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Abstract 

A new solar-sensitive zinc-carbon diode was fabricated using the electrochemical deposition 

technique. The current-voltage characteristics of the fabricated Al/Zn-a:C/p-Si/Al diode were 

investigated under dark and various lighting intensities using both I-V and C-V methods. The 

fabricated diode was characterized by XRD, SEM-EDS, FTIR and XPS analysis. Through the 

analysis, it was determined that the photocurrents increased with increasing intensity of 

incident light. The capacitance-voltage (C-V) characteristics revealed that the capacitance of 

the diode depended on voltage, frequency and illumination, indicating the existence of a 

continuous distribution of interface states. It was found that the capacitance changed drastically 

with changing frequency and separation was observed in different frequencies, as identified in 

the reverse bias region. The ideality factor obtained was found to be higher than unity, with the 

average barrier height and ideality factor of the diode were found to be 0.528 ± 0.0069 eV and 

5.24 ± 0.39, respectively. The newly fabricated Zn-doped amorphous carbon (Al/Zn-a:C/p-

Si/Al) photodiode exhibited good solar sensitivity. The overall results indicated that the 

fabricated Al/Zn-a:C/p-Si can be used as a solar sensitive diode in optoelectronic device 

applications as an alternative to graphene-based materials. 
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1.Introduction 

Carbon-based materials (CBM) attract the interest of scientists from various different fields 

such as Materials Engineering, Chemistry, Physics, Biology, Environmental Sciences, 

Medicine, Energy [1-6], etc., due to their inherent characteristics and, in particular, the 

properties of carbon. The binding capabilities of carbon allow the formation of special 

structures from zero dimensions (C60-fullerene) up to one dimension (carbon nanotube), two 

dimensions (graphene) and three dimensions (graphite, diamond, amorphous carbon) [7]. Since 

the beginning of the new millennium, researchers have understood that precious materials are 

limited in terms of the associated resources available worldwide. Therefore, researchers and 

industry have begun to pay particular attention in carbon and carbon-based materials (CBM) 

due to its high relative abundance. Since then, studies published on carbon-based materials 

have skyrocketed [8,9]. 

Amorphous carbon structures show excellent mechanical, electronic and optical properties 

such as high dielectric strength, a variable band gap, high corrosion and temperature resistance, 

chemical inertness, ease and cost effectiveness of production all make them suitable candidates 

for device-based applications on an industrial scale [7,10-17]. 

The doping process allows the band gap, physical, chemical and mechanical properties of 

carbon and semiconductor materials to be altered or tuned [18-21]. The electrical and optical 

properties of amorphous carbon can be modified by doping with different materials. Hence, a 

carbon-based material (CBM), which might represent an alternative to graphene, and with a 

low fabrication cost, could have the potential to be used in various device applications. To date, 

very few studies have investigated the dopant effect on amorphous carbon and microcrystalline 

carbon thin films by mixing them with metals or metal nanoparticles; as evidenced in the 

previous reports, mixing amorphous carbon materials with metals altered their electrical and 

mechanical properties considerably [22-31].  

A search of the relevant literature has revealed that very limited effort has been made to 

investigate the addition of metal dopants into amorphous carbon structures using 

electrochemical methods [32-35]. Furthermore, no report was found that considered Zn-doped 

amorphous carbon (Zn-a:C)-based photoelectric devices produced by electrochemical 

deposition. With regards to the previous research efforts reported in the literature, this work 

was intended to demonstrate the cost-effective production method of Zn-doped amorphous 
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carbon, which is believed to have potential for use as an alternative to graphene in carbon-

based optoelectronic device applications.   

In this study, we propose a cheap, easy and reliable fabrication method that will allow 

researchers to modify the electrical properties of amorphous carbon-based materials (CBM) by 

electrochemically depositing them with a metal dopant. The fabrication of a Zn-doped 

amorphous carbon photodiode using electrochemical deposition techniques is presented here 

for the first time in the literature. Our findings provided evidence that the Zn-doped amorphous 

carbon photodiode worked perfectly, and indeed showed excellent device characteristics. The 

results constituted a milestone in state-of-the-art  industrial applications, and could well have 

a promising future.  

