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Abstract

:

In this work, the charge transport properties of organic vanadyl 3,10,17,24-tetra-tert-butyl-1,8,15,22-tetrakis(dimethylamino)-29H,31H phthalocyanine (VTP) were investigated. The I-V profile demonstrated by single VTP shows a rectifying behavior, and Schottky diode parameters such as the ideality factor, barrier height, shunt, and series resistance were calculated. Further, the charge transport behavior of single-layer VTP and its blend with phenyl C71 butyric acid methyl ester (PC71BM) was evaluated using the I-V conventional method and diode analysis. In addition, the optimized diode properties of VTP: PC71BM were chosen to evaluate its photovoltaic effect. The current density-voltage (J-V) characteristics were evaluated in both dark and light conditions to determine the key parameters of the photovoltaic effect. The results indicate the optimized VTP: the PC71BM composite blend yielded a relatively low photovoltaic efficiency. However, due to the presence of extended ligands, it gives a very good sensitivity when applied in the organic photodetector device, as reported in our previous work.
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1. Introduction


Organic electronic devices have gradually made their way into the commercial market to replace conventional inorganic electronic devices. The desire to improve the performance of organic semiconductor materials has prompted many researchers to look for new materials. Metal phthalocyanines (MPcs), in particular, have sparked considerable interest due to their enticing benefits, which include cost efficiency, eco-friendly organic material, and thermal and chemical stability. Organic materials have been widely evaluated in recent decades to overcome several shortcomings of their inorganic counterparts in optoelectronic applications. Some unique properties of organic materials, such as an enhanced sensitivity, cost-effectiveness, environmental friendliness, and the suitability of simple fabrication methods such as spin coating, drop casting, dip coating, and spray coating directly from liquid solutions, are advantageous for the fabrication of organic photovoltaics (OPVs) [1,2]. Over the years, bulk heterojunction (BHJ) OPV and organic photodiodes (OPDs) have been extensively researched, in which an acceptor and a donor are blended in the photoactive medium to develop a donor/acceptor (D/A) interface at the molecular level [3,4,5]. MPcs containing heterocyclic macrocyclic organic compounds have been thoroughly evaluated for many applications [6,7]. Several MPcs, including VOPcPhO [8,9,10,11,12,13], were used to evaluate OPVs and OPDs [8,9,10,11].



Organic devices such as organic field effect transistors (OFET) and organic photovoltaics (OPVs) can lead to the next level of advancement by using a fundamental device such as a metal/organic/metal-based Schottky diode [14]. One electrode in a Schottky diode is Ohmic (injecting), and the other is blocking [14]. The slope and intercept of the J-V characteristic in the linear and saturation regions can be used to calculate the ideality factor and carrier mobility, respectively [14]. A Schottky diode is a metal-semiconductor that is in contact with rectification properties, similar to a p-n junction diode [15]. A Schottky diode is a majority carrier device, as it has a fast switching speed [15]. In theory, both p-type and n-type semiconductors can be used to fabricate Schottky diodes from a wide range of semiconducting materials, including organic semiconductors [15]. To make a Schottky contact with semiconductors, metals such as Pd, Pt, Au, Ti, Al, W, Cr, molybdenum, and a few metal silicides, are used [15]. Various Schottky diode configurations have previously been studied, fabricated, and tested [16,17].



