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Optical and electrical studies of 100 MeV 56Fe7+ on irradiated Indium phosphide
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ABSTRACT
Indium phosphide (InP) was irradiated with 100 MeV 56Fe7+ ions for various ion fluences of 5 x 1012, 5 x 1013 and 1 x 1014 cm-2 was studied for Optical and electrical parameters of the irradiated sample and comparison with the non-irradiated sample was accomplished. The changes in the optical parameters such as absorbance, energy band gap energy and defect density have been studied. Raman scattering spectroscopy measurements were carried out to understand disorders and related defects induced in the surface region of the crystalline indium phosphide due to the swift iron ion irradiation. The appearance of interference fringes with increasing amplitude and shift in the maxima and minima positions, in the Fourier transform reflectance spectra of irradiated samples showed the change in the refractive index of the irradiated layer due to presence of point defect or defect clusters in the sample. The changes in the electrical parameter such as barrier height, ideality factor and carrier concentration have been studied, using I-V and C-V measurements. Impact of increasing ion fluence was studied on energy band gap of irradiated sample.
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1. Introduction 
Indium phosphide (InP) is a direct band gap compound semiconductor widely used in optoelectronic and microwave devices (1). The properties of InP can be further transformed by swift heavy ion irradiation. Irradiation of InP with Au+, Pb+, Kr+ and Xe+ ions produced disorder region as well as large number of defects (2–4). Both disorder region and defects changed the properties of the irradiated samples. Under certain conditions, latent tracks in InP due to high electronic excitation have been observed. However, limited studies on the transition metal (i.e. Fe and Co) ion irradiation of InP have been reported (5-7). The size and density of nano structures were found to depend on the ion fluence (7). In the present work, the effects of 100 MeV 56Fe7+ ion irradiation on InP for various ion fluences of 5 x 1012, 5 x 1013 and 1 x 1014 cm-2 have been investigated by the Ultraviolet–visible spectroscopy, Raman scattering, Fourier transform infrared (FTIR) techniques. Schottky barrier diode on n-InP is fabricated by deposition of metal (Au) electrodes of 1 mm diameter on the implanted side and ohmic contact on the reverse side of the samples using the vacuum thin film deposition technique. Using Schottky barrier diode, the current – voltage (I-V) and the capacitance-voltage (C-V) measurements were carried out at room temperature. 
2. Experimental details
Single-crystalline (001) n-type InP substrates were irradiated with 100MeV 56Fe7+ ions at fluences ranging from 5 x 1012, 5 x 1013 and 1 x 1014 cm-2 at room temperature, using the 15 UD Pelletron facilities at Inter University Accelerator Centre (IUAC), New Delhi. Ion beam scanning was used to irradiate the whole sample surface in a uniform way. In order to prevent the heating during irradiation, the beam current was held at 3–4 pnA (particle nano-ampere) and the sample was mounted on the copper target ladder with silver paste giving a good thermal conduction between them. 
The ultraviolet-visible-near infrared measurements of the non-irradiated and samples irradiated with 100 MeV 56Fe7+ ions were performed using a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer in transmittance and reflectance mode. The Raman scattering measurements were performed at room temperature on the LabRAM HR Raman spectrometer using the 514.5 nm line of an argon ion laser in the back scattering geometry. Fourier transform infrared absorption and reflection spectra for non-irradiated and irradiated samples were recorded in the spectral region 6000–400 cm−1 using the Fourier transforms infrared spectrometer (Jasco FTIR-610). The far infrared Fourier transform reflection spectra were recorded on NICOLET MEGANA – 550 in the spectral range  400–50 cm-1.
. 
In order to perform electrical measurements on Schottky barrier diode on n-InP, it is highly desirable to deposit suitable ohmic contact metals/alloys over the top of the sample. For making ohmic contact on n-InP, the gold (Au) metal is chosen (8, 9). Before depositing Au on n-InP, the sample is properly cleaned and etched for removal of trichloroethylene (TCE) solvent for 10 minutes. It is then immersed in 1 % Hydrofluoric (HF) acid for 1 minute in order to remove native oxide layers from the surface of n-InP. The sample is then rinsed in deionised water for 5 minutes. After that it is immediately transferred to a diffusion pump operated (having liquid nitrogen trap) high vacuum deposition chamber. The Au is deposited over the top of n-InP by thermal evaporation method. The base pressure of the chamber is about l0-6 mbar. During evaporation the thickness of the Au is monitored using quartz crystal monitor. The typical thickness of the Au contacts is 100 nm.  The ohmic contacts are tested by current-voltage (I-V) measurements and they exhibit low contact resistance. For current voltage measurement, unit consist of Aplab7112 regulated dc power supply (30 V DC, 2 A Max), PLA DM-9 multimeter for voltage and current measurement. Current Voltage measurement is done on non - irradiated, 5 x 1010, 1 x 1011 cm-2 samples at room temperature. The capacitance – voltage (C-V) measurements were performed using LCR meter HP 4284A (20Hz to 1MHz). The capacitance meter can measure the capacitance in the ranges of 10 pF to 9.99999 F. The capacitance – voltage measurements were carried out for non - irradiated, 5 x 1010 and 1 x 1011 cm-2 at the frequency of 1 MHz at room temperature.  
3. Results and discussion
Ultraviolet-Visible-Near Infrared Studies:
Ultraviolet-visible-near infrared (UV-VIS-NIR) reflectance and transmittance spectra of non-irradiated indium phosphide and the samples irradiated with 100 MeV 56Fe+7 ions for different ion fluences of 5 x 1012, 5 x 1013 and 1 x 1014 ions cm-2 were recorded in the spectral region 200 nm to 1600 nm. Figure-1 shows the UV-VIS-NIR transmittance spectra of the non-irradiated sample and samples irradiated for fluence of 5 x 1012, 5 x 1013 and 1 x 1014 ions cm-2.  
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	Figure – 1 : Variation of transmission intensity as a function of wavelength of indium phosphide samples; (a) non-irradiated and irradiated with 100 MeV 56Fe+7ions for fluence of (b) 5 x 1012, (c) 5 x 1013 and (d) 1 x 1014 ions cm-2.
	Figure – 2 :  α2 versus photon energy curve of indium phosphide samples irradiated with 100 MeV 56Fe+7 ions: (a) non-irradiated, (b) 5 x 1012 (c) 5 x 1013 and (d) 1 x 1014 ions cm-2.



