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Abstract 

We have analysed electrical properties of extended defects and interfaces in fully 

strained and partially relaxed InxGa1-xN/GaN heterostructures by means of Kelvin 

probe force microscopy and surface photovoltage spectroscopy. The study highlights 

the role of indium incorporation and Si doping levels on the charge state of extended 

defects including threading dislocations, V defects and misfit dislocations. Surface 

potential maps reveal that these defects are associated with a different local work 

function and thus could remarkably alter electron-hole recombination mechanisms 

of InxGa1-xN/GaN layers locally. Surface photovoltage spectra clearly demonstrate 

the role of misfit dislocations and high Si-doping level on interface recombination 

process. The interplay between Si doping level and In% on the electronic properties 

of the extended defects has been also clarified.  

 

1. Introduction 

 

III-Nitride alloys uniquely offer tuning of their bandgap from infra-red (0.7 eV) to 

ultra-violet (6.1 eV) as well as strong anisotropic polarization reaching as high as 

0.081 C/m2. Thanks to their high thermal and mechanical stability, AlxGa1-xN and 
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(low-indium content) InxGa1-xN based optoelectronic devices have already 

approached commercial applications. While white, blue and ultra-violet light 

emitting diodes (LEDs) are well-known examples [1], AlGaN/GaN based high 

electron mobility transistors [2] are considered serious contenders for replacing 

vacuum tubes in radio-frequency (RF) electronics for multitude of applications. 

Apart from light emitting applications, InxGa1-xN-based structures might as well be 

highly promising for THz detection based on inter-subband absorption in the 

quantum wells and for multijunction solar cells in tandem with Si [3]. However, 

special attention towards the material characteristics is required, as fundamental 

material issues still need to be understood and resolved. 

Due to the large mismatch in their lattice constants and thermal coefficient with 

respect to the commonly used growth substrates (Sapphire Al2O3, Si(111) and 

SiC(0006)), generation of extended defects which accommodate lattice and thermal 

strain is unavoidable [4]. As a result, the most commonly occurring defects include 

misfit dislocations (MDs), threading dislocations (TDs), stacking faults (SFs), 

stacking mismatch boundaries, inversion domain boundaries, and others. While not 

being limited to the substrate, also the strain arising in ternary alloys, especially 

InxGa1-xN and InxAl1-xN grown on mismatched GaN buffer layer, results in formation 

of V-defects and SFs, phase separation, chemical ordering etc. The most common 

type of V-defects or inverted pyramidal structures in nitrides, i.e. the ones that 

terminate the threading dislocations at the surface, have been deeply investigated 

before for both ternary alloys [5]. Stacking mismatch boundaries have also been 

reported. In these defects, the proximity of similar V-defect structures form 

characteristic trenches resulting in local strain relaxation. [6]. The primary 

mechanism of strain relaxation in hexagonal systems is, however, through 

dislocation glide on slip system. In the absence of net shear force in biaxially strained 

InxGa1-xN layers, dislocation glide is only active for the two pyramidal slip systems, 

<11-23>{11-22} and <1-101>{1-102} [7], favorably for the former resulting in the 
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formation of a trigonal misfit dislocation network at the InxGa1-xN /GaN interface or 

the crosshatch pattern [8].  

While these extended defects have been intensively studied through structural 

investigation, their role in electron-hole recombination mechanisms is still quite 

debated. These mechanisms play a major role in current transport and have a 

relative impact on device reliability and device electrical and optical properties. To 

cite some examples, the insertion of an InxGa1-xN/GaN superlattice with a lower In 

content before the growth of InxGa1-xN/GaN multiple quantum wells (MQWs) is 

known to increase the efficiency of LEDs; however the actual mechanism is still not 

completely clear [9]. The beneficial effect of this buffer layer has been attributed to its 

ultralow TD density; it enables the capability of this layer to relax strain due to the 

absorption of MDs in a region within few nanometers from the interface, leading to a 

high-quality overlying GaN epilayer [10]. Cathodoluminescence and Raman 

measurements have demonstrated that the potential barrier formed by V-pits during 

the low-temperature growth of InxGa1-xN/GaN superlattice dramatically increases 

the internal quantum efficiency of InxGa1-xN quantum wells by suppressing non-

radiative recombination at TDs [11]. Thus, a controlled amount of TDs and V-pits 

seems to play a beneficial role in the enhancement of LED efficiency [12]. The picture 

is even more complex in solar cells. Up to now the experimentally obtained 

efficiency is lower than the expected one, likely due to charge localization 

phenomena induced by native polarization effects [13] and strain-generated defects 

in In-containing nitride heterostructures. 

The study of electron-hole recombination at dislocations is therefore of major 

importance to understand the mechanisms that could result in efficiency 

improvement of III-N based devices. 

Surface band bending and recombination properties due local defects, space charge 

regions and surface states have been previously explored in (Al,GaN) using Kelvin 

probe force microscopy (KPFM) and surface photovoltage spectroscopy [14][15][16].    
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In the present contribution we focus on threading dislocations, V-defects and misfit 

dislocations in InxGa1-xN/GaN heterostructures with varying In concentrations and 

different Si doping level. Using these techniques, we will clarify the role of extended 

defects on electron-hole recombination mechanisms through a correlative surface 

potential and surface photovoltage spectroscopy study.  

  

2. Experimentals 

We have investigated two sets of InxGa1-xN(50 nm)/GaN(3 µm) heterostructures 

epitaxially grown on sapphire, one Si doped, labelled d-, the other nominally 

undoped, labelled u. Indium concentration has been varied in order to cover both 

fully strained and partially relaxed layers.  

All the layers have been grown by AIXTRON Metal Organic Chemical Vapour 

Deposition Close-Coupled Showerhead reactor. The structural details, indium 

concentration and carrier density for Si-doped samples are listed in Table 1, while 

the deposition details are reported elsewhere [17]. Indium content has been extracted 

by applying Vegard’s law to high-resolution X-ray powder diffraction (XRD) 

analysis, while the carrier density of the layers has been evaluated by 

electrochemical capacitance-voltage measurements (ECV). ECV was preferentially 

employed due to the difficulty in fabricating Schottky contacts on In-rich InxGa1-xN 

layers with high density of n-type doping [18]. 

Surface potential is measured locally by KPFM within an atomic force microscope 

(AFM) operating in tapping mode [19]. KPFM allows for two-dimensional mapping 

with resolution in the nanometer range of the contact potential difference (CPD) 

between a conductive tip and the sample. When the tip oscillates, in addition to the 

atomic force, a long-range electrostatic force exists between the tip and sample, 

which is determined by the CPD between them. This force is detected by applying 

an ac voltage to the tip and using a lock-in amplifier. The electrostatic force is 

nullified when the CPD is completely compensated by a dc voltage applied to the tip. 

In this case, the CPD is equal to the applied dc voltage. 
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Surface Photovoltage spectra is measured by using a MIS (Metal Insulator 

Semiconductor) structure. The surface of a semiconductor, due to the presence of 

surface related –charged defect states, contains uncompensated impurities which 

creates a space charge region. Under optical excitation, photo generated excess 

carriers redistribute within the surface or the bulk, creating a change in the surface 

potential. The SPV is defined as the illumination induced change of the surface 

potential, its variation as a function of the impinging photon energy allows for the 

extraction of absorption –related electronic transitions. [20]. 

Table 1.  

Table 1. In-concentration, free carrier densities, defects in Si-doped (d) and nominally undoped (u) 

InxGa1-xN/GaN heterostructures. In the last column the detection of misfit dislocations (MDs) at the  

InxGa1-xN/GaN interface through the observation of trigonal network in 5x5 µm2 morphology is 

assessed. 