2. Experimental  

Zn-doped amorphous carbon (Zn-a:C) films were prepared using an electrochemical deposition 

technique. A p-type silicon substrate with a sheet resistance of 10 Ω/cm was mounted on the 

negative electrode, and a graphite plate was placed on the counter electrode. The distance 

between the two electrodes was set to 10 mm. A mixture of analytically pure dimethylsulfoxide 

(DMSO) solution and dopant Zn solution was prepared as the electrolyte. The dopant zinc 

solution was obtained by dissolving a spot of 0.5 M zinc acetate dihydrate 

(Zn(CH3COO)2.2H2O) in 2-methoxyethanol. Then, ethanolamine was added to the zinc 

solution and the mixture was stirred for 12 hours at 60°C. During the deposition, the Zn solution 

was added dropwise to the reactor whilst agitating with a magnetic stirrer to promote the 

diffusion of the solution. Zn-doped amorphous carbon film was deposited under an applied 

potential of 160 V at the bath temperature of 60°C.  The main role of adding Zn solution to the 

DMSO electrolyte  was to be able to co-deposit C and Zn on the p-type silicon substrate. Before 

starting the deposition process, a cleaning protocol was performed on the p-type silicon 

substrates to obtain a clean and residue-free surface. The protocol was as follows: the p-type 

silicon (111) substrate was etched using HF and sonicated in deionized water in an ultrasonic 

bath for 10–15 minutes. Then, the substrate was rinsed with methanol and acetone.  

A black film was obtained after the deposition was completed. The film was cleaned with 

analytically pure acetone to remove any residual solution from the surface and then dried by 

streaming nitrogen over the surface. The prepared solar-sensitive Zn/Carbon films were 

characterized using XRD, FTIR spectroscopy and XPS analysis. Also, the surface morphology 

of the Zn-a:C films was investigated using scanning electron microscopy (SEM). Energy 
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Dispersive X ray-Spectroscopy (EDS) was used to determine the elemental composition. The 

top contact of the Zn-a:C/p-Si photodiode was coated with Al metal, which was obtained from 

a sputtering system. In the coating layer, Al forms atomic clusters with an area of 7.85x10-3 

cm2. The current–voltage (I–V) measurements for the Al/Zn-a:C/p-Si/Al photodiode was 

performed using the Keithley 4200 semiconductor characterization system (SCS). Photo 

response measurements were performed using a FYTRONIX 7000 solar simulator using a cold 

light lamp [36] where this simulator automatically adjusted the light intensity and a 

FYTRONIX 5000 Electronic Device characterization system.  

 

 

3. Results & Discussion 

3.1. Structural properties of the Zinc-Carbon (Zn-C)  

An investigation of the chemical structure was undertaken via XRD, XPS and FTIR. C and 

ZnO peaks were seen in the XRD spectra. FTIR spectra revealed C-C, C-H, and Si-Zn bonding. 

Detailed XPS assessment showed the bound structures of the atoms present. EDS spectra also 

confirm the ZnO doping in the carbon structure where a grained structure of Zn-a:C film was 

found.  Figure 1 shows a) XRD patterns, b) the FTIR spectrum of zinc-carbon (Zn-C) films on 

Si wafer as formed by electrodeposition at 343 K temperature. The XRD patterns of the zinc-

carbon film were dominated by five intense peaks located at 21.080, 29.980, 31.840, 34.420 and 

36.400, which can be identified as peaks for amorphous carbon (002), Si (111), ZnO (100), 

ZnO (002) and ZnO (101), respectively [37-38].  Fig. 1b shows the FTIR spectrum recorded 

for zinc-carbon film in the range 400-4000 cm-1. As can be seen from fig. 1b, the first band at 

664 cm-1 is dominated by an Si-O-Zn-related absorption peak. The band at around 1482 cm-1 

is a CH2 bending mode while the peak at 1558 cm-1 is due to a C-C stretch. The band between 

2100 and 2500 cm-1 may be attributed to the existence of hydroxyl groups. The absorption band 

at 2800-3000 cm-1 is associated with C-H stretch [39,40].   

The surface of the Zn-C structure was investigated via XPS. Fig. 1c-f shows the XPS spectra 

of full spectrum, curve-fitted C 1s, O 1s and Zn 2p, respectively. The peaks were calculated 

using the CASA XPS 2.3.14 commercial software (SPEC GmbH). The Shirley background 

function was used for the fitting analyses of the various peaks. The C 1s spectrum can be 

identified by four peaks due to different formations of carbon. The width of the C1s 

photoemission peaks was found to be consistent with the presence of C–Si bonding, sp2 C-C 
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bonds, sp3 C-C bonds and C-O bonds [41-44]. These lie at binding energies of ~282.7 eV, ~284 

eV, ~285.1 eV and ~288.6 eV, respectively, as seen in Fig. 1.c. The O 1s peak at ~531.8 eV is 

attributed to the adsorbed oxygen on the film surface. Also, the Zn 2p peaks were observed at 

~1022 and 1046 eV, which were identified as Zn 2p3/2 and Zn 2p1/2 peaks, respectively [45]. 

