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Mosaic Defect and AFM Study on GaN/AIINN/AIN/Sapphire HEMT
Structures

Highlights

7

«» A detailed mosaic defect study is made on GaN/AIInN/AIN/Sapphire structure
«» A detailed AFM study is made on GaN/AlInN/AIN/Sapphire HEMT structure

Graphical Abstract
In this study, mosaic defect and detailed AFM investigation of GaN/AIINN/AIN/ Sapphire HEMT structure is made.

Figure. 5 AFM images of samples A, B and C

Aim

Aim of this study is to investigate mosaic defects and morphological properties of GaN/AlINN/AIN/sapphire HEMT
structure.

Design & Methodology

Samples in this study are grown by metal organic chemical vapor deposition technique and XRD and AFM
investigation is made on them.

Originality

This study is original because investigation of GaN/AlIInN/AIN/Sapphire structure in such way is rare.
Findings

In this study dislocation density and surface properties of GaN/AlInN/AIN/sapphire structures are determined.
Conclusion

Dislocation densities, RMS values and twist angles are in good accordance with optimisation order of samples.
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ABSTRACT

In this study, three samples of GaN/AlInNN/AIN/AI2Os high electron mobility (HEMT) structures are investigated with high
resolution X-ray diffraction (HR-XRD) technique. Peak positions and peak broadenings are used in calculations, gained from
rocking curves. Structural quality is determined from symmetric and asymmetric peak planes. Mosaic defects such as treadening
dilocations (TDs), tilt and twist angles, lateral and vertical crystallite lengths are determined by using Williamson Hall (WH)
method. In addition to these, surface morphology is also investigated by atomic force microscopy (AFM). It is noticed that crystal
quality of epitaxial layers decrease in the order of samples C, B and A. Al compositions for samples A, B and C are found as %87.4,
%86.6 and %86.4, respectively by using Vegard’s law.

Keywords: GaN, AlInN, AIN, sapphire, HEMT.

GaN/AlInN/AIN/Safir HEMT Yapilar i¢in Mozaik
Kusur ve AFM Caligsmasi

0z

Bu ¢alismada GaN/AIInN/AIN/Al2Os yiiksek elektron mobiliteli transistér (HEMT) yapilari {i¢ numune olacak sekilde, yiiksek
¢oziinlirliiklii X-1g1mnlan kirmimi (HR-XRD) teknigi ile incelendi. Hesaplamalarda roking egrilerinden elde edilen pik pozisyonlari
ve pik genislemeleri kullanildi. Yapisal kalite simetrik ve asimetrik pik diizlemlerinden faydalanilarak belirlendi. Tedirgin edici
dislokasyonlar (TDs), egim ve burkulma agilari, yanal ve diisey kristal uzunluklar1 gibi mozaik kusurlar Wiiliamson Hall (WH)
metodu kullanilarak saptandi. Bunlara ilave olarak, ylizey morfolojisi atomik kuvvet mikroskopisi (AFM) yontemiyle belirlendi.
Epitaksiyel tabakalarin kristal kalitesinin 6mek C, B ve A sirasina gore diistiigii farkedildi. Ornekler A, B ve C igin Al
kompozisyonlarinin sirasiyla %87.4, %86.6 ve %86.4 oldugu Vegard yasasi kullanilarak belirlendi.

Anahtar Kelimeler: GaN, AlInN, AIN, safir, HEMT.

1. INTRODUCTION

AlGaN/GaN and AlInN/GaN based high electron
mobility transistors (HEMTSs) take great attention for
high frequency, high power and micro wave applications
in recent years. Because, nitrite based material systems
have unique properties such as wide band gap and
continuous piesoelectric polarisation field[1, 2, 3]. One
of the most studied structure is electron gas (2DEG)
coming out in hetero interface with continuous
polarisation and AlGaN/GaN structure[4, 5]. Some

Advantage of using AlInN buffer layer is, desinger can
acquire good lattice and polarisation match by adjusting
components of heterostructure. If In ratio is adjusted as
%18 GaN lattice is in good accordance with substrate.
Polarisation charge is described as continuous
polarisation. Because piesoelectric polarisation of
structure is zero. HEMTs with AlInN buffer layers are
produced for gaining higher carrier density than HEMTs
with AlGaN buffer layer. If mobility of latter is kept in
the same level with the first, AlInN based device has

succesful results are gained in AllInN GaN/GaN HEMTSs
by optimising growth parameters. For instance, at
AlGaN/GaN interface, forming a thin AIN layer increase
carrier density, decrease 2DEG alloy scattering and
maintains formatting of carriers[3, 4].

Aliminium content that can be adjusted with great
percentage gives hand to increase polarisation that cause
charge density and carrier formatting in channel.

*Corresponding Author
e-mail: ahmet.kursat.bilgili@gazi.edu.tr

better performance and this results with operating at high
power and frequency.

There are many difficulties in epitaxial growth of AllnN
based structures. Growth of AIN and InN requires
different temperatures. Growth of AlInN is not easy by
controlling alloy ratio. Number of studies on AlInN and
AlInN/GaN hetero-structures is increasing rapidly in
literature[4]. As a result of such succesful studies there
are applications of AliInN HEMT structures[4]. The main
advantage of AlInN/GaN hetero-structures is they have
high interface sheet carrier density. Sheet carrier density
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formed with continuous and piesoelectric polarisation
overlaps the possible value for AlGaN/GaN. HEMT
structure can be grown on traditional substrates.

The difference between thermal expansion coefficients of
sapphire and GaN and AIN layers and lattice mismatch
between them results with dislocation density as high as
108-10%° cm. These dislocations effect defect structure
of AlINN HEMTs. For this reason, GaN and AIN
epitaxial films are frequently grown as mosaic blocks.
They are characterised in relation with high density
threadening dislocations (TDs) and with tilt and twist
angles. These defected crystal structures effect device
performance and life in great percentage[5]. HEMT
device with its complex structure shows similarities with
structures containing GaN and AIN buffer layers in terms
of defects. HEMTs with AIN and GaN buffer layers have
great potential in industrial production. Many researchers
studied for minimising defects of them[5, 6]. For
example, defect analysis, tilt and twist angles, dislocation
density values of layers are determined by using
symmetric and asymmetric peak broadening[7, 8]. In
general, it is sufficient to determine full width at half
maximum (FWHM) of a symmetric plane reflection. To
investigate defects of HEMT device with AlInN layer
with HRXRD, growth conditions should be optimised. In
literature several studies take attention with tilt and twist
angles gained experimentally[8, 9].

In this study AlInN (HEMT) samples are investigated.
Samples are grown on c-oriented sapphire by using metal
organic chemical vapor deposition method (MOCVD).
Interface and surface structure of the samples are
investigated by high resolution X-ray diffraction
(HRXRD) and atomic force microscopy (AFM). Mosaic
defects are investigated in detail by using these two
techