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Abstract 

Electrochemical deposition technique was used to fabricate titanium doped amorphous carbon 

(Ti doped a:C) Al/Ti-a:C/p-Si/Al photodiode. The effects of illumination on the current–

voltage (I–V) characteristics of the Al/a:C/p-Si/Al doped Ti diode for optoelectronic 

applications were investigated. The reverse current of the diode increased with the increasing 

illumination intensities when the bias voltage was applied. By using the forward bias I–V 

characteristics, the ideality factor (n) and barrier height (Φb) of Al/Ti-a:C/p-Si photodiode 

structure was found as 1,84 and 0,48 eV, respectively. In addition, the capacitance–voltage (C–

V) and conductance–voltage (G–V) measurements of the diode were studied in the frequency 

range of 100 kHz–600 kHz. The measured values of the capacitance decreased with the 

increasing frequency. The photoelectrical properties of Al/Ti-a:C/p-Si/Al device indicates that 

the photodiode investigated in this paper has great potential to be used in optoelectronic device 

applications and in industry.    
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1. Introduction 

Carbon is a material with solid state allotropes such as fullerenes, carbon nanotubes and 

graphene etc. and contains networks of sp3 and sp2 hybrid bonds [1]. Mixed states of the 

material such as amorphous carbon, diamond-like carbon, microcrystalline graphite and Nano-

crystalline diamond was also previously reported [2]. Carbon-based materials have attracted 

significant attention from both the scientific and industrial communities due to their excellent 

electronic, optical, thermal and mechanical properties such as exceptional electrical and thermal 

conduction, stability, high strength and excellent resistance to corrosion [2-5]. The properties 

of carbon-based materials enable researcher to use the materials for micro and optoelectronics 

applications due to their high dielectric strength, high resistivity, extended range of band gap, 

high decomposition temperature, chemical inertness at room temperature and large area growth 

conditions [5,6]. Many electronic applications like semiconductor/metal detector and diode 

[5,7,8], silicon based solar cell [6,9], and transistor [10] previously reported, but further 

research regarding to electronic applications was needed due to their exceptional potential.  

Different deposition methods have previously been used to fabricate metals or metal 

nanoparticle doped amorphous carbon structures [11-20]. However, there was limited effort in 

the literature to use electrochemical deposition technique to improve electrical properties of 

amorphous carbon structures by doping metals [21-24]. In addition, no study was previously 

found about the titanium doped diamond or titanium doped amorphous carbon (Ti-a:C/p-Si) 

photodiode devices manufactured by using electrochemical method. Therefore, this study 

constitutes a benchmark in the literature and in the field. In this study, Ti–a:C film was 

successfully deposited on silicon substrate by the electrolysis of titanium (IV) isopropoxide and 

analytically pure dimethyl sulfoxide (DMSO) using the electrochemical technique, which aims 

to improve the electronic properties of photodiode for optoelectronic sensing devices.  

 

 

 

 

 

 

 

 

 

 



2. Materials and Method 

 

Amorphous carbon films were obtained by using electrochemical deposition technique; 

a mixture of analytically pure dimethyl sulfoxide (DMSO) and dopant titanium was used as an 

electrolyte to deposit material on p-type silicon wafer. A p-type silicon substrate with a sheet 

(resistance of around 10 Ω/cm) was mounted on the negative electrode, and the counter 

electrode was graphite plate. Distance between two electrodes was set to 7 mm. Prior to the 

deposition, cleaning procedure was followed to remove the dirt and residues on the substrate to 

obtain fresh and clean surface for the films. First, the etching process was performed to the 

silicon substrates as follows: HF: H2O solution with dilution rate of 1:10 was prepared and 

silicon wafer was plunged to the solution for 30 seconds then sonicated in deionized water for 

10–15 min and rinsed with methanol and acetone. The dopant titanium solution could be 

obtained by dissolving a pinch of titanium (IV) isopropoxide in ethanol and then after acetic 

acid was added and stirred for 6 hours. 

