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Metal–organic chemical vapor deposition (MOCVD) is one of the best growth

methods for GaN-based materials as well-known. GaN-based materials with very

quality are grown the MOCVD, so we used this growth technique to grow InAlN/

GaN and AlN/GaN heterostructures in this study. The structural and surface proper-

ties of ultrathin barrier AlN/GaN and InAlN/GaN heterostructures are studied by

X-ray diffraction (XRD) and atomic force microscopy (AFM) measurements. Screw,

edge, and total dislocation densities for the grown samples have been calculated by

using XRD results. The lowest dislocation density is found to be 1.69 � 108 cm�2 for

Sample B with a lattice-matched In0.17Al0.83N barrier. The crystal quality of the stud-

ied samples is determined using (002) symmetric and (102) asymmetric diffractions of

the GaN material. In terms of the surface roughness, although reference sample has a

lower value as 0.27 nm of root mean square values (RMS), Sample A with 4-nm AlN

barrier layer exhibits the highest rough surface as 1.52 nm of RMS. The structural

quality of the studied samples is significantly affected by the barrier layer thickness.

The obtained structural properties of the samples are very important for potential

applications like high-electron mobility transistors (HEMTs).
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1 | INTRODUCTION

Gallium nitride (GaN)-based heterostructures have been investigated

for many years due to their ability to work in both high frequencies and

high temperatures (HTs).1–3 Because GaN-based materials are in the

wurtzite structure, the heterostructures built with these materials have

piezoelectric polarization-induced electric field due to strain between

the layers in structure, and each layer has its own spontaneous

polarization-induced electric field.4,5 These polarization-induced electric

fields lead GaN-based heterostructures are used in some electronic and

optoelectronic devices such as high-electron mobility transistors

(HEMTs) and light-emitting diodes (LEDs).6,7 In GaN-based hetero-

structures, many different barrier layer types with different materials

and thicknesses can be grown on GaN buffer. These different materials

might be an alloy such as AlGaN and AlInN or might be a binary semi-

conductor as AlN and InN.8–10 Besides different materials, the layer

thickness of the barriers is also important. High-frequency GaN devices

used in the industry typically suffer from short-channel effect due to

the poor aspect ratio. This issue is caused by the strain relaxation issues

that limit the AlGaN content to less than 40%. Due to the effects of the

recess gate technique on high-frequency GaN transistor's performance,

it is commonly used to avoid the use of chemical etching. A new

approach that uses Al-rich ultrathin barrier layer can help minimize the

effects of the recess gate technique and increase the performance and

reliability of GaN devices. The structures with the barrier layer thick-

nesses lower than 7 nm are classified as ultrathin barrier HEMTs.11,12
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Ostermaier et al. proposed an ultrathin barrier GaN-based

heterostructure with a 1-nm InAlN barrier layer and 1-nm AlN interlayer

and 6-nm highly doped GaN cap layer.13 This ultrathin barrier structure

has many important features such as observing the short-channel effect

and high transconductance in a HEMT structure.14 Importantly, in addi-

tion to highly used AlGaN barrier layers, the InAlN barrier layer can be

grown as lattice matched with the GaN buffer layer only for 17%–18%

of In mole fraction. The possible structural dislocations causing lattice

mismatch may be eliminated owing to the strained barrier layer.

During the growth process of a crystal, unwanted defects, dislo-

cations, and strain may have occurred. The dislocations in a crystal

and other structural parameters such as the thickness, the alloy mole

fraction, the lattice parameters can be calculated by X-ray diffraction

(XRD) results, which is nondestructive method.5,15–18 To investigate

the dislocation densities that include edge and screw types in terms

of the structural quality is important, because the dislocations are one

of the main effects that deteriorate the device performance of the

HEMTs.19–21 One of the main reasons for the dislocations is the strain

relaxation that occurred at the interfaces. The detailed investigation

of the dislocations and the possible strain relaxation will provide a

better understanding of the ultrathin barrier HEMTs that are very vul-

nerable to change in strain.

