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Abstract

:

The effects of Fe-implantation on the electrical characteristics of Au/p-Si Schottky barrier diodes (SBDs) were studied using current–voltage (I–V) and capacitance–voltage (C–V) techniques. The Rutherford Backscattering Spectrometry (RBS) and Energy Dispersive Spectroscopy (EDS) results showed that Fe ions are well implanted and present in the Fe-implanted Si material. The acquired results from I–V and C–V analysis showed that the diodes were well fabricated, and Fe-implantation changed the normal diode’s I–V behaviour from typical exponential to ohmic. The ohmic behaviour was described in terms of the defect levels induced by Fe in the middle of the band gap of Si. The conduction mechanism for both forward and reverse currents was presented, and the effect of Fe-implantation on the conduction mechanisms was investigated. The C–V results show that Fe generates a high density of minority carriers in p-Si, which agreed with the increase in reverse current observed in the I–V results. The diode parameters in terms of saturation current, ideality factor, Schottky barrier height, doping density, and space charge region (SCR) width were used to investigate the effect of Fe in p-Si based diode. Owing to the observed changes, which were analogous to those induced by dopants that improve the radiation hardness of silicon, it was safe to say that Fe can also assist in the quest to improve the radiation hardness of silicon using the defect-engineering method.






Keywords:


silicon-based diode; current–voltage; capacitance–voltage-frequency; conduction mechanism; Fe-implantation; resistivity; radiation detectors












1. Introduction


Schottky barrier diodes (SBDs) are the building blocks of a variety of semiconductor electronic devices, including solar cells, photodetectors, field-effect transistors (FETs), and semiconductor-based detectors. In these diodes, the formed metal-semiconductor (m-s) junctions allow the current to flow in one direction, and their forward current is made up of the majority carriers injected into the junction from the semiconductor. Silicon (Si) is an essential semiconductor that has been used for the fabrication of devices, and its choice can be attributed to its cheap cost, resilience, and well-known technology, amongst other advantages. However, a major challenge associated with Si-based devices used as radiation detectors is that they suffer severe radiation damage, resulting in a degradation in their performance [1,2].



As a result of radiation-induced defects that act as generation and recombination (g-r) centres, the leakage current increases [3,4]. High leakage current has a detrimental impact on detector performance by lowering the signal-to-noise ratio (SNR) and increasing the power consumption [5]. Furthermore, the efficacy of the detector deteriorates because of the free-charge carrier traps produced by radiation-induced defects. In a bid to address these challenges, it is necessary to improve the radiation hardness of Si. An improved radiation hardness of Si will enable the devices to perform efficiently in high radiation environments, such as high energy physics experiments (HEPE).



Studies have shown that doping with dopants such as gold (Au) and platinum (Pt) improves the radiation hardness of Si [6,7,8]. The effects of Au and Pt dopants on the electrical properties of Si-based devices have been studied previously [6,7,8,9,10]. Au induces defect levels at    E C    − 0.34 eV,    E C    − 0.55 eV, and    E V    + 0.34 eV [6,10] in the band gap of Si, where    E C    is the bottom of the conduction band and    E V    is the top of the valence band. Pt, on the other hand, creates defect levels in the Si band gap at    E C    − 0.23 eV,    E C    − 0.52 eV, and    E V    + 0.36 eV [7,10]. It is worth noting that Au and Pt induce a common defect level that can be referred to as a “midgap defect”, a defect level located at the middle of the Si band gap. These defect levels are responsible for the relaxation behaviour of Si, thereby improving its radiation hardness [11]. Though these metals have demonstrated the ability to suppress the effects of radiation damage to Si [6,12], they are prohibitively expensive for research. Further, Au and Pt create other defect levels located at    E C     − 0.36,    E V     + 0.34, and    E C    − 0.23 eV, which change the material’s conductivity, thereby reducing the sensitivity of the Si-based detector. These shortcomings have prompted an urgent search for alternative dopants in an effort to enhance the electrical characteristics of Si-based devices for radiation-sensing applications.



