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Abstract. 
The electrical transport behavior of 
	
		
			
				𝑛
				-
				𝑛
			

		
	
 indium nitride nanodot-silicon (InN ND-Si) heterostructure Schottky diodes is reported here, which have been fabricated by plasma-assisted molecular beam epitaxy. InN ND structures were grown on a 20 nm InN buffer layer on Si substrates. These dots were found to be single crystalline and grown along [0 0 0 1] direction. Temperature-dependent current density-voltage plots (
	
		
			
				𝐽
				-
				𝑉
				-
				𝑇
			

		
	
) reveal that the ideality factor (
	
		
			

				𝜂
			

		
	
) and Schottky barrier height (SBH) (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) are temperature dependent. The incorrect values of the Richardson constant (
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
) produced suggest an inhomogeneous barrier. Descriptions of the experimental results were explained by using two models. First one is barrier height inhomogeneities (BHIs) model, in which considering an effective area of the inhomogeneous contact provided a procedure for a correct determination of 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
. The Richardson constant is extracted ~110 A cm−2 K−2 using the BHI model and that is in very good agreement with the theoretical value of 112 A cm−2 K−2. The second model uses Gaussian statistics and by this, mean barrier height 
	
		
			

				Φ
			

			

				0
			

		
	
 and 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
 were found to be 0.69 eV and 113 A cm−2 K−2, respectively.


1. Introduction
Group III nitrides represent a material class with promising electronic and optical properties [1]. Among these, InN possesses the lowest effective mass, the highest mobility, narrow band gap 
	
		
			

				𝐸
			

			

				𝑔
			

		
	
 of 0.7–0.9 eV and the highest saturation velocity [2, 3], which make this an attractive material for applications in solar cells, terahertz emitters, and detectors [4–6]. Good quality InN layers are difficult to grow because of the low dissociation temperature of InN and the lack of an appropriate substrate [7, 8]. The above constraints lead to the formation of dislocations and strain in the grown epitaxial layers resulting in the degradation of the device performance. Grandal et al. [9] reported that defect- and strain-free InN nanocolumns of very high crystal quality can be grown by molecular beam epitaxy (MBE) with and without buffer layer on silicon substrates. Since silicon is the most sought semiconductor material, it is very important to understand the transport mechanism of InN nanostructure-based devices and their behavior at different temperatures prior to their adoption in the fabrication of optoelectronic devices. In the present study, InN nanodot (ND) structures were grown on Si substrates using an InN buffer layer by plasma-assisted MBE. 
The interfaces of the semiconductor heterostructures are important part of semiconductor electronic and optoelectronic devices. One of the most interesting properties of a semiconductor heterostructure interface is its Schottky barrier height (SBH) (
	
		
			

				Φ
			

			

				𝐵
			

		
	
), which is a measure of the mismatch of the energy levels for the majority carriers across the interface. Temperature-dependent ideality factor (
	
		
			

				𝜂
			

		
	
) and SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) and incorrect values of the Richardson constant (
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
) suggest an inhomogeneous barrier. Two techniques exist to modify the classic Richardson plot to extract the barrier height, taking into account SBH lowering due to an inhomogeneous contact. The first involves extracting the barrier height relevant to 
	
		
			
				𝐽
				-
				𝑉
			

		
	
 analyses, a value referred to as the effective barrier height 
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
. For this technique, Tung [10] developed a barrier height inhomogeneities (BHIs) model of such inhomogeneities on the electron transport across the metal semiconductor interface, taking into account the possible presence of a distribution of nanometer-sized “patches” with lower barrier height embedded in a uniform high barrier background. Gammon et al. [11] has been reported that same BHI model can be applied to inhomogeneous heterojunction Schottky contacts. The second technique uses Gaussian statistics to modify the classic Richardson plot to extract the barrier height, taking into account SBH lowering due to an inhomogeneous contact.
In this article, we have studied the electrical transport behavior of 
	
		
			
				𝑛
				-
				𝑛
			

		
	
