 130 K. As
shown in Fig.12, these plots exhibit a linear relationship having a linear
correlation coefficient better than 0.98. Therefore, the electrical trans-
port property in the low temperature range is the 3D-VRH and that in
the high temperature range is the thermally activated band conduction.
For the thermally activated band conduction mechanism, the activation
energy is calculated in terms of the slop of the fitted straight line. The ac-
tivation energy is 53 meV for the 40 nm-thick film, 35 meV for the
90 nm-thick film and 12 meV for the 170 nm-thick film.

According to the results mentioned above, the interface layer be-
tween the NiggFe,q film and the HCI-PANI substrate can play an impor-
tant role in the electrical property of the NiggFe,o/HCI-PANI composite.
As a result, the three-resistor parallel model is suitable to explain the
electrical transport property of the composite. Namely, the resistance
of the composite can be calculated in terms of three parallel resistors,

Fig. 11. G;-T curves of the interface layers in the NigoFe,o/HCI-PANI composites with
different film thickness, plotted as InG; versus T~ . O: 40 nm-thick film, : 90 nm-thick
film, A: 170 nm-thick film.

Fig. 12. G;-T curves of the interface layers in the NiggFe,o/HCI-PANI composites with
different film thickness, plotted as InG; versus T~ '/ below 40 K and InG; versus T~ !
over 130 K.

i.e., the film resistance, the interface layer resistance and the substrate
resistance. The existence of interface layer resistance leads to the differ-
ence between the experimental and theoretical results reported previ-
ously [11-13]. However, the structural and electrical properties of the
interface layer is too complicated to be identified. Only when the struc-
tural and electrical properties of the interface layer is well identified, the
R-T curve of the composite can be quantitatively explained by the
three-resistor parallel model. The further study on the interface layer
should be done. According to the difference between the R-T curves
measured from the film surface and from the substrate back surface, it
is possible to experimentally evidence the existence of the interface
layer. It should be meaningful in practical applications.

4. Summary

The NiggFe,q films with a thickness of 40-170 nm were sputter-
deposited on the HCI-PANI substrates at 300 K, forming the NiggFe,o/
HCI-PANI composites. The R-T curve measured from the film surface is
very different from that measured from the substrate back surface.
With the increase of temperature, the former exhibits the transition
from almost temperature-independent region to semiconducting region
whereas the latter shows a decrease of resistance. The transition temper-
ature increases with increasing film thickness. The composite shows the
temperature-independent feature below the transition temperature and
the semiconducting feature over the transition temperature. Further-
more, for the R-T curve measured from the substrate back surface, the
resistance of the composite is smaller than that of the HCI-PANIL With
the increase of film thickness, it decreases and trends to be stable. The in-
terface layer between the film and the substrate plays an important role
in the electrical property of the composite.
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