Iron (Fe) is a transitional metal that has an electronic configuration of {Ar}3d6 4s2 with two valence electrons. The properties of Fe in Si have been previously investigated [13,14,15]. Fe diffuses interstitially in Si, introducing defect levels in the Si band gap at    E C    − 0.55 eV,    E V    + 0.40, and    E C    − 0.27 eV [13]. The defect level at    E V    + 0.40 increases the concentration of minority carriers in p-Si, hence the conductivity of the material. The Fe-induced defect levels at    E C    − 0.27 eV and    E C    − 0.55 eV are donor levels and are expected to reduce the charge carrier’s density, resulting in an increase in the resistivity of the device fabricated on Fe-implanted p-Si material. As a result, the effects of Fe-implantation on the conductivity/resistivity of Si are important to fully comprehend the effect of Fe in Si.



The defect level of the main interest caused by Fe in Si is    E C    − 0.55 eV, the defect level positioned in the middle of the band gap of Si. The defect level is comparable to those induced by Au and Pt [6,7,8,16] and has been reported to be responsible for the relaxation behaviour of the material [8]. Diodes fabricated on a relaxation material have been reported to have high electrical resistivity as well as ohmic I–V behaviour. In addition, these materials are resistant to radiation damage [8,11].



The electrical measurements (I–V and C–V) were performed on the Schottky diodes fabricated on unimplanted and Fe-implanted p-Si in this study. The purpose of this work was to study the effect of Fe-implantation on the electrical properties/characteristics of Si diodes and to juxtapose the results with those reported on Au- and Pt-doped Si diodes in past studies.




2. Details of Experiment


A p-Si (Boron-doped) wafer of resistivity 1–22 Ωcm and a thickness of 275 ± 25.0 µm was used in this work. The wafer was cut into 0.6 cm × 0.6 cm pieces. The pieces were cleaned following the standard procedure to remove handling grease and other contaminants [17] and they were immersed in 40 percent HF solution to remove the oxide layer on the surface. After the cleaning procedure, all pieces were placed in the chamber for Fe-implantation. The Fe-implantation was achieved with the aid of an ion implanter, a Varian-Extrion 200-20A2Fset-up at iThemba LABS, Johannesburg, South Africa. Fe was implanted into the polished side of the wafer at 160 keV energy to a fluence of 1.00 × 1017 ion/cm2. The chosen energy (160 keV) and fluence (1.00 × 1017 ion/cm2) are the maximum achievable setting of the set-up, which were chosen to induce high defect in the Si wafer [18]. Prior to the Fe-implantation, Stopping and Range of Ions in Matter (SRIM) 2013 simulations coded with the Transport of Ions into Matter (TRIM) program were used to predict the distribution of Fe ions in Si. The predicted implantation depth and range of the incident Fe ions in Si were observed to be 2800 Å and 1340 Å, respectively. Considering the SRIM data, it was established that the energy of 160 keV is sufficient to induce defects in Si using the Fe ions.



The elemental composition of the Fe-implanted Si material was confirmed using the RBS and EDS techniques. RBS measurements were performed on the Fe-implanted Si sample using a beam of He2+ ions of energy 3.60 MeV delivered by a 6 MeV Tandem Accelerator at iThemba LABS (Gauteng). In addition, the EDS spectrum of the Fe-implanted Si sample was acquired using a JEOL JSM 7800F Field Emission Scanning Electron Microscope (FE-SEM) equipped with an EDS situated in the Department of Physics, University of South Africa.