 InN ND/Si heterostructure Schottky diodes that have been fabricated by plasma-assisted MBE. These electrical measurements showed a dependence on the temperature of the ideality factor (
	
		
			

				𝜂
			

		
	
) and the SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) that can be explained by BHI and Gaussian statistics model. The BHI model provided a method for a correct determination of the Richardson constant. Hence, the observed underestimation of the value 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
 could be attributed to an effective area, involved in the current transport, which may be significantly lower than the geometric area of the diode.
2. Experimental Procedure
The growth system used in this study was a plasma-assisted MBE system equipped with a radio frequency (RF) plasma source. The base pressure in the system was below 1 × 10−10 mbar. The 
	
		
			

				𝑛
			

		
	
-Si (111) (~2 × 1016 cm−3) wafers were first chemically cleaned followed by dipping in 5% HF to remove the surface oxide and then thermally cleaned at 900°C for one hour in ultrahigh vacuum. The deposition of InN consists of a two-step growth method. The initial low temperature buffer layer of thickness ~20 nm was deposited at 400°C. Further, the substrate temperature was raised to 500°C to fabricate the NDs. The duration of NDs growth was kept for 60 min. The general set of growth conditions includes indium beam equivalent pressure (BEP), nitrogen flow rate, and rf-plasma power, which were kept at 2.1 × 10−7 mbar, 0.5 sccm, and 350 W, respectively. The structural evaluation of the as-grown NDs was carried out by the high-resolution X-ray diffraction (HRXRD), field emission scanning electron microscopy (FESEM), and transmission electron microscopy (TEM). The aluminum contacts were fabricated by thermal evaporation. The adequate Ohmic nature of the contacts to InN and Si was verified. The device transport characteristics were studied at various temperatures using the probe station attached with the KEITHLEY-236 source measure unit.
3. Results and Discussion
Figure 1 shows 
	
		
			
				2
				𝜃
				-
				𝜔
			

		
	
 XRD pattern of the InN NDs grown on Si (111) substrate. From the figure it can be seen that except the substrate peaks, only (0002) InN diffracted peak at 
	
		
			
				2
				𝜃
				=
				3
				1
				.
				3
				2
			

			

				∘
			

		
	
 is present, indicating the InN NDs to be highly oriented along the [0001] direction of the wurtzite structures of InN. Figure 2(a) shows a typical FESEM image of InN NDs and illustrates that the as-grown NDs are vertically aligned and uniformly grown over the entire substrate. Figures 2(b)–2(d) represent typical TEM micrographs, high-resolution TEM (HRTEM) images, and selected area electron diffraction (SAED) of InN NDs, respectively. The HRTEM shows one of the corner edges of an ND. The interplanar spacing, as observed from the fringe pattern of the HRTEM image, is 0.305 nm, which corresponds to the (1000) lattice spacing of InN. The SAED pattern shows clearly visible bright spots which represent that each ND is single crystalline.























































































	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 1: HRXRD 
	
		
			
				2
				𝜃
				-
				𝜔
			

		
	
 of InN NDs on 
	
		
			

				𝑛
			

		
	
-Si (111) substrate.







	
		
	


	
		
	


	
		
	


	
		
	





	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	


	


	


	
		
	
	
		
	
	
		
	
	
		
	


	


	


	


	


	


	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	


	


	


	
		
	
	
		
	
	
		
	


	
		
	


	
		
	
	
		
	
	
		
	






	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
		
		
		
		
	


	
		
	
	
		
		
		
		
		
		
	


	
		
	
	
		
		
		
		
		
		
	




	
		
		
			
		
	


Figure 2: (a) FESEM image of the InN NDs, (b) typical TEM image of a ND, (c) HRTEM of the corner edge of a ND, (d) SAED pattern taken along the [0001] direction.