The spectra of irradiated in figure -1 indium phosphide shown in exhibit two effects:
· Transmission intensity tends to decrease.
· Absorption edge shift towards the higher wavelength. 
To estimate the band gap energy, α2 versus photon energy (hγ) graphs for non-irradiated and samples irradiated for various ion fluences were plotted (Figure - 2). The straight-line portion extrapolated at α2 = 0 gives the energy band gap. The values of energy band gap of the samples irradiated for fluence of 5 x 1012, 5 x 1013 and 1 x 1014 ion cm-2 were found to be 1.25, 0.72 and 0.66 eV respectively, whereas corresponding estimate for the non-irradiated InP was 1.34 eV. The decrease in energy band gap is due to the presence of defects and disorder in the irradiated samples.
Fourier Transform Infrared Transmission Spectroscopy:
The Fourier transform infrared transmission spectra of indium phosphide samples irradiated with 100 MeV 56Fe+7 ions for ion fluences of 5 x 1012, 5 x 1013 and 1 x 1014 ions cm-2 were recorded in the spectral region 6000 cm-1 to 400 cm-1. Figure -1 shows the transmission spectra of indium phosphide irradiated with various ion fluence. The transmittance spectrum of non-irradiated indium phosphide is also shown in the Figure - 3 for comparison. It can be seen from this figure that the transmission intensity of the samples irradiated for various ion fluences decreases with increase in ion fluence. 
Optical density (α.d) for the indium phosphide samples irradiated with various ion fluence were calculated from the transmission spectra (Figure 1) in the photon energy range 0.2 eV to 0.75 eV using the following equation (9):
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	Figure – 3 : Fourier transform infrared transmission spectra of Indium phosphide samples; (a) non-irradiated and irradiated with 100 MeV 56Fe+7 ions for fluence of (b) 5 x 1012, (c) 5 x 1013 and (d) 1 x 1014 ions cm-2.
	Figure – 4 : Optical density v/s photon energy of Indium phosphide samples; (a) non-irradiated and irradiated with 100 MeV 56Fe+7 ions for fluence of (b) 5 x 1012, (c) 5 x 1013 and (d) 1 x 1014 ions cm-2.