In this study, a vanadium metal complex MPc, known as VTP, is proposed. With the exception of its different extended ligands, the aromatic structure of VTP is similar to that of VOPcPhO. Essentially, the ligands in VTP have the potential to change the molecule’s photoabsorption sensitivity [18,19]. VTP has yet to be used as the active layer in the fabrication of OPVs. Based on the combination of their absorption properties, this study incorporated a blend of two organic compounds; a network structure is bound to improve charge separation and photogenerated charge carrier transport [20]. VTP is introduced as a donor material with distinct absorption properties, especially in the lower visible region [21]. The VTP and PC71BM have relatively exceptional hole-transport and electron-transport abilities, respectively [22], making them highly sought donor and acceptor components. The absorption of both materials plays an important role in capturing specific light wavelengths within the visible range. Light absorbance in the lower wavelength region of the visible spectrum is expected to increase due to the synergic absorption profile of the VTP and PC71BM matrix. Earlier, we reported a composite blend of VTP:PC71BM as an organic photodetector (OPD). The electrical characteristics of the OPD demonstrated improved sensing performances, and this could be attributed to the judicious selection of donor and acceptor components, which represented VTP and PC71BM, respectively [19]. Therefore, in this study, the VTP: PC71BM composites were utilized to study the charge transport properties and to investigate the photovoltaic effect of the composite blend.




2. Experimental Section


VTP and PC71BM were purchased from Sigma Aldrich (St. Louis, MO, USA) and used without modification. Each material was separately dissolved in chloroform to produce a 10 mg/mL solution, which was then continuously stirred for hours. VTP and PC71BM were mixed in three different volume ratios (1.0:1.0, 1.0:1.2, and 1.0:1.4), then stirred in a nitrogen-filled glove box for an hour. The experimental approach was briefly discussed in our earlier publication [19].




3. Results and Discussion


Figure 1 depicts (a) the molecular structure of VTP and PC71BM, (b) the schematic diagram of OPVs and OPDs, (c) a cross-section Field Effect Scanning Electron Microscopy (FESEM) image of the prepared samples, (d) the energy level diagram reported previously and (e) schematic diagram of energy levels for Schottky diode [19,23]. According to Figure 1c, the thicknesses of the PEDOT: PSS, active layer (VTP: PC71BM), and aluminum (Al) were 40, 65, and 75 nm, respectively.



The measurement of current-voltage (I-V) characteristics in a dark setting is extremely useful for evaluating junction properties. This analysis produced significant parameters such as the ideality factor, rectification ratio (RR), reverse saturation current, barrier height, shunt and series resistance. The illumination setting was omitted due to minor fluctuations in the light intensity that could cause significant noise to the device, making production difficult. In the case of dark I-V measurements, charge carriers are injected into the circuit using current rather than light-generated carriers. Figure 2 depicts the semi-logarithmic plot of I-V curves of the ITO/PEDOT: PSS/VTP/Al device, which was analyzed in dark conditions at room temperature. According to Figure 2, the device displayed a rectifying behavior that resembled a non-linear and asymmetric diode at room temperature (300 K). The RR is the forward current to reverse current (IF/IR) ratio at a given applied voltage. Its value is determined by the bias, which reflects the increased charge injection into the active layer. The RR value of the tested device was 1.6 at   ±   0.5   V, which is attributable to the formation of the space charge layer at the interface [24]. The recorded RR value is comparable with the MPc group, as reported in past studies [20,25,26]. Predominantly, in relation to the Schottky barrier diode, the thermionic emission theory predicts that the I-V characteristics at the forward bias are given as follows:


  I =  I  o     exp     q V   n k T       1 − exp     − q V   n k T        



(1)




where    I o    is given as follows:


   I o  = A  A *   T 2  exp     − q  Φ b     k B  T      



(2)







   I o    denotes the saturation current, V refers to the forward bias voltage,    Φ b    reflects the zero-bias barrier height,    k B    exemplifies the Boltzmann constant, T represents the temperature in Kelvin, A depicts the active area, and  n  is the ideality factor of the diode device.    A *    signifies the effective Richardson constant, which is attainable from the Richardson–Dushman correlation (  A = 4 π e m  k 2  /  h 3  ) ,   where m is the mass of the electron, e is the elementary charge, and h is Plank’s constant. Scott and Malliaras [27] asserted that most organic semiconductor materials are ideally found at 10−2 A/cm2 K2 [27]. The reverse saturation current is obtained from the y-intercept of the semi-log I-V curve, which resulted in 0.2 nA upon weighing in its natural log.