From morphological analysis, surface problems such as crack, dis-

locations etc. could be determined. In general, AFM measurement is

used to show these morphological defects.22 The surface analysis is

important in terms of GaN-based device performance because these

defects in structure can be formed locally charge centers, which is

negatively affected the HEMTs.23,24

In literature, GaN-based materials are grown using MOCVD and

molecular beam epitaxy (MBE) system. Especially, compared with

MBE systems, MOCVD has some advantages such as high growth

rate, mass production, or growth on more than one substrates.25 Also,

because of higher growth rate of MOCVD, it is possible to use the

commercial applications.26 Generally, GaN-based HEMT structures

are grown on the sapphire (Al2O3) due to the low cost of sapphire and

the high cost of bulk GaN substrates. The lattice mismatch between

the chosen buffer layer and the sapphire substrate causes high densi-

ties of dislocations in the growths.27 Over the past years, researchers

have proposed the usage of AlN nucleation layer that is grown in the

low temperature (LT) between GaN and sapphire to eliminate the lat-

tice mismatch.28,29 In the next step to increase the crystal quality, AlN

buffer layer that is grown at HT has been proposed.30–32 In this study,

the structural properties of ultrathin barrier AlN/GaN and InAlN/GaN

HEMT structures that are grown by MOCVD have been investigated

by using the XRD and atomic force microscopy (AFM) measurements.

For each studied structure, the lattice parameters, the dislocation den-

sities, and the surface morphologies have been calculated in detail.

2 | EXPERIMENTAL TECHNIQUES

Ultrathin barrier AlN/GaN and In0.17Al0.83N/GaN heterostructures

were identically grown in a low-pressure MOCVD reactor (Aixtron

200/4 HT-S) on c-face (0001) sapphire substrates by using

trimethylaluminum (Nouryon Products, Amsterdam), trimethylgallium

(Nouryon Products, Amsterdam), trimethylindium (Nouryon Products,

Amsterdam), silane (Linde Gas, Ankara), and ammonia (Linde Gas,

Ankara) as Al, Ga, In, Si, and N precursors, respectively. Firstly, the

substrate surface was annealed for 10 min in H2 ambient at 1050�C

to provide the substrate surface clean. After the substrate cleaning,

the 15-nm AlN nucleation layer was grown at an LT of 770�C to

increase the lattice match between GaN and sapphire. AlN buffer

layer with 300-nm thickness was grown on the AlN nucleation layer

at a HT of 1180�C. In the next step, about �1.3-μm undoped GaN

layer was grown at 1100�C. A reference sample was grown with an

about �1-nm AlN interlayer at HT of 1130�C. The barrier layers of

the A, B, C, and reference sample structures were grown undoped

4-nm AlN at 1120�C, undoped 3-nm In0.17Al0.83N at 830�C,

1 � 1019 cm�3 Si-doped 3-nm AlN at 1100�C and undoped 1-nm

In0.17Al0.83N at 890�C, respectively. For all of the samples, the cap

layers were grown at 830�C. The cap layer thicknesses of A, B, C, and

reference sample structures are undoped 1-nm GaN, 1 � 1020 cm�3

Si-doped 2-nm GaN, undoped 2-nm GaN, and 1 � 1020 cm�3 Si-

doped 6-nm GaN, respectively. To form Si-doped layers, silane (SiH4)

was used.

The effect of different barrier layers with different thicknesses,

doping rates, and cap layer thicknesses on crystal quality is investi-

gated in this study. The crystal quality and structural parameters of

the grown heterostructures are determined by using XRD measure-

ments. Rikagu SmartLab diffractometer, which is equipped with four

crystals Ge (220) monochromator, was used to provide CuKα1 X-ray

beam (λ = 0.154 nm). Symmetric (002) and asymmetric (102) diffrac-

tions of GaN layers were measured out. AFM measurements were

carried out by Veeco DI-CP II system using contact mode on

4.6 � 4.6 μm2 scan size of samples.

3 | RESULTS AND DISCUSSION

The investigated GaN-based heterostructures have two different bar-

rier structure as AlN and InAlN. The GaN-based heterostructures have

different barrier and cap layers. The structural and morphological

properties of these structures are presented in this section with the

results of XRD and AFM measurements. The structural represantation

of the studied samples is shown in Figure 1. The barrier regions of the

prepared structures have different layer structures as shown in

Figure 1.

Figure 2 shows (0002) the diffraction patterns of the studied

ultrathin AlN/GaN and In0.17Al0.83N/GaN structures that have differ-

ent barriers and thicknesses. AlN and GaN peaks are only shown; the

diffraction peak of the InAlN barrier layer is not obtained because of

its ultrathin thickness.33 The (002) diffractions of GaN and AlN mate-

rials of the reference sample are shifted to lower diffraction angles

due to compressive strain in structure. As it is widely known, the AlN

interlayer reduces alloy scattering of the mobility of two-dimensional

electron gas (2DEG), but in most cases, it may bring additional

NARIN ET AL. 577
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compressive strain to the lattice.34–36 Other samples show a tensile