 

Sample In 

(%) 

Carrier density 

 ( 1018 cm-3) 

Si doping 

(undoped, Low, 

Medium, High) 

MDs 

dA 14.0 7 L Si no 

dB 19.0 10 L Si yes 

dC 22.0 40 M Si yes 

dD 19.3 90 H Si yes 

dE 19.3 90 H Si yes 

uF 15.6 - undoped no 

uG 16.3 - undoped no 

uH 18.0 - undoped yes  

 

Indium percentage in the Si-doped InxGa1-xN top layers ranges from 14% to 

22%, where the n-type carrier density differs in all the layers. Here, the samples are 

labelled in alphabetical order showing increasing carrier density. The samples with 

indium content lower than 17% are fully strained heterostructures and present no 

evidence of misfit dislocations at the interface. The InxGa1-xN layer thickness here is 

strictly below the critical thickness, as concluded by following the analytical 
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modelling from ref. [21] on strain relaxation through a pyramidal slip system on 

InxGa1-xN/GaN heterostructures.  In a previous report [22], it has been demonstrated 

by geometric phase analysis of the InxGa1-xN/GaN interface that they indeed exhibit a 

fully strained pseudomorphic structure. Meanwhile, the samples with In-content 

above 17% are considered as a partially-relaxed matrix and a variety of lattice defects, 

including misfit dislocations, trenches etc., have been observed in topography and in 

transmission electron microscopy (TEM) analysis. 

In order to study the electrical properties of extended defects in terms of local 

surface band bending representing their donor/acceptor behaviour, the surface work 

function (WF) was mapped over the different samples by measuring the contact 

potential difference (CPD) by Kelvin probe force microscopy (KPFM). Here, CPD is 

defined as  

                                   (1) 

where   represents the absolute value of the electronic charge. It must be noted that 

the changes in CPD and work function are of opposite sign here. 

Double-pass topography and Amplitude modulation-KPFM measurements 

were performed in tapping mode. For each scan-line the height profile is obtained in 

the first pass keeping amplitude constant through a Z-piezo feedback and the latter 

is implemented in the second pass, as the AFM tip lifts away from the sample 

surface by Δz (several nanometres) following the previously obtained height profile. 

An AC bias of 1.5 V at the resonance frequency of the cantilever was used to excite 

the electrical signal in the second pass, which was nullified by the DC bias servo 

feedback. Commercial diamond coated Si probes with a resonance frequency of ~210 

kHz and a spring constant of ~72 N/m were used. The measurements were 

performed in air in NT-MDT pro Solver 47. 

 

Absorption related electronic transitions in InxGa1-xN/GaN samples have been 

determined by surface photovoltage (SPV) spectroscopy measurements. SPV spectra 

have been acquired using the laboratory-made apparatus described in ref [23] based 
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on a 500M SPEX spectrometer, a pre-amplifier and an SRS lock-in amplifier, while 

the measurement is controlled by a LabView-based software. A Xe lamp has been 

used to inject photons. As the impinging photon flux varies as a function of the 

wavelength, the SPV raw data (SPVraw) have been normalized to the photon flux Φ 

measured by a pyroelectric sensor and plotted as a function of the photon energy hυ 

as follows: 

        
      
 

   
  (2) 

The penetration depth of the photon beam within the samples can be estimated as  

   , where   is the absorption coefficient and it varies as a function of the photon 

energy. Experimental values of    (red curve) and      (black line) of InxGa1-xN as a 

function of the photon energy, obtained by ellipsometry measurements  [24], are 

shown in fig. 1a. It can be noticed that, for photon energies                 

becomes lower than 100 nm, thus photon absorption occurs mainly in the InxGa1-xN 

top layer, whose thickness is  50 nm; when          , absorption occurs mainly at 

the InxGa1-xN/GaN interface; while, when          , absorption takes place mainly 

in the GaN buffer layer, thus in this spectral range SPV measurements are sensitive 

to defect-related electronic transitions in the GaN buffer layer.  

 

3. Results 

 

3.1 Surface potential maps. 

3.1.1 Surface Morphology.  

The band structure of the InxGa1-xN/GaN interface of Si-doped set has been 

simulated by numerically solving self-consistently Schrödinger-Poisson equations 

(NEXTNANO software [25]), with InxGa1-xN and GaN offsets extracted from 

literature [26]. Fig 1b shows the band simulation for samples dA and dB, where 

sample dB is shown as representative as for all the other samples of this set, as they 

show similar simulated band diagrams. The difference between the band diagrams 
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of dA and dB is related to the fact that dA is the only fully strained sample, while the 

others are partially relaxed (see Table 1). Similar results have been obtained by the 

authors of ref  [27]. A higher surface barrier height is obtained for fully strained 

structure and should be related to the strain-induced negative piezoelectric 

polarization charge density (as high as 2x1013 e/cm2) at the interface, which widens 

the depletion layer. 

Figure 2 (a-e) shows the surface morphology over a 5x5 µm2 scan area for Si 

doped samples (from dA to dE) with different indium contents. In all the maps, 

apart from sample dA (fig 2a), lines running across each other at 60°are clearly 

visible, and from our analysis they are related to misfit dislocations at the interface 

creating a crosshatch pattern parallel to the surface [28]. Occurrence of such a 

crosshatch pattern is due to the strain relaxation in compressively strained 

heterostructures with hexagonal lattice via dislocation slip on <11-23>{11-22} systems 

towards the interface. As a result, dislocation lines running along <1-100> with a 

Burgers vector of a+c or 1/3<11-23> are expected, which were also observed here by 

TEM images [28]. The contrast for the crosshatch pattern is mainly due to 

preferential growth along the dislocation line on the steps formed during <11-23>{11-

22} slips, which could indicate alteration in growth dynamics. In contrast to what 

was observed in fig 2 (b-e), fig 2a does not show any evidence of the misfit 

dislocation pattern, as sample dA, whose In% is below 17%, can be considered fully 

strained. The root mean square surface roughness has been extracted and plotted as 

a function of indium content in Figure 2f. The roughness increases with the indium 

content in correlation with the increase in the underlying crosshatch pattern density. 

In the roughness estimation, features of higher height, most likely related to indium 

droplets or localized In-rich InxGa1-xN overgrowth regions, were not accounted for. 

The results reported here clearly show the important role of dislocations in strain 

relaxation and the impact of In on the degradation of the morphological properties 

of the layers. 

3.1.2 Undoped InxGa1-xN layers (x<0.18): low- and high-density V-defects 
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Surface electronic properties were analysed by KPFM, as the detection of 

work function variation could provide insight into alloy inhomogeneity, band 

bending and surface charge state and distribution. It was implemented on the as-

grown undoped sample (uG) straight after its growth without following any surface 

treatment (for example, native oxide etch). The analysis broadly categorized V-

defects into two types; the ones that are related to underlying threading dislocations 

with a higher density (HD) and the others occurring with a lower density (LD). As 

seen in the figures 3a and b, they are both associated with positive CPD variation 

across their cores forming a peak (HD V-defect is indicated by green arrow, LD V-

defect by blue arrow in the figure), but they can be distinguished from the difference 

in the CPD values. This is evidently depicted in the CPD and height profiles 

comparison across the two types of V-defects in figure 3c. For the HD V-defects 

occurring with an aerial density ~2x108 cm-2, net CPD increase at the core on average 

is around 20 mV and for the LD V-defects with density ~ 1x106 cm-2, it can go as high 

as 0.24 V. An aerial density in the order of 8/cm2 reflects the first type of V-defects 

(HD V-defects) are associated to TDs, which were also confirmed by TEM analyses,  

[29]. However, the source of second type of V-defects (LD V-defects) whose density 

is two order of magnitude lower, remains unclear. For a better clarity over the 

distribution of LD V-defects, CPD map over a scan area of 20x20 µm2 is presented in 

figure 4a. Very importantly, the positive CPD variation across V-defects, which 

correspond to a negative variation of the work function, here suggests negatively 

charged space charge region across the underlying TDs or its core. This could be an 

evidence of positively charged core of V-defects in n-type III-nitrides. Even though it 

is commonly accepted that extended defects like dislocations are negatively charged 

in n-type GaN and positively charged only in p-type GaN [30], our observations can 

be understood considering a huge polarization field at InxGa1-xN/GaN interface and 

thin InxGa1-xN layer which have implications on the position of the Fermi level. For 

undoped heterostructures, in the absence of screening, the Fermi level is very close 

to the valence band and could even go below the valence band near the interface, 
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making the neighboring region in InxGa1-xN heavily or degenerate p-type. This 

renders the formation of donor vacancies, such as VN, highly favorable including at 

the dislocation core, thus making it positively charged. This is only true for the lower 

segment of the V-defect (i.e. dislocation) present exclusively in InxGa1-xN close to the 

interface while GaN remains depleted near the interface.  

