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InN/GaN heterostructure based Schottky diodes are fabricated by low energetic Nitrogen ions
at 300°C.
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InN/GaN heterostructure based Schottky diodes are fabricated by reactive Low Energy Nitrogen Ion (LENT)
bombardment at low substrate temperature (300°C). The valence band offset (VBO) of nitrogen ion induced
In-polar InN/GaN hetero-interface has been analyzed by X-ray photoelectron spectroscopy and it is
determined to be 0.72+0.28 eV, a type-I straddled band alignment is formed at the InN/GaN interface.
Fermi level pinning is observed to be 1.3+0.1 eV above the conduction band minimum resulting a strong
downward band bending. Valence band maxima of InN/GaN show that the surface electron accumulation
occurs due to the presence of In adlayer on the film. Atomic Force Microscopy analysis divulged the
formation of step like InN structure on GaN surface. I-V characteristic showed that the junction between
InN and GaN exhibit a Schottky type behaviour. The room temperature barrier height and the ideality factor
of the InN/GaN Schottky diodes are calculated by using thermionic emission (TE) model and found to be
0.72 eV and 20.8 respectively.

Introduction

The studies of III-nitride hetero-interface have shown immense importance due to their potential applications in solid state
lighting and photovoltaic devices. ' The recent advancement in the growth technologies has significantly improved the crystal
quality of InN,*'® however the lack of lattice matched substrates, low dissociation temperature and the high equilibrium
vapour pressure of Nitrogen'' are still posing challenges to the growth of InN. These constraints lead to the formation of
dislocations and strain in the grown epitaxial film resulting in the degradation of the device performance.'? A number of buffer
techniques and different substrate materials have been employed in order to conquer the difficulty of large lattice mismatch
between substrate and InN."*'* In addition to the many physical properties of InN such as low band gap (0.64 eV),'® high
mobility (500-3000 cm?/V-s) 7 etc, interface studies of InN and their alloys (InGaN, InAIN) with other semiconductor has
raised more interest in device application. Interestingly, the InN/GaN hetero-interface displays characteristic feature of a
Schottky diode'® which is a direct measure of rectifying behaviour at the semiconductor interface. Although GaN based
Schottky diodes with different metal contacts have been studied by several groups,'*' but there are few reports on InN/GaN
based Schottky diodes.'**** Detailed knowledge of rectifying behaviour between InN and GaN interface are crucial for
obtaining the fundamental understanding of the heterostructure. Further, the large difference in the band gaps of InN'® and
GaN** implies that the valence & conduction band offset plays a significant role in designing of the band diagram and thus the
accurate determination of the band offset is essential.'”> Number of studies has been performed to investigate the valence band
offset (VBO) of InN with other III-N semiconductors,'**> however studies of InN/GaN based Schottky diode are still not
premeditated. Further, the unusual phenomena of surface electron accumulation (SEA), the electrons move freely parallel to
the interface or two dimensional electron gas (2DEG), at as-grown InN surface®?® is proposed to be one of the key issues to
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enable further progress in the InN based technology which can be determined by VBO. The consequence of SEA-phenomena
causes Fermi level pinning which still posing challenges® for as-grown InN/GaN heterostructures. This pinning has also been
observed experimentally by irradiation of defects induced energetic particle on group Ill-nitrides (InN, GaN) and on In rich
alloys (InGaN).%’

The quantized electron accumulation can also significantly alter band gap property, which guide a new route to spatially
inhomogeneous band gap engineering.’” However, the physical origin of this phenomenon is not yet unambiguously clear, and
has been attributed not only for both polar and non-polar surfaces®' but also to the presence of donor like surface states.’> Thus,
the detailed knowledge of SEA is required for obtaining the basic understanding of the electronic properties of InN and for
designing of InN/GaN heterostructure based optoelectronic & photovoltaic devices.

In this work, reactive low energy sputtering (Nitrogen ion) technique has been employed for InN formation on GaN template.
We have experimentally demonstrated the effect of In adlayer on VBO of low temperature and low energy nitrogen ion (LENI)
induced InN/GaN hetero-interface by X-ray photoelectron spectroscopy (XPS) which provides a better understanding of SEA
phenomena. The calculation of InN/GaN valence band offset can provide an exact idea of band structure of hetero-interface.
The Atomic force microscopy (AFM) examination revealed the morphological properties of grown InN surface and the effects
of rectifying behaviour of InN/GaN hetero-interface have been investigated by I-V characteristics where the room temperature
barrier height and the ideality factor of the Schottky diodes are calculated to be 0.72 eV and 20.8 respectively.

