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Abstract 

 AlGaN/GaN heterostructures with different thicknesses of AlN interlayer (AlN-IL) were 

grown by metal organic chemical vapour deposition (MOCVD) system. The results obtained 

from atomic force microscopy revealed that, surface roughness decreases with increase in the 

interlayer thickness. Scanning electron microscopy and transmission electron microscopy images 

portrayed good interfaces between AlGaN/GaN heterostructures containing AlN as the IL. From 

the high-resolution X-ray diffraction data, the aluminium composition was estimated as 21-24%, 

and the AlGaN layer thicknesses were found to be 22-26 nm in the AlGaN layers using the 

epitaxy smooth fit software. Using reciprocal space mapping, the strain between AlGaN and 

GaN layers scanned along (1 0 5) plane were analyzed for the AlGaN/GaN heterostructures. 

Photoluminescence (PL) spectroscopy revealed a significant shift in the AlGaN peaks for 

samples both in the presence and absence of AlN-IL. Time resolved photoluminescence results 

exhibit dominate decay time in AlGaN/GaN heterostructures samples containing AlN-IL of 

around 3 nm  thick. It is to be noted that, mobility increased from 1246 to 2000 cm2/volt-sec due 

to the presence of AlN-IL at 300 K.  
 

Keywords: MOCVD, AlGaN, AlN Interlayer, Atomic Force Microscopy, Hall Measurement, 

Time Resolved Photoluminescence; 

 
 
 
 
 
 
 
 
 
 
 
 
 



1. Introduction 

 Over the past few decades, gallium nitride (GaN) and aluminium gallium nitride (AlGaN) 

based heterostructures for high-electron mobility transistors (HEMT) have received inevitable 

consideration due to their potential for high power and high-frequency applications [1,2]. This is 

because, nitride-based devices possess fascinating properties such as wide energy bandgap, high 

critical breakdown electric field (3 MV/cm) and high electron saturation velocity compared with 

that of the conventional silicon or GaAs devices [3-6]. In addition, AlGaN is extensively 

preferred in the applications such as ultraviolet (UV) light emitting diodes, UV photodetectors 

and chemical sensors [7, 8]. The fascinating property about AlGaN and GaN combo is the 

formation of two-dimensional electron gas (2DEG) at the interface due to strong spontaneous 

and piezoelectric polarization. As a result, high electron concentration (> 1×1013 cm-2) and 

mobility [1000–2000 cm2/(Vs)] can be attained without doping by metal organic chemical 

vapour deposition (MOCVD) [9]. However, the mobility of electrons suffers due to the lattice 

stress, dislocations, interface roughness and alloy disorder scattering [10]. These problems can 

be overcome by utilizing a thin layer of aluminium nitride (AlN) as Interlayer (IL) improves the 

heterostructure interface quality as well as reduces dislocations and alloy disorders during the 

growth of AlGaN-based HEMT heterostructures. And also, AlN-IL acts as a barrier by 

minimizing the charge carrier tunneling [5, 9, 11-17]. Based on earlier reports, we have reported 

a better quality AlGaN layers grown on GaN/sapphire templates using MOCVD [18-20]. The 

present work focuses on considerable improvements in the structural, morphological and optical 

properties of AlGaN/GaN heterostructures containing a thin AlN interlayer. Temperature 

dependent Hall Effect properties and related scattering mechanisms, luminescence decay time in 

AlGaN/GaN HEMT structures were investigated. 



2. Experimental Details 

 The AlGaN/GaN heterostructures with and without AlN-IL were grown on c-sapphire 

substrates using MOCVD (Aixtron 200/4/RF-S). Trimethylgallium (TMGa),Trimethyl 

aluminium (TMAl) and Ammonia (NH3) were used as the precursors for Ga, Al and N. 

Hydrogen (H2) was used as the carrier gas. Prior to the growth, c-plane sapphire (miscut of 0.2°) 

was thermally annealed at 1050ºC for 10 min  under H2 ambience to remove the native oxides 

present on the substrates.  A 30 nm thick low temperature GaN nucleation layer was grown at 

500°C with a V/III ratio of 3350, followed by growth of 1.8 µm GaN grown at 1020°C with a 

V/III ratio of 600. Then, AlN-IL was grown at 1040°C by varying the time as 10, 20, and 30 sec. 