strain structure. Also, the quality of the structure can be determined

by comparing the width of the peaks. Hence, the structural quality of

Sample B can be accepted to be the best. For more detailed structural

analysis, the symmetric (002) and the asymmetric (102) reflection

peaks of GaN material are analyzed. Figures 3 and 4 show the related

reflections of the studied samples. As seen in Figure 3, the most nar-

row peak is observed for Sample B. Samples A and C have wider

peaks. In Figure 4, the reflection of asymmetric (102) scans of the

GaN layer for Samples A, B, C, and reference sample structures are

shown. As expected, (102) asymmetric reflection of the GaN material

shows peaks with a wider full width at half maximum (FWHM) values

as compared with (002) symmetric scan of the GaN layer. In (102),

whereas FWHM values of Samples B and C are lower than the litera-

ture values of 0.069�–0.083� for GaN (002) and 0.084�–0.097� for

GaN (102), Sample A is higher than these values.28,30 Also, the refer-

ence sample is in the ranges with these values. FWHM values for

(002) symmetric reflection of Samples B and C are found to be better

F IGURE 1 The layer structure of the reference, A, B, and C samples

F IGURE 2 X-ray diffraction (XRD) patterns
of Sample A, B, C, and the reference sample

578 NARIN ET AL.
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than the literature values. FWHM values for both symmetric (002)

and asymmetric (102) reflections of the GaN material are given in

Table 1.

1

d2hkl
¼4
3

h2þhkþk2

a2

 !
þ l2

c2
, ð1Þ

εzz ¼ c�c0ð Þ
c0

: ð2Þ

Dislocation densities in these samples are calculated using

Nscrew ¼ FWHM2
002ð Þ

4:35b2screw
, ð3Þ

Nedge ¼
FWHM2

102ð Þ
4:35b2edge

, ð4Þ

and

Ntot ¼NscrewþNedge: ð5Þ

Here, Nscrew, Nedge, Ntot, bscrew, and bedge are dislocation densities

for screw dislocation, edge dislocation, the sum of the screw and the

edge dislocations, the Burger vectors length of the screw, and the

edge dislocations, respectively.37 The structural quality of the studied

structures is related to dislocation density. Also, it is known that the

electrical properties, especially electron mobility of 2DEG in these

structures, are negatively affected by the increasing dislocation den-

sity.38 The calculated dislocation density values of each sample have

been given in Table 2. It is shown that Sample A has the highest

F IGURE 3 Reflection of (002)
symmetric scan of the GaN layer for
Samples (A) A, (B) B, (C) C, and (D) the
reference sample

F IGURE 4 Reflection of (102) asymmetric
scan of the GaN material for Samples (A) A,
(B) B, (C) C, and (D) reference sample

NARIN ET AL. 579
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dislocation density and Sample B has the lowest dislocation density.

Besides, the edge dislocation density of Sample A is higher than other

samples about 10 times due to (102) asymmetry reflection of its.

Possible dislocation formation can be guessed by the thickness of

barrier layers exceed or not the critical thickness where the strain

between the related two layers is relaxed and the dislocations formed.

The critical thickness can be calculated with

tc ffi be
2εx

: ð6Þ

Here, be and εx are the Burger vector length and biaxial strain,

respectively. In Table 3 is shown the calculated critical with Equation 4

and grown thicknesses of the barrier layer for each sample. If barrier

layer thickness close to the critical thickness, then some can expect an

increment in the dislocation density due to increased strain in the

structure.9 As the barrier layer thickness of Sample A is closer to criti-

cal thickness than Sample C, the dislocation density of Sample A is

higher than Sample C. At the same time, the dislocation density of the

reference sample due to about 1-nm AlN interlayer is higher as com-

pared with Sample B.

As AlN barrier thickness close to critical thickness, it is known that

strain is higher and even strain relaxation will be occurred in AlN/GaN

heterostructures depending on growth conditions. If the strain between

the layers increases in a HEMT structure with an ultrathin barrier, then

it can be expected that roughness will take form at the surface of the

structure due to this strained part that is occurred very near to surface.

