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The chemical composition of the electrodeposited undoped and F-doped ZnO (FZN) rods was investigated by X-ray photoelectron
spectroscopy (XPS).These results confirmed the existence of F as a doping element into ZnO crystal lattice.The p-Si/n-ZnO and p-
Si/n-FZN heterojunction diodes were fabricated and their electrical properties were investigated. Some parameters belong to these
diodes such as ideality factor (n), barrier height (𝜙

𝐵
), and series resistance (𝑅

𝑠
) which were calculated from the current-voltage

(I-V) curves that exhibited rectifying behavior by using thermionic emission theory, Norde’s function, and Cheung’s method.There
is a good agreement between the diode parameters obtained from different methods.

1. Introduction

In recent years, among the transparent oxide semiconductors,
zinc oxide (ZnO) basedmaterials have been the focus ofmany
researches. This is because these materials are suitably used
in many areas of technology such as field effect transistors
[1–3], homojunction or heterojunction diodes [4–6], sensors
[7, 8], antireflective coatings [9], and solar cells [10] because
of the excellent superior optical properties and electrical per-
formance. Furthermore, large substrates of ZnO are widely
available, enabling homoepitaxial growth of ZnO devices,
potentially crating a powerful competitor to the nitrides.
Moreover, the doped ZnO with various elements such as Al
[11], B [12], N [13], In [14], Mn [15], Li [16], Co [17], Sb
[18], and Na [19] will increase the film conductivity without
substantially influencing the optical transparency.

Until now, fluorine doped ZnO (FZN) films have been
studied and produced in many different methods such as
hydrothermal synthesis [20], spray pyrolysis [21, 22], aerosol
assisted chemical vapor deposition [23] and sol-gel spin
coating [24–26], magnetron sputtering [27, 28], pulsed laser
deposition [29], and electrodeposition [30]. Among these,
electrochemical deposition is a low-cost alternative for the
film synthesis, as it does not require complex and expensive

equipment and uses easily available raw materials. This
simple method provides the possibility of depositing films
on substrates with a complex geometry and it can be carried
out at low processing temperatures and with low energy
consumption. Electrodeposition allows an easy control of
the composition, morphology, and thickness of the coatings
through the variation of the deposition parameters.

Nam and Kwon [26] prepared FZN films on glass sub-
strate by sol-gel spin coating method and they reported a
minimum electrical resistivity for 2.0 at.% F after the first
post-heat-treatment (550∘C) in air. But after exposing the
second annealing (450∘C) in a reducing environment (5%H

2

to 95% N
2
), they did not observe any significant effect on the

electrical resistivity of the FZN films. Tsai et al. [27] prepared
FZN films at 150∘C on glass substrate by radio frequency
magnetron sputteringmethod. In this work which was aimed
at improving the electrical and optical properties of the films,
by using thermal annealing under vacuum, it was reported
that the lowest resistivity, the highest mobility, the highest
carrier concentration, and the highest energy band gap were
found to be 1.86× 10−3Ω cm, 8.9 cm2V−1s−1, 3.78× 1020 cm−3,
and 3.40 eV for the FZN film annealed at 400∘C, respectively.
Zhang et al. [28] prepared FZN films on flexible substrates
by magnetron sputtering at room temperature. In their study,
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lowest resistivity of 7.66 × 10−2Ω cm with carrier concentra-
tion of 1.31 × 1020 cm−3 and Hall mobility of 0.62 cm2V−1s−1
were reported. And also average optical transmittance for all
doped films was determined to be about 80% in the spectrum
range of 300–2000 nm. Cao et al. [29] also reported better
results within the scope of electrical property for FZN films
deposited by pulsed laser deposition method.

In a previous work of our group, the structural, mor-
phological, and optical properties of electrodeposited FZN
rods were firstly reported [30]. In this work, high resolution
electron microscopy (SEM) images exhibited the presence
of rods and also showed that the diameter and length of
these rods increased with doping. Also themaximum density
of these rods was obtained at the doping concentration of
15%. Furthermore, the surface propagation deteriorated due
to excess F doping and aggregation of the rods as flower
structure was observed in many doping levels. XRD results
presented that F doping into the ZnO lattice caused a change
in preferred orientation of the rods having hexagonalwurtzite
structure and deteriorated the crystal structure. Although
many researchers have studied the preparation and charac-
terization of FZN, p-n heterojunction diodes applications
using FZN has not been studied yet. The difference of this
study from the above-mentioned previous works is firstly
to make surface chemistry analysis of electrodeposited FZN
rods, to fabricate of p-n heterojunction diodes by using
these electrodeposited FZN, and to investigate the effect of
incorporated fluorine on the electrical performance of the
heterojunction diodes. So, this work is the first report on
the investigation of electrical properties of p-Si/n-FZN diode
fabricated by electrodeposition method.

