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A B S T R A C T

The TiO2/p-Si/Ag, graphene (GNR) doped TiO2/p-Si/Ag and multi-walled carbon nanotube
(MWCNT) doped TiO2/p-Si/Ag heterojunction devices were fabricated by electrospinning tech-
nique at same conditions. Their structural, morphological properties, thermal analyses (TGA),
and capacitance voltage characteristics were studied and compared. The undoped, GNR and
MWCNT doped TiO2 structures obtained successfully according to XRD measurements.
Morphological properties of the undoped, GNR and MWCNT doped TiO2 composite structures
have rod or ribbon like structures. The TGA result confirmed the GNR and MWCNT doped TiO2

structures. The C-V and G-V measurements were employed for electrical characterization of the
TiO2/p-Si/Ag, GNR doped TiO2/p-Si/Ag and MWCNT doped TiO2/p-Si/Ag devices for various
frequencies at room temperatures. The results imparted that the capacitance and conductance
behaviors of all devices are strong functions of the frequency and voltage. The electrical para-
meters were calculated from C−2-V plots of the heterojunction devices and compared for three
devices. The transient photocapacitance plots revealed that the devices can be employed for
optical communication applications.

1. Introduction

While a metal and semiconductor are contacted, metal-semiconductor devices or heterojunctions are obtained and employed
many technological applications such as capacitors, transistors, and diodes [1–4]. Mostly, an interfacial layer such as an insulator,
metal oxide or polymer are preferred to use between the semiconductor and metal to control electrical behaviors of the junctions
[5–7]. These controllable properties are expressed as barrier height, series resistance or interface states [8].

As the interfacial layer, the metal oxides are very popular for metal-semiconductor heterojunctions, and the SnO2, ZnO, TiO2 are
employed as interfacial layer [9–13]. Gokcen et al. [14] used SnO2 as interfacial layer between the Au and n-Si, and they calculated
the diode parameters of the junctions and showed that the interfacial SnO2 layer affected the behaviors of the junctions. Semple et al.
[15] performed the ZnO metal oxide layer as interfacial material in a coplanar architecture and discussed nature of the rectifying
properties and its application in radio frequency devices. Aydin et al. [16] employed TiO2 layer for MS heterojunction and studied its
electrical characterization via I–V and C-Vmeasurements. There are no so many studies about popular materials such as graphene and
carbon nanotube doped to TiO2 or composite structures with TiO2. These materials can be employed with a metal oxide layer because
they are very promising for technological applications [17–21].
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In this study, we fabricated pure TiO2, GNR-TiO2 and MWCNT-TiO2 composite structure by the electrospinning method and used
them as an interfacial layer material between Au element and p-type Si to investigate the interlayer effect on the heterojunction
devices, and compare structural, morphological and electrical properties.

2. Experimental method

The p-type Si wafer was used as both substrate and semiconductor materials after cutting 1.5 cm × 1.0 cm pieces and cleaning
various solvents such as acetone and propanol. The cleaning procedure can be found in the literature and our previous studies
[22,23]. In addition, the native oxide layers on the pieces were removed by employing HF:H2O (1:1) mix solution in a 30 s and then
rinsed with deionized water and dried by nitrogen. The ohmic contact of the devices was made by evaporating Ag metal as 200 nm to
the back surface of the Si wafer pieces, and the pieces were annealed in vacuum at 450 °C for 3 min.

To obtain pure TiO2, GNR-TiO2 and MWCNT-TiO2 composite structure layers, 5 g of polyvinyl pyrrolidone (PVP, M.W. 1.300.000,
Alfa Aesar) was slowly added to the stirred 45 g of ethanol (Sigma-Aldrich), and stirring was continued until the PVP completely
dissolved. Thus, 10% by mass of polymer solution was obtained. Then, 3 ml of Acetone (VWR), 2 ml Ethanol, 5 ml Acetic Acide
(Tekkim) and 2 g titanium (IV) isopropoxide (Alpha Aesar) was included in different vessel and then stirred 15 min on a magnetic
stirrer and sonicated for 15 min in an ultrasonic bath. These two mixtures were mixed and then separated into three equal portions.
Nanoparticles of the MWCNT and GNR were added into the solution at the rate of 1% by mass. Particle added solutions were stirred
for 10 min via a magnetic stirrer and sonicated 5 min in an ultrasonic bath again. The obtained mixtures were filled into a syringe.
The pure TiO2, TiO2-GNR and TiO2−MWCNT composite structure were obtained on the p-type Si wafer, separately. The substrate-
syringe distance, applied voltage and flow rate were adjusted as 15 cm, 15 kV and 0.5 ml per hour for electrospinning system. The
electrospinning system consisted of a direct current (DC) high-voltage power supply (Glassman High Voltage Inc. EL-50), a dosing
pump (New Era Syringe Pump), a plastic capillary tube (syringe), and a rotary collector which spins at 250 rpm. After the coating on
Si substrate of the TiO2, GNR-TiO2 and MWCNT-TiO2 composite structure, they were annealed at 500 °C for two h.