Finally, AlGaN layer was also grown at same temperature (1040°C), pressure (50 mbar), growth 

time (60 s), NH3 flow (1300 standard cubic centimeter (sccm)) and TMAl flow (35 sccm) and 

TMGa flow (9 sccm) respectively for all the samples.  The AlGaN/GaN heterostructures grown 

without AlN-IL is named as sample I, while the AlN interlayer with thickness 1, 2 and 3 nm are 

named as samples II, III and IV respectively. The schematic representing AlGaN/GaN 

heterostructures with and without AlN-IL is shown in Figure 1. 

 

 

 

 

 

 

Figure  1. Schematic cross sectional view of (I) AlGaN/GaN heterostructures 

(II) AlGaN/GaN heterostructures with AlN-IL (1-3 nm) 



 

 The surface morphology of AlGaN layer was studied using atomic force microscopy 

[(AFM), Park XE100 with a curvature of cantilever tip <10 nm, the vertical and lateral resolution 

of the position sensitive photo detector as 0.1 nm and 30 nm). The crystalline quality, Al 

composition and thickness of the samples have been analyzed using high-resolution x-ray 

diffraction (HRXRD), [PANalytical X’Pert Pro MRD with a resolution of 0.0001/0.36 arcsec, 

Ge-(220) monochromator with Triple (Xe) axis and pixel detector]. High-resolution transmission 

electron microscopy [(HR-TEM), FEI, LaB6 filament, accelerating voltage   300 KV with a point 

to point resolution of 0.2 nm] and scanning electron microscopy [(SEM), Carl Zeiss EVO 18, 

LaB6 filament, accelerating voltage - 10 kV with secondary electron detector and point to point 

resolution of 10 nm) were used to verify the cross sections of heterostructures. The luminescence 

properties of the samples were examined using a photoluminescence (PL) spectrometer [Spectra-

Physics with a Resolution of ±0.1 nm] with an excitation wavelength of 244 nm. The decay time 

measurements were carried out using time resolved photoluminescence (TRPL) spectrometer 

using an Nd:YAG laser with a pulse width of 100 fs and excitation wavelength of 266 nm at RT. 

The electrical properties of AlGaN/GaN heterostructures were studied using the [ECOPIA HMS 

5000] temperature dependent (80-350 ± 0.5K) Hall measurement system. 

 

 

 

 



3. Results and discussions 

       3.1 Surface Analysis 

Figure  2. AFM (5µm2) images of AlGaN/GaN heterostructures with samples 

(I) without AlN-IL (II-IV) AlN-IL (1 - 3 nm) 

 
 The AFM test results in respect of AlGaN/GaN heterostructures with and without AlN-IL 

are showcased in Figure 2. Their corresponding 3D images are shown in figure S1.The root 

mean square (rms) roughness of the samples were 0.245 (sample I), 0.231 (sample II), 0.194 

(sample III), and 0.170 nm (sample IV) respectively. All the images obtained from AFM 



showcased crack-free and atomically-flat surfaces with terrace step morphologies. Due to the 

lattice differences, pure or partial screw type dislocations (in the GaN layers) and randomly 

distributed V pits (in the AlGaN layers) were observed in all the samples [21]. The morphology 

is generally associated with the adatoms diffusing on the surface. As the diffusion length of Al 

atoms are smaller when compared to that of the Ga atoms, the Al atoms gets trapped at the 

interstitial sites and not at to the lattice position. As reported in the literature [22], with increase 

in the Al composition, both the V-pit density and surface disorder increased. However, when the 

thickness of the AlN-IL is increased, the surface quality of the AlGaN layers was found to get 

improved, as it tends to overcome the lattice differences. The obtained AFM images results 

clearly portrays that,  AlN-IL with 3 nm thickness (sample IV) improved the surface morphology  

to nearly equal spaced terrace steps of AlGaN/GaN heterostructures when compared to that of 

the AlGaN/GaN heterostructures without AlN-IL of AlGaN/GaN heterostructures. Hence, it is 

concluded that interface roughness scattering mechanisms can be approached through surface 

roughness of AlGaN layers [12]. Therefore, the terrace step morphologies are helpful for the 

high performance HEMT applications [23]. Similar kind of morphologies have been observed by 

Hu et. al and Perozek et. al [14, 24]. 
 

3.2  Structural Analysis 

 
The -2 scan were carried out using HRXRD in respect of AlGaN/GaN heterostructures 

with and without AlN-IL and are shown in Figure 3. From the results obtained, the composition 

and thickness of the samples were determined based on the  Vegard’s law [25]. The experimental 

data were fitted using the epitaxy smoothfit software. From figure 3, the high intensity GaN peak 

corresponds to a (0 0 2) diffraction pattern.  The sample containing 3 nm AlN-IL layer (sample 



IV) exhibit broad peak with good interface quality than the AlGaN/GaN heterostructures without 

AlN-IL.  