2. Experimental

The undoped and F-doped (1, 5, 10, 15, and 35 at.%) ZnO
(1FZN, 5FZN, 10FZN, 15FZN, and 35FZN, resp.) rods were
electrochemically deposited on p-Si from aqueous route
using chronoamperometry method. A three-electrode sys-
tem was used for the electrochemical experiments. Experi-
mental details for deposition can be found in a previous work
in our group [30]. And then ohmic contacts were made onto
surface of the film, patterned with a shadowmask by circular
dots of 0.5mm in diameter. For this contact, the high purity
aluminum (Al, 99.999%) with a thickness of 150 nm was
thermally evaporated on the film surface. Ohmic behavior
of these contacts was confirmed by I-V measurements. After
these processes, for back ohmic contact, the silver (Ag) paste
was applied to back surface of the Si wafer. Any annealing
process was not applied to get low resistivity of ohmic contact
because of having high eutectic temperature (∼830∘C) of
silver, because such a high temperature can change all the
physical properties of samples.The fabricated p-Si/n-ZnO and
p-Si/n-XFZN (𝑋 = 1, 5, 10, 15, and 35) heterojunction diodes
are named D0, D1, D5, D10, D15, and D35, respectively. The
schematic structure of these diodes is given in Figure 1 with
the SEM image of the 15FZN rods as inset.

For the evaporation of aluminum contacts, thermal evap-
oration system (Vaksis PVD-HANDY/MT/101T) was used.
X-ray photoelectron spectroscopy (XPS) (SPECS) was used
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Figure 1: The schematic diagram of the fabricated heterojunction
diodes and SEM image of 15FZN inset in figure.

to determine fluorine concentration in ZnO and bonding
states of related elements using AlK𝛼 X-rays. The I-V charac-
terizations were carried out by using Keithley 4200 SCS and
Signatone probe station inside dark box.

3. Results and Discussion

3.1. XPS Studies of FZN Rods. XPS, which is one of the most
important material characterization techniques, has been
carried out to both estimate the contained F concentration
in the films and determine the chemical states of the film
composing elements. In this scope, XPS analyses were carried
out for 5FZN, 10FZN, and 15FZN rods. In this analysis, the
calibration was made according to C 1s peak at 284.6 eV,
but any etching process that is used to remove surface
contaminants was not performed. Therefore, the excessive
amount of C observed on the survey spectra (Figure 2) is
because of not performing any etching procedure. Even so,
the peaks belong to F 1s and the expected increase in doping
ratio can be seen in Figure 2.The atomic ratio of F/Zn in these
samples has been calculated from the XPS survey spectra to
be about 0.00417, 0.00825, and 0.01671 for 5FZN, 10FZN, and
15FZN, respectively.These values are approximately ten times
lower than the expected nominal compositions because no
etching process was applied.

The XPS survey spectra of the nonion bombarded
revealed that zinc, oxygen, aluminum, silver, silicon, fluorine,
and carbon are present in the FZN rods.The excessive carbon
signal corresponds to the contamination of hydrocarbon
atoms on the surface. Also aluminum and silicon signals
are related to metals contacts on the surface and substrate,
respectively. Where silver signal comes from is not known.

The peaks corresponding to F 1s orbital for each doping
level are shown in Figure 3. The intensity of F 1s signals
increases with increasing doping level and confirms the
increase in doping ratio of fluorine as planned before. The
observed fluorine 1s signals in this work can be assigned to
the formation of Zn-F bonds formed in the ZnO lattice. The
peaks located at around 684 eV are close to typical value of
binding energy of F 1s peak in fluorine compounds. These
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Figure 2: XPS survey spectra of 5FZN, 10FZN, and 15FZN.
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Figure 3: The peaks corresponding to F 1s orbital for each doping
level.

signals indicate that F is bonded to the Zn+2 and the doping
process is performed successfully [31, 32].