Experimental Techniques

In and InN were grown on a GaN template (MOCVD grown-3.5 pm) on c-plane sapphire substrate™ in UHV system equipped
with X-ray photoelectron spectroscopy at base pressure 5.0x10™"" torr. The GaN samples were cleaned (ambient) by modified
Shiraki process®* and then prepared in-situ by annealing at 600°C (4 hours) and rapid flashing at 900°C (5 sec) followed by
slow cooling to room temperature (RT) which was further cleaned by 1keV-LENI at 600°C (3 hours). Homemade tantalum
Knudsen cell was used to evaporate Indium metal (CERAC, 99.999%) by circulating the current to control the evaporated
material flux (10 nm/min). Indium was deposited for 1 min on GaN followed by nitridation at low temperature (300°C) to
form InN/GaN heterostructures using 300 eV-LENI. We have grown number of samples with same nitridation parameter (300
eV and 300°C) and different nitridation time (60 min, 120 min, and 180 min) inorder to study the In to InN conversion by
LENT'. This technique is relatively inexpensive and simpler growth approach which offers the possibility of growth at lower
temperatures. The ion beam used in this technique have benefits like selecting the ion beam energy, simplicity of focusing
and have ability to alter the chemical nature of the materials with unique properties. The details of this technique is explained
elsewhere.”>® The XPS measurements of GaN, InN/GaN samples were performed with Omicron-Multiprobe Surface Analysis
System using Mgk, X-ray source (1253.6 eV). The calibration of electron binding energy was performed with the Fermi edge
of a clean Silver reference sample. The core level (CL) spectra of Ga 3d & In 3d have been fitted by using Shirley background
and Gaussian line shape.'” The position of valence band maximum was determined by extrapolating a linear fit to the leading
edge of the valence band maximum (VBM). The surface morphology of the GaN substrate and InN/GaN surface was analysed
by NT-MDT Solver Pro-Atomic Force Microscopy (AFM). I-V measurements were performed by depositing two Ag metal
contacts on InN and GaN layers and measurements were carried out by using computer interfaced Keithley-2400 source meter
system at room temperature. It is important to mention that the contact resistance of Ag/GaN and Ag/InN will not affect the
measured results due to the high material resistance of GaN and InN. The thickness of the grown InN layer was estimated from
the Secondary Tons Mass Spectroscopy (SIMS) depth profile data where Cs+ ions with 1 keV energy were used for sputtering
the sample.

Results and Discussion
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Figure 1. (a) XPS survey scan of GaN/C-plane sapphire substrate i) Uncleaned ii) Cleaned (b) AFM image of clean GaN template.

Fig 1a shows the XPS survey scan of pre- and post- cleaned GaN template where the presence of Ga (2p2, 2ps3, 3p, 3d) and
Nitrogen (1s) is observed at binding energies (BEs) of 1157.0 eV, 1118.0 eV, 105.0 eV, 19.5 eV and 399.5 eV respectively
along with Ga Auger (LMM) peaks at 162.0 eV, 189.0 eV, 275.0 eV and 284.0 eV. Oxygen 1s (531.0 eV) and O Auger-KLL
(743.0 eV) peaks were also detected (surface contamination) in the uncleaned sample which were almost disappeared after the
cleaning process. The morphology of the MOCVD grown clean GaN surface was examined by AFM (fig 1b) which shows a
smooth surface, consists of array of terraces (width ~100 nm) with rms roughness of 0.398 nm. The template contains large
number of pits (originated due to misfit dislocations between substrate & GaN film) where many of the terraces terminate at
the edges of pit. These pits terminating on the step leads to the surface termination of a mixed character threading dislocation
having a screw component with Burgers vector equal to the c-axis lattice parameter of GaN ~ (5.2 A). A detailed study of
dislocation mediated structure of GaN surface is reported by Heying et.al.’’ From fig 1b, the total density of pits on GaN
surface is calculated to be ~ 6.4x10%cm?. These results are consistent with the AFM results of Ga-polar GaN sample reported