The metal contacts were obtained from high purity Au metal as 150 nm thickness and 1 mm diameter by using a thermal
evaporator system on the TiO2, TiO2-graphene and TiO2eCNT composite structures by the aid of a mask. The schematic diagrams of
the obtained devices have been illustrated in Fig 1. The structural, morphological and electrical properties of the devices were
studied. The Bruker Advance D8 XRD (Cu α source with 1.5406 wavelengths) was employed to record the X-ray diffraction patterns
of the prepared samples. The Hitachi SU1510 scanning electron microscope (SEM, operating at 20 kV) was performed to investigate
the morphology and structure of the samples. Setsys Evolution TGA/DTG DSC was used to obtain TGA analyses. The FYtronix FYED-
500 Electronic Device Characterization System was used to collect C-V and G-V measurements of the fabricated heterojunctions at
room temperature.

3. Results and discussion

3.1. Structural characterization

Fig. 2 shows the XRD pattern of the TiO2 interfacial layers. The TiO2 has polycrystalline and various crystalline phases in nature.
The various phases of TiO2 indicated clearly that TiO2 synthesized successfully by electrospinning technique. The preferred or-
ientation of the TiO2 film is the brookite phase (121) plane [24]. The XRD pattern of the GNR and MWCNT doped TiO2 did not change
with doping (data not shown here) but the peak of the C at (002) plane clarified more in inset of Fig. 2. Furthermore, the (002) plane
of the C also overlapped with (101) anatase phase [25].

3.2. Morphological properties

The SEM images of the TiO2, GNR-TiO2, MWCNT-TiO2 interfacial layers have been exhibited in Fig. 3a–c, respectively. While
Fig. 3a and c or bare TiO2 and MWCNT-TiO2 films exhibited non-homogenous rod- or ribbon-like structure on the surface, GNR-TiO2

film showed bead-like structures with well dispersed and tall rods or ribbons [26]. The film surfaces can be thought as interfacial
layer for metal-semiconductor devices.

Fig. 1. Schematic diagram of the obtained devices with interlayer TiO2, GNR-TiO2, and MWCNT-TiO2.
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3.3. Thermal analysis

TGA analysis graphs of the TiO2, GNR-TiO2, MWCNT-TiO2 composites structures have been displayed in Fig. 4. According to
graphs, the weight loss of the organic materials at the composite structures decreased and stabilized after calcination temperature
500 °C. At around the calcination temperature region, the amount of MWCNT at the TiO2 structure decreased at around 1% compared
to TiO2, but for GNR-TiO2 composite structure, this amount decreased at about 1.7%. In other words, after calcination, the amount of
MWCNT is bigger than GNR amount. This may be attributed to the more prominent granular structures of the MWCNT.

Fig. 2. XRD patterns of the TiO2 interfacial layers with and without GNR and MWCNT.

Fig. 3. SEM images of the (a) TiO2, (b) GNR-TiO2, and (c) MWCNT-TiO2 interfacial layers.

Fig. 4. TGA graphs of the TiO2, GNR-TiO2, and MWCNT-TiO2 composite structures.
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3.4. Electrical properties

The C-V characteristics of the obtained heterojunction devices were studied to compare their capacitive properties. The C-V plots
of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions depending on frequency (from 10 kHz to 1 MHz)
have been shown in Fig. 5a–c, respectively. The capacitance values of the heterojunction devices exhibited peaks in the inversion
region for lower frequencies (up to 500 kHz) and remained constant in the depletion and accumulation regions. When the peak
positions of the TiO2/p-Si/Ag device have not changed via changing frequency, they have shifted towards to forward biases for GNR-
TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions for lower frequencies. The disappearing of the peaks at higher frequencies
(f≥ 500 kHz) can be ascribed to interface states of the devices that cannot follow ac signals at higher frequencies [4]. In addition, the
GNR-TiO2/p-Si/Ag heterojunction has negative capacitance depending on minority carrier effect on the polarization [27].