A rough estimation of the dimension of TD segment in a V-defect in InxGa1-xN 

layer can be done: with the diameter of V-defects opening at the surface in the range 

of 50-60 nm as measured by AFM and with the InxGa1-xN layer thickness of 50nm, 

their expected dislocation segment length is very small, lTD,InGaN ~ 1 to 7 nm . We also 

noted that any surface treatment (HCl, 2%HF or Aqua regia) for oxide etch resulted 

in the widening of the V-defect because of the preferential etching of semi-polar 

facets of V-defects, reducing lTD,InGaN even further with most of the lengths being 

reduced to 0 nm. After the oxide etch step, this positive CPD contrast related to V-

defect was not observed anymore, which could be ascribed either to the diffusion of 

negatively charged ions (Cl- or F-) to the core or to the etching of a significant part of 

the dislocation in InxGa1-xN layer. This is visible in the surface morphology in figure 

3d and in the height profile across one of the V-defects. However, KPFM analysis 

instead showed negatively charged V-defects for such treated-surfaces. This is 

evident from the CPD map in figure 3e, where for each V-defect a significant local 

drop in CPD forming dark spots is seen, but with varying magnitudes. Across one 

such V-defect, a net CPD drop of ~130 mV dispersed over ~380 nm is measured in 

the CPD profile (figure 3e). We attribute this to be the sign of widely accepted 

negatively charged dislocation in n-type GaN. 

The positively charged high-density and low-density V-defects were observed 

only in sample uG. As-grown sample uF with lower indium concentration exhibited 

HD V-defects with no distinguishable contrast in CPD map and LD defects with 

higher CPD values, where the latter type of defects were associated to trench-like 

defects (encircled in topography/CPD map presented in fig. 4b/c) instead of V-shape 
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defects unlike sample uG. The HD V-defects appeared negatively charged only after 

chemical treatment. 

3.1.3 Doped InxGa1-xN layers (0.19≤x ≤0.22): Low density V-defects 

In addition to MDs for doped sample dB, defects with a density of ~ 1x106 cm-2 

(estimated over 40x40 µm2) were clearly detected in the CPD map as patches with 

dark contrast (fig. 4f). Magnified topography centered over such defects in fig. 4g 

reveals them to be localized over microscale circular regions (referred to as “ring-like 

defect” from here onwards) with diameters up to ~500 nm and are associated to a net 

drop in CPD value of 0.22 to 0.25 V at the core. As shown in fig 4g, this ring-like 

defect constitutes a well-defined ring structure elevated in Z height by ~2.7 nm and 

encloses a V-pit at its center. The broad radial CPD dispersion extending by more 

than 2 µm from its core suggests these defects are negatively charged. This behavior 

is reasonable for extended defects acting as electron acceptors for a heavily doped n-

type InxGa1-xN layer. As sample dB has a high In-content (19%), ring-like structure 

could be due to a local increase of indium content leading to enhanced growth over 

pre-existing defects of the GaN template. Though both increase in electron affinity at 

the V-defect {1-101} facets [[31]] and enhanced indium-inclusion in ring-like defect 

could as well lead to a higher work function [32], their impact on work function 

spatial distribution around the defect is expected to be localized and limited within 

the spatial resolution of the measurement technique itself. It is important to note that 

one must be careful in considering such an increase in the work function equivalent 

to the spontaneous energy barrier formation due to enhanced indium inclusion often 

reported for InxGa1-xN/GaN super lattice at V-defects [33][34]. 

To gain physical insight on the origin of LD defects, GaN template used in the 

growth of these heterostructures was investigated. Its surface morphology also 

shows LD V-defects with a density in the range 0.7-1.5x 106 cm-2 (estimated on area 

400 - 3600 µm2) with diameter varying between 280 to 410 nm (see figure 4h). The 

density and diameter obtained here are in very good agreement with the ring-like 

defect in the doped sample. In addition, KPFM analysis also associates these V-
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defects with CPD lower than 0.7 V on average with respect to its surrounding (figure 

4i), suggesting them to be negatively charged as well. These V-shape defects are 

most likely to be formed over underlying nano-pipes [35] and/or wide open-core 

screw dislocations, which are commonly occurring defects in GaN buffer  

[36][37][38]. In our previous work, we as well observed evidence of nanopipes in the 

GaN template used for growth of undoped InxGa1-xN layer in the TEM analysis, 

however, their density assessment was not possible [29]. Similar low-density values 

for screw dislocations were obtained by Massabuau et al. in InxGa1-xN(x=0.08)/n-GaN 

heterostructures[39]. 

The CPD contrast is prominent at ring-like defects only in the case of heavily 

doped n-type InxGa1-xN case, this could be due to Fermi-level pinning at these 

defects acting as electron traps. Due to low interface polarization charge density 

arising from strain relaxation via formation of misfit dislocation, n-type free carriers 

diffuse from heavily doped InxGa1-xN layer into GaN buffer and get trapped at 

nanopipes/dislocation cores, thus rendering them negatively charged. This leads to a 

local upward band bending in GaN at the interface and subsequently to a lower CPD 

around these defects, as observed.  

Comparing figures 4a, c, f and i, which are at the same scale of 20x20 µm2, 

KPFM contrast analysis clearly shows local regions with a comparable density 

corresponding to higher CPD values in undoped InxGa1-xN layers at LD V-defects 

and at trenches (fig 4a,c), and with lower CPDs at ring-like defects in doped InxGa1-

xN and at nanopipes in GaN buffer layer (fig 4f,i). The formation mechanism of such 

defects would require a deep structural investigation by TEM. However, this study 

is significantly hindered by the fact that these defects occur with a very low density. 

Based on our statistical comparison done through surface morphology assessment 

and KPFM contrast analysis, one may link the origin of these peculiar defects (LD V-

shape defects, trenches and even ring-like defects) to the presence of underlying 

nanopipes in GaN template. 
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3.1.4 Undoped and heavily doped InxGa1-xN layers (x≥18%): Formation of 

misfit dislocations 

Irrespective of the doping, misfit dislocations start to appear at the interface as In 

concentration exceeded beyond 18% in InxGa1-xN for the same nominal thickness of 

50 nm. Samples with misfit dislocations are shown in figures 4d-f. Figures 4d and 4e 

show 20 µm x 20 µm2 topography and CPD maps, respectively, for the undoped 

sample uH. The crosshatch patterns forming misfit dislocations are clearly visible in 

both types of maps. For the Si doped sample dB, while the morphological pattern 

related to the MD network is present similar to the undoped case, only negligible 

CPD changes appear across the MDs in the CPD map (in figure 4f) unlike in sample 

uH. Therefore, in doped InxGa1-xN layers, MDs do not create any clear contrast in 

CPD maps. We can relate this effect to the presence of a high carrier density (in our 

case, 7x1018 – 9x1019 cm-3, as shown in table 1), which is comparable to (as in samples 

dA and dB) or significantly higher than (as in samples dC-dE)  the reported Mott 

density of ~1019 cm-3 in GaN [13]. Such high carrier density in doped InxGa1-xN layers 

is enough to screen the potential induced by the polarization charge at the interface 

irrespective of the presence or absence of misfit dislocations. Hence, the surface 

barrier height over the underlying MD does not strictly depend on the interface 

charge density and results in a poor contrast in the KPFM image.  

3.2 Surface Photovoltage Spectra. 

The Si doped InxGa1-xN/GaN samples reported in Table 1 have been investigated by 

SPV spectroscopy. Figure 5a shows the SPV spectra (raw data) of the doped layers, 

for different doping level and In content. The spectra have been acquired from the 

front side of the samples while the backside was grounded. As the most relevant 

features in an SPV spectrum occur at the energy corresponding to the band gap [23], 

we can relate the two main features of each spectrum in Figure 4a to the InxGa1-xN 

and GaN energy gaps at lower and higher energies, respectively. The SPV spectra 

show that InxGa1-xN bandgap decreases for increasing In%, ranging approximately 

from 2.6 to 2.9 eV; whereas the GaN related peak is located at 3.4 eV for all the 
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samples. The values of the InxGa1-xN band gap extracted by the SPV spectra are 

shown as pink stars in Figure 5b, and they are compared with previous reported 

results [40] and calculated Vegard’s law with different bowing parameters. The band 

gap values are in agreement with ref [24] mostly with a bowing parameter    .  