by Kim et.al.*®
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Figure 2. Depth profile of InN/GaN heterostructure
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InN/GaN heterostructures are grown at 300 °C substrate temperature using 300 eV nitrogen ios for 180 minutes. To measure
the thickness of the InN film on GaN, the depth profile of InN/GaN hetero-structure was carried out using TOF-SIMS as
shown in Fig. 2. SIMS spectra revealed the presence of Ga, In and N and signals where the N signal can be seen steadily
throughout the profile due to the presence of N in all the layers (both InN and GaN). The SIMS analysis divulge that the
thickness of InN is ~10-12 nm followed by diffusion of In atoms in GaN films for ~ 10-15 nm. The mass spectrum of Indium
(mass number 115 amu) during SIMS measurement has also been included as a figure S1 which shows the presence of Indium
in the grown film. The structural characterization of InN/GaN hetero-interface was carried out by Grazing Incident X-ray
diffraction (GI-XRD) to confirm the formation of InN. A small peak at 31.5° was observed which correspond to wurtzite InN
(0002) plane (GI-XRD plot is given in supporting document as figure S2).

Intensity (arb.units)
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Figure 3. (a) Deconvoluted XPS Core level spectra of In (3ds) for high coverage InN film, inset shows for low coverage InN film. (b) AFM image of InN film
on GaN showing step like structure, inset shows surface morphology of low coverage InN film.

Photoemission analysis was carried out to understand the surface chemistry, composition, band alignment & valence band
offset of the grown InN/GaN heterostructure. The CL spectra of In 3ds;, of InN/GaN heterostructure is shown in fig 3a. In
3ds, spectra is deconvoluted into three components: the component at BE 443.1eV displays the presence of In-In bond
(metallic indium adlayer), peak at BE 444.2eV attributed to In-N bonding while the higher BE peak (445.3eV) can be
attributed to inelastic losses of the conduction electrons in the charge accumulation layer.” The deconvoluted core level peak
of InN film shows the dominant coverage of InN (81%) along with small amount of metallic In-In (7%). The presence of
metallic bond signifies either the lack of reactive nitrogen or the desorption of nitrogen from the surface which is similar to the
occurrence of Ga adlayers at Ga- and N-polar GaN surfaces.***! Further the metallic adlayer (In-In bond) results from the large
size difference between the cation (In) and anion (N) making such reconstruction energetically favourable which indicates one
of the possible origins of surface electron accumulation,*” resulting the downward band bending in the system. For the
comparative understanding of metal adlayer on the InN/GaN heterostructure interface, we have grown a number of InN/GaN
heterostructures under the similar nitridation conditions (300 eV at 300°C) at different nitridation time (60 min, 120 min). Inset
of fig 3a, shows the XPS core level spectra of In 3ds,, of 60 min nitridated sample in which the component corresponding to
metallic adlayer (61%) dominates and a moderate conversion of In to InN (23%) has been observed.

The surface morphology of the InN (180 min LENI 300 eV, 300°C) sample is shown in fig. 3b. The AFM image shows the
step like structure with large terraces (>1 um width) separated by ~2-3 A step height. The 180 min exposure of LENI leads to
the removal of some of the In atoms from the surface followed by the formation of thin InN layer on the GaN surface. The
surface features consisted of spiral growth with hexagonal boundaries having surface roughness of 0.3 nm. Similar step like
morphology of InN/GaN with spiral growth at substrate temperatures higher than 540°C by MBE is reported by Wang et.al* .
This suggests that with reactive ion technique, good quality InN can be grown at sufficiently low temperature (300°C). Inset fig
3b displays the surface morphology of low InN surface grown at 300°C using 300 ¢V LENI for 60min which illustrates the
large number of granular InN nanostructures (surface roughness 6.28 nm) on the GaN surface. Dimakis et.al** reported similar
surface morphology of InN by MBE at 350°C substrate temperature. The formation of InN granular structure at low
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temperature is explained through LENI induced sputtering which leads to the island formation by the stabilization of low
energy nitrogen ions on the surface. Fareed et.al.*’ have suggested that the strain (lattice mismatch, growth parameters etc) in
the grown InN surface can be relaxed by two mechanisms; either by island formation and/or by defect generation.