The Ti-doped amorphous carbon film was deposited under an applied potential of 160V, at bath 

temperature of 70°C. During the deposition, the titanium solution was added drop by drop to 

the reactor and stirred by magnetic stirrer which promotes better diffusion in solution. After the 

deposition, a black film was obtained. The obtained black film sample was cleaned with 

analytically pure acetone to remove residue solution on the surface and then dried with nitrogen 

blowing. Raman spectra of the Ti-doped amorphous carbon films were collected by using the 

Raman spectrometer. Surface morphology of the Ti-a:C films were investigated by using 

scanning electron microscopy (SEM). Energy Dispersive Spectroscopy (EDX) was used to 

access the elemental composition. The top contact of the Ti-a:C/p-Si Photodiode was Al metal, 

obtained by a sputtering system in the form of circles with area of 7.85x10-3 cm2. The current–

voltage (I–V) measurements for Al/Ti-a:C/p-Si/Al photodiode was performed by using a 

KEITHLEY 4200 semiconductor characterization system (SCS). Photo response measurements 

were performed by using a solar simulator and KEITHLEY 4200 SCS. The intensity of the 

illumination was measured with a solar power meter (TM- 206). 

 

 

 

3. Results and discussion 

3.1. Structural properties of the Ti-a:C  



The Raman spectra of the titanium doped carbon film (Ti-a:C) is shown in Fig. 1. It is observed 

that the Raman shift of the D and G peaks was exhibited at 1350 and 1600 cm-1, respectively. 

The peaks are typical characteristics of amorphous carbon-based materials [5,8,10,25].  

 

 

Figure 1: Raman spectrum of the titanium doped carbon film (Ti-a:C) 

SEM and X-ray energy dispersive spectrum (EDS) and image belongs to the Ti-a:C structure 

are shown in Fig. 2. As seen in Figure, the morphology of the film is in particulated structure. 

Smalls structures formed in a shape smaller than 100nm, but evenly distributed over the 

substrate surface. The EDX spectrum was taken from the titanium doped amorphous carbon 

film. It was seen that the spectrum was consisted of Ti, C, O and Si signals (atomic ratio, 

respectively 0.22:22.60:3.05:74.13). 

 

 

 

Figure 2: SEM image of Ti doped amorphous carbon film deposited on silicon surface and 

                   EDX spectrum of the Al/Ti-a:C/p-Si/Al photodiode 

 

3.2 Electrical characteristics of the photodiode 

The current-voltage (I-V) characteristics of the titanium doped amorphous carbon (Ti-a:C) 

photodiode were investigated in dark room and graph for illumination intensity can be seen in 

Figure 3. The device exhibited a rectification ratio of 105 at 0.24V. This indicates a typical 

rectifying behaviour with an exponential increase of current in the forward bias and weak 

voltage dependence of current in reverse bias. The typical photodiode characteristics can be 

analysed by thermionic emission theory, using equation 1 and 2 [26,27]:  

 

𝐼 = 𝐼0𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
)                                                                                                                 (1)                      

Where I0 is the reverse saturation current given by 

𝐼0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝑏

𝑘𝑇
)                                                                                                           (2) 

where q is the electronic charge, V is the definite forward-bias voltage, A* is the effective 

Richardson constant, k is the Boltzmann constant, A is the active device area, T is the absolute 

temperature, Φb is the barrier height and n is the ideality factor. The slope and the intercept of 

the forward bias In(I) vs. voltage (V) plot yield values for n and Φb, respectively. The values of 



barrier height (BH) calculated using Eq. (2). The ideality factor and barrier height of the Al/Ti-

a:C/p-Si/Al photodiode were found to be average 2.5eV and 0.48eV, respectively. As seen from 

Table 1, the barrier height of Al/Ti-a:C/p-Si/Al photodiode increases with increasing 

illumination intensity level while ideality factory decreases with increasing illumination. 

Ideality factor of a:C/p-Si diodes was expected to be between 1 and 2 but sometimes calculated 

ideality factor was found bigger than 2. Observation of the ideality factor bigger than 2 was 

previously reported by other researchers as well. The observation was attributed to many facts 

such as high hopping electrons existing in hopping transport mechanism, inhomogeneity of 

coating, existence of interface states, and resistance occurs due to series connection of diodes 

[5, 28-31].  