The acquisition of all the spectra has been carried out with equal photon intensities, 

thus the comparison between the spectra shows that the intensity of the SPV 

measured at the InxGa1-xN gap threshold decreases when the Si doping level 

increases, implying that the charge injection and collection efficiency degrades for 

high doping level. The large electron density of the highly doped layers (around 1020 

cm-3) promotes recombination with photo-generated holes, decreasing the overall 

signal. 

In addition to the band-gap related features, the spectra in Fig. 5a show a drop of the 

signal around 3.3 eV, which deepens with higher Si doping. The least magnitude of 

the drop is seen for sample dA with lowest Si doping concentration and without 

MDs. The decrease of the SPV signal at photon energies just above the InxGa1-xN 

band gap can be related to an interface recombination effect. As shown in Fig. 1a, the 

inverse of the absorption coefficient, which equals the light penetration depth, 

decreases for above band gap energies; thus, in this spectral region the SPV signal is 

related to recombination phenomena at the interface [20]. Therefore, high Si doping 

corresponds to a higher interface recombination rate, as Si incorporation induces 

active interface recombination centers. Moreover, both indium content and silicon 

doping affect the steepness of the InxGa1-xN gap- related increase. An ideal peak 

should be a step function that rises precisely at the energy of the bandgap. In real 

spectra, the signal increases more gradually with a certain slope. This slope can be 

attributed to the formation of Urbach tails due to a disordered structure [20]. In Fig. 

5a, it is visible that the slope decreases as both Si doping and In content increases; 

indeed, the increment of both elements concentration creates more defects, indium 

statistical fluctuation or alloy disorder [41],[22] and phase separation [42]  leading to 

a more pronounced Urbach tails.  
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For comparison, normalized SPV spectra of the undoped InxGa1-xN/GaN samples uF 

and uH, without and with misfit dislocations, respectively, are reported in Fig. 6a. 

Similar to the doped samples spectra, the band gap related features at 3.4 eV (GaN) 

and in the range varying from 2.7 eV to 2.85 eV (InxGa1-xN) for both samples are 

visible in the spectra. However, the signals appear quite different in the transition 

range between the two gaps, which corresponds to the interface region. Indeed, a 

dip occurs in the sample uH at around 3.3 eV. The dip could be related to 

recombination processes occurring at the InxGa1-xN/GaN interface induced by MDs, 

while the SPV spectrum of the sample without MDs (uF) does not show a similar 

drop as in sample dA with least Si doping. Another feature appears in both samples 

in the form of a band at around 2.2- 2.4 eV in the spectra of Fig 6a. The same feature 

appears in the SPV spectra in fig 6b, where scans acquired from different spots on 

the surface of the GaN template are shown. This feature must be related to the 

yellow band transition (YB) which is very common in GaN and widely reported in 

literature and is associated to defects present near the surface [43]. It is interesting to 

note that this transition is not visible in the SPV spectra of the doped samples (fig. 5). 

This further strengthens our claim of high Si doping and strain induced 

recombination centers at the interface. 

 

4. Discussion and Conclusions. 

 

We have investigated Misfit dislocations, threading dislocations, V defects and 

interfaces in InxGa1-xN/GaN heterostructures by surface potential maps and spectra. 

As mentioned in the introduction section, while these extended defects have been 

intensively studied through structural investigation, their electron-hole 

recombination mechanisms are still quite debated. These mechanisms play a major 

role in current transport and device reliability. We summarize in the following the 

main results achieved, highlighting the role of In concentration and doping on the 

defect characteristics: 
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 The present analysis has allowed us to detect two categories of V-defects in 

InxGa1-xN/GaN heterostructures appearing in different densities (Low and 

High, LD, and HD) 

 In undoped InxGa1-xN/GaN heterostructures, KPFM maps shows that HD V 

defects, corresponding to threading dislocations are positively charged, 

contrary to what is known for bulk n-type GaN. This is most likely to be due 

to the position of the Fermi-level of the InxGa1-xN layer near the interface with 

GaN, which is very close to the valence band.  

 In partially relaxed InxGa1-xN layers, as observed by KPFM, misfit 

dislocations are associated to a local drop in work function values, thus MDs 

create potential wells where electron-hole recombination phenomena are 

enhanced. The effect of misfit dislocations in the enhancement of electron – 

hole recombination at the InxGa1-xN/GaN heterointerface is also observed by 

SPV spectra. WF drops at MDs are not revealed by KPFM in highly Si doped 

samples due to the effect of doping-induced screening. 

 LD V-defects appear in AFM and KPFM maps as ring-like defects, likely 

related to nanopipes in the GaN buffer, they are associated to an increase in 

the WF values, which in turn creates a potential barrier for mobile charges. 

This result could explain why V-defects can have beneficial effects in InxGa1-

xN: they can prevent electron-hole recombination, resulting in the 

enhancement of InxGa1-xN based LED efficiency, as reported by ref [10]. 

 High Si doping concentration enhances the recombination at the hetero-

interface and decreases the efficiency in mobile charge separation, as shown 

by SPV spectra. Lower spreading resistance in the regions around MDs 

suggest either preferential Si incorporation or improved dopant activation. 

High In% and Si doping levels also lead to an increase of roughness and 

alloy-disorder which results in large Urbach tails. Misfit dislocations as well 

promote local crystal disorder increasing Urbach tails. 
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 The energy gap of InxGa1-xN has been determined as a function of the In%. 

The results agree with the Vegard’s law with a bowing parameter close to 1. 

By summarizing, very high In and Si concentrations play a major role in increasing 

crystal disorder and interface recombination. The doping level also affect the charge 

state of the defect.  

The results here presented we have contributed to the clarification of defects 

induced carrier recombination mechanisms in InxGa1-xN/GaN heterostructures.  
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Figure Captions 

 

Figure 1. a) Measured InxGa1-xN absorption coefficient   (blue curve) and penetration 

depth     (black curve) vs. photon energy. b) Band simulations at the InxGa1-

xN/GaN interface for doped sample dA (In content 14%, fully strained) and 

doped sample dB (In content 19%, relaxed). 

Figure 2. Morphology maps of Si doped InxGa1-xN/GaN samples a) dA, 14% In, b) dB, 

19% In c) dC, 22.0% In d) dD 19.3% In and e) dE 19.3% In. f) Roughness 

extracted from the morphology maps. The orange curve is a guide for the eye. 

Figure 3. Surface morphologies (a, d) and their corresponding CPD maps (b, e) of the 

as-grown and oxide-etched undoped sample uG, respectively. (c, f) Similarly, 

height and CPD profiles across three V-defects (two HD V-defects indicated in 

green arrow and 1 LD V-defect in blue) for as-grown and a single V-defect for 

as-grown and oxide-etched sample. Two LD and one HD V-defects are 

encircled as well for better clarity. The height profile does not pass through the 

second HD V-defect and therefore it is not indicated in green arrow. 

Figure 4. Comparative CPD maps over 20x20 µm2 scan area of undoped samples uG 

(a) and uF (c) without MDs, and uH (e) with MDs, doped sample dB (f) and 

GaN template used for growth (i). Respective topographies (b, d, h) displayed 

on the left of the CPD maps (c, e, i) correspond to samples uF, uH and GaN 

template. GaN morphology shows small V-pits and large V-pits. The small V-

pits are indicated by green arrows. (g) Surface morphology (left), CPD map 

(right) and CPD/Height profiles across a ring-like defect indicated in dashed 

line. MD line directions along the three <1-100> directions are indicated in (d) 

and (f). 