The VB spectra of GaN substrate and the grown InN (300eV, 180 min) thin film have been shown in fig 4a. The energy
structure of InN/GaN heterostructure is identified by VB spectra where the coincidence of the leading edge of the VB gives the
VBM to Fermi level (Ep) separation.46 The separation between VBM to E for GaN sample is found to be 1.85+0.1 eV (fig 3a
(i), indicates a Gallium terminating GaN surface (Ga-face GaN)."”” The surface Eg is 1.55+0.1 eV below (band gap of GaN ~
3.4 eV**) the bottom conduction band (CB) edge, indicating nearly intrinsic property. The emission close to Er (shown by an
arrow in VB spectra in fig 4a (1)) is associated with metallic density of states due to the presence of metallic Gallium (Ga-Ga)
on the surface'' which contributes for surface electron accumulation. The peaks at 11 eV and 9 eV in the VB spectra
correspond to the presence of N 2s bonding and plasmonic excitation respectively.**’ The VB spectra of InN has shown in fig
4a (ii) where the VB maximum (VBM) to E separation is observed to be 2.0+0.1eV. Considering the band gap of InN ~ 0.7
eV,'s the Fermi level is pinned to 1.30+0.1 ¢V above the conduction band minima (CBM). Anomalous downward band
bending observed in InN has been attributed to the large difference in electro-negativity between In and N atoms, causing
difficulty in the formation of high resistive InN films.** The VB spectra can also divulge the polarity of InN material by
comparing the intensity ratio of 3.8eV and 6.5¢V VB peaks’'” (indicated in the VB spectra in fig 4a (ii)). Here, InN VB
spectra confirmed In-face polarity of InN/GaN heterojunction.
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Figure 4. (a) (i) Valence band spectra of GaN substrate and (ii) InN/GaN heterojunction, (b) Schematic of Energy band diagram for the InN/GaN
heterojunction. A type-I heterojunction is formed in the straddled arrangement.

Further, an exact band structure of InN/GaN hetero-interface can be determined by estimating the VBO (AEy) value.>® The
VBO values can be calculated by the following equation,

AEV =AECL* (E3d5/2 — EVBM) InN + (E3d _ EVBM) GaN (1)
where, AE¢; -((Esgs) ™-(Egasq) ©N)mVeN

AE(; is the core level energy separation between measured Inzg and Gaszq spectra of the InN/GaN heterostructures. The two
terms, (Ecp — Evpam) M, are separation between a core level and VBM of the thick InN and GaN samples. Schematic of the
energy band diagram for the InN/GaN heterojunction is shown in fig 4b. The experimental error was calculated by considering
the fitting errors and the discrepancy between repeated measurements (130 meV) for Ecp and for the two (Ec.—Evem)
components (£50 meV) in Eq. 1. Therefore the total error for AEy is calculated to be £230 meV. Fitting by numerical
calculations introduce an additional error of +£50 meV resulting in a total error of £280 meV. Hence, the calculated VBO is
0.72 + 0.28 eV which is slightly higher than the theoretical (0.45 eV) value suggested by Van de Walle et al.>* and lower than
the experimental value of 1.05 + 0.25 eV by Martin et al."’.To improve the accuracy of the InN/GaN VBO™, the binding
energies of other In (3s, 3p3,) and Ga (3ps2, 2ps») core level peaks were also determined as listed in Table 1. InN/GaN VBO
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derived from different set of XPS core level peaks are given in Table 2. The average InN/GaN VBO calculated using different
core level is found to be 0.76 + 0.28 eV.

Due to the presence of In adlayer on the hetero-interface, the Fermi level pinning (1.3 = 0.1 eV) is observed in the conduction
band of InN/GaN heterostructure. The band line up is determined with a conduction band offset (CBO) or AEc as 1.98 £+ 0.28
eV based on the above AEy value, shown in fig 3b. The observed value of AE( is found to be lower than the theoretically
predicted value (2.3 + 0.28 eV)**. Hence, a strong band bending is observed on the InN side which is the consequence of the
presence of SEA at InN/GaN interface. Due to the large barrier at the InN/GaN heterojunction, the excess electron density
variation should be similar to that of 2DEG’® (confirmed by VB spectra). The presence of a 2DEG near the surface of a
semiconductor can significantly alter the size of its band gap through many-body effects caused by its high electron density,
resulting in a surface band gap which differs from its value in the bulk of the material.>® According to these results, a type-I
band alignment is formed at the InN/GaN heterojunction in the straddled arrangement as shown in Fig 4b. However, a flat
band was also observed for N-polar stoichiometric InN surfaces after removal of the In-adlayer’’ and for non-polar (a- and m-
plane) in-situ grown, stoichiometric InN.**

TABLE 1. Binding energy (eV) of the XPS core level peak in the InN/GaN, InN and GaN.

InN/GaN InN GaN
In 3d;, 444 .38 444.62
In 3p;/, 665.44 665.72
In 3s 826.28 826.53
Ga 3d 19.58 19.35
Ga 3p;), 105.34 105.05
Ga 2p;, 1117.62 1117.38

TABLE 2. InN/GaN VBO calculated using different set of XPS core level.