The current density-voltage-temperature (
	
		
			
				𝐽
				-
				𝑉
				-
				𝑇
			

		
	
) characterization of the Schottky diodes was performed in order to determine the significant parameters ruling the current transport across the InN ND/Si contact, namely, the ideality factor (
	
		
			

				𝜂
			

		
	
) and the SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
). Figure 3(a) shows a schematic diagram of the device and measurement method. Figure 3(b) shows the semilogarithmic plot of the 
	
		
			
				𝐽
				-
				𝑉
			

		
	
 curves of the InN ND/Si diodes, which were acquired in the temperature range of 120–450 K. An excellent rectifying behavior was observed at lower temperatures, but at high temperatures, a deterioration was observed in the rectifying nature, which may be due to thermally generated carrier tunneling. It is very clear from the 
	
		
			
				𝐽
				-
				𝑉
				-
				𝑇
			

		
	
 curve that at fixed bias, the forward current increases with increasing temperature. This indicates that the current is induced by the thermionic emission (TE). The values of SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) and the ideality factor (
	
		
			

				𝜂
			

		
	
) for the junction were calculated as a function of measuring temperature by fitting a line in the linear region of the forward 
	
		
			
				𝐽
				-
				𝑉
			

		
	
 curves using the TE equation [12, 13]:
	
 		
 			
				(
				1
				)
			
 		
	

	
		
			
				𝐽
				=
				𝐽
			

			

				𝑆
			

			
				
				
				e
				x
				p
				𝑞
				𝑉
			

			
				
			
			
				
				
				,
				𝜂
				𝑘
				𝑇
				−
				1
			

		
	

					where 
	
		
			

				𝐽
			

			

				𝑆
			

		
	
 is the saturation current density expressed by
	
 		
 			
				(
				2
				)
			
 		
	

	
		
			

				𝐽
			

			

				𝑆
			

			
				=
				𝐼
			

			

				𝑆
			

			
				
			
			
				𝑆
				=
				𝐴
			

			
				∗
				∗
			

			

				𝑇
			

			

				2
			

			
				
				−
				e
				x
				p
				𝑞
				Φ
			

			

				𝐵
			

			
				
			
			
				
				.
				𝑘
				𝑇
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(b)
Figure 3: (a) A schematic diagram of the device and measurement method. (b) Current density versus voltage plots of the InN ND/Si diode at different temperatures.


Here, 
	
		
			

				𝑆
			

		
	
 is the area of the diode, 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
 is the effective Richardson constant (112 A cm−2 K−2 for 
	
		
			

				𝑛
			

		
	
-type Si) [14], 
	
		
			

				𝑘
			

		
	
 is the Boltzmann’s constant, 
	
		
			

				𝑞
			

		
	
 is the electron charge, and 
	
		
			

				𝑇
			

		
	
 is the measure temperature.
Figure 4 shows the ideality factor (
	
		
			

				𝜂
			

		
	
) and the SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) of InN ND/Si Schottky diodes as function of temperature, which have been extracted from the forward bias 
	
		
			
				𝐽
				-
				𝑉
			

		
	
 characteristics. It may be clearly seen that these parameters are both temperature dependent. In particular, by decreasing temperatures the ideality factor deviates from the unity and SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) decreases from the value of 0.68 eV at 450 K to 0.48 eV at 120 K. The deviation from the ideality observed at lower temperatures suggests the presence of an inhomogeneous barrier. Further, to justify the application of the BHI model to our data, the temperature dependence of the ideality factor 
	
		
			

				𝜂
			

		
	
 was reported in a plot of 
	
		
			
				𝜂
				𝑘
				𝑇
			

		
	
 versus 
	
		
			
				𝑘
				𝑇
			

		
	
 and is shown in Figure 5, in which the straight line shows an ideal behavior of a Schottky contact (
	
		
			
				𝜂
				=
				1
			

		
	
). The experimental data could be fitted by a straight line, which is parallel to that of the ideal Schottky contact behavior and the ideality factor (
	
		
			

				𝜂
			

		
	
) can be expressed in the form 
	
		
			
				𝜂
				∼
				1
				+
				𝑇
			

			

				0
			

			
				/
				𝑇
			

		
	
, with 
	
		
			

				𝑇
			

			

				0
			

			
				=
				3
				1
				±
				3
			

		
	
 K in present case, as determined by the fit parameters. This behavior is referred as the “
	
		
			

				𝑇
			

			

				0
			

		
	
 anomaly” [15]. Such parametric dependence is typical of a real Schottky contact with a distribution of barrier inhomogeneities [16].



























































































	
		
			
		
			
		
	




























	
		
			
		
			
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 4: The temperature dependence of the ideality factor (
	
		
			

				𝜂
			

		
	
) and SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) from an InN ND/Si heterojunction diode.