   Φ b  =    k B  T  q  ln     A  A *   T 2     I o       



(3)







The effective barrier height of the junction    Φ b    was obtained from Equation (3), which refers to the contact that is present between the metal and semiconductor interface. This was calculated using Equation (2), with the value of the reverse saturation current at 0.673 eV. The conformity of the diode device to pure thermionic emission was determined by incorporating the ideality factor,  n , by using the same semi-log I-V characteristics. For an ideal diode, the  n  value reflects unity, despite it deviating from its ideal value at times, wherein the observed value is greater than unity. The value of the ideality factor in this study was obtained from the slope of the linear region in the forward bias of semi-log I-V curves using the following equation:


  n =  q  k T     d V   d ( ln I )    



(4)







The ideality factor recorded in this study is 2.93. The n value exceeded ‘2′ due to the following reasons: the non-homogeneous barrier, the non-homogeneous thickness of the organic film, temperature [28], and the prevalent current in the single junction photovoltaic device because of recombination [29]. Prior studies reported that the ideality factor of Pc derivatives such as CuPc, MgPc, and AlPc is massive, primarily due to recombination issues [30].



The shunt and series resistance (Rsh and Rs, respectively) are essential factors that dictate the performance of a device. These resistance values are obtained from the plot of the junction resistance, RJ, versus the voltage, V;    R J  =   d V   d J    . Massive shunt resistance is required to decrease the leakage of current via cells (e.g., pinholes), apart from suppressing the recombination of charge carriers at the device interface [31,32,33]. This scenario, however, contradicts the low series resistance that reflects internal resistance, which allows and enhances high current to flow through the device, whereby a low Rs denotes a low resistivity of the organic material [34,35]. Figure 3 illustrates that the values of the shunt resistance, Rsh, and series resistance, Rs, can be retrieved from the graph of the junction resistance (R) versus voltage (V). The resistance decreased exponentially with an increment in the forward bias. The Rsh corresponded to the resistance within the vicinity of zero bias, thus resulting in 745 Ω/cm2. The R curve was saturated upon a continuous supply of forward bias. Therefore, the applied external electric field compensated for the rectifying potential barrier between the cathode and anode, whereby the current that flowed through the device was restricted by Rs. Hence, the Rs value was deduced by extrapolating the saturated part of the R curve towards the interception with the resistance axis, in which the result was recorded at 32 Ω/cm2 [36].



A similar analysis was executed for the blended film to determine its Rsh and Rs, as exhibited in Figure 4. Meanwhile, Table 1 represents the estimated values of both the shunt and series resistance values of all the diode devices. As a result, the value of Rs decreased from 19.40 to 10.47 and 7.42 Ω/cm2 by increasing the concentrations of PC71BM, respectively. This reduction reflects the increasing surface roughness morphology of the highest doping PC71BM, mainly because the Rs value is closely related to the active layer morphology, intrinsic resistance, and thickness of the active layer [32]. The processing additives improved the device performance by dissolving the aggregates of PC71BM in the VTP: PC71BM matrix. This facilitates the integration of the PC71BM molecule into the VTP, thus resulting in a greater donor–acceptor interface. The enhanced surface interface between D/A in the active layer contributes to an improved migration of excitons between the interface and to a favorable charge separation. It is worth highlighting here that Rsh is correlated with pin holes and traps that are present in the thin film morphology, hence causing charge carrier recombination and current leakage. According to Table 1, the Rsh value increased from 1636.12 to 1724.40 and, finally, to 3838.74 Ω/cm2, with an increment of PC71BM. The increment in Rsh value reflects that the incorporation of PC71BM in the active layer generated additional percolating pathways that helped the charge carriers to diffuse at a longer distance.