Optical density 
Figure – 4 shows the optical density versus photon energy plots for the non-irradiated and samples irradiated for various ion fluences. It is evident from the Figure that the optical density of non-irradiated and irradiated samples decreases in the photon energy region 0.2 eV to 0.75 eV. The increase in the optical density with ion fluence may be due to increase in the amount of disorder and defect concentrations in indium phosphide. 

Defect Density
Ion irradiation induced defect density (Ns) in the irradiated samples was estimated using the following relation [9],           

where  is the difference in the areas under the optical density versus photon energy curves of non-irradiated and samples irradiated with various ion fluence, n is the refractive index of indium phosphide, c is the speed of light, e is the electronic charge and f is the oscillator strength and has been assumed to be one. 
The defect density of the samples irradiated for ion fluences 5 x 1012, 5 x 1013 and 1 x 1014 ions cm-2 was found to be 3.17 x 1015, 2.0 x 1016 and 2.7 x 1016 cm-3, respectively. 
Annealing Effect
To study annealing effect, the sample irradiated with 5 x 1013 ions cm-2 was annealed at 200 0C for 3 minutes. Variation of optical density with respect to photon energy for non-irradiated, as irradiated and annealed samples is presented in figure - 5. After annealing, estimated defect density was found to be 1.4 x 1016 cm-3 whereas the value of defect density for as irradiated sample was 2.0 x 1016 cm-3. The decrease in the defect density is due to reduction of the defect and disorder present in the irradiated samples.
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	Figure  - 5 :  Annealing behavior of the InP sample irradiated for fluence of 5 x 1013 ions cm-2 at 100 MeV 56Fe+7 ions: (a) non-irradiated, (b) as irradiated and (c) annealed at 200 0C 
	Figure – 6 : Fourier transform infrared reflectance spectra of non-irradiated and Indium phosphide samples irradiated with 100 MeV 56Fe+7 ions for various fluence. 


Fourier Transform Infrared Reflection Spectroscopy
Figure - 6 shows the Fourier transform reflectance spectra of non-irradiated indium phosphide and the samples irradiated for fluences of 5 x 1012, 5 x 1013 and 1 x 1014 ions cm-2. It is seen from the figure that the spectrum recorded for various ion fluence exhibits interference fringes in the spectral region 1600 cm-1 to 800 cm-1, indicating that the refractive index of irradiated layer differs from the underlying indium phosphide substrate. The thickness of the irradiated layer was estimated from the fringe shift using the following equation [10],




 Where d is the thickness of irradiated layer, n is refractive index and,  are the wavenumber of successive maxima or minima of the interference fringes. The thickness of the irradiated layer for the fluence of 5 x 1012, 5 x 1013 and 1 x 1014 ions cm-2 were found to be 16.13, 17.74 and 19.71 µm respectively which is comparable to the projected range (16.24 µm) of 100 MeV 56Fe+7 ion in the InP.
For fluence 1 x 1014 cm-2, more pronounced interference fringes appeared. It is evident from the figure - 6 that the increase in ion fluence increases their amplitude and position of the maxima and minima shifts. 
Raman Scattering Measurements
The Raman scattering spectra of non-irradiated and the samples irradiated with 100 MeV 56Fe+7 ions were shown in figure - 7. The first-order Raman spectra exhibits two peaks: 
· one strong peak at 344.28 cm-1 
· other weak peak at 305.07 cm-1, which correspond to characteristic LO and TO Raman modes of crystalline indium phosphide respectively. 
It is important to mention that only LO mode is allowed for scattering by (100) face. However, in our studies, a small peak due to TO mode is also observed. This may be due to slight substrate misorientaiton. 
· The spectra obtained from the samples irradiated with various ion fluences showed the decrease in the intensity of Raman peak with respect to ion fluence. 
· The peak position also shifted towards the lower wave number due to presence of stress in the irradiated samples. The decrease in the intensity indicates the appearance of defects after ion irradiation. 
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Figure – 7 : First-order optical Raman spectra of indium phosphide samples; (a) non-irradiated and irradiated with 100 MeV 56Fe+7 ions for fluence (b) 5 x 1013 and (c) 1 x 1014 ions cm-2.
Current – Voltage (I – V) Measurements
Schottky barrier diode on n-InP is fabricated by deposition of metal (Au) electrodes of 1 mm diameter on the implanted side and ohmic contact on the reverse side of the samples using the vacuum thin film deposition technique. The current – voltage (I-V) measurements were carried out at room temperature. I–V characteristic of the Au/InP Schottky barrier diode is shown in Figure - 8. I–V characteristic gives a straight line only over that portion of the curve where kT/q << V and IR << V. The straight-line portion of the plot yields reverse saturation current (Is) by extrapolating it to V = 0. The ideality factor [11] for non-irradiated and various ion fluence was estimated using the following equations(11): 