Figure 5. a) SPV spectra acquired by Xe lamp of Si doped InxGa1-xN/GaN samples 

(see Table 1) from front of the structure. b) Calculated energy gap values of 

InxGa1-xN layers for different bowing parameters (lines) and our new results 

(pink stars) compared with earlier reported results in: [44][45][46][40][24]. 
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Figure 6. a) Normalised spectra of samples uH (black line) and uF (orange line) as a 

function of photon energy. b) GaN buffer layer normalised spectra acquired in 

different spots of the surface. 
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Abstract 

We have analysed electrical properties of extended defects and interfaces in fully 

strained and partially relaxed InxGa1-xN/GaN heterostructures by means of Kelvin 

probe force microscopy and surface photovoltage spectroscopy. The study highlights 

the role of indium incorporation and Si doping levels on the charge state of extended 

defects including threading dislocations, V defects and misfit dislocations. Surface 

potential maps reveal that these defects are associated with a different local work 

function and thus could remarkably alter electron-hole recombination mechanisms 

of InxGa1-xN/GaN layers locally. Surface photovoltage spectra clearly demonstrate 

the role of misfit dislocations and high Si-doping level on interface recombination 

process. The interplay between Si doping level and In% on the electronic properties 

of the extended defects has been also clarified.  

 

1. Introduction 

 

III-Nitride alloys uniquely offer tuning of their bandgap from infra-red (0.7 eV) to 

ultra-violet (6.1 eV) as well as strong anisotropic polarization reaching as high as 

0.081 C/m2. Thanks to their high thermal and mechanical stability, AlxGa1-xN and 
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(low-indium content) InxGa1-xN based optoelectronic devices have already 

approached commercial applications. While white, blue and ultra-violet light 

emitting diodes (LEDs) are well-known examples [1], AlGaN/GaN based high 

electron mobility transistors [2] are considered serious contenders for replacing 

vacuum tubes in radio-frequency (RF) electronics for multitude of applications. 

Apart from light emitting applications, InxGa1-xN-based structures might as well be 

highly promising for THz detection based on inter-subband absorption in the 

quantum wells and for multijunction solar cells in tandem with Si [3]. However, 

special attention towards the material characteristics is required, as fundamental 

material issues still need to be understood and resolved. 

Due to the large mismatch in their lattice constants and thermal coefficient with 

respect to the commonly used growth substrates (Sapphire Al2O3, Si(111) and 

SiC(0006)), generation of extended defects which accommodate lattice and thermal 

strain is unavoidable [4]. As a result, the most commonly occurring defects include 

misfit dislocations (MDs), threading dislocations (TDs), stacking faults (SFs), 

stacking mismatch boundaries, inversion domain boundaries, and others. While not 

being limited to the substrate, also the strain arising in ternary alloys, especially 

InxGa1-xN and InxAl1-xN grown on mismatched GaN buffer layer, results in formation 

of V-defects and SFs, phase separation, chemical ordering etc. The most common 

type of V-defects or inverted pyramidal structures in nitrides, i.e. the ones that 

terminate the threading dislocations at the surface, have been deeply investigated 

before for both ternary alloys [5]. Stacking mismatch boundaries have also been 

reported. In these defects, the proximity of similar V-defect structures form 

characteristic trenches resulting in local strain relaxation. [6]. The primary 

mechanism of strain relaxation in hexagonal systems is, however, through 

dislocation glide on slip system. In the absence of net shear force in biaxially strained 

InxGa1-xN layers, dislocation glide is only active for the two pyramidal slip systems, 

<11-23>{11-22} and <1-101>{1-102} [7], favorably for the former resulting in the 
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formation of a trigonal misfit dislocation network at the InxGa1-xN /GaN interface or 

the crosshatch pattern [8].  

While these extended defects have been intensively studied through structural 

investigation, their role in electron-hole recombination mechanisms is still quite 

debated. These mechanisms play a major role in current transport and have a 

relative impact on device reliability and device electrical and optical properties. To 

cite some examples, the insertion of an InxGa1-xN/GaN superlattice with a lower In 

content before the growth of InxGa1-xN/GaN multiple quantum wells (MQWs) is 

known to increase the efficiency of LEDs; however the actual mechanism is still not 

completely clear [9]. The beneficial effect of this buffer layer has been attributed to its 

ultralow TD density; it enables the capability of this layer to relax strain due to the 

absorption of MDs in a region within few nanometers from the interface, leading to a 

high-quality overlying GaN epilayer [10]. Cathodoluminescence and Raman 

measurements have demonstrated that the potential barrier formed by V-pits during 

the low-temperature growth of InxGa1-xN/GaN superlattice dramatically increases 

the internal quantum efficiency of InxGa1-xN quantum wells by suppressing non-

radiative recombination at TDs [11]. Thus, a controlled amount of TDs and V-pits 

seems to play a beneficial role in the enhancement of LED efficiency [12]. The picture 

is even more complex in solar cells. Up to now the experimentally obtained 

efficiency is lower than the expected one, likely due to charge localization 

phenomena induced by native polarization effects [13] and strain-generated defects 

in In-containing nitride heterostructures. 

The study of electron-hole recombination at dislocations is therefore of major 

importance to understand the mechanisms that could result in efficiency 

improvement of III-N based devices. 

Surface band bending and recombination properties due local defects, space charge 

regions and surface states have been previously explored in (Al,GaN) using Kelvin 

probe force microscopy (KPFM) and surface photovoltage spectroscopy [14][15][16].    
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In the present contribution we focus on threading dislocations, V-defects and misfit 

dislocations in InxGa1-xN/GaN heterostructures with varying In concentrations and 

different Si doping level. Using these techniques, we will clarify the role of extended 

defects on electron-hole recombination mechanisms through a correlative surface 

potential and surface photovoltage spectroscopy study.  

  

2. Experimentals 

We have investigated two sets of InxGa1-xN(50 nm)/GaN(3 µm) heterostructures 

epitaxially grown on sapphire, one Si doped, labelled d-, the other nominally 

undoped, labelled u. Indium concentration has been varied in order to cover both 

fully strained and partially relaxed layers.  

All the layers have been grown by AIXTRON Metal Organic Chemical Vapour 

Deposition Close-Coupled Showerhead reactor. The structural details, indium 

concentration and carrier density for Si-doped samples are listed in Table 1, while 

the deposition details are reported elsewhere [17]. Indium content has been extracted 

by applying Vegard’s law to high-resolution X-ray powder diffraction (XRD) 

analysis, while the carrier density of the layers has been evaluated by 

electrochemical capacitance-voltage measurements (ECV). ECV was preferentially 

employed due to the difficulty in fabricating Schottky contacts on In-rich InxGa1-xN 

layers with high density of n-type doping [18]. 

Surface potential is measured locally by KPFM within an atomic force microscope 

(AFM) operating in tapping mode [19]. KPFM allows for two-dimensional mapping 

with resolution in the nanometer range of the contact potential difference (CPD) 

between a conductive tip and the sample. When the tip oscillates, in addition to the 

atomic force, a long-range electrostatic force exists between the tip and sample, 

which is determined by the CPD between them. This force is detected by applying 

an ac voltage to the tip and using a lock-in amplifier. The electrostatic force is 

nullified when the CPD is completely compensated by a dc voltage applied to the tip. 

In this case, the CPD is equal to the applied dc voltage. 
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Surface Photovoltage spectra is measured by using a MIS (Metal Insulator 

Semiconductor) structure. The surface of a semiconductor, due to the presence of 

surface related –charged defect states, contains uncompensated impurities which 

creates a space charge region. Under optical excitation, photo generated excess 

carriers redistribute within the surface or the bulk, creating a change in the surface 

potential. The SPV is defined as the illumination induced change of the surface 

potential, its variation as a function of the impinging photon energy allows for the 

extraction of absorption –related electronic transitions. [20]. 

Table 1.  

Table 1. In-concentration, free carrier densities, defects in Si-doped (d) and nominally undoped (u) 

InxGa1-xN/GaN heterostructures. In the last column the detection of misfit dislocations (MDs) at the  

InxGa1-xN/GaN interface through the observation of trigonal network in 5x5 µm2 morphology is 

assessed. 