The SBDs were fabricated on unimplanted and Fe-implanted p-Si. Before the formation of Schottky and ohmic contacts, the pieces were cleaned again and blow-dried using nitrogen gas. A 1300 Å aluminium (Al) was evaporated and deposited through a 0.6 mm radius holes-mask on the polished side of the p-Si material to form the Schottky contact. The ohmic contact, on the other hand, was made by evaporating and depositing a 1000 Å Au layer onto the back surface of the wafers. The deposition was performed at a rate of 1 A/s at 10−6 mbar using an Edwards AUTO 306 thermal vacuum deposition system. An oxide layer of 10−30 Å thick is always available on the surface, even after etching Si wafers with an HF solution [4]. The oxide layer was not intentionally deposited. The effects of the layer on diode properties are, therefore, assumed to be common to all the diodes since they were fabricated under the same conditions. A change in diode properties would, therefore, be due to Fe-doping. A typical sample of the fabricated SBD with an Al dot representing the Schottky contact and Au as the ohmic contact, as well as the photo of the fabricated diode, are shown in Figure 1a,b.



The I–V and C–V data were acquired at room temperature and in a dark environment. The metres used to measure the current and capacitance were made in-house. To make sure that the electrons from tunneling overcome those from thermionic emission (TE), I–V measurements were carried out from   −  4 to 4 V [19]. The current due to TE contributes less to the bias voltage at voltages above 0.8 V [20], and at 0.8 V, the forward current saturates as a result of the series resistance (   R s   ) [21]. All through the experiments, the time between measurements was maintained for 1 s to enable the device to attain its stability. The C–V measurements were taken in reverse bias from 0 to 4 V at a frequency of 18 kHz to give the deep-state carriers enough time to respond to the applied voltage [22]. This frequency was chosen after several trials that showed that the data would be unstable going below or above 18 kHz. The data was unstable because of the impact of the m-s interface on the measured capacitance. During measurements, the starting voltage was fixed at 0 V and the voltage step was maintained at 0.01 V.




3. Results and Discussion


Figure 2 shows the RBS spectrum for the Fe-implanted Si. As shown in the figure, the experimental spectrum (red) is identical to the simulated spectrum (blue) for the Si peak. The peak of Si is well pronounced and broad, while the Fe peak is smaller. From fitting the experimental RBS spectrum, the thickness of Fe in Si was found to be   350 ×   10   15   atoms /   cm  2   , which is ~70.32 nm. The thickness units were converted to nm by dividing the thickness by the target density of Si, which is given as   4.977 ×   10   15      atoms  /   cm  3   .



As seen in the inset of Figure 2, a small shift was observed in the simulated and experimental Fe peaks. Since the experimental result shifts towards low energy, it is assumed that the energies of the backscattered alpha particles are due to Fe on the surface. Therefore, as the incident ion beam penetrates Si, it loses some of its energy before colliding with Fe, which is located some depth below the surface of Si. This shift, therefore, shows that Fe was implanted at some depth from the surface of the Si. The difference in characteristic energies was used to determine this depth [23].



The penetration depth was obtained through the evaluation of the stopping power,   S  E    and the differences in surface backscattering energy (ESurfaces) and characteristic energy (ECharacteristic). The penetration depth is given [24] as


    ∫   E   Characteristic     E   Surfaces     d x = Δ x =   ∫   E   Characteristic     E   Surfaces      1  S  E    d E  



(1)




which gives


  Δ x =    E  Surfaces   −  E  Characteristic     S  E     



(2)







The evaluated penetration depth of Fe in Si is 1165.90 Å. The penetration depth (1165.90 Å) obtained from RBS differs from the 2800 Å estimated using SRIM/TRIM simulation. The difference could be because in SRIM/TRIM calculations, the crystal structure and direction are not considered [25]. The influence of neighbouring atoms and the recombination of interstitial atoms with the vacancies are also not considered in the calculations [25]. In addition, during the SRIM/TRIM calculation, the dynamic composition changes of the material are not considered [26]. Furthermore, the EDS spectrum of the Fe-implanted Si sample is presented in Figure 3. The observed peaks in the EDS spectrum were Si and Fe peaks, confirming the presence of Fe in the Fe-implanted Si sample.