The binding states of O 1s spectra belonging to three
different rates of FZN are shown in Figure 4. While a
single peak having a binding energy at about 530.95 eV is
observed for 5FZN rod, 10FZN and 15FZN have exhibited the
peaks resolved into three components, which are low binding
energy peak, middle binding energy peak, and high binding
energy peak. These peaks are centered at about 528.95 eV,
530.99 eV, and 532.45 eV for 10FZN and 529.21 eV, 530.26 eV,
and 532.12 eV for 15FZN, respectively.The low and themiddle
binding energy peaks indicated with O1 and O2 can be
attributed to O2− ions at the intrinsic sites and O2− ions in
the oxygen deficient regions, respectively [19, 33–35]. The
high binding energy component indicated with O3 is also

usually attributed to the presence of loosely bound oxygen
on the surface of ZnO film such as –CO

3
, adsorbed H

2
O,

and adsorbed O
2
[19, 33–35]. Figure 5 gives the typical XPS

data of Zn 2p
3/2

for three samples. In this figure the effect
of fluorine in the ZnO lattice because Zn 2p

3/2
peaks are

resolved into two components which are located at low and
high binding energy values can be seen. The observed peaks
at high binding energy confirm the formation of zinc-fluorine
bond, because, in the previous reported studies related to
F-dopedZnO, the signal centered at 1022.52 eVwas attributed
to Zn-F bonds [31]. So, the signals centered at 1022.9 eV and
1022.48 eV can be attributed to the Zn-F bond that means
the fluorine substitution of the oxygen atom. Also the signals
observed at about 1020 eV could be attributable to the Zn-O
bond in the ZnO.

3.2. I-V Characteristics of p-Si/n-ZnO and p-Si/n-FZNHetero-
junctions. Figure 6 shows the I-V characteristics of p-Si/n-
ZnO and p-Si/n-FZN diodes. It is evident from this figure that
the fabricated junction shows rectifying behavior. It can be
seen that the rectification ratio is between 103 and 104 and this
ratio increases at first with fluorine content but the highest
ratio is observed in D35. A thermionic emission model that
is given in the following relation can describe the nonlinear
I-V characteristic of a heterojunction [36]:

𝐼 = 𝐼
𝑜
[(exp(

𝑞𝑉

𝑛𝑘𝑇
)) − 1] , (1)

where 𝐼
𝑜
, 𝑞, 𝑛, 𝑘, 𝑇, and 𝑉 are the saturation current, the

electronic charge, the ideality factor, the Boltzmann constant
and the temperature (in kelvin), and the applied voltage,
respectively. 𝑛 values were determined from the slope of the
linear regions of the forward bias I-V curves. The calculated
𝑛 values of the fabricated heterojunction diodes are given in
Table 1. In all diodes, nonideal behavior can be seen because
ideality factor values are greater than 1, meaning the presence
of inhomogeneity in barrier height and presence of interface
states.

The barrier height (𝜙
𝐵
) of the diode is calculated using the

following equation [36]:

𝐼
𝑜
= 𝐴𝐴

∗
𝑇
2 exp(
−𝑞𝜙
𝐵

𝑘𝑇
) , (2)

where 𝐴 is the diode contact area and 𝐴∗ is the Richardson
constant. The calculated 𝜙

𝐵
values are given in Table 1. These

values are close to the difference of the work functions of
Si (4.97 eV) and ZnO (4.25 eV), that is, 0.72 eV. The barrier
height of these diodes is in agreementwith the heterojunction
diodes (undoped or doped ZnO with different elements used
as n-ZnO) in the literature [6, 17, 37–40]. There is only
one study on the ideality factor of electrodeposited ZnO
based heterojunction diode in available literature [17] and
the ideality factor value which was reported for n-ZnO/p-
Si heterojunction (5.48) is higher than the values of present
work, although deposition parameters of both the same
methods are not same.
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Table 1: The diode parameters of the fabricated heterojunction diodes.

Diode 𝐼-𝑉 Cheung-Cheung NordeCheung 𝐻 function
𝑛 𝜙

𝐵
(eV) 𝑅

𝑠
(kΩ) 𝑛 𝑅

𝑠
(kΩ) 𝜙

𝐵
(eV) 𝑅

𝑠
(kΩ) 𝜙

𝐵
(eV)

D0 3.87 0.74 76.21 3.44 290.00 0.80 19.30 0.82
D1 4.05 0.73 105.98 3.85 300.07 0.70 119.00 0.77
D5 4.31 0.68 107.97 4.49 240.82 0.57 66.30 0.71
D10 3.06 0.73 81.44 3.86 149.25 0.69 96.00 0.77
D15 3.98 0.68 52.64 4.10 88.95 0.65 1.94 0.71
D35 3.96 0.72 55.81 5.50 325.67 0.46 54.10 0.73
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Figure 4: XPS spectra (open circles) and simulated lines of O 1s in the ZnO: (a) 5FZN, (b) 10FZN, and (c) 15FZN.