  
where n is ideality factor, q is the electronic charge, k is the Boltzmann constant, T is the temperature, V is the applied voltage. 
Barrier height for the fluence 5 x 1010 ions cm-2 and 1 x 1011 ions cm-2 were found to be 0.476 and 0.456 eV, respectively. Current voltage characteristic in forward bias condition shows that the current increases linearly in the voltage range 0-0.5 volt. Beyond this range, Schottky diode attains the saturation. However, the saturation decreases with the ion fluence. In the reverse bias, reverse saturation current is found to increase with ion fluence. The value of reverse saturation current for fluence 5 x 1010 and 1 x 1011 ions cm-2 were found to be 376.2 and 654.0 0A respectively whereas corresponding value for non-irradiated sample was 155.6 0A. Table – 1 shows the Value of the ideality factor, barrier height and reverse saturation current for non-irradiated and irradiated sample.
Table - 1
Parameter of 100 MeV 56Fe+7 ions irradiated InP sample obtained from the I – V characteristic
	Fluence (Ion cm-2)
	Ideality factor
	Barrier Height (eV)
	Reverse saturation current (μA)

	Non irradiated
	1.21
	0.479
	155.61

	5 x 1010
	3.26
	0.476
	376.20

	1 x 1011
	9.20
	0.456
	654.02
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	Figure – 8 :  Voltage versus current plots of (a) non-irradiated indium phosphide and samples irradiated with 100 MeV 56Fe+7 ions for fluence (b) 5 x 1010 and (c) 1 x 1011 ions cm-2
	Figure – 9 :  1/C2 versus voltage plots of (a) non-irradiated indium phosphide and samples irradiated with 100 MeV 56Fe+7 ions for ion fluences of (b) 5 x 1010 and (c) 1 x 1011 ions cm-2


Capacitance – Voltage (C–V) Measurements
The capacitance-voltage (C-V) measurements were also carried out at room temperature for fluence 5 x 1010 and 1 x 1011 ions cm-2. Figure - 9 represents the capacitance - voltage (C–V) characteristics of Au/InP Schottky barrier diode. Carrier concentration was estimated using following Equation (11): 

Carrier concentration (ND) was estimated as 1.02 x 1020 and 3.15 x 1019 cm-3 for fluence 5 x 1010 and 1 x 1011 ions cm-2 respectively. However corresponding estimate for the non-irradiated sample was 1.74 x 1020 cm-3.

Conclusion:
1. Raman scattering spectroscopy measurements were carried out to understand disorders and related defects induced in the surface region of the crystalline indium phosphide due to the swift iron ion irradiation. 
2. The appearance of interference fringes with increasing amplitude and shift in the maxima and minima positions, in the Fourier transform reflectance spectra of irradiated samples showed the change in the refractive index of the irradiated layer due to presence of point defect or defect clusters in the sample. 
3. The decrease in the defect density is due to reduction of the defect and disorder present in the irradiated samples.
4. The energy band gap of irradiated indium phosphide decreased very smoothly with increase in the ion fluence. 
5. The decrease in energy band gap is due to the presence of defects and disorder in the irradiated samples.
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