	
		















	
		
	







	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
		
	
	
		
	
	
		
		
	


Figure 5: Plot of 
	
		
			
				𝑛
				𝑘
				𝑇
			

		
	
 as a function of 
	
		
			
				𝑘
				𝑇
			

		
	
 showing the 
	
		
			

				𝑇
			

			

				0
			

		
	
 anomaly 
	
		
			
				𝜂
				∼
				1
				+
				𝑇
			

			

				0
			

			
				/
				𝑇
			

		
	
. The linear fit of the data is also reported, from which a value of 
	
		
			

				𝑇
			

			

				0
			

			
				=
				3
				1
			

		
	
 K was calculated. For reference, the straight line of the ideal behavior 
	
		
			
				𝑛
				=
				1
			

		
	
 is also reported.


Plotting the SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) against their respective ideality factors as shown in Figure 6 displays the linear correlation between the two. Extrapolating a linear fit of the data to 
	
		
			
				𝜂
				=
				1
			

		
	
 reveals the average barrier height 
	
		
			

				Φ
			

			
				0
				𝐵
			

		
	
 [17]. By the extrapolation of SBH (
	
		
			

				Φ
			

			

				𝐵
			

		
	
) at 
	
		
			
				𝜂
				=
				1
			

		
	
 of the experimental data reported in Figure 6, a value of 
	
		
			

				Φ
			

			
				0
				𝐵
			

			
				=
				0
				.
				7
				5
			

		
	
 eV was determined. Another technique used to extract the barrier height is via a Richardson plot. The values of the saturation current density (
	
		
			

				𝐽
			

			

				𝑠
			

			
				=
				𝐼
			

			

				𝑠
			

			
				/
				𝑆
			

		
	
) were determined from the extrapolation at 
	
		
			
				𝑉
				=
				0
			

		
	
 of the linear fit of the 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 curves in the range 280–450 K, that is, where the deviation from the ideality is small. The conventional Richardson’s plot of ln(
	
		
			

				𝐽
			

			

				𝑠
			

			
				/
				𝑇
			

			

				2
			

		
	
) versus 
	
		
			
				1
				/
				𝑘
				𝑇
			

		
	
 was obtained and is shown in Figure 7. From the linear fit to the plot, the Richardson constant (
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
) and effective Schottky barrier height (
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
) were calculated to be ~16 A cm-2 K−2 and 0.57 eV, respectively. The value of 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
 obtained from the conventional Richardson plot is more than a factor of seven lower with respect to the theoretical value of 112 A cm−2 K−2 for 
	
		
			

				𝑛
			

		
	
-type Si. Also, the value of effective barrier height 
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
 is less than the average barrier height 
	
		
			

				Φ
			

			
				0
				𝐵
			

		
	
, suggesting the formation of an inhomogeneous SBH at the interface.


























	
		
			
		
			
		
	



	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 6: The barrier height plotted against the ideality factor, the extrapolation to 
	
		
			
				𝑛
				=
				1
			

		
	
 via a linear fit gave the average barrier height 
	
		
			

				Φ
			

			
				0
				𝐵
			

			
				=
				0
				.
				7
				5
			

		
	
 eV.














































	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 7: Richardson plot ln(
	
		
			

				𝐽
			

			

				𝑠
			

			
				/
				𝑇
			

			

				2
			

		
	
) versus 
	
		
			
				1
				/
				𝑘
				𝑇
			

		
	
. From the slope of the linear fit of the data, an effective SBH of 0.57 eV was determined.