The results confirm that the XPS peaks observed for our zinc-carbon structure were consistent 

with previous reports in the literature. 

 
Fig. 1. (a) X-ray Diffraction pattern of Zn-C film, (b) Fourier transform infrared spectrum of 
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            Zn-C film, (c) X-ray photoelectron full spectrum of Zn-C film, (d) XPS C 1s 

spectrum, (e) XPS O 1s spectrum, (f) XPS Zn 2p spectrum. 

 

SEM and EDS spectra and images of the Zn/C structures are shown in Figs. 2 and 3, 

respectively. The morphology of the film seems to consist of particulated, small structures 

which are smaller than 100 nm and that are evenly distributed over the substrate surface. The 

EDS spectrum  in Fig. 3 indicates that the Zn-doped carbon film consisted of Zn, C, O and Si  

(atomic ratio: 12.76:50.58:24.00:12.66, respectively). 

 

 
Fig. 2. SEM surface image of Zn-C structure at x50,000 magnification 

 
Fig. 3. Energy Dispersive X ray-Spectroscopy (EDS) spectrum of Zn-C film.  
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3.2 Electrical characteristics of the zinc-carbon solar-sensitive diode 

 

The Current-Voltage (I-V) characteristics of the Zn-doped amorphous carbon (Al/Zn-a:C/p-

Si/Al) photodiode were investigated using different illumination intensities. A plot of the I-V 

characteristics is presented in Fig. 4. The diode fabricated shows rectifying behaviour, where 

the forward-bias current rises dramatically in the 0.5 to 3 V region. The barrier height 

calculated for the photodetector was found to be within the range of metal-doped photodiodes 

[21, 46]. 

 
Fig. 4: Current-voltage (I-V) characteristics of the Zn-doped amorphous carbon (Zn-a:C) 

solar-sensitive diode for different illumination intensities. 

 

The I-V characteristics of the photosensitive device were investigated via thermionic emission 

theory using the following equations [47]:   
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𝐼 = 𝐼0𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
)                                                                                                                (1) 

where I0 is the reverse saturation current given by 

𝐼0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Ф𝑏

𝑘𝑇
)                                                                                                          (2) 

and A* is the effective Richardson constant, and q is the electronic charge. A is the active device 

area, V is the definite forward-bias voltage, k is the Boltzmann constant, T is the absolute 

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

the forward-bias In (I) vs. voltage (V) plot yields values for n and Ф𝑏, respectively. The values 

for the barrier height (BH) were calculated using Eq. (2). 

Table 1. Ideality factors (n) and barrier heights (Ф𝑏) obtained via the I-V method. 

 

    P (mW/cm2)               Ideality factor (n)               Barrier height (Ф𝑏) eV 

       Dark                               6.37                                                0.48      

        20                                  5.73                                                0.52 

        40                                  5.47                                                0.530 

        60                                  5.21                                                0.532 

        80                                  4.95                                                0.536 

       100                                 3.76                                                0.56 

 

The values found for the ideality factor (n) and the barrier height (Φ) are presented in Table 1.  

As can be seen, the ideality factors and the barrier heights varied for different illumination 

intensities, therefore, it is common practice to take averages over these values. Ideality factors 

for the diode varied between 3.76 and 6.37 with an average value of 5.24 ± 0.39. The ideality 

factor in the dark was found to be higher than that under photo-illumination. This change was 

due to the photovoltaic behaviour of the diode. The diode under investigation behaves as a 

photovoltaic device and I-V plots shift down with decreasing levels of illumination. The series 

resistance decreases with solar illumination to accommodate the high photocurrent, which is 

higher than the dark current. The reverse current measured under illumination is clearly greater 

than the measurement recorded in complete darkness. This indicates that the diode exhibits 

photovoltaic behaviour. The increase in the reverse-bias voltage region for the Zn-a:C 

photodiode was due to the number of photogenerated charge carriers under solar illumination.  
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The gaussian distribution obtained from the measurements shows a distinct peak that indicates 

the ability of production of device in same character (Figure 5a). The ideality factor decreases 

with increasing illumination, whilst the barrier height was found to increase with increasing 

illumination. The ideality factor for metal-carbon diodes is expected to be between 1 and 2 

[14]. We found an ideality factor of greater than 2, which was considered an indication of 

interfaced states or surface-mediated leakage [48] or a high-hopping transport mechanism [49]. 