 

Figure 3.  HRXRD (0 0 2) ω-2θ scan of an AlGaN/GaN heterostructures without 

and with AlN-IL (sample I, and IV) (Blue Line) along with Simulation (Red line) 
  

By fitting for the diffraction pattern, the layer thickness (AlGaN and AlN) and aluminium 

compositions (Al) were determined and are tabulated in Table 1. From table 1, the AlGaN layer 

thickness has been found to decrease by increasing the AlN-IL thickness due to the parasitic 



reaction of TMAl and NH3 in the vapor phase [18]. In addition, sample I and II revealed almost 

similar Al composition as the 1 nm AlN-IL did not have much effect while grown via high 

temperature route. Whereas, in the case of 3 nm-AlN-IL (sample IV), higher amount of Al gets 

diffused into AlGaN layer due to the high temperature effect. The cross-sectional SEM and HR- 

TEM analysis are shown in Figure S2.  

Table 1 Structural Properties of AlGaN/GaN heterostructures with and without AlN-IL 

 

Furthermore, the crystalline quality of GaN layers were characterized by X-ray rocking 

curves (XRC) analysis along symmetric (0 0 2) and asymmetric (1 0 2) axis [27]. The FWHM 

values for (0 0 2) plane of GaN were 429, 387, 380 and 373 arc-sec, while  for (1 0 2) plane were 

416, 533, 632 and 672 arc-sec for samples I-IV respectively. It is worth noting that, the FWHM 

values of the (0 0 2) plane for   sample I are higher than that of sample IV, whereas the (1 0 2) 

plane values of sample I are lower than the sample IV. These results reveal that tilt and twist 

misorientations are associated with the screw and edge threading dislocations (TDs) in GaN 

layers. On the other hand, sample IV revealed narrower FWHM values revealing better 

Samples AIN-IL 
thickness 

Al 
Composition (±1 %) 

AlGaN 
thickness 
 (±2 nm) 

I No-IL 21 26 

II 1 nm  21.5 26 

III 2 nm 23 24 

IV 3 nm 24 22 



crystalline quality. Approximate TDs (DTD = Dscrew+Dedge) is estimated using the following 

equations [26, 27], 
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Where Dscrew is screw dislocation density, Dedge is edge dislocation density, α (tilt) and β (twist) 

are the Full Width Half Maximum (FWHM) measured from (0 0 2) and (1 0 2) diffraction planes 

and b is the Burger vector length of dislocation (bscrew= 0.5186 nm, bedge= 0.3189 nm). The screw 

dislocation density was calculated at 3.69×108, 3×108, 2.9×108 and 2.79×108 cm2 for samples I-

IV, respectively. The edge dislocation density were determined at 9.2×108, 1.50×109, 2.12×109 

and 2.40×109 cm2 for samples I-IV, respectively. In this context, edge TDs are the major 

contribution in all the samples, and higher than that of screw dislocations. It reveals that 

comparable good quality of the GaN epilayer [28]. Additionally, estimated screw TDs densities 

of the samples showed consistency in step growth were atomically flat in AFM images [24].  

Figure 5 shows the (1 0 5) plane of asymmetric Reciprocal Space Mapping (RSM) in 

respect of AlGaN/GaN heterostructures with and without AlN-IL. Using the epitaxy smooth fit 

software, the reciprocal lattice point (RLP) coordinates of Qx values was found to be 0.278490, 

0.278481, 0.279137, and 0.278431 rlu for the GaN and top AlGaN layers (sample I-IV) in same 

direction. The GaN, AlGaN layer and AlN-IL sample contour shapes represent coherently 

strained AlGaN/GaN heterostructures. It is evident that for all samples, the AlGaN peaks 

vertically aligned with the GaN layer. This indicates that, the grown AlGaN epilayers (in-plane 

lattice constants) are pseudomorphic with the underlying GaN. There are no substantial 

variations in the AlGaN and AlN-IL peaks because of the low diffraction value in the thin AlN 

layer.  