Studies pertaining to charge transport in organic thin film devices can be classified into two types: charge carrier injection at the interface and charge carrier transport in the bulk system. The characterization of the forward bias I-V curves in dark conditions yielded significant characteristics in light of the transport mechanism, which was responsible for the conduction process that took place at the electrode interface. The effective carrier mobility for all devices was determined by adopting the space-charge-limited conduction (SCLC) approach with a positive voltage of up to 10 V in dark conditions. Figure 5 displays the current density versus voltage curves excluding illumination, which was re-plotted in a double logarithmic scale to identify the mechanism that dominated the transport charge in the VTP diode. It is common for the double log forward bias J-V to reveal the power law behavior of J  ~  Vm, where ‘m’ denotes the slope of each region. The m value varies with the injection level and is linked with the distribution of trapping centers. The region m = 1 reflects the ohmic region, while m = 2 is the SCLC region and m > 2 represents the trapped-charge limited-current region [37].



Figure 5 illustrates the characteristics of the VTP-based diode device in order to elucidate the conduction mechanism. The double logarithmic graph is distributed in four regions (marked with dotted red lines), with various regions having varied slopes: ohmic, SCLC, traps, and trap-free SCLC regions (TF-SCLC). At the low voltage region, the slope was ~1.2, signifying the ohmic conduction mechanism. The current increased slowly with the applied voltage, as the injected effective-charge carrier density was lower than the background thermal carrier density [38]. In region 2 (intermediate voltage range), the conduction mechanism of the device was dominated by SCLC, wherein the slope was ~2.08. In this scenario, the voltage was more significant than that of region 1. The density of the injected free charge in this region was higher than the thermally generated free-charge carrier density; hence, there was an increment in the current. Typically, the formation of SCLC is attributed to the low mobility of charge carriers in an organic thin film, thus localizing the injected carriers by the trap states to limit the carrier conduction of the device [39]. The presence of traps was due to structural defects that derived from the non-uniformity and sub-atomic structure of the VTP layer. Under such conditions, the mobility of the charge carriers for the VTP diode devices was determined using the following equation:


  J =  9 8  ε  ε O  μ      V 2     d 3       



(5)




where J reflects the current density, V is the voltage, d denotes the active cell thickness,  ε  represents the permittivity of free space,    ε O    signifies the relative dielectric constant (   ε O  = 8.854 ×   10   − 12     F  m  − 1   )  , and  μ  stands for the charge carriers’ mobility. Table 2 shows the estimated charge carrier mobility. Next, the exponential increase of current in region 3 at higher voltages gave the slope ~5.6. This condition was dominated by the trap-filled limit (TFL) mechanism, whereby all deep traps were filled by the injected electrons, hence making the existing trap sites be fully occupied. As for region 4, where a high voltage was applied, the slope of the plot decreased sharply (~3.5) as the diode device approached the TFL at a high injection level. At the high injection level, the conduction mechanism was similar to that in TF-SCLC. Here, the injected carriers occupied most of the traps, and the accumulation of the space charge near the interfacing electrode culminated in the generation of a field that hindered further rejection. The VTP diode between the interfaces’ contact functioned as if there was no trap in it, and the current varied with the square of the voltage [40,41,42]. The estimated current density in this region is expressed via Child’s law [34,43]:


  J =  9 8  ε  ε O  μ θ      V 2     d 3       



(6)




where  θ  denotes the trapping factor defined as (J1/J2), in which J1 and J2 are the initial and final values of the current density in the TF-SCLC region, as portrayed in Figure 6 and Figure 7, respectively. Figure 6 portrays similar analyses applied to the remaining thin films, while Table 2 summarizes the estimated values of the charge mobility for all the diode devices.