Barrier heights varied from 0.48 eV to 0.56 eV with an average value of 0.524 ± 0.0069 eV, 

where the distribution peak shows a strong Gaussian curvature that indicates ability of 

production of device in the same character (Figure 5b). The barrier height was found to be close 

to 0.58 eV of which was also reported for Au/Perylene-diimide/p-Si metal/organic polymer 

photodiodes [50], and is higher than metal/DLC/p-Si Schottky diodes (DLC: Diamond-Like 

Carbon) which has a barrier height of 0.37 eV [14]. However, it seems to be considerably lower 

than that observed for Au/DLC/p-Si metal–interlayer–semiconductor (MIS) Schottky diodes 

[17]. The mean barrier height for Ti-doped amorphous carbon diodes was previously found as 

0.48 eV [21]. The current results confirm that the barrier height found for our photo-device was 

within the range of previously reported carbon-based and inorganic photodiodes. The barrier 

height-ideality factor given in Fig. 5c shows the existence of a cross-gained relationship 

between the ideality factor and the barrier height. The minimum barrier height was seen for the 

maximum ideality factor and vice versa, whereby an increase in ideality factor results in a 

decrease in barrier height.   
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Fig. 5.  Statistical distribution of (a) ideality factor and (b) barrier height obtained from the I-

V method, (c) barrier height-ideality factor for the (Zn-a:C) device. 

 

The photosensitivity of the diode was investigated at -4 V with increasing illumination 

intensities, as shown in Figure 6(a). The photosensitivity of the Zn-a:C diode was found to 

increase with increasing intensity, which indicated that the solar-sensitive diode was highly 

photosensitive. The values, such as 4.57x10-6 A in 100 mW/cm2 for the photosensitivity of the 

diode, confirm that the Zn-a:C photodiode produced via the electrochemical deposition 

technique can be used for a variety of optoelectronic applications [21]. The relationship used 

to analyse the photocurrent and illumination intensities was as follows: 

                                                       𝐼𝑝ℎ = 𝐴𝑃𝑚                                                             (3) 

where Iph is the photocurrent of the Zn-doped amorphous carbon photodiode, m is an exponent, 

P is the illumination intensity and A is a constant. In order to determine the m value, the gradient 

of a log(Iph) vs. log(P) plot was determined (and finally the m value was found 1,1 as shown in 
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Figure 6a). The value for m so obtained suggests that the photoconducting mechanism of the 

diode is controlled by monomolecular recombination.  

 
 

Fig. 6. a) Photosensitivity of graph (Iph(A)-P(mW/cm2)) and b) plot of Isc vs. Voc 

 

In order to analyse the photovoltaic mechanism of the diode, we plotted the open-circuit voltage 

as a function of the short-circuit current, as shown in Fig. 6(b). It can be seen from Fig. 6b that 

the diode exhibited linear photovoltaic behaviour. Akasaka et al. [51]  have fabricated Zinc 

(Zn)-doped hydrogenated amorphous carbon (a-C:H) films using the PECVD method. The 

open-circuit voltage and short-circuit current were 93 mV and 0.16 mA/W, respectively, for 

the maximum concentration of Zn in these films. The values obtained in this study are in good 

agreement with those reported above. However, the current values we obtained were found to 

be very small compared with the reported values. These were attributed to the high resistivity 

of our films due to the presence of oxygen atoms. Furthermore, the band gap does not match 

the visible light region, as influenced by the wide band gap that resulted from the presence of 
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oxygen atoms. The photovoltaic parameters obtained are relatively low for use in solar cell 

applications, but the magnitude of the photocurrent is sufficient for most photodiode-type 

applications.  