The expression of the current flowing through the InN ND/Si Schottky diodes can be obtained by adding the current through the low barrier patches to the current which passes through the surrounding homogeneous regions. However, it is often reasonably assumed that the 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 characteristic is dominated by the current flow through the low SBH patches. Considering the TE equations ((1) and (2)), the area 
	
		
			

				𝑆
			

		
	
 can be replaced with the product 
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	
, which represents the total area of a contact made up of a low SBH. Individually, 
	
		
			

				𝑁
			

		
	
 is the number of patches in the area 
	
		
			

				𝑆
			

		
	
 and 
	
		
			

				𝑆
			

			
				e
				ﬀ
			

		
	
 is the area of a single patch of a low SBH. Equation (1) can be rewritten substituting in the product 
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	

	
 		
 			
				(
				3
				)
			
 		
	

	
		
			

				𝐼
			

			
				e
				ﬀ
			

			
				=
				𝑁
				𝑆
			

			
				e
				ﬀ
			

			

				𝐴
			

			
				∗
				∗
			

			

				𝑇
			

			

				2
			

			
				
				−
				e
				x
				p
				𝑞
				Φ
			

			
				e
				ﬀ
			

			
				
			
			
				
				𝑘
				𝑇
				
				
				e
				x
				p
				𝑞
				𝑉
			

			
				
			
			
				
				
				,
				𝜂
				𝑘
				𝑇
				−
				1
			

		
	

					where the SBH modeling parameter 
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
 replaces 
	
		
			

				Φ
			

			

				𝐵
			

		
	
. The effective area 
	
		
			

				𝑆
			

			
				e
				ﬀ
			

		
	
 of the low SBH patch can be expressed as
	
 		
 			
				(
				4
				)
			
 		
	

	
		
			

				𝑆
			

			
				e
				ﬀ
			

			
				=
				4
				𝜋
				𝜂
			

			

				∗
			

			
				⋅
				𝑘
				𝑇
			

			
				
			
			
				9
				𝑞
				𝑉
			

			
				b
				b
			

			
				
				Φ
			

			
				0
				𝐵
			

			
				−
				Φ
			

			
				e
				ﬀ
			

			
				
				,
			

		
	

					where 
	
		
			

				𝑉
			

			
				b
				b
			

		
	
 is the band bending at the InN ND/Si interface and 
	
		
			

				𝜂
			

			

				∗
			

			
				=
				𝜀
			

			

				𝑠
			

			
				/
				𝑞
				N
			

			

				D
			

		
	
.
The experimental 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 curves were fitted by using (3) with the number of patches 
	
		
			

				𝑁
			

		
	
 as free parameter. A value of 
	
		
			
				𝑁
				=
				6
			

		
	
 × 107 gave a good fit of the experimental data in the investigated range of temperatures. The product 
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	
 represents the total effective area contributing to the current transport. Although 
	
		
			

				𝑁
			

		
	
 is independent of temperature, as it gives the number of patches in the contact, the product 
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	
 exhibits temperature dependence. Figure 8 shows that selecting the correct balance of the variables 
	
		
			

				𝑁
			

		
	
, 
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
, and ideality factor (
	
		
			

				𝜂
			

		
	
) provides a very good approximation to the linear fits of the experimental data. The values of 
	
		
			

				𝜂
			

		
	
 used were those extracted from each individual 
	
		
			
				𝐽
				-
				𝑉
			

		
	
 plot, as was illustrated in Figure 4. The values of 
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
 and 
	
		
			

				𝑁
			

		
	
 were arrived at by using a modified Richardson plot. The product 
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	
 is temperature dependent, in order to eliminate the temperature dependence on the SBH within a Richardson plot, the total area dominated by the low SBH patches (
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	
) is taken into consideration within the Richardson plot is (3) rearranged to
	
 		
 			
				(
				5
				)
			
 		
	

	
		
			
				
				𝐼
				l
				n
			

			
				e
				ﬀ
			

			

				,
			

			

				S
			

			
				
			
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

			

				T
			

			

				2
			

			
				
				
				𝐴
				=
				l
				n
			

			
				∗
				∗
			

			
				
				−
				𝑞
				Φ
			

			
				e
				ﬀ
			

			
				