Furthermore, to determine the 𝜙
𝐵
value, an alternative

method was defined by Norde using the following function
[41]:

𝐹 (𝑉) =
𝑉

𝛾
− (
𝑘𝑇

𝑞
) ln( 𝐼 (𝑉)
𝐴𝐴∗𝑇2
) , (3)

where 𝛾 is the first integer (dimensionless) greater than 𝑛.The
𝜙
𝐵
values were calculated from the minimum of the 𝐹(𝑉)-𝑉

curve. Figure 7 shows 𝐹(𝑉) versus 𝑉 plot of the fabricated

heterojunction diodes. The 𝜙
𝐵
values were determined from

following relation:

𝜙
𝐵
= 𝐹 (𝑉

0
) +
𝑉
0

𝛾
−
𝑘𝑇

𝑝
, (4)

where 𝐹(𝑉
0
) is the minimum point of 𝐹(𝑉) and 𝑉

0
is the

corresponding voltage.The value of series resistance (𝑅
𝑠
) was

calculated using the formula

𝑅
𝑠
=
𝑘𝑇 (𝛾 − 𝑛)

𝑞𝐼
. (5)
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Figure 5: XPS spectra (open circles) and simulated lines of Zn 2p
3/2

in the ZnO: (a) 5FZN, (b) 10FZN, and (c) 15FZN.

The 𝜙
𝐵
and 𝑅

𝑠
values of the fabricated heterojunction diodes

were given in Table 1.
The 𝑛 and 𝑅

𝑠
values were also determined using Cheung’s

method. According to this method, the forward bias I-V
characteristics of a device having series resistance are given
as

𝐼 = 𝐼
𝑜
exp(
𝑞 (𝑉 − 𝐼𝑅

𝑠
)

𝑛𝑘𝑇
) . (6)

To determine the 𝑛 and 𝑅
𝑠
values, the following equation was

also used:

𝑑𝑉

𝑑 (ln 𝐼)
= 𝐼𝑅
𝑠
+
𝑛𝑘𝑇

𝑞
. (7)

The forward bias 𝑑𝑉/𝑑(ln 𝐼)-𝐼 plots of the fabricated
heterojunction diodes are given in Figure 8.The slope of these
plots gives the 𝑅

𝑠
values and intercept gives the 𝑛 value of

these diodes. These calculated values for fabricated hetero-
junction diodeswere given in Table 1.The observed difference

between the 𝑛 values that were obtained from the forward
bias semilog I-V plots and from the 𝑑𝑉/𝑑(ln 𝐼)-𝐼 plotsmay be
due to presence of series resistance and undesirable interface
states [42].

The 𝜙
𝐵
and 𝑅

𝑠
values were also determined by using𝐻(𝐼)

function [43]:

𝐻(𝐼) = 𝑛𝜙𝐵 + 𝐼𝑅𝑠, (8)

where

𝐻(𝐼) = 𝑉 −
𝑛𝑘𝑇

𝑞
ln( 𝐼
𝐴𝐴∗𝑇2
) . (9)

A plot of 𝐻(𝐼) versus 𝐼 is linear, the slope of this plot
gives 𝑅

𝑠
value, and intercept gives the 𝜙

𝐵
value. These values

given in Table 1 were calculated from 𝐻(𝐼) versus 𝐼 plots
(Figure 8). As observed, there is a small difference between𝑅

𝑠

values determined from Cheung’s and Norde’s method. This
difference may be due to the applicability of both methods in
different voltages regions.
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Figure 6: Semilog I-V characteristics of the fabricated heterojunction diodes under dark.
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Figure 7: 𝐹(𝑉)-𝑉 plots of the fabricated heterojunction diodes.

In general, the 𝑅
𝑠
values are tendency of decreasing

with F content. As seen in Table 1, some of these 𝑅
𝑠
values

are larger than expected (≥100 kΩ). These high values may
be caused by the quality of back ohmic contact, that is;
this result refers to the effect of interface states between p-
Si and silver. Therefore, in the literature, it is possible to

find many reports related to 𝑅
𝑠
values having low resis-

tivity by applying annealing process [44, 45]. Furthermore,
some experimental studies in literature have also reported
that 𝑅

𝑠
value could be either increased or decreased by

using organic/inorganic layer on inorganic Si semiconductor
[15, 46, 47].