In Figure 7, the transient photoresponse behaviour of the Zn-doped amorphous carbon diode is 

presented. The photocurrent-time measurement was performed at -4 V. The graph of the 

photocurrent obtained from the photodiode shows that the current rapidly increased after 

illumination and remained constant until the illumination was subsequently turned off. The 

peak height of the photocurrent for the Zn-doped carbon photodetector increased with 

increasing illumination intensities. In conditions of darkness, the minimum current of the 

photodetector was measured, whilst illumination intensities of 20, 40, 60, 80 and 100 mW/cm2 

gave rise to photodiode currents of 8.86 x 10-7, 1.74 x 10-6, 2.78 x 10-6, 3.86 x 10-6, and 5.07 x 

10-6 A, respectively.     

 
Fig. 7. Current-Time (I-t) characteristics of the (Zn-a:C) solar-sensitive diode. 

 

The effect of applied voltage and frequency on the capacitance of the Zn-doped carbon 

photodetector was investigated. The results illustrating the frequency dependence of capacity-

voltage scans are shown in Fig. 8a. The C-V behaviour was investigated between the 100 kHz 

and 1 MHz range. In the reverse-bias region, capacitance changes strongly with frequency and 

separation in different frequencies was identified. It can be seen that when the frequency of the 



13 
 

voltage was increased the diode capacitance was diminished. Towards lower frequencies, the 

separation between C-V plots seems larger compared to that observed at higher frequencies. 

When the frequency was increased, the separation diminished and the change in capacitance 

for different frequencies indicates that the diode was sensitive to AC signal at low frequencies. 

The frequency sensitivity plot of the diode also shows that the reverse-bias region was mainly 

induced by the minority carriers (holes, in this case) in the Zn-a:C thin film. Another possibility 

may be the effect of interface properties, as indicated in [52].  Furthermore, the bias region 

capacitance drops dramatically, and the separation between C-V plots for different voltage 

signal frequencies was diminished. Overall, the C-V characteristics obtained for the diode show 

typical photodiode behaviour.  

 

Conductance voltage (G-V) characteristics of the Al/Zn-a:C/p-Si/Al photodiode were evaluated 

for different frequencies. The results are shown in Fig. 8b. It was seen that C-V and G-V values 

show almost identical characteristics for varying frequencies. G-V values decrease with 

increasing voltage signal frequency. Separation between G-V plots at low frequency could be 

identified, which indicates that the conductance of the diode was significantly affected by the 

frequency change at low frequencies and, when the frequency was sufficiently high, could 
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almost reach saturation. For the forward-bias region, no separation between the G-V plots was 

observed.     

Fig. 8. (a) C-V, (b) G-V, (c) Cadj- V, (d) Gadj-V characteristics of the (Zn-a:C) solar-sensitive 

diode. 

 

 

To correct the effects of series resistance (RS) and applied voltage on the capacitance and 

conductance as a function of frequency, the corrected capacitance (Cadj) and corrective 

conductance (Gadj) were calculated for the Zn-a:C photodiode using the following relations 

[46, 52-54] : 

𝐶𝐴𝐷𝐽 =
[𝐺𝑚

2 +(𝜔𝐶𝑚)2]

𝛼2+(𝜔𝐶𝑚)2 𝐶𝑚                                                                                                            (4) 

 

𝐺𝐴𝐷𝐽 =
[𝐺𝑚

2 +(𝜔𝐶𝑚)2]

𝛼2+(𝜔𝐶𝑚)2 𝛼                                                                                                               (5) 
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where 𝐶𝑚and 𝐺𝑚 are the measured capacitance and conductance, respectively, 𝜔 is the angular 

frequency, and 𝛼 is a variable parameter defined as  𝛼 = 𝐺𝑚 − [𝐺𝑚
2 + (𝜔𝐶𝑚)2]𝑅𝑠, where  𝑅𝑠 

is series resistance of photodiode. 𝑅𝑠 was calculated using the following relation (Nicollian, 

1967): 

 𝑅𝑠 =
𝐺𝑚𝑎

𝐺𝑚𝑎
2 +𝜔2𝐶𝑚𝑎

2                                                                                                                       (6) 

 

Regarding the capacitance-voltage (C-V) and conductance voltage (G-V) graphs, corrected 

capacitance-voltage (Cadj–V), corrected conductance-voltage (Gadj-V) graphs were obtained 

which are presented in Fig. 8(c) and 8(d), respectively. The corrected conductance changed 

when the AC signal frequency was altered. Cadj was found to increase with increasing frequency 

in the reverse-bias region. A distinctive peak could be identified which shifted toward 0 V 

when the frequency was decreased. It was seen that in the forward-bias region, Cadj remained 

stable and the Cadj value obtained for 100 kHz and 200 kHz were found to be particularly high. 