In 3d;,, In 3p;, In 3s
Ga 3d 0.72 0.76 0.73
Ga 3p;), 0.78 0.82 0.79
Ga 2p;), 0.73 0.77 0.74

The room temperature Current-Voltage (I-V) measurement for InN/GaN heterojunction is shown in Fig 5. For high quality InN
grown film (fig 5a), a Schottky diode®® behaviour is observed; i.e. the junction between InN and GaN exhibited strong
rectifying behaviour (the current at the forward bias of 10.0 V is 1.0mA, at a reverse bias of =10 V is -61nA). For low
coverage InN film (fig 5b), the current (I) is found to be 1.3 mA at a forward bias voltage of 10 V and for reverse bias -10 V it
is 0.6 mA. Therefore a linear behaviour was found in the forward and reverse bias, symmetry showing the metallic (ohmic)
behaviour. Ohmic behaviour suggests the presence of SEA phenomena at the InN/GaN hetero-interface which cause the
pinning of Fermi level above the conduction band minima (CBM).* According to Thermionic Emission (TE) theory, the
forward I-V characteristic of a Schottky diode is given by

=I5 exp ((q(V)-IR)/kT) ()
L= AA*T? exp (-g/kT) (3)

where I, is the saturation current density, T is the absolute temperature, A is the active device area (7x3mm?), A* is the
Richardson’s constant, k is the Boltzmann constant, q is the electron charge, ¢y is the Schottky barrier height, and 7 is the
ideality factor. The values of ¢, and n for the Schottky diodes were calculated by fitting Eq.(2) in the linear region of the
forward I-V curves ignoring the series resistance (R,). For calculation, the value of A* was taken as 6 Acm™ K™ for InN®' . The
values of Schottky barrier height (SBH) were calculated to be 0.72 eV and 0.51 eV while ideality factor is found to be 20.8 and
44.1 for high and low InN sample respectively. SBH has also been shown in the energy band diagram for the InN/GaN
heterojunction (fig 4b) where the SBH value from I-V (0.72 ¢V) is in good agreement with the energy band diagram value
(0.68+0.1 eV). The higher value of barrier height (0.72 e¢V) and lower value of ideality factor (20.8) of the diode fabricated
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from high quality InN film on GaN film point out the good rectifying nature. This high ideality factor value could be due to the
high series resistance (R;) at the higher applied voltage. Fitting of Eq.(2) without neglecting series resistance did not follow the
measured [-V characteristics of the diodes. This result illustrates that in the present case, the thermionic emission over the
Schottky barrier is suppressed at higher applied voltages by other current transport mechanisms. The linearity behaviour of
InN/GaN Schottky diode disappeared at higher applied voltage, this illustrate by the current transport follows power-law
(1~V"%).%2 It was found that the rectifying behaviour of the diodes is defined as in terms of I/l at certain applied voltage. The
ratio at 10 V is 16.4 and 2.16 for the respective samples; i.e. the Schottky diodes with high InN have good rectifying capability.

0.01 4
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1E-9 AR InN
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Figure 5: Room temperature I-V characteristics of InN/GaN heterojunction at room temperature a) High InN b) Low InN. Inset shows the schematics of the
device structure.

Conclusions

In summary, a novel reactive ion sputtering technique has been adopted to form InN on GaN template at low temperature (300
°C) using 300 eV LENI and the valence band offset (VBO) of the grown InN/GaN heterostructure has been analyzed. The
AFM analysis confirmed step like structure with large terraces (>1 pm width) having step height ~2-3 A. XPS analysis
revealed the In-polarity of the sample and the presence of SEA (due to the In content at the interface) is explained. The VBO
for highly nitride sample is calculated to be 0.72 + 0.28 eV showing a straddled type InN/GaN hetero-interface band
arrangement. There is plausible evidence to show the strong Fermi level pinning effect (1.3 £ 0.1 eV) above the conduction
band of InN due to the upshot of metallic In at the interface. The rectifying behaviour of I-V characteristic measurement
suggests that the junction between InN and GaN exhibits Schottky type behaviour. The room temperature barrier height and
ideality factor obtained by using TE model were 0.72 eV and 20.8 respectively. The InN/GaN heterostructure grown at low
temperature using low energy nitrogen ions with high band bending could potentially be utilized as a gate dielectric material
for high electron mobility transistors where the junction between InN/GaN exhibit strong rectifying behaviour. The exact
mechanism behind the SEA phenomena is still to be found, the possibility to tune surface charge density has significant
implications for the design and realization of electronic and optoelectronic devices using InN.
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