Figure 7 shows the I-V performance in the dark and under light settings for the ITO/PEDOT: PSS/VTP: PC71BM/Al photovoltaic device. The photovoltaic characteristics, such as JSC, VOC, FF, and PCE ( η ), are portrayed in Figure 7. The efficiency displayed by the device is attributable to the increased charge generation, which relies on the broader absorption range. Another factor that contributed to the efficiency in performance was the dissociation of excitons in the VTP: PC71BM device due to the BHJ system. This condition limits the single-layer and bilayer solar cells, primarily because the typical travel path of carriers is below 20 nm before recombination [44]. This particular blend system yielded an efficiency of up to ~0.06%. This is perhaps due to a low absorption intensity within the visible-range spectrum, which is insufficient to enhance charge separation, thus contributing to the low conversion from light energy to electrical energy. This corresponds to the low-charge carrier mobility displayed by the device.



The potential use of VTP:PC71BM has been utilized in the OPD device, as reported in our previous work [19]. The presence of extended ligands in the macrocycle of VTP helped improve the sensitivity of the photodetector so as to yield a good device.




4. Conclusions


In summary, the present study expands upon previous research into the use of VTP: PC71BM as a potential application in optical devices. The I-V profile demonstrated by single VTP shows a rectifying behavior, and Schottky diode parameters such as the ideality factor, barrier height, shunt, and series resistance were calculated. Further, the optimized composite blend of VTP: PC71BM was utilized in relation to its photovoltaic effect. This demonstrates that even though the same composite blend shows great potential for organic photodetectors, as reported previously, it does not however yield a good efficiency in organic photovoltaics. This is probably due to the relatively low mobility of the composite blend, which contributes to a low absorption intensity within the visible-range spectrum. The findings from the present studies are expected to pave the way for more comprehensive investigations of composite blends in organic devices.
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Figure 1. (a) The molecular structure of VTP (Roslan et al., 2018) [19] and PC71BM (b) device structure [19], (c) cross-section image of the prepared sample [19], (d) Energy level diagram [19], and (e) schematic diagram of energy levels of Schottky diode. 






Figure 1. (a) The molecular structure of VTP (Roslan et al., 2018) [19] and PC71BM (b) device structure [19], (c) cross-section image of the prepared sample [19], (d) Energy level diagram [19], and (e) schematic diagram of energy levels of Schottky diode.



[image: Electronics 11 03777 g001]







[image: Electronics 11 03777 g002 550] 





Figure 2. Current-voltage characteristics of VTP-based solar cell in semi-logarithmic scale. 
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Figure 3. Junction resistance versus biased voltage for single junction VTP device. 
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Figure 4. Junction resistance versus biased voltage for PC71BM and blended thin films of diode devices. 
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Figure 5. The double log scale of J-V characteristics of the VTP-based diode device measured in dark conditions. 
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Figure 6. The double log of J-V characteristics of PC71BM and blended film measured in dark conditions. 
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Figure 7. The J-V characteristics of ITO/PEDOT: PSS/VTP: PC71BM/Al photovoltaic device under 100 mWcm−2 illumination. 
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Table 1. Extracted Rs and Rsh values from junction resistance versus biased voltage.
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	Resistance (Ω/cm2)
	VTP
	PC71BM
	1:1
	1:2
	1:4





	Rseries, Rs
	32.00
	22.20
	19.40
	10.47
	7.42



	R shunt, Rsh
	745.00
	1863.00
	1636.12
	1724.40
	3838.74
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Table 2. Extracted mobility (cm2/Vs) values for VTP, PC71BM, and their varied ratios from diode measurements.
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REGIME

	
SCLC

	
TF-SCLC




	
OPVs

	
 

	
Mobility (cm2/V·s)

	
Mobility (cm2/V·s)






	
VTP

	
4.24 × 10−7

	
5.00 × 10−5




	
PC71BM

	
–

	
1.20 × 10−4




	
1:1 (VTP: PC71BM)

	
2.02 × 10−7

	
7.06 × 10−5




	
1:2

	
1.07 × 10−6

	
7.55 × 10−5




	
1:4

	
2.38 × 10−6

	
7.63 × 10−5
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