Figure 4 presents the semilogarithmic I–V characteristics of unimplanted and Fe-implanted p-Si diodes. A linear region observed at low voltages disappears after 1 V and 0.4 V for unimplanted and Fe-implanted p-Si diodes, respectively. The linear region disappears at high voltages possibly because of    R s    [27,28], the interfacial insulator layer, and the interface states [27,29]. The linear region observed in the forward characteristics of the Fe-implanted p-Si diode is smaller, indicating the effects of Fe-induced defects on the    R s   . Furthermore, the forward and reverse current trends have increased by a factor of 5 and 102, respectively, after Fe-implantation. The increase in the current trends indicates that the Fe-induced defects generate both minority carriers (electrons) and majority carriers (holes) in p-Si material, thereby increasing the conductivity of the material.



Considering the presence of    R s   , the diode current is given [3] as


  I =  I s      exp     q   V − I  R s      η k T   − 1      



(3)




where the saturation current (   I s   ) is given [3] as


   I s  = A  A  ∗ ∗    T 2  exp     − q  ϕ B    k T     .  



(4)







In the above equations, A (=0.00283 cm2) is the diode active area,    A  ∗ ∗     is the effective Richardson constant for p-type Si (=32 A cm−2 K−2) at room temperature,  η  is the ideality factor, k is the Boltzmann constant, T is the temperature in kelvin, q is the electronic charge, and    ϕ B    is the Schottky barrier height.



The ideality factor is evaluated using the slope of the linear region observed in ln(I) –V forward bias as


  η =  q  k T     d V   dln  I     



(5)




while the saturation current (   I s   ) is evaluated from the y-axis intercept. The Schottky barrier height (   ϕ B   ) is evaluated [30] as


   ϕ B  =   k T  q  ln     A  A  ∗ ∗    T 2     I s      .  



(6)







Cheung’s plot presented in Figure 5 is employed to extract the    R s   ,  η , and    ϕ B    accounting for the non-linear region where the effect of    R s    is noticeable and is given [21,31] as


    d V   d ln ( I )   =     η k T  q    + I  R s   



(7)






  H  I  = V −     η k T  q    ln    I  A  A ∗   T 2       



(8)




and   H  I    is given as


  H  I  = η  ϕ B  + I  R s   



(9)







The value of    R s    is the slope of dV/dln(I)–I plot from Equation (7) and  η  can be calculated from the y-axis intercept. The value of  η  determined from Equation (7) is inserted in Equation (9) to obtain the H(I)–I plot. The slope H(I)–I plot also gives the value of    R s   , and the y-axis intercept is used to obtain    ϕ B   .



The parasitic resistance, shunt resistance (   R  sh    ), and    R s    are obtained from the plot of junction resistance      R j  =   ∂ V   ∂ I       versus voltage presented in Figure 6. The maximum value of    R j    at a sufficiently high reverse voltage gives the    R  sh     while the minimum value of    R j    in forward bias gives the    R s    [30,32]. Figure 6a,b presents the    R j   –V plots for the diodes. The    R j    of the unimplanted p-Si diode is independent of reverse voltage, suggesting that the SCR extends into the bulk and the material resistivity remains constant. The    R j    saturation is expected since the bulk of the material is relatively defect-free. The    R j    of the unimplanted diode decreases with forward voltage due to the high density of free carriers through the SCR. The saturation of the     R j  ¯    trend in the Fe-implanted p-Si diode is absent, as observed in Figure 6b. This suggests that the voltage applied is inadequate to allow all the charge carriers to pass through the SCR because of the high density of charge carriers resulting from Fe-implantation. The absence of    R j    saturation in both reverse and forward bias makes it not possible to extract    R s    and    R  sh     for the Fe-implanted p-Si diode. However, the drastic decrease in    R j    suggests that parasitic resistance has decreased significantly after Fe-implantation.