			
			
				.
				𝑘
				𝑇
			

		
	

					Figure 9 shows the modified Richardson’s plot. From the slope of the straight line fitting the data, the value of 
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
  was obtained ~0.57 eV, while from the intercept, a value of the Richardson constant of 
	
		
			

				𝐴
			

			
				∗
				∗
			

			
				=
				1
				1
				0
			

		
	
 A cm-2 K−2 was determined and this is very close to the theoretical value of 112 A cm-2 K−2. The product of 
	
		
			
				𝑁
				𝑆
			

			
				e
				ﬀ
			

		
	
 was found 8.27 × 10−5 cm2 at room temperature, represented 11% of the total area.
















































































































































































	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


Figure 8: Experimental 
	
		
			
				𝐽
				-
				𝑉
			

		
	
 plots at the temperatures of 450 K, 300 K, and 200 K, and calculated curves (dotted lines) obtained by applying the BHI model to the InN ND/Si contact.





















	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 9: The modified Richardson plots for the extraction of the effective SBH (
	
		
			

				Φ
			

			
				e
				ﬀ
			

		
	
) and an effective barrier height of 0.57 eV were extracted from ln(
	
		
			

				𝐽
			

			
				e
				ﬀ
			

			

				,
			

			

				s
			

			
				/
				𝑇
			

			

				2
			

		
	
) versus 
	
		
			
				1
				/
				𝑘
				𝑇
			

		
	
.


The other technique used the Gaussian statistics [18–20] to modify the classic Richardson plot to extract the barrier height, taking into account SBH lowering due to an inhomogeneous contact. This technique uses Gaussian statistics to relate experimental values of SBH extracted from 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 analysis 
	
		
			

				Φ
			

			

				𝐵
			

		
	
, back to the mean SBH 
	
		
			

				Φ
			

			

				0
			

		
	
. The amount of patches (
	
		
			
				𝑑
				𝑛
			

		
	
) that will have SBH values falling between 
	
		
			

				Φ
			

			

				0
			

		
	
 and the value of SBH measured from the individual 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 curves 
	
		
			

				Φ
			

			

				𝐵
			

		
	
 have a Gaussian distribution given by
	
 		
 			
				(
				6
				)
			
 		
	

	
		
			
				𝑁
				𝑑
				𝑛
				=
			

			
				
			
			
				𝜎
				√
			

			
				
			
			
				
				−
				
				Φ
				2
				𝜋
				e
				x
				p
			

			

				0
			

			
				−
				Φ
			

			

				𝐵
			

			

				
			

			

				2
			

			
				
			
			
				2
				𝜎
			

			

				2
			

			
				
				𝑑
				Φ
			

			

				0
			

			

				,
			

		
	

					where 
	
		
			

				𝜎
			

		
	
 is the standard deviation of the distribution and 
	
		
			

				𝑁
			

		
	
 is the total number of patches in the area 
	
		
			

				𝑆
			

		
	
. Solving (1), (2), and (6), the total forward current can be given by [11]
	
 		
 			
				(
				7
				)
			
 		
	

	
		
			
				𝐼
				=
				𝑆
				𝐴
			

			
				∗
				∗
			

			

				𝑇
			

			

				2
			

			
				
				−
				e
				x
				p
				𝑞
				Φ
			

			

				𝐵
			

			
				
			
			
				𝑞
				𝑘
				𝑇
				+
				0
				.
				5
			

			

				2
			

			

				𝜎
			

			

				2
			

			
				
			
			
				(
				𝑘
				𝑇
				)
			

			

				2
			

			
				
				
				
				e
				x
				p
				𝑞
				𝑉
			

			
				
			
			
				
				
				.
				𝜂
				𝑘
				𝑇
				−
				1
			

		
	

					The TE equation for current over the barrier 
	
		
			

				Φ
			

			

				0
			

		
	
 is
	
 		
 			
				(
				8
				)
			
 		
	

	
		
			
				I
				=
				𝑆
				𝐴
			

			
				∗
				∗
			

			

				𝑇
			

			

				2
			

			
				