The root mean square values (RMS) of the lateral correlation

length (Λ) and the amplitude (Δ) of roughness are determined in

Figure 5 by AFM images and surface profiles which is the scanning

area of 4.6 � 4.6 μm2. The surface of the reference sample is very

smooth in comparison with other samples. Because the thickness of

the AlN barrier layer of Sample A is closer than Sample C to the criti-

cal thickness according to Table 4, a strain relaxation or a highly

strained structure can be expected for Sample A. From the surface

profile of Sample A, the roughness amplitude of the RMS value is

higher than other samples. It is well known that, in a HEMT structure,

such roughness amplitude value leads to a dominant roughness scat-

tering mechanism on 2DEG at the heterointerface.39 Therefore, the

electrical results of Sample A may be shown poorer compared with

the other samples. Because Samples B and reference are grown as lat-

tice matched, both samples have a lower RMS of surface roughness

for Sample A; longer lateral correlation lengths are observed, while

other samples have similar behavior. According to RMS of roughness

amplitude results, the surfaces of Samples reference and B can be

accepted as smooth. The calculated dislocation densities from XRD

result are consistent with AFM result according to RMS values of the

samples. Sample A with the highest dislocation density has a highest

rough surface with 1.52 nm of RMS. Also, Samples reference, B, and

C have the step-like characteristics in some areas of surfaces shown

best in Figure 5. Moreover, our previous results related to these sam-

ples show that the reference sample has the highest 2DEG mobility

among these samples at LT by Hall effect measurements.40

TABLE 2 FWHM values and X-ray
diffraction (XRD) peaks angles of (002)
symmetric and (102) asymmetric
reflections of the GaN layer for reference
sample and Samples A, B, and C

Parameters Sample A Sample B Sample C Reference sample

FWHM (�)

(002) 0.084 0.036 0.053 0.078

(102) 0.209 0.072 0.072 0.094

XRD peaks (�)

(002) 17.316 17.321 17.316 17.228

(102) 24.020 23.996 24.000 24.008

Abbreviations: FWHM, full width at half maximum; XRD, X-ray diffraction.

TABLE 3 Calculated edge, screw, and total dislocation densities
of the reference, A, B, and C samples

Sample Nedge (cm
�2) Nscrew (cm�2) Ntot (cm

�2)

A 1.14 � 109 1.84 � 108 1.32 � 109

B 1.35 � 108 3.37 � 107 1.69 � 108

C 1.35 � 108 7.31 � 107 2.08 � 108

Reference 2.30 � 108 1.58 � 108 3.88 � 108

TABLE 1 Lattice and strain
parameters for GaN and AlN layers

Parameters Sample A Sample B Sample C Reference sample Other studies28,30,41,42

c (Å)

GaN 5.182 5.176 5.178 5.203 5.183, 5.186 5.189

AlN 4.969 4.963 4.972 4.985 4.980, 4.979, 4.982

Strain (εzz)

GaN �0.0007 �0.0019 �0.0015 0.0032

AlN �0.0022 �0.0034 �0.0016 0.0010

580 NARIN ET AL.
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4 | CONCLUSION

The structural investigations of the AlN/GaN and the In0.17Al0.83N/

GaN heterostructures with ultrathin barriers have been carried out via

XRD and AFM measurements. The FWHM values and the dislocation

densities of each sample were calculated. The sample with a lattice-

matched In0.17Al0.83N barrier (#sample B) was determined as the

structure with the best structural quality concerning other studied

samples. Sample B of the studied samples is shown lowest dislocation

density with 1.69 � 108 cm�2. The surface roughness of the studied

F IGURE 5 Atomic force microscopy (AFM) images and surface profiles (4.6 � 4.6 μm2 scan area) of Samples (A) A, (B) B, (C) C, and
(D) reference sample (red lines represent surface profile on AFM images)

TABLE 4 The critical and grown
barrier layer thicknesses of the studied
samples

Samples Grown barrier layer thickness (nm) Critical thickness (nm) RMS (nm)

A 4 �6.4 1.52

B 3 Lattice-matched 0.34

C 3 �6.4 0.44

Reference 1 Lattice-matched 0.27

Abbreviation: RMS, root mean square values.

NARIN ET AL. 581

 10969918, 2022, 5, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/sia.7067 by B

ilkent U
niversity, W

iley O
nline L

ibrary on [13/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



samples is found 0.27 nm as lowest value for reference sample. The

increasing dislocation densities with the increasing barrier layer thick-

nesses are observed in the structures with the AlN barriers. In addi-

tion to this, the AlN interlayer is found to increase the dislocation

density of the reference sample. For the studied samples, the edge

dislocation density is more dominant than the screw dislocation den-

sity. Using the AlN interlayer is affected by the dislocation density

and the surface roughness of InAlN/GaN heterostructure. AFM

images are shown that an increment in the thickness of the AlN bar-

rier layer gives rise to the relaxation of strain. These results are very

crucial to determine optimum AlN barrier layer thickness in GaN-

based heterostructures.
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