The summary of diode parameters obtained using ln(I)–V and Cheung’s methods for unimplanted and Fe-implanted p-Si diodes are presented in Table 1. The  η  evaluated for an unimplanted p-Si diode using ln(I)–V is 2.23, while that evaluated from dV/dln(I)–I is 2.42. Both values are greater than unity, showing a non-ideal behaviour of the diode. The disparity of 0.19 observed in the values could be attributed to the different voltage regions used in the methods. Further, a value of 2.0 was reported by [33] based on the Al/SnO2/p-Si structure, which is similar to the one evaluated in our study. The  η  for the unimplanted p-Si diode indicates a metal-insulator-semiconductor (m-i-s) structure rather than an m-s structure, indicating that an oxide layer is present in the diode configuration [34].



The  η  evaluated from ln(I)–V increased after Fe-implantation, indicating that another diode conduction mechanism is involved. The  η  from Cheung’s method is 1.11, a value close to unity suggesting that the TE conduction mechanism dominates, despite the I–V trends showing the involvement of other diode conduction mechanisms. The  η  close to unity observed for this diode likely illustrates that  η  is less reliant on defects induced in the material and hence less noticeable when the distribution of charge carriers in the bulk dominates the diode conduction mechanism.



The    I s    evaluated on unimplanted p-Si is 0.08 µA, which is greater than the 0.001 µA reported on Al/methyl violet/p-Si [35] and less than the 87.10 µA reported on the Au/p-Si diode [36], indicating that it is within the range of those presented in previous works. An increase in    I s    from 0.08 to 8.35 µA can be attributed to the increase in the density of minority carriers due to the Fe-induced defect levels in Si.



The    ϕ B    evaluated from ln(I)–V and H(I)–I plots for diodes fabricated on unimplanted p-Si are 0.65 and 0.77 eV, respectively. The    ϕ B    evaluated using H(I)–I plot is higher than the    ϕ B    evaluated from the ln(I)–V plot, possibly due to the different voltage regions considered when extracting the parameters. This difference was also observed in previous studies [35]. The value of    ϕ B    (0.65 eV) evaluated from ln(I)–V is close to the 0.68 eV reported by [37], and the value of    ϕ B    (0.77 eV) evaluated from H(I)–I is close to the 0.80 eV reported by [38], confirming the formation of the m-s interface during the diode fabrication process. The values of    ϕ B    evaluated using different methods were found to decrease after Fe-implantation. The decrease in    ϕ B    can be tied to an increase in    I s   , indicating that low energy is required to have density of charge carriers through SCR after the implantation.



The parasitic resistance (   R  sh     and    R s   ) for the unimplanted p-Si diodes are 201.00 and 4.15 kΩ, respectively. The high(low) values for    R  sh        R s      of the diode fabricated on unimplanted p-Si evaluated from the    R j   –V plot confirms the perfect diode rectification behaviour [39]. The drastic decrease of    R j    trend after Fe-implantation is due to the high density of charge carriers generated by the Fe-induced defects. The    R s    evaluated using different methods differs because of the increase in the current rate as a result of the space charge injection in an electric insulating layer at the region where the voltage is high [40,41]. The discrepancy in    R s    values given in Table 1, therefore, suggests that there is an insulating layer formed at the m-s interface. The formed insulating layer at the interface could be SiO2 since oxygen is constantly present on the surface of Si even after the wafer has been treated chemically.



The double logarithmic I–V trend of Figure 7a shows three linear regions (i, ii, and iii) with various slopes on the forward current trend of the unimplanted p-Si diode. The slopes of these regions are 1.06, 2.58, and 0.64, respectively. These regions exhibit power-law behaviour,   I ∝  V m  ,   where m is the slope [42,43]. The slope of region i, 1.06, is nearly equal to unity, suggesting that the dominant conduction mechanism is ohmic in region i. An ohmic behaviour is due to the domination of thermally generated current over the injected free carrier generated current through SCR. The slope of region ii (2.58), greater than 2, suggests that the trapped-charge-limited current (TCLC) dominates in region ii [33]. The slope of the region (0.64) shows that the current is less voltage-dependent, presumably because of the presence of    R s    at high voltages [22].