Fig. 6a–c display the G-V plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag heterojunctions depending on
frequency, respectively. The conductance values of the heterojunctions almost did not change in the depletion and accumulation
regions but decreased towards to depletion region drastically. This result highlighted that the interface states of the devices are
efficient in the reverse biases. Furthermore, there is some change at the conductance values in the depletion region of the GNR-TiO2/
p-Si/Ag heterojunction because the GNR doping may caused to increase the interface states of the heterojunction more than others or
more charge carriers of GNR doping effect. While the frequency increased up to 1 MHz, the conductance values of the heterojunctions
also increased in the inversion region. The increase at the conductance values via increasing frequency can be attributed to that the
series resistances of the devices are not so effective in the inversion region [5].

The C−2-V plots of a heterojunction display straight line and can help to calculate some diode parameters such as fermi energy
level, depletion length and barrier height etc. [28]. Fig. 7a–c present the C−2-V plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and
MWCNT-TiO2/p-Si/Ag heterojunctions depending on frequency, respectively. The C−2-V plots of the heterojunctions almost ex-
hibited straight lines, and did not change so much via changing frequency. The deviation from linearity at the straight lines can be

Fig. 5. The C-V plots of the (a) TiO2/p-Si/Ag, (b) GNR-TiO2/p-Si/Ag and (c) MWCNT-TiO2/p-Si/Ag heterojunctions.
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ascribed to the existence interfacial layer between the metal and semiconductor [29].
Some electrical parameters such as doping concentration of the acceptor atoms (Na), barrier heights (Φb) and fermi level (EF) of

the heterojunctions were calculated and listed in Tables 1–3 for the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag
heterojunctions depending on frequency, respectively. The values Φb for various frequency are calculated by following equation:− = + −C V V EΦ ( ) ( ) ∆Φb d F (1)

where, Vd, EF and ΔΦ show diffusion potential, fermi energy level, and image force barrier lowering, respectively. The ΔΦ values can
be ignored usually for the intermediate layer. The Vd is given with the formula of Vd = Vi + kT/q. The Vi in that formula is obtained
by x-intercept extrapolation of the C−2-V graphs.

Interface states (Nss) are calculated by Hill-Coleman method, and this technique can help to find the correlation between Nss and
frequency. The Nss is expressed as the next equation with obtained by the capacitance (Cm) and conductance values (Gm) [30]:

= + −N
qA

G ω
G ω C C C

2 ( / )
(( / ) / ) (1 / )ss

m max

m x m xmax 0 2 0 2 (2)

where ω and A are angular frequency and contact area of the device, respectively. The C0x represents interface capacitance, and given
via following equation for the strong accumulation region:

= ⎡⎣⎢ + ⎤⎦⎥C C G
ωC

1
( )x ma

ma

ma
0

2

2 (3)

The C0x values have been given Tables 1–3 for the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions
depending on the frequency. Although the C0x values are high for 10 kHz frequency, their values decreased with increasing frequency
for all devices.

Series resistance is determined by Nicollian and Brews technique. The Rs are expressed by the next formula for real values [31]:

Fig. 6. The G-V plots of the (a) TiO2/p-Si/Ag, (b) GNR-TiO2/p-Si/Ag, and (c) MWCNT-TiO2/p-Si/Ag heterojunctions.
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The Nss, Rs, Na, EF, maximum electric field (Em), length of depletion region (Wd) values were calculated and listed in Table 1,
Table 2 and Table 3 for the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag heterojunctions depending on frequency,
respectively. While the EF and Wd values have lower values for GNR-TiO2/p-Si/Ag, the Em values higher than other devices.

The resistance (Ri) profile of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag heterojunctions have been studied

Fig. 7. The C−2-V plots of the (a) TiO2/p-Si/Ag, (b) GNR-TiO2/p-Si/Ag and, and (c) MWCNT-TiO2/p-Si/Ag heterojunctions.