 

Sample In 

(%) 

Carrier density 

 ( 1018 cm-3) 

Si doping 

(undoped, Low, 

Medium, High) 

MDs 

dA 14.0 7 L Si no 

dB 19.0 10 L Si yes 

dC 22.0 40 M Si yes 

dD 19.3 90 H Si yes 

dE 19.3 90 H Si yes 

uF 15.6 - undoped no 

uG 16.3 - undoped no 

uH 18.0 - undoped yes  

 

Indium percentage in the Si-doped InxGa1-xN top layers ranges from 14% to 

22%, where the n-type carrier density differs in all the layers. Here, the samples are 

labelled in alphabetical order showing increasing carrier density. The samples with 

indium content lower than 17% are fully strained heterostructures and present no 

evidence of misfit dislocations at the interface. The InxGa1-xN layer thickness here is 

strictly below the critical thickness, as concluded by following the analytical 
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modelling from ref. [21] on strain relaxation through a pyramidal slip system on 

InxGa1-xN/GaN heterostructures.  In a previous report [22], it has been demonstrated 

by geometric phase analysis of the InxGa1-xN/GaN interface that they indeed exhibit a 

fully strained pseudomorphic structure. Meanwhile, the samples with In-content 

above 17% are considered as a partially-relaxed matrix and a variety of lattice defects, 

including misfit dislocations, trenches etc., have been observed in topography and in 

transmission electron microscopy (TEM) analysis. 

In order to study the electrical properties of extended defects in terms of local 

surface band bending representing their donor/acceptor behaviour, the surface work 

function (WF) was mapped over the different samples by measuring the contact 

potential difference (CPD) by Kelvin probe force microscopy (KPFM). Here, CPD is 

defined as  

                                   (1) 

where   represents the absolute value of the electronic charge. It must be noted that 

the changes in CPD and work function are of opposite sign here. 

Double-pass topography and Amplitude modulation-KPFM measurements 

were performed in tapping mode. For each scan-line the height profile is obtained in 

the first pass keeping amplitude constant through a Z-piezo feedback and the latter 

is implemented in the second pass, as the AFM tip lifts away from the sample 

surface by Δz (several nanometres) following the previously obtained height profile. 

An AC bias of 1.5 V at the resonance frequency of the cantilever was used to excite 

the electrical signal in the second pass, which was nullified by the DC bias servo 

feedback. Commercial diamond coated Si probes with a resonance frequency of ~210 

kHz and a spring constant of ~72 N/m were used. The measurements were 

performed in air in NT-MDT pro Solver 47. 

 

Absorption related electronic transitions in InxGa1-xN/GaN samples have been 

determined by surface photovoltage (SPV) spectroscopy measurements. SPV spectra 

have been acquired using the laboratory-made apparatus described in ref [23] based 
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on a 500M SPEX spectrometer, a pre-amplifier and an SRS lock-in amplifier, while 

the measurement is controlled by a LabView-based software. A Xe lamp has been 

used to inject photons. As the impinging photon flux varies as a function of the 

wavelength, the SPV raw data (SPVraw) have been normalized to the photon flux Φ 

measured by a pyroelectric sensor and plotted as a function of the photon energy hυ 

as follows: 

        
      
 

   
  (2) 

The penetration depth of the photon beam within the samples can be estimated as  

   , where   is the absorption coefficient and it varies as a function of the photon 

energy. Experimental values of    (red curve) and      (black line) of InxGa1-xN as a 

function of the photon energy, obtained by ellipsometry measurements  [24], are 

shown in fig. 1a. It can be noticed that, for photon energies                 

becomes lower than 100 nm, thus photon absorption occurs mainly in the InxGa1-xN 

top layer, whose thickness is  50 nm; when          , absorption occurs mainly at 

the InxGa1-xN/GaN interface; while, when          , absorption takes place mainly 

in the GaN buffer layer, thus in this spectral range SPV measurements are sensitive 

to defect-related electronic transitions in the GaN buffer layer.  

 

3. Results 

 

3.1 Surface potential maps. 

3.1.1 Surface Morphology.  

The band structure of the InxGa1-xN/GaN interface of Si-doped set has been 

simulated by numerically solving self-consistently Schrödinger-Poisson equations 

(NEXTNANO software [25]), with InxGa1-xN and GaN offsets extracted from 

literature [26]. Fig 1b shows the band simulation for samples dA and dB, where 

sample dB is shown as representative as for all the other samples of this set, as they 

show similar simulated band diagrams. The difference between the band diagrams 
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of dA and dB is related to the fact that dA is the only fully strained sample, while the 

others are partially relaxed (see Table 1). Similar results have been obtained by the 

authors of ref  [27]. A higher surface barrier height is obtained for fully strained 

structure and should be related to the strain-induced negative piezoelectric 

polarization charge density (as high as 2x1013 e/cm2) at the interface, which widens 

the depletion layer. 

Figure 2 (a-e) shows the surface morphology over a 5x5 µm2 scan area for Si 

doped samples (from dA to dE) with different indium contents. In all the maps, 

apart from sample dA (fig 2a), lines running across each other at 60°are clearly 

visible, and from our analysis they are related to misfit dislocations at the interface 

creating a crosshatch pattern parallel to the surface [28]. Occurrence of such a 

crosshatch pattern is due to the strain relaxation in compressively strained 

heterostructures with hexagonal lattice via dislocation slip on <11-23>{11-22} systems 

towards the interface. As a result, dislocation lines running along <1-100> with a 

Burgers vector of a+c or 1/3<11-23> are expected, which were also observed here by 

TEM images [28]. The contrast for the crosshatch pattern is mainly due to 

preferential growth along the dislocation line on the steps formed during <11-23>{11-

22} slips, which could indicate alteration in growth dynamics. In contrast to what 

was observed in fig 2 (b-e), fig 2a does not show any evidence of the misfit 

dislocation pattern, as sample dA, whose In% is below 17%, can be considered fully 

strained. The root mean square surface roughness has been extracted and plotted as 

a function of indium content in Figure 2f. The roughness increases with the indium 

content in correlation with the increase in the underlying crosshatch pattern density. 

In the roughness estimation, features of higher height, most likely related to indium 

droplets or localized In-rich InxGa1-xN overgrowth regions, were not accounted for. 

The results reported here clearly show the important role of dislocations in strain 

relaxation and the impact of In on the degradation of the morphological properties 

of the layers. 

3.1.2 Undoped InxGa1-xN layers (x<0.18): low- and high-density V-defects 
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Surface electronic properties were analysed by KPFM, as the detection of 

work function variation could provide insight into alloy inhomogeneity, band 

bending and surface charge state and distribution. It was implemented on the as-

grown undoped sample (uG) straight after its growth without following any surface 

treatment (for example, native oxide etch). The analysis broadly categorized V-

defects into two types; the ones that are related to underlying threading dislocations 

with a higher density (HD) and the others occurring with a lower density (LD). As 

seen in the figures 3a and b, they are both associated with positive CPD variation 

across their cores forming a peak (HD V-defect is indicated by green arrow, LD V-

defect by blue arrow in the figure), but they can be distinguished from the difference 

in the CPD values. This is evidently depicted in the CPD and height profiles 

comparison across the two types of V-defects in figure 3c. For the HD V-defects 

occurring with an aerial density ~2x108 cm-2, net CPD increase at the core on average 

is around 20 mV and for the LD V-defects with density ~ 1x106 cm-2, it can go as high 

as 0.24 V. An aerial density in the order of 8/cm2 reflects the first type of V-defects 

(HD V-defects) are associated to TDs, which were also confirmed by TEM analyses,  

[29]. However, the source of second type of V-defects (LD V-defects) whose density 

is two order of magnitude lower, remains unclear. For a better clarity over the 

distribution of LD V-defects, CPD map over a scan area of 20x20 µm2 is presented in 

figure 4a. Very importantly, the positive CPD variation across V-defects, which 

correspond to a negative variation of the work function, here suggests negatively 

charged space charge region across the underlying TDs or its core. This could be an 

evidence of positively charged core of V-defects in n-type III-nitrides. Even though it 

is commonly accepted that extended defects like dislocations are negatively charged 

in n-type GaN and positively charged only in p-type GaN [30], our observations can 

be understood considering a huge polarization field at InxGa1-xN/GaN interface and 

thin InxGa1-xN layer which have implications on the position of the Fermi level. For 

undoped heterostructures, in the absence of screening, the Fermi level is very close 

to the valence band and could even go below the valence band near the interface, 
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making the neighboring region in InxGa1-xN heavily or degenerate p-type. This 

renders the formation of donor vacancies, such as VN, highly favorable including at 

the dislocation core, thus making it positively charged. This is only true for the lower 

segment of the V-defect (i.e. dislocation) present exclusively in InxGa1-xN close to the 

interface while GaN remains depleted near the interface.  