 
 Figure.  5. RSM image of (1 0 5) plane for AlGaN/GaN heterostructures with sample AlN-IL 

(I) 0 nm (II) 1 nm (III) 2 nm and (IV) 3 nm  

 

 

 

 

 

 



 

3.3   Photoluminescence and Time resolved Photoluminescence Analysis 

  

   

Figure 6. PL spectrum of AlGaN/GaN heterostructures without and with AlN-IL 



 The RT PL spectra measured in respect of all the samples are shown in Figure 6. The 

dominant peaks represented by the near-band-edge (NBE) transitions of GaN located at peak 

energy of ~3.41 eV with a pronounced shoulder peaks at 370 nm (3.35 eV).  No significant peak 

shift has been observed in all the grown samples. In this fact, the 3.35 eV peak is accompanying 

due to the exciton recombination close to the NBE value of GaN and speculates to the 2DEG 

emission [29, 30]. Another potential interpretation is attributed to the cubic phase inclusions by a 

wurtzite host lattice, formed as a result of structural defects or stacking Faults (SFs) in GaN [31]. 

The deconvoluted defect band spectra for sample (I-IV) are shown in figure S3. Here, the blue 

luminescence (BL) band peak is almost similar to the yellow luminescence (YL) peak in this 

material. Accordingly, the BL band is possibly assigned to the transitions from deep donor to 

shallow accepters [31, 32]. The yellow luminescence band (YL) is associated to the intrinsic 

defect such as vacancies or interstitial [33-35]. We observed that, the BL and YL intensity is 

comparatively lower in the sample IV compared to the sample I. Compared to the intensity of the 

NBE transition; BL and YL is not significant (Less Intensity) in the grown samples. 

 The PL spectra in respect of AlGaN peaks were observed at 326, 322, 317 and 319 nm 

for samples I-IV respectively. From the PL data, AlGaN peak was observed  to be blue shifted 

for sample I, II, III. However, a red shift is observed for sample IV due to the compositional 

fluctuations.  It was also noticed that, there were not much considerable changes in the FWHM 

of AlGaN peaks. As reported in the state of the art [36], the conduction band offset (Ec) 

between AlGaN and GaN was increased through insertion of an AlN Interlayer. The larger Ec 

created by the AlN interlayer, could prevent the 2DEG penetrating into the AlGaN layer, which 

contributes to enrichment in electron concentration. Furthermore, the presence of localized states 

has a noteworthy impact on the carrier dynamics of TRPL decay times. 



 
 
 

Figure  7. TRPL spectrum of AlGaN/GaN heterostructures with 

samples (I) 0 nm (II) 1 nm (III) 2 nm (IV) 3 nm (Insert view-TRPL Streak images) 
 

 Figure 7 shows the RT luminescence decay dynamics measured at emission peaks in 

the spectra (Figure 7) by TRPL spectroscopy. The temporal evolutions of the TRPL spectrum of 

all four samples are shown in Figure 7 (Insert: i.e., streak images). These steak images observed 

on “T” shape position. The decay curve fitting for all samples (I-IV) with a biexponential 

function using the equation  (2), 
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Where I(t) is the PL intensity at time t, A1 and A2 are the decay parameters and  

are the decay times for a radiative and nonradiative recombination. In the present TRPL 

measurement profiles, the y-axis represents the number of photons and x-axis is the 

arrival time [37, 38]. Using the aforesaid fitting procedure, photon decay time estimated is 84, 

100, 339  and 374 ps for samples I, II, III, and IV respectively. Sample I, exhibited the lowest 

decay time and, with the AlN-IL, shows an increase in decay time when increasing the AlN-IL 

thickness from 0 nm to 3 nm. Sample I and II reveals that the sharp drop in luminesce decay rate 

can be inferred by a decrease in the radiative recombination rate. It apparent that fast channel is 

dominating. In the case of sample III and IV, the decay rate is slowing down. It can be inferred 

by contribution of more localized excitons with a lower prospect to reach non-radiative 

recombination centers and subsequently achieve longer decay times. It resultant that slow 

channeling is starts to pre-dominating recombination process [39, 40]. 