The double logarithmic I–V trend of the Fe-implanted p-Si diode in Figure 7b shows that the forward current increases linearly for the whole voltage region with a slope of unity, indicating that an ohmic conduction mechanism dominates at the entire voltage range. Furthermore, both current trends (reverse and current trends) are equal for almost all the voltages, suggesting that the diode behaviour is ohmic. The ohmic behaviour indicates that the density of Fe-induced g-r centres is high. It has been discovered that diodes with a high ohmic region are resistant to radiation damage [8,11]. This resistance has been explained in terms of the Fermi energy being pinned at the intrinsic position such that the diode properties are independent of the incident particles [1,8,11].



The rectification ratio (RR) calculated from both diodes is used to analyse changes in rectifying behaviour due to Fe-implantation. At 4 V, the ratio of forward current to reverse current is found to be reduced from 33.61 of unimplanted to 1.65 of the Fe-implantation diode. Furthermore, Figure 7 showed an increase in both carrier densities, with the rate of increase in the density of minority carriers being higher.



Figure 8 presents the plot of reverse current (  ln    I r     ) against    V  1 / 2     for unimplanted and Fe-implanted p-Si diode to study the conduction mechanism of the reverse current. As seen in the figure, two linear trends with different slope values were observed at low and high voltage regions on both the unimplanted and Fe-implanted p-Si diodes, suggesting that the reverse current might be clarified in terms of two different mechanisms. These mechanisms for current can be referred to as Richardson–Schottky (RS) or Poole–Frenkel (PF) emission mechanisms [44,45,46]. In RS emission, the current is given [45,47] as


   I r  = A  A ∗   T 2   exp        −  ϕ b    k T     exp      β  RS    V  1 / 2     k T  d  1 / 2        



(10)




while in PF emission, the current is given [47] as


   I r  =  I o  exp      β  PF    V  1 / 2     k T  d  1 / 2       .  



(11)







In the above equations,    β  RS     and    β  PF     are the RS field lowering and PF coefficients, respectively, which are related [47] by


   β  PF   = 2  β  RS        q 3    π  ε o   ε r       



(12)




where    ε o    represents the permittivity of free space and    ε r    represents the relative permittivity of the material. The calculated theoretical values for    β  PF     and    β  RS     are   4.38 ×   10   − 5     and   2.19 ×   10   − 5       eV    m  1 / 2      V  1 / 2    , respectively [47]. The experimental values of    β  PF     and    β  RS     for unimplanted p-Si diodes are calculated by using the slope of the linear regions in Figure 8a; the  β  experimental value obtained from region I (0 to 0.17 V) is   4.22 ×   10   − 5      eV     m  1 / 2      V  1 / 2    , which is closely related to the theoretical value of    β  PF    , hence indicating that the Poole–Frenkel emission is the dominant conduction mechanism at a low voltage region. However, the  β  experimental value obtained from region II (0.18 to 4 V) is   1.51 ×   10   − 5      eV     m  1 / 2      V  1 / 2    , which is closely related to the theoretical value of    β  RS    , indicating that the Richardson–Schottky emission is the dominant conduction mechanism at the high voltage region.



The values of    β  PF     and    β  RS     for the Fe-implanted p-Si diode were determined experimentally by analyzing the slope of the linear regions in Figure 8b. The calculated experimental values of β from region I (0 to 0.17 V) and region II (0.18 to 4 V) are   2.12 ×   10   − 5     and   0.13 ×   10   − 5      eV     m  1 / 2      V  1 / 2    , respectively. These values closely align with the theoretical value of    β  RS    , indicating that the Richardson–Schottky emission is the dominant conduction mechanism in both regions.