Table 1
Various electrical parameters of the TiO2/p-Si/Ag heterojunction for changing frequency.

f (kHz) Na (1015 cm−3) Rs (Ω) Φb (eV) EF (eV) Em (104 v/cm) Wd (10−4 cm) Nss (1011 eV−1 cm−2) C0x (10−9 F)

10 9.16 262.4 0.546 0.140 3.337 2.474 1.83 414
50 7.61 175.7 0.542 0.145 3.002 2.683 1.25 29.6
100 7.98 126.8 0.511 0.144 2.955 2.522 1.11 14.1
200 7.82 79.5 0.502 0.144 2.884 2.515 1.04 8.45
300 7.92 61.7 0.620 0.144 3.363 2.871 1.04 6.80
400 7.98 52.5 0.709 0.144 3.686 3.108 1.07 6.03
500 7.82 47.1 0.650 0.144 3.447 2.975 1.13 5.55
600 8.05 43.9 0.768 0.144 3.894 3.250 1.24 5.20
700 8.12 41.9 0.787 0.143 3.973 3.286 1.28 4.89
800 8.26 40.9 0.856 0.143 4.221 3.425 1.34 4.62
900 8.22 40.5 0.797 0.143 4.030 3.289 1.42 4.32
1000 8.22 40.3 0.728 0.143 3.807 3.114 1.47 4.37
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according to below formula for various frequencies and± 5 V voltage range.

= +R G
G ωC( )i

m

m m
2 2 (5)

Fig. 8a–c exhibit resistance (Ri) versus voltage graphs of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag het-
erojunctions depending on frequency, respectively. The Ri values of the heterojunctions exhibited peaks for lower frequencies in the
depletion and accumulation regions. These peaks can be attributed to interface state effects. In addition, the Ri values decreased with
increasing frequency for all heterojunctions because the interface states lost their efficiency at higher frequencies and did not follow
ac signal [32]. The results implied that the interface states did not give any response in the higher reverse biases region. In addition,
we can say that the band gap value of the TiO2 decreased with doping of the GNR and MWCNT and increased conductivity of the
heterojunctions and caused to reduce the junction resistance [33].

The frequency dependent profiles of the Nss values for the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag het-
erojunctions have been indicated in Fig. 9. The Nss values of the TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions decreased
at lower frequencies, and then remained almost constant up to 1 MHz frequency. This result can be attributed to that Nss values
cannot follow ac signal at higher frequency [29]. However, the Nss values of the GNR-TiO2/p-Si/Ag heterojunction decreased for
10 kHz to 300 kHz and then increased up to 1 MHz. This behavior may be attributed to increasing carriers at the interface of the
device.

The Na versus frequency plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag heterojunctions have been
shown in Fig. 10. The Na values of the TiO2/p-Si/Ag MWCNT-TiO2/p-Si/Ag heterojunctions stayed constant from 10 kHz to 1 MHz,
but the Na values of the GNR-TiO2/p-Si/Ag device decreased at 50 kHz frequency and remained almost same up to 1 MHz frequency.
The changes at Na values of the GNR-TiO2/p-Si/Ag device can be attributed to barrier inhomogeneity of the heterojunctions [34].

Fig. 11 indicates barrier height versus frequency plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag het-
erojunctions. The barrier height values decreased for low frequencies and then increased via increasing frequency. These changes at
the Φb values can be ascribed to the distribution of particular density of theinterface states and interfacial layer [35]

The photocapacitance properties of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag, and MWCNT-TiO2/p-Si/Ag heterojunctions have been
studied for 10 kHz and 1 MHz frequencies. The transient photocapacitance plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and
MWCNT-TiO2/p-Si/Ag heterojunctions have been displayed in Fig. 12a and b for 10 kHz and 1 MHz, respectively. All heterojunctions
have a fast capacitive response to the illumination because of the carrier trapping and recombination, but GNR-TiO2/p-Si/Ag device
has more carriers in the interface and capacitance values via illumination and better photocapacitance behavior.