A rough estimation of the dimension of TD segment in a V-defect in InxGa1-xN 

layer can be done: with the diameter of V-defects opening at the surface in the range 

of 50-60 nm as measured by AFM and with the InxGa1-xN layer thickness of 50nm, 

their expected dislocation segment length is very small, lTD,InGaN ~ 1 to 7 nm . We also 

noted that any surface treatment (HCl, 2%HF or Aqua regia) for oxide etch resulted 

in the widening of the V-defect because of the preferential etching of semi-polar 

facets of V-defects, reducing lTD,InGaN even further with most of the lengths being 

reduced to 0 nm. After the oxide etch step, this positive CPD contrast related to V-

defect was not observed anymore, which could be ascribed either to the diffusion of 

negatively charged ions (Cl- or F-) to the core or to the etching of a significant part of 

the dislocation in InxGa1-xN layer. This is visible in the surface morphology in figure 

3d and in the height profile across one of the V-defects. However, KPFM analysis 

instead showed negatively charged V-defects for such treated-surfaces. This is 

evident from the CPD map in figure 3e, where for each V-defect a significant local 

drop in CPD forming dark spots is seen, but with varying magnitudes. Across one 

such V-defect, a net CPD drop of ~130 mV dispersed over ~380 nm is measured in 

the CPD profile (figure 3e). We attribute this to be the sign of widely accepted 

negatively charged dislocation in n-type GaN. 

The positively charged high-density and low-density V-defects were observed 

only in sample uG. As-grown sample uF with lower indium concentration exhibited 

HD V-defects with no distinguishable contrast in CPD map and LD defects with 

higher CPD values, where the latter type of defects were associated to trench-like 

defects (encircled in topography/CPD map presented in fig. 4b/c) instead of V-shape 
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defects unlike sample uG. The HD V-defects appeared negatively charged only after 

chemical treatment. 

3.1.3 Doped InxGa1-xN layers (0.19≤x ≤0.22): Low density V-defects 

In addition to MDs for doped sample dB, defects with a density of ~ 1x106 cm-2 

(estimated over 40x40 µm2) were clearly detected in the CPD map as patches with 

dark contrast (fig. 4f). Magnified topography centered over such defects in fig. 4g 

reveals them to be localized over microscale circular regions (referred to as “ring-like 

defect” from here onwards) with diameters up to ~500 nm and are associated to a net 

drop in CPD value of 0.22 to 0.25 V at the core. As shown in fig 4g, this ring-like 

defect constitutes a well-defined ring structure elevated in Z height by ~2.7 nm and 

encloses a V-pit at its center. The broad radial CPD dispersion extending by more 

than 2 µm from its core suggests these defects are negatively charged. This behavior 

is reasonable for extended defects acting as electron acceptors for a heavily doped n-

type InxGa1-xN layer. As sample dB has a high In-content (19%), ring-like structure 

could be due to a local increase of indium content leading to enhanced growth over 

pre-existing defects of the GaN template. Though both increase in electron affinity at 

the V-defect {1-101} facets [[31]] and enhanced indium-inclusion in ring-like defect 

could as well lead to a higher work function [32], their impact on work function 

spatial distribution around the defect is expected to be localized and limited within 

the spatial resolution of the measurement technique itself. It is important to note that 

one must be careful in considering such an increase in the work function equivalent 

to the spontaneous energy barrier formation due to enhanced indium inclusion often 

reported for InxGa1-xN/GaN super lattice at V-defects [33][34]. 

To gain physical insight on the origin of LD defects, GaN template used in the 

growth of these heterostructures was investigated. Its surface morphology also 

shows LD V-defects with a density in the range 0.7-1.5x 106 cm-2 (estimated on area 

400 - 3600 µm2) with diameter varying between 280 to 410 nm (see figure 4h). The 

density and diameter obtained here are in very good agreement with the ring-like 

defect in the doped sample. In addition, KPFM analysis also associates these V-
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defects with CPD lower than 0.7 V on average with respect to its surrounding (figure 

4i), suggesting them to be negatively charged as well. These V-shape defects are 

most likely to be formed over underlying nano-pipes [35] and/or wide open-core 

screw dislocations, which are commonly occurring defects in GaN buffer  

[36][37][38]. In our previous work, we as well observed evidence of nanopipes in the 

GaN template used for growth of undoped InxGa1-xN layer in the TEM analysis, 

however, their density assessment was not possible [29]. Similar low-density values 

for screw dislocations were obtained by Massabuau et al. in InxGa1-xN(x=0.08)/n-GaN 

heterostructures[39]. 

The CPD contrast is prominent at ring-like defects only in the case of heavily 

doped n-type InxGa1-xN case, this could be due to Fermi-level pinning at these 

defects acting as electron traps. Due to low interface polarization charge density 

arising from strain relaxation via formation of misfit dislocation, n-type free carriers 

diffuse from heavily doped InxGa1-xN layer into GaN buffer and get trapped at 

nanopipes/dislocation cores, thus rendering them negatively charged. This leads to a 

local upward band bending in GaN at the interface and subsequently to a lower CPD 

around these defects, as observed.  

Comparing figures 4a, c, f and i, which are at the same scale of 20x20 µm2, 

KPFM contrast analysis clearly shows local regions with a comparable density 

corresponding to higher CPD values in undoped InxGa1-xN layers at LD V-defects 

and at trenches (fig 4a,c), and with lower CPDs at ring-like defects in doped InxGa1-

xN and at nanopipes in GaN buffer layer (fig 4f,i). The formation mechanism of such 

defects would require a deep structural investigation by TEM. However, this study 

is significantly hindered by the fact that these defects occur with a very low density. 

Based on our statistical comparison done through surface morphology assessment 

and KPFM contrast analysis, one may link the origin of these peculiar defects (LD V-

shape defects, trenches and even ring-like defects) to the presence of underlying 

nanopipes in GaN template. 
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3.1.4 Undoped and heavily doped InxGa1-xN layers (x≥18%): Formation of 

misfit dislocations 

Irrespective of the doping, misfit dislocations start to appear at the interface as In 

concentration exceeded beyond 18% in InxGa1-xN for the same nominal thickness of 

50 nm. Samples with misfit dislocations are shown in figures 4d-f. Figures 4d and 4e 

show 20 µm x 20 µm2 topography and CPD maps, respectively, for the undoped 

sample uH. The crosshatch patterns forming misfit dislocations are clearly visible in 

both types of maps. For the Si doped sample dB, while the morphological pattern 

related to the MD network is present similar to the undoped case, only negligible 

CPD changes appear across the MDs in the CPD map (in figure 4f) unlike in sample 

uH. Therefore, in doped InxGa1-xN layers, MDs do not create any clear contrast in 

CPD maps. We can relate this effect to the presence of a high carrier density (in our 

case, 7x1018 – 9x1019 cm-3, as shown in table 1), which is comparable to (as in samples 

dA and dB) or significantly higher than (as in samples dC-dE)  the reported Mott 

density of ~1019 cm-3 in GaN [13]. Such high carrier density in doped InxGa1-xN layers 

is enough to screen the potential induced by the polarization charge at the interface 

irrespective of the presence or absence of misfit dislocations. Hence, the surface 

barrier height over the underlying MD does not strictly depend on the interface 

charge density and results in a poor contrast in the KPFM image.  

3.2 Surface Photovoltage Spectra. 

The Si doped InxGa1-xN/GaN samples reported in Table 1 have been investigated by 

SPV spectroscopy. Figure 5a shows the SPV spectra (raw data) of the doped layers, 

for different doping level and In content. The spectra have been acquired from the 

front side of the samples while the backside was grounded. As the most relevant 

features in an SPV spectrum occur at the energy corresponding to the band gap [23], 

we can relate the two main features of each spectrum in Figure 4a to the InxGa1-xN 

and GaN energy gaps at lower and higher energies, respectively. The SPV spectra 

show that InxGa1-xN bandgap decreases for increasing In%, ranging approximately 

from 2.6 to 2.9 eV; whereas the GaN related peak is located at 3.4 eV for all the 
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samples. The values of the InxGa1-xN band gap extracted by the SPV spectra are 

shown as pink stars in Figure 5b, and they are compared with previous reported 

results [40] and calculated Vegard’s law with different bowing parameters. The band 

gap values are in agreement with ref [24] mostly with a bowing parameter    .  