This may be an indication of interfaced states existing at these frequencies.   

The corrected conductance was found to increase in the reverse-bias region with increasing 

frequency. In the forward-bias zone, Gadj remains almost constant with frequency, though a 

slight peak in the graph was observed and the peak was shifted towards 0 V when the AC signal 

was decreased. The existence of this peak has been attributed to the interfaced states and series 

resistance [55, 56].       

 

It is well known that the density of the interface states (Dit) is dependent upon frequency. The 

frequency dependence of the density of the interface states (Dit) was calculated using the Hill-

Coleman method [57] via the following equation: 

 

𝐷𝑖𝑡 = (
2

𝑞𝐴
) [

𝐺𝑚𝑎𝑥 𝜔⁄

[(𝐺𝑚𝑎𝑥 𝜔𝐶0𝑥⁄ )+(1−𝐶𝑚𝑎𝑥 𝐶0𝑥⁄ )2]
]                                                                               (7) 

 

where A is the area of the Zn-a:C photodiode, Cm is the measured capacitance, Cox is the 

capacitance of the insulator layer, (Gm/ω) is the measured conductance and ω is the angular 

frequency equal to 2πf. Dit values were calculated for the fabricated Al/Zn-a:C/p-Si/Al 

photodiode, the results of which are shown in Figure 9. It can seen from this figure results that 

the Dit values obtained for 100 kHz and 200 kHz show unusual behaviour, as the remaining 

values show Dit to increase with increasing frequency. Such indications support the possibility 
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of an interaction between the frequency of the AC signal and interface states at certain values. 

Dit values for the diode were found to be in the range 2.7 x 109 eV-1cm-2 to 4.9 x 109 eV-1cm-2. 

The results obtained from Zn-a:C diodes were compared with those from a variety of Si 

substrate-based photodiodes. Mekki et al. [58] fabricated a graphene oxide-doped methylene 

blue (GO doped MB) photodiode using a drop casting deposition technique which showed Dit 

values in the range 1011 eV-1cm-2 to 1012 eV-1cm-2. Perylene/p-Si Schottky barrier structures 

were fabricated and characterized for the diode by Zeyrek et al. The interface state density of 

the perylene/p-Si diode was found to be 1012 eV-1cm-2 [59]. The properties of a GaFeO3/p-Si 

heterostructure diode were reported by Soylu et al. They found that the interface state density 

of the diode was about 1011 eV-1cm-2, and varied as a function of frequency [55]. In our previous 

work [21], we reported the Dit values of our Al/Ti-a:C/p-Si/Al photodiode to be in the range 

109 eV-1cm-2 to 1010 eV-1cm-2. The Dit values obtained for the Zn-a:C/p-Si solar diode are in 

agreement with those obtained for the Ti-doped amorphous carbon photodiode mentioned 

earlier in this paper. The interface state density is lower when compared to a conventional Al/p-

type silicon diode (~1013 eV-1cm-2 ) [60].  

 
Fig. 9.  Dit-Frequency plot for the (Zn-a:C) solar-sensitive diode.  

The Series Resistance-Voltage (Rs-V) characterization of the manufactured Zn-a:C diode was 

found in the range 100 kHz to 1 MHz, the results of which are presented in Fig. 10. The peaks 

from plotted results are evidence for the peak positions shifting through the bias region with 

increasing frequency. Until the tip of the peak in the backward bias, no distinctive separation 

of Rs value was detected for the different AC signal frequencies. After the tip of the peak, a 
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separation between the plots for different frequencies could be observed, where Rs was found 

to increase with increasing frequency. It was found that Rs is sensitive to AC signal frequency 

in the range -0.8 V to 1 V. It should be emphasised that being sensitive to frequency change 

was both required and expected and, in relation to this, it was also expected that Rs would 

decrease with increasing frequency. It was reported that the increase in Rs of the diode with 

increasing frequency does not fit with the results previously reported in the literature for 

metal/p-Si diodes [54, 55, 57]. The separation in the Rs values with increasing frequency 

indicates that interface states change the frequency of the applied voltage above some threshold 

value (in this case, around -0.8 V).  However, in our recently work on a Ti-doped amorphous 

carbon photodiode (Al/Ti-a:C/p-Si/Al), similar Rs characteristics was also observed [21]. Such 

behaviour may also be due to the metal-doped amorphous structure of these diodes. The series 

resistance of the diode was determined using the relation Rs = dV/dI, and the Rs values obtained 

were in the order of 105 . The DC Rs values are higher than the analogous AC Rs values. The 

difference is due to the hopping path of charge carriers, as the charge carriers under an AC 

electric field hop from any barrier  ignoring the height of barrier, whereas the charge carriers 

under DC electric fields prefer to hop from the lowest possible barrier height.  