The C–V characteristics of the unimplanted and Fe-implanted p-Si diodes are shown in Figure 9. The capacitance of the unimplanted p-Si diode decreases with applied voltage due to charge carriers being withdrawn from the SCR as voltage increases. The inset in Figure 9 presents the C–V characteristics of unimplanted p-Si diodes. An absence of capacitance saturation shows that a voltage higher than 4 V is required for the SCR to be fully depleted. The capacitance trend is similar to those that are reported in past studies, confirming that our SBDs were well-fabricated [22,48] with Al as the Schottky contact.



The capacitance of the Fe-implanted p-Si diode shown in Figure 9 increased significantly, indicating that Fe generates a high density of minority carriers (electrons) in p-Si. The observed increase in saturation currents in the I-V results can be attributed to the high density of minority carriers caused by the presence of Fe. This finding supports the consistency between the I–V and C–V results, confirming their agreement and reliability as complementary techniques.



Furthermore, an anomalous peak is observed at a low voltage region on the C–V plot of the Fe-implanted p-Si diode, indicating the Fe-induced defects start from the surface and extend to the Si bulk [49].



The C−2-V plots for unimplanted and Fe-implanted p-Si diodes are presented in Figure 10. A linear region was observed on the unimplanted and Fe-implanted p-Si diodes presented in Figure 10 indicating that the doping profile is uniform. The inset in Figure 10 presents the C−2–V characteristics of the Fe-implanted p-Si diode.



The capacitance, C, of an SBDs is related to the doping concentration,    N A   , in the semiconductor material and is given [12,22] as


   C  − 2   =   2    V  bi   + V     q  ε s   ε o   A 2   N A     



(13)




where    V  bi     is the built-in potential,    ε s    is the dielectric constant of semiconductor material, and    ε o    is the permittivity in a vacuum. The relationship between the slope ( m ) and the doping concentration    N A    is given [22] as


   N A  =  2  m q  A 2   ε s   ε 0    .  



(14)







The Schottky barrier height (   ϕ  cv    ) is given [12,22] as


   ϕ  cv   =  V  bi   +   k T  q  ln      N C     N A       



(15)




And the depletion region width,    W D   , is given [22,40] as


   W D  =     2  ε o   ε s   V d    q  N A    .    



(16)







The diode parameters such as    V  bi    ,    N A   ,    ϕ  cv    , and    W D    for the unimplanted and Fe-implanted p-Si were extracted from the linear region and are presented in Table 2.



The value of    N A    evaluated on an unimplanted p-Si diode is 3.41 × 1016. This value is higher than the 0.10 × 1016 cm−3 reported on the Sn/p-Si diode [46], but is close to the 1.00 × 1016 cm−3 obtained on the Au/p-Si diode [50]. The value obtained from an unimplanted diode is within the acceptable limit [50,51], confirming that the fabricated diodes are good. The value of    N A    increased to 224,000 × 1016 cm−3 after Fe-implantation, confirming that Fe induces defects that generate charge carriers in Si material. This increase in    N A    agrees with the increase in conductivity and capacitance observed in Figure 1 and Figure 6 after Fe-implantation.



The value of    ϕ B    that evaluated unimplanted p-Si diodes is 2.01 eV. The value is high compared to the    ϕ B    obtained from the I-V characteristics, as expected. The discrepancy has previously been reported in the literature by [38,52], confirming that the evaluated    ϕ B    is within the acceptable limit. The discrepancy was explained to be due to the interfacial native oxide layer between the metal and the semiconductor. Furthermore, the inhomogeneity of barrier height was also given as an explanation for this discrepancy [52].



The evaluated    W D    of an unimplanted p-Si diode is 26.6 × 10−6 cm. These values are lower than the 118 × 10−6 cm reported on Au/n-si [30] and higher than the 1.77 × 10−6 cm reported by [40], confirming that our value is within the acceptable limit reported in the reviewed literature [30,40]. The    W D    decreased to 0.03 × 10−6 cm after Fe-implantation, confirming the generation of charge carriers in the SCR as a result of Fe-induced defects.