Table 2
Various electrical parameters of the GNR-TiO2/p-Si/Ag heterojunction for changing frequency.

f (kHz) Na (1015 cm−3) Rs (Ω) Φb (eV) EF (eV) Em (104 v/cm) Wd (10−4 cm) Nss (1011 eV−1 cm−2) C0x (10−9 F)

10 4.57 215.8 0.810 0.099 9.999 1.466 3.62 279
50 2.98 101.4 0.666 0.110 7.119 1.609 2.33 36.3
100 2.97 68.9 0.538 0.110 6.229 1.422 2.00 23.1
200 2.88 64.6 0.539 0.111 6.139 1.442 1.49 14.1
300 2.89 79.2 0.598 0.111 6.564 1.532 1.47 12.6
400 2.95 73.6 0.686 0.110 7.212 1.644 1.77 20.4
500 3.02 67.3 0.765 0.109 7.777 1.730 2.20 24.1
600 3.03 65.4 0.765 0.109 7.789 1.728 2.52 25.0
700 3.09 62.2 0.803 0.109 8.105 1.759 3.80 24.0
800 3.17 57.6 0.852 0.108 8.499 1.795 2.79 23.5
900 3.31 56.5 0.940 0.107 9.186 1.857 3.77 20.6
1000 3.43 52.0 0.998 0.106 9.685 1.885 4.58 25.4

Table 3
Various electrical parameters of the MWCNT-TiO2/p-Si/Ag heterojunction for changing frequency.

f (kHz) Na (1015 cm−3) Rs (Ω) Φb (eV) EF (eV) Em (104 v/cm) Wd (10−4 cm) Nss (1011 eV−1 cm−2) C0x (10−9 F)

10 5.56 704.6 0.978 0.153 3.722 4.475 18.5 52.9
50 5.16 239.9 0.682 0.155 2.855 3.732 7.91 16.8
100 5.16 163.4 0.702 0.155 2.909 3.800 6.40 10.9
200 5.01 136.9 0.693 0.156 2.841 3.822 5.58 8.08
300 5.01 128.8 0.753 0.156 2.997 4.022 5.35 7.39
400 4.95 122.6 0.783 0.156 3.053 4.146 5.28 7.34
500 5.16 119.5 0.851 0.155 3.289 4.274 5.33 7.55
600 5.17 115.5 0.871 0.155 3.340 4.328 5.41 8.30
700 5.17 110.9 0.891 0.155 3.387 4.386 5.52 9.72
800 5.20 105.4 0.900 0.155 3.420 4.403 5.65 9.97
900 5.24 101.0 0.910 0.155 3.457 4.414 5.83 9.42
1000 5.29 97.6 0.920 0.155 3.494 4.424 6.09 10.7
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Fig. 8. The Ri-V plots of the (a) TiO2/p-Si/Ag, (b) GNR-TiO2/p-Si/Ag, and (c) MWCNT-TiO2/p-Si/Ag heterojunctions.

Fig. 9. Nss-f plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions.
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Fig. 10. Na-f plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions.

Fig. 11. The Φb versus frequency plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions.

Fig. 12. The transient capacitance plots of the TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag heterojunctions while (a) indicates for
10 kHz, (b) shows 1 MHz frequency.
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4. Conclusion

The TiO2/p-Si/Ag, GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag devices were fabricated by electrospinning technique success-
fully, and their structural, morphological properties, TGA analyses, and C-V characteristics were studied and compared in details. The
XRD patterns of the devices indicated that undoped, GNR and MWCNT doped TiO2 structures obtained successfully. The SEM images
of the undoped, GNR and MWCNT doped TiO2 surfaces revealed that the TiO2, GNR-TiO2 and MWCNT-TiO2 layers as obtained rod- or
ribbon-like structures. The TGA graphs of TiO2, GNR-TiO2, and MWCNT-TiO2 layers approved GNR-TiO2 and MWCNT-TiO2 com-
posite structures. The C-V and G-V measurements were imparted that the capacitance and conductance values of the TiO2/p-Si/Ag,
GNR-TiO2/p-Si/Ag and MWCNT-TiO2/p-Si/Ag devices were affected from frequency and voltage changes. Furthermore, the GNR-
TiO2/p-Si/Ag has exhibited higher capacitance and conductance values than other devices. The resistance voltage plots exhibited that
the resistance values decreased with GNR and MWCNT doping owing to band gap values of the GNR and MWCNT. Some electrical
parameters such as barrier height, fermi energy level, and interface state density were calculated from C−2-V plots of the hetero-
junction devices and compared each other in the details. The transient photocapacitance plots highlighted that the GNR and MWCNT
doped TiO2 devices have better transient photocapacitance than pure ones, and they can be used optical communications applica-
tions.
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