The acquisition of all the spectra has been carried out with equal photon intensities, 

thus the comparison between the spectra shows that the intensity of the SPV 

measured at the InxGa1-xN gap threshold decreases when the Si doping level 

increases, implying that the charge injection and collection efficiency degrades for 

high doping level. The large electron density of the highly doped layers (around 1020 

cm-3) promotes recombination with photo-generated holes, decreasing the overall 

signal. 

In addition to the band-gap related features, the spectra in Fig. 5a show a drop of the 

signal around 3.3 eV, which deepens with higher Si doping. The least magnitude of 

the drop is seen for sample dA with lowest Si doping concentration and without 

MDs. The decrease of the SPV signal at photon energies just above the InxGa1-xN 

band gap can be related to an interface recombination effect. As shown in Fig. 1a, the 

inverse of the absorption coefficient, which equals the light penetration depth, 

decreases for above band gap energies; thus, in this spectral region the SPV signal is 

related to recombination phenomena at the interface [20]. Therefore, high Si doping 

corresponds to a higher interface recombination rate, as Si incorporation induces 

active interface recombination centers. Moreover, both indium content and silicon 

doping affect the steepness of the InxGa1-xN gap- related increase. An ideal peak 

should be a step function that rises precisely at the energy of the bandgap. In real 

spectra, the signal increases more gradually with a certain slope. This slope can be 

attributed to the formation of Urbach tails due to a disordered structure [20]. In Fig. 

5a, it is visible that the slope decreases as both Si doping and In content increases; 

indeed, the increment of both elements concentration creates more defects, indium 

statistical fluctuation or alloy disorder [41],[22] and phase separation [42]  leading to 

a more pronounced Urbach tails.  
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For comparison, normalized SPV spectra of the undoped InxGa1-xN/GaN samples uF 

and uH, without and with misfit dislocations, respectively, are reported in Fig. 6a. 

Similar to the doped samples spectra, the band gap related features at 3.4 eV (GaN) 

and in the range varying from 2.7 eV to 2.85 eV (InxGa1-xN) for both samples are 

visible in the spectra. However, the signals appear quite different in the transition 

range between the two gaps, which corresponds to the interface region. Indeed, a 

dip occurs in the sample uH at around 3.3 eV. The dip could be related to 

recombination processes occurring at the InxGa1-xN/GaN interface induced by MDs, 

while the SPV spectrum of the sample without MDs (uF) does not show a similar 

drop as in sample dA with least Si doping. Another feature appears in both samples 

in the form of a band at around 2.2- 2.4 eV in the spectra of Fig 6a. The same feature 

appears in the SPV spectra in fig 6b, where scans acquired from different spots on 

the surface of the GaN template are shown. This feature must be related to the 

yellow band transition (YB) which is very common in GaN and widely reported in 

literature and is associated to defects present near the surface [43]. It is interesting to 

note that this transition is not visible in the SPV spectra of the doped samples (fig. 5). 

This further strengthens our claim of high Si doping and strain induced 

recombination centers at the interface. 

 

4. Discussion and Conclusions. 

 

We have investigated Misfit dislocations, threading dislocations, V defects and 

interfaces in InxGa1-xN/GaN heterostructures by surface potential maps and spectra. 

As mentioned in the introduction section, while these extended defects have been 

intensively studied through structural investigation, their electron-hole 

recombination mechanisms are still quite debated. These mechanisms play a major 

role in current transport and device reliability. We summarize in the following the 

main results achieved, highlighting the role of In concentration and doping on the 

defect characteristics: 
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 The present analysis has allowed us to detect two categories of V-defects in 

InxGa1-xN/GaN heterostructures appearing in different densities (Low and 

High, LD, and HD) 

 In undoped InxGa1-xN/GaN heterostructures, KPFM maps shows that HD V 

defects, corresponding to threading dislocations are positively charged, 

contrary to what is known for bulk n-type GaN. This is most likely to be due 

to the position of the Fermi-level of the InxGa1-xN layer near the interface with 

GaN, which is very close to the valence band.  

 In partially relaxed InxGa1-xN layers, as observed by KPFM, misfit 

dislocations are associated to a local drop in work function values, thus MDs 

create potential wells where electron-hole recombination phenomena are 

enhanced. The effect of misfit dislocations in the enhancement of electron – 

hole recombination at the InxGa1-xN/GaN heterointerface is also observed by 

SPV spectra. WF drops at MDs are not revealed by KPFM in highly Si doped 

samples due to the effect of doping-induced screening. 

 LD V-defects appear in AFM and KPFM maps as ring-like defects, likely 

related to nanopipes in the GaN buffer, they are associated to an increase in 

the WF values, which in turn creates a potential barrier for mobile charges. 

This result could explain why V-defects can have beneficial effects in InxGa1-

xN: they can prevent electron-hole recombination, resulting in the 

enhancement of InxGa1-xN based LED efficiency, as reported by ref [10]. 

 High Si doping concentration enhances the recombination at the hetero-

interface and decreases the efficiency in mobile charge separation, as shown 

by SPV spectra. Lower spreading resistance in the regions around MDs 

suggest either preferential Si incorporation or improved dopant activation. 

High In% and Si doping levels also lead to an increase of roughness and 

alloy-disorder which results in large Urbach tails. Misfit dislocations as well 

promote local crystal disorder increasing Urbach tails. 
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 The energy gap of InxGa1-xN has been determined as a function of the In%. 

The results agree with the Vegard’s law with a bowing parameter close to 1. 

By summarizing, very high In and Si concentrations play a major role in increasing 

crystal disorder and interface recombination. The doping level also affect the charge 

state of the defect.  

The results here presented we have contributed to the clarification of defects 

induced carrier recombination mechanisms in InxGa1-xN/GaN heterostructures.  
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Figure Captions 

 

Figure 1. a) Measured InxGa1-xN absorption coefficient   (blue curve) and penetration 

depth     (black curve) vs. photon energy. b) Band simulations at the InxGa1-

xN/GaN interface for doped sample dA (In content 14%, fully strained) and 

doped sample dB (In content 19%, relaxed). 

Figure 2. Morphology maps of Si doped InxGa1-xN/GaN samples a) dA, 14% In, b) dB, 

19% In c) dC, 22.0% In d) dD 19.3% In and e) dE 19.3% In. f) Roughness 

extracted from the morphology maps. The orange curve is a guide for the eye. 

Figure 3. Surface morphologies (a, d) and their corresponding CPD maps (b, e) of the 

as-grown and oxide-etched undoped sample uG, respectively. (c, f) Similarly, 

height and CPD profiles across three V-defects (two HD V-defects indicated in 

green arrow and 1 LD V-defect in blue) for as-grown and a single V-defect for 

as-grown and oxide-etched sample. Two LD and one HD V-defects are 

encircled as well for better clarity. The height profile does not pass through the 

second HD V-defect and therefore it is not indicated in green arrow. 

Figure 4. Comparative CPD maps over 20x20 µm2 scan area of undoped samples uG 

(a) and uF (c) without MDs, and uH (e) with MDs, doped sample dB (f) and 

GaN template used for growth (i). Respective topographies (b, d, h) displayed 

on the left of the CPD maps (c, e, i) correspond to samples uF, uH and GaN 

template. GaN morphology shows small V-pits and large V-pits. The small V-

pits are indicated by green arrows. (g) Surface morphology (left), CPD map 

(right) and CPD/Height profiles across a ring-like defect indicated in dashed 

line. MD line directions along the three <1-100> directions are indicated in (d) 

and (f). 

Figure 5. a) SPV spectra acquired by Xe lamp of Si doped InxGa1-xN/GaN samples 

(see Table 1) from front of the structure. b) Calculated energy gap values of 

InxGa1-xN layers for different bowing parameters (lines) and our new results 

(pink stars) compared with earlier reported results in: [44][45][46][40][24]. 
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Figure 6. a) Normalised spectra of samples uH (black line) and uF (orange line) as a 

function of photon energy. b) GaN buffer layer normalised spectra acquired in 

different spots of the surface. 
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