4. Conclusions


The I–V and C–V techniques have been used to study the effect of Fe dopant on the electrical characteristics of diodes fabricated on p-Si. The results show that after Fe-implantation, the current and capacitance trends increased, indicating that charge carriers are generated as a result of Fe-implantation in p-Si, with the rate of the generation of minority carriers being higher. After Fe-implantation, the I–V behaviour of the diode changed from normal exponential to ohmic, indicating that Fe induces g-r centres, which are defect levels located at the centre of the band gap of Si. The forward current of the unimplanted p-Si diode was dominated by ohmic and TCLC conduction mechanisms. However, the dominating mechanism changed to ohmic for the entire voltage region on the Fe-implanted p-Si diode. The reverse current of the unimplanted p-Si diode was dominated by the PF and RS effect while the RS effect dominated the entire voltage region of the reverse current of the Fe-implanted p-Si diode. Furthermore, the C–V results show that in Si, Fe is responsible for an increase in measured capacitance, confirming that the defects induced by Fe in Si generate more minority carriers in the SCR. The results obtained from the I–V and C–V characteristics of the Fe-implanted p-Si diode are similar to the results shown by Au- and Pt-doped Si diodes, suggesting that Fe could be a suitable candidate in defect engineering studies.
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Figure 1. The fabricated diode showing Al as the Schottky contact and Au as the ohmic contact (a), as well as a photo of the fabricated diode (b). 
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Figure 2. RBS spectra of Fe-implanted Si material to the fluence of 1017 (d) ion/cm2. 
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Figure 3. EDS spectra of Fe-doped Si material to the fluence of 1017 (d) ion/cm2. 
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Figure 4. ln(I)–V behaviour of SBDs fabricated on unimplanted and Fe-implanted p-Si at room temperature. 
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Figure 5. dV/dln(I)–I plot (a) and H(I)–I plot (b) of the SBDs fabricated on unimplanted and Fe-implanted p-Si. 
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Figure 6.    R j   –V plot for unimplanted (a) and Fe-implanted (b) p-Si diode. 
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Figure 7. I–V behaviour of the SBDs fabricated on unimplanted (a) and Fe-implanted (b) p-Si in a double logarithmic scale. 
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Figure 8. ln (Ir)–V1/2 characteristics of the SBDs fabricated on unimplanted (a) and Fe-implanted (b) p-Si in a double logarithmic scale. i: region I, ii: region II. 
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Figure 9. C-V characteristics of diodes fabricated on unimplanted and Fe-implanted p-Si at a measurement frequency of 18 kHz. Inset: rescaled C-V characteristics of diodes fabricated on unimplanted p-Si. 
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Figure 10. C−2–V characteristics of diodes fabricated on unimplanted and Fe-implanted p-Si at a frequency of 18 kHz. Inset: rescaled C−2–V characteristics of diodes fabricated on Fe-implanted p-Si. 
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Table 1. Diode parameters obtained from different methods for SBDs fabricated on unimplanted and Fe-implanted p-Si.
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ln(I)–V

	
dV/dln(I)–I

	
H(I)–I




	
p-Si

	
   η   

	
     I  s   ( μ A )    

	
     ϕ  B   ( eV )    

	
     R  s     ( k Ω )    

	
   η   

	
     R  s     ( k Ω )    

	
     ϕ  B   ( eV )    






	
Unimplanted

	
2.23

	
0.08

	
0.65

	
0.48

	
2.42

	
3.01

	
0.77




	
Fe-implanted

	
2.89

	
8.35

	
0.54

	
0.24

	
1.11

	
1.33

	
0.73











[image: Table] 





Table 2. V plots for unimplanted and Fe-implanted p-Si diodes.
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	p-Si Diode
	     V   b i      ( V )    
	     N A    (  10 16     cm  − 3   )    
	     ϕ   c v      ( eV )    
	     W  D     (  10  − 6     cm )    





	Unimplanted
	1.84
	3.41
	2.01
	26.6



	Fe-implanted
	0.09
	224,000
	0.03
	0.03
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