 

Figure 3: The current-voltage (I-V) characteristics of the titanium doped amorphous carbon   

            (Ti-a:C) photodiode for dark room and illumination (100 mW/cm2). 

 

             Table 1. Ideality factors and barrier heights were obtained by I-V method. 

 

In Figure 4 results for the transient photoresponse behaviour of diode was presented. The graph 

was used to understand the transport mechanism of the device. As seen in Fig. 4, the 

photocurrent of the diode increased rapidly right after switching on the illumination and then 

remained almost constant until the illumination was turned off. Peak height of photocurrent for 

Al/Ti-a:C/p-Si/Al photodiode was increased from 1.20x10-6A to 3.50x10-5A under 

illumination. This situation confirms the intrinsic photodiode behaviour of device where 

illumination triggers photo conducting mechanism of diode [32,33]. Turning off the 

illumination, results a decrease in the peak height of photo current. 

The photosensitivity, RR and photoresponsivity, R values of the diode can be determined by 

the following relations 

𝑅𝑅 =
𝐽𝑝ℎ−𝐽𝑑𝑎𝑟𝑘

𝐼𝑑𝑎𝑟𝑘
                                                                                                                         (3) 

and 

𝑅 =
𝐽𝑝ℎ−𝐽𝑑𝑎𝑟𝑘

𝑃𝑖𝑛
                                                                                                                            (4) 

where Jph is the photocurrent density and Jdark is the dark current density and Pin is the incident 

light intensity. The Idark, RR and R values of the diode were found to be 1.20x10-6A, 290 and 



0.01 A/W at 100 mW/cm2, respectively. The results obtained from Al/Ti-a:C/p-Si/Al diodes 

were compared with variety of Si substrate based photodiodes. 

Soylu et al. [34] have fabricated a GaFeO3/p-Si junction using sol-gel technique and they 

obtained to be Idark = 1.24x10-10, RR= 0.45x10-7 cm/ΩW, R= 5.41x10-5 A/W under 100 mW/cm2 

illumination. ZnO-GO/p-Si nanocomposite structures were fabricated and characterized for 

photodiode by Hendi et al. The ZnO: GO/p-Si diode exhibited 1500 photosensitivity (RR) and 

0.5 A/W photoresponsivity (R) behaviour under 100 mW/cm2 [35]. CVD multilayer MoS2 – p-

Si diodes were reported by Yim et al. They found that the maximum photoresponsivity and dark 

current values of the diode are 8.6 mA/W and ≈ 10-4 at 2 V reverse bias, respectively [36]. In 

addition, Au/α-PbO2/p-Si/Al structure was also fabricated and reported. Sensitivity and 

responsivity values were found as 2.9x10-5 m/W and 0.19 A/W when the detector was biased at 

-2 V [37]. Different examples were presented to give an idea about photoresponsivity, 

photosensitivity and Idark values in similar works previously published about Silicon substrate 

based photodiodes. The examples verify that the results obtained from our photodiode shows 

coherence with the similar studies reported in the literature.  

 

Figure 4: The Current - time (I-T) measurement of the Al/Ti-a:C/p-Si/Al photodiode. 

 

The effects of series resistance (RS) and applied voltage on the capacitance (CADJ) and 

conductance (GADJ) of the Al/Ti-a:C/p-Si/Al photodiode as a function of frequency were also 

studied. Corrected capacitance (CADJ) and conductance (GADJ) are obtained by the following 

relations [32, 38-40], respectively. 

𝐶𝐴𝐷𝐽 =
[𝐺𝑚

2 +(𝜔𝐶𝑚)
2]

𝛼2+(𝜔𝐶𝑚)2
𝐶𝑚                                                                                                             (5) 

𝐺𝐴𝐷𝐽 =
[𝐺𝑚

2 +(𝜔𝐶𝑚)
2]

𝛼2+(𝜔𝐶𝑚)2
𝛼                                                                                                               (6) 

Where 𝐶𝑚 and 𝐺𝑚 are measured capacitance and conductance, 𝜔 is angular frequency, and 

 𝛼 = 𝐺𝑚 − [𝐺𝑚
2 + (𝜔𝐶𝑚)

2]𝑅𝑠, 𝑅𝑠 is series resistance of photodiode and it was calculated by 

using the following relation [38] 

 𝑅𝑠 =
𝐺𝑚𝑎

𝐺𝑚𝑎
2 +𝜔2𝐶𝑚𝑎

2                                                                                                                       (7) 

Frequency dependence of capacitance-voltage (C-V) and conductance-voltage (G-V) plots were 

shown in Figure 5 and 6, respectively. As seen in Figures, the capacitance peak intensity of the 

Al/Ti-a:C/p-Si/Al photodiode decreased with increasing frequency at the forward bias voltage 



region while conductance peak intensity increased with increasing frequency at the reverse bias 

voltage. 

 

Figure 5: Capacitance-voltage (C-V) measurements of the photodiode at various frequencies 

Figure 6: Conductance-voltage (G-V) measurements of the photodiode at various frequencies 

Figure 7: Corrected conductance-voltage measurements of the photodiode at various 

frequencies 

Figure 8: Corrected capacitance-voltage measurements of the photodiode at various 

frequencies 

 

Also, results for corrected capacitance-voltage (CADJ-V) and corrected conductance-voltage 

(GADJ-V) were presented in Fig. 7 and 8, respectively. According to the Fig. 7, the corrected

capacitance of the Al/Ti-a:C/p-Si/Al photodiode varies from region to region at reverse bias 

voltage. Therefore, increasing frequency makes positive effect on corrected capacitance on one 

region where it makes negative effect on another region. On the other hand, the corrected 

conductance (GADJ) increases with higher frequency, while the peak also shifts towards higher 

positive voltage (Fig. 8). Several researchers attributed the main cause of increasing 

conductance with increasing frequency is to the presence of interface states and series resistance 

[34, 40-42]. The density of interface states (Dit) can be calculated as a function of the frequency 

using Hill-Coleman method [43] which was given by following relation 

 

𝐷𝑖𝑡 = (
2

𝑞𝐴
) [

𝐺𝑚𝑎𝑥 𝜔⁄

[(𝐺𝑚𝑎𝑥 𝜔𝐶0𝑥⁄ )+(1−𝐶𝑚𝑎𝑥 𝐶0𝑥⁄ )2]
]                                                                      (8) 

 

Where Cm is the measured capacitance, (Gm/ω) is the measured conductance, Cox is the 

capacitance of the insulator layer, A is the area of the Al/Ti-a:C/p-Si/Al photodiode and ω is 

the angular frequency which equal to 2πf. Dit values of fabricated Al/Ti-a:C/p-Si/Al photodiode 

were calculated and presented in Fig. 9. It was shown in the figure that density of interface 

states (Dit) increases with increasing frequency. It can be explained that the density of interface 

states (Dit) are highly affected by the non-ideal behaviour of the diode and interface state 

densities are highly correlated with higher frequencies [33].  

 

Figure 9: 𝐷it - Frequency plots of the Al/Ti-a:C/p-Si/Al photodiode 

 



Figure 10: The RS-V measurement of the Al/Ti-a:C/p-Si/Al photodiode at various 

frequencies. 

 

Fig. 10 shows RS–V measurement of the fabricated Al/Ti-a:C/p-Si/Al photodiode in the range 

of 100- 600 kHz. The peak intensity increases with increasing frequencies. Previously, Rs 

results which are on contrary to our findings were reported for metal/p-Si diodes in the 

literature, where Rs shows decreasing characteristics for increasing frequencies [33,34,41,44]. 

Two possible scenarios are possible for reasonable explanations to our findings. First possibility 

for increasing peak intensity for measured resistance may be attributed to “skin effect”, where 

the current generated by photodiode tends to flow outer layers (skin layer) of photodiode, 

instead of intersection. In the special type of structures (like semiconductors) current flowing 

in high frequencies far from barrier concentrated in the lateral skin and spatial distribution of 

the current was changed [45]. Therefore, the current flowing outer layers of diode cause an 

increase in the measured resistance in higher frequencies. Another possible scenario is the 

dependence of interface states to AC frequency value. Previously, Gupta et al. report the 

changing of Rs value with increasing frequency. They attributed the Rs change to interfaced 

states where trapped charge carriers in interfaced states depend on frequency. The interaction 

between AC signal and interfaced states occurs therefore, a deviation in Rs with alteration of 

frequency was observed [32]. In our case deviation in Rs, when the frequency was changed, 

observed as well. The alteration in Rs with changing frequency supports the possibility of 

interaction between AC signal and trapped interface charges.  

 

 

4. Conclusions 

In this study, titanium doped amorphous carbon (Ti doped a:C) Al/Ti-a:C/p-Si/Al 

photodiode was fabricated using electrochemical deposition. I-V, C-V-f, G/w-V-f analysis of 

carbon material based Al/Ti-a:C/p-Si/Al photodiodes were performed, average barrier height 

was found and ideality factors were determined.   

The first result was about the structure of photodiodes produced with electrochemical 

deposition method. Raman spectra of photodiodes shows two distinct picks at 1350 and 1600 

cm-1 which are identical picks for amorphous carbon-based materials. In addition, EDS spectra 

taken from amorphous carbon films confirms the existence of Ti, C, O and Si in the structure 

of the film where no doubt was left about the deposition and confirmed that the structure of the 

films were amorphous state carbon which is doped with Ti. 



Current-Voltage (I-V) and Current-Time (I-T) graphs of Al/Ti-a:C/p-Si/Al photodiode approves 

that photo diodes work perfectly and shows phosphorescent characteristics. Ideality factor and 

average barrier height of the photodiode were calculated regarding to these graphs where the 

average barrier height and ideality factor of the Al/Ti-a:C/p-Si/Al photodiode were 0.48 eV and 

2.5, respectively. Also, a typical photodiode behaviour was observed when the light applied to 

the surface of photodiode; the photocurrent of the Al/Ti-a:C/p-Si/Al photodiode was increased 

from 1.20x10-6A to 3.50x10-5A. The The dark current, photosensitivity (RR) and 

photoresponsivity (R) values of diode were found to be 1.20x10-6A, 290 and 0.01 A/W, 

respectively. Al/Ti-a:C/p-Si/Al photodiode showed coherence with the similar studies reported 

in the literature.  

Frequency dependence of capacitance (C-V-f) and frequency dependence of conductance (G/w-

V-f) were investigated. Measurements in forward and reverse biased region showed that 

changing the frequency of voltage applied to the photodiodes directly affect the performance 

and characteristic of photodiode. Separation in the lines in different frequency was clearly 

observed depending on the magnitude of the frequency.  

The density of interface states-frequency (Dit-ω) and series of resistance- frequency (RS-ω) 

investigations were made for Al/Ti-a:C/p-Si/Al photodiodes. Increasing density of interface 

states (Dit) and increasing series of resistance (RS) characteristics with increasing frequencies 

was observed for the studied diodes. Our findings about the density of interface states (Dit) and 

series of resistance (RS) for the Al/Ti-a:C/p-Si/Al photodiodes seems contradicting with results 

reported for metal/p-Si diodes in literature [40,41,44]. However, no result was previously 

reported for Ti doped carbon-based diodes produced by electrochemical deposition method. 

Therefore, unique behaviour of diode may be attributed to the characteristics of the diode 

originated from trapped charges in localized states in amorphous carbon structure.  

In conclusion, the obtained results confirm that the photodiode fabricated by our group with 

carbon-based structure with titanium dopant exhibits a photodiode behaviour.  Exciting results 

regarding the optoelectronic behaviours and characteristics of the photodiodes were observed 

where the results confirm that the photodiodes produced by our groups may have potential for 

solar tracking system applications. 
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