 
Fig. 10. Series Resistance-Voltage (Rs-V) characteristics of the (Zn-a:C) solar-sensitive 

diode. 
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4. Conclusions 

 A Zn-doped amorphous carbon (Al/Zn-a:C/p-Si/Al) solar-sensitive diode was 

fabricated using electrochemical deposition. Current-Voltage (I-V) and Current-Time 

(I-t) characteristics for the Al/Zn-a:C/p-Si/Al solar-sensitive diode demonstrated that it 

works perfectly and shows phosphorescent characteristics.  

 The associated Current-Voltage (I-V) plot also revealed that reverse current during 

illumination is clearly higher than the measurement of the same in conditions of 

darkness. An increase in current with increasing light intensity in the reverse-bias 

region was observed. In the forward-bias region, no separation was observed for 

different levels of illumination. It was shown that the Zn-a:C diode photosensitivity 

increased with increasing intensity.  

 It was found that the capacitance varied strongly with frequency and separation in 

different frequencies was identified in the reverse-bias region. Capacitance increased 

when the diode was illuminated and decreased to its original state when the illumination 

was turned off, illustrating the photocapacitive behaviour of the Zn-a:C diode.  

 The conductance voltage (G-V) characteristics of the Al/Zn-a:C/p-Si/Al photodiode 

decreased with increasing AC frequency. The corrected capacitance and corrected 

conductance were altered with changing frequency degree of AC signal in reverse bias 

with the range between -4 V to -0.8 V, where both Cadj and Gadj were found to increase 

with increasing AC signal frequency.  

 Dit values obtained at 100 kHz and 200 kHz showed some unusual behaviour as this 

was otherwise seen to increase with increasing frequencies. The Rs value was found to 

increase with increasing frequency.  

 It was concluded that both the density of the interface states, Dit, and series resistance, 

Rs, are highly correlated with the frequency of the AC voltage applied to the diode.            

 The overall results confirm that the Zn-doped amorphous carbon (Al/Zn-a:C/p-Si/Al) 

solar-sensitive diode fabricated using electrochemical methods exhibits good 

photodiode behaviour. By using such a cheap and cost-effective method, Zn-doped 

amorphous carbon photosensitive devices hold the promise of being a potential 

alternative to graphene-based devices that can be used in solar tracking applications.  
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FIGURE CAPTIONS 

 

Figure 1 (a) X-ray Diffraction pattern of Zn-C film, (b) Fourier transform infrared spectrum   

                of Zn-C film, (c) X-ray photoelectron full spectrum of Zn-C film, (d) XPS C 1s   

                spectrum, (e) XPS O 1s spectrum, (f) XPS Zn 2p spectrum 

Figure 2 SEM surface image of Zn-C structure at x50,000 magnification 

Figure 3 Energy Dispersive X ray-Spectroscopy (EDS) spectra of Zn-C film  

Figure 4 Current-voltage (I-V) characteristics of Zn doped amorphous carbon (Zn-a:C) solar  

                sensitive diode for different illumination intensities 

Figure 5 Statistical distribution of (a) ideality factor and (b) barrier height obtained from the  

               I-V method, (c) barrier height-ideality factor for the (Zn-a:C) device 

Figure 6 a) Photosensitivity of graph (Iph(A)-P(mW/cm2)) and b) plot of Isc vs. Voc  

Figure 7 Current-Time (I-t) characteristics of the (Zn-a:C) solar-sensitive diode 

Figure 8 (a) C-V, (b) G-V, (c) Cadj- V, (d) Gadj-V characteristics of the (Zn-a:C) solar- 

                sensitive diode 

Figure 9 Dit-Frequency plot for the (Zn-a:C) solar-sensitive diode 

Figure 10 Series Resistance-Voltage (Rs-V) characteristics of the (Zn-a:C) solar-sensitive  

                 diode 

 

 

TABLE CAPTİON 

 

Table 1. Ideality factors (n) and barrier heights (Ф𝑏) obtained via the I-V method 

 

 

 