Journal of Nanomaterials 7

2.0

2.2

2.4

2.6

2.8

3.0

3.2

0.05

0.10

0.15

0.20

D0

2.0

2.2

2.4

2.6

2.8

3.0

3.2

0.10

0.20

0.30

0.40

D15

2.0

2.2

2.4

2.6

2.8

3.0

3.2

0.10

0.15

0.20

0.25

0.30

D1

2.0

2.2

2.4

2.6

2.8

3.0

0.10

0.15

0.20

0.25

0.30

D35

2.0

2.2

2.4

2.6

2.8

3.0

3.2

0.10

0.20

0.30

0.40

D5

2.0

2.2

2.4

2.6

2.8

3.0

3.2

0.10

0.20

0.30

0.40

D10

I (A) I (A)

I (A)I (A)

1
.2
E
−
0
6

8
.0
E
−
0
7

4
.0
E
−
0
7

1
.0
E
−
0
9

(H
)I

(V
)

(H
)I

(V
)

(H
)I

(V
)

(H
)I

(V
)

I (A) I (A)

(H
)I

(V
)

(H
)I

(V
)

8
.0
E
−
0
7

4
.0
E
−
0
7

1
.0
E
−
0
9

2
.0
E
−
0
6

1
.5
E
−
0
6

1
.0
E
−
0
6

5
.0
E
−
0
7

6
.0
E
−
0
7

1
.1
E
−
0
6

1
.6
E
−
0
6

2
.1
E
−
0
6

2
.6
E
−
0
6

3
.1
E
−
0
6

1
.3
E
−
0
6

1
.0
E
−
0
6

7
.0
E
−
0
7

4
.0
E
−
0
7

1
.0
E
−
0
7

5
.0
E
−
0
6

4
.0
E
−
0
6

3
.0
E
−
0
6

2
.0
E
−
0
6

1
.0
E
−
0
6

d
V
/d

ln
 I

(V
)

d
V
/d

ln
 I

(V
)

d
V
/d

ln
 I

(V
)

d
V
/d

ln
 I

(V
)

d
V
/d

ln
 I

(V
)

d
V
/d

ln
 I

(V
)

Figure 8: The forward bias 𝑑𝑉/𝑑(ln 𝐼)-𝐼 and𝐻(𝐼)-𝐼 plots of the fabricated heterojunction diodes.

4. Conclusion

ZnO and FZN rods were deposited by electrochemical
depositionmethod. To investigate fluorine concentration into
ZnO, XPS analysis was used and the existence of fluorine

and its atomic ratio were determined as 0.00417, 0.00825, and
0.01671 for 5FZN, 10FZN, and 15FZN, respectively. Electrical
properties of p-n heterojunctions based on electrodeposited
ZnO and FZN were characterized using I-V measurements
and some diode parameters were determined. The obtained
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parameters using different methods were compared and
discussed depending on the fluorine content.
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[4] S. Yilmaz, I. Polat, Ş. Altindal, and E. Bacaksiz, “Structural
and electrical characterization of rectifying behavior in n-
type/intrinsic ZnO-based homojunctions,” Materials Science
and Engineering B: Solid-State Materials for Advanced Technol-
ogy, vol. 177, no. 8, pp. 588–593, 2012.

[5] S. A. Mansour and F. Yakuphanoglu, “Electrical-optical prop-
erties of nanofiber ZnO film grown by sol gel method and
fabrication of ZnO/p-Si heterojunction,” Solid State Sciences,
vol. 14, no. 1, pp. 121–126, 2012.

[6] A. Arslan, E. Hür, S. Ilican, Y. Caglar, and M. Caglar, “Con-
trolled growth of c-axis oriented ZnO nanorod array films by
electrodepositionmethod and characterization,” Spectrochimica
Acta—Part A: Molecular and Biomolecular Spectroscopy, vol.
128, pp. 716–723, 2014.

[7] T. Sin Tee, T. Chun Hui, C. Wu Yi et al., “Microwave-assisted
hydrolysis preparation of highly crystalline ZnO nanorod array
for room temperature photoluminescence-based CO gas sen-
sor,” Sensors and Actuators B: Chemical, vol. 227, pp. 304–312,
2016.
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