				−
				e
				x
				p
				𝑞
				Φ
			

			

				0
			

			
				
			
			
				
				𝑘
				𝑇
				
				
				e
				x
				p
				𝑞
				𝑉
			

			
				
			
			
				
				
				.
				𝜂
				𝑘
				𝑇
				−
				1
			

		
	

					Combining (7) and (8) and rearranging
	
 		
 			
				(
				9
				)
			
 		
	

	
		
			

				Φ
			

			

				𝐵
			

			
				=
				Φ
			

			

				0
			

			
				−
				q
				𝜎
			

			

				2
			

			
				
			
			
				,
				2
				k
				T
			

		
	

					this allows the values of SBH measured from the 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 analysis to be plotted against the inverse thermal energy, to extract 
	
		
			

				𝜎
			

		
	
 and 
	
		
			

				Φ
			

			

				0
			

		
	
. This is shown in Figure 10 where 
	
		
			

				𝜎
			

		
	
 and 
	
		
			

				Φ
			

			

				0
			

		
	
 were found to be 0.0593 eV and 0.70 eV, respectively. Verification of this value can be carried out using a Richardson plot, and rearranging (7) and (9):
	
 		
 			
				(
				1
				0
				)
			
 		
	

	
		
			
				
				𝐽
				l
				n
			

			

				𝑆
			

			
				
			
			

				𝑇
			

			

				2
			

			
				
				−
				1
			

			
				
			
			
				2
				
				𝑞
				𝜎
			

			
				
			
			
				
				𝑘
				𝑇
			

			

				2
			

			
				
				𝐴
				=
				l
				n
			

			
				∗
				∗
			

			
				
				−
				𝑞
				Φ
			

			

				0
			

			
				
			
			
				.
				𝑘
				𝑇
			

		
	

					Figure 11 shows the resulting Richardson plot where 
	
		
			

				Φ
			

			

				0
			

		
	
 was found to be 0.69 eV and 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
 was 113 A cm−2 K−2.



















	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 10: The barrier heights extracted from 
	
		
			
				𝐼
				-
				𝑉
			

		
	
 analysis plotted against the 
	
		
			
				1
				/
				2
				𝑘
				𝑇
			

		
	
. 




















	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 11: The modified Richardson plots for the extraction of mean SBH 
	
		
			

				Φ
			

			

				0
			

		
	
 and mean barrier height of 0.69 eV were extracted 
	
		
			
				l
				n
				(
				𝐽
			

			

				𝑠
			

			
				/
				𝑇
			

			

				2
			

			
				)
				−
				0
				.
				5
				𝛽
			

			

				2
			

			

				𝜎
			

			

				2
			

		
	
 versus 
	
		
			
				1
				/
				𝑘
				𝑇
			

		
	
.


4. Conclusions
We have demonstrated the electrical transport behavior of 
	
		
			

				𝑛
			

		
	
-InN ND/Si heterostructure Schottky diodes that have been fabricated by plasma-assisted MBE. Single-crystalline wurtzite structures of InN NDs are verified by the X-ray diffraction and transmission electron microscopy. Temperature-dependent current-voltage plots (
	
		
			
				𝐼
				-
				𝑉
				-
				𝑇
			

		
	
) reveal that the ideality factor (
	
		
			

				𝜂
			

		
	
) and Schottky barrier height (SBH) (
	
		
			

				Φ
			

			

				B
			

		
	
) are temperature dependent and that incorrect values of the Richardson constant (
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
) are being produced, suggesting an inhomogeneous barrier. Descriptions of the experimental results were explained by using BHI and Gaussian statistics models. The Richardson constant was extracted to be ~110 A cm−2 K−2 using the BHI model and that is in very good agreement with the theoretical value of 112 A cm−2 K−2. The second model uses Gaussian statistics and by this, mean barrier height 
	
		
			

				Φ
			

			

				0
			

		
	
 and 
	
		
			

				𝐴
			

			
				∗
				∗
			

		
	
 were found to be 0.69 eV and 113 A cm−2 K−2, respectively.
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