 

 

 

 

 

 

 

 

 



3.4 Hall Measurement Analysis  

 

Figure 8. Hall measurements of AlGaN/GaN heterostructure with and without AlN-ILs 
corresponding (I) Temperature vs Hall Mobility (II) Temperature vs Sheet Concentration 

 
    The electrical characterization in respect of all the samples were performed in a Van der 

Pauw configuration with tin-indium alloy dots as an ohmic contact. A magnetic field of 0.55 T 

perpendicular to the sample was used. The temperature dependent sheet concentration and 

mobility from the measurements can be seen for the AlGaN/GaN heterostructure with AlN-IL (1 

to 3 nm) thickness shown in Figure 8 (I, II). From the figure, it is clear that Hall mobility 

decreases in all samples when increasing the temperature range from 80 to 350 K. It reveals that 

the mobility at low temperature (80 K) evidently reduced alloy disorder and/or interface 

roughness scattering processes [12, 41] through the insertion of AlN-IL between the AlGaN and 

GaN layers when compared to the AlGaN/GaN heterostructures. It is apparent that, the 3 nm 

AlN-IL in AlGaN/GaN heterostructures reaches a high mobility and sheet concentration of ~ 

13621 cm2/Vs and  9.1 × 1012/cm2  with low sheet resistance of 40 (±1%) ohm/sq at 80 K and 



~2000cm2/Vs  and  8.9 × 1012/cm2 with 280 (±1%) ohm/sq at 300 K. The samples without AlN-

IL heterostructures had a mobility and sheet concentration of ~4118 cm2/Vs and 1.03 × 1013/cm2 

with sheet resistance 147(±1%) ohm/sq at 80 K and ~1120 cm2/Vs and 9.9 × 1012/cm2 with sheet 

resistance 555 (± 2%) ohm/sq at 300 K. In this case, the AlN–IL thicknesses (1 and 2 nm) with 

the AlGaN/GaN heterostructures mobility have slight variations only observed at 300 K and 80 

K. When compared to the exclusion of AlN-IL, a high sheet concentration is found for AlN-IL (1 

and 2 nm). It is speculated that, at low temperature ranges (≤150 K), the mobilities of 

AlGaN/GaN without and with AlN-IL structures could be a temperature independent process 

[42]. Despite this, above 200 K, the scattering of optical phonons limit the mobility. Our results 

uphold the theoretical limits with a hall mobility of ~2300 cm2/Vs at 300 K [34, 41, 43]. Also 

other recent some other report demonstrated 2DEG mobility of about 2000 cm2/(V s) at 300 K 

[15, 44]. The Hall mobility reached up to 800 cm2/Vs at 350 K for samples I to IV. In addition, 

the 2DEG sheet concentration of samples I, III and IV is almost independent of temperature. In 

contrast, sample II has a temperature range from 200 K - 350 K, which suggests the involvement 

of some additional channel conductivity [14]. These results directly indicate that the thin AlN 

interfacial layer effectively suppresses carrier penetration into the AlGaN layer by increasing 

conduction band offset (Ec) and enhances the confinement of the 2DEG in the GaN channel of 

the AlGaN/GaN HEMT structures. Based on this information, sample IV (AlN-IL) possess 

enhanced electrical properties. 

4. CONCLUSION  

 The AlGaN/GaN heterostructures with AlN Interlayer (IL) (1 to 3 nm) were grown on c-

plane sapphire substrates using a MOCVD technique. The effect of AlN-IL thickness on the 

structural, morphological, optical and electrical properties of AlGaN/GaN heterostructures were 



analyzed using HRXRD, SEM, TEM, AFM, PL, TRPL and Hall measurement studies. The 

AlGaN, AlN thickness and Al compositions were estimated through epitaxy smoothfit software. 

Thickness of AlGaN, AlN layers were  estimated through SEM and TEM. The RSM confirmed 

that AlGaN/GaN based HEMT structures with AlN-IL are coherently strained. The AlGaN/AlN 

(3 nm)/GaN heterostructures (sample IV) exhibited an atomically flat, smooth surface, which 

was verified by AFM analysis. PL results show the effect of AlN-IL thickness dependent band 

shift in AlGaN/GaN heterostructures, with a high decay time of 374 ps for AlGaN/GaN 

heterostructures with AlN-IL (3 nm). The insertion of 3 nm AlN-IL on AlGaN/GaN 

heterostructures achieved a high mobility of 13621 and 2000 cm2/Vs for 80 K and 300 K due to 

reduced alloy disorder and/or interface roughness scattering processes. Hall mobility was found 

to be above 800 cm2/Vs at 350K. It is worth noting that the 2DEG hall mobility at 300 K was 

close to the theoretical limits. This work provides a better understanding relating to the growth of 

AlGaN/AlN/GaN heterostructure based HEMTs and their structural, morphological, and optical 

properties, along with the mechanism for their luminescence decay and temperature dependent 

dominant scattering of the 2DEG mobility and sheet resistance. AlGaN/GaN with AlN-IL based 

structures can be applied during HEMTs fabrication for the applications in high-temperature and 

high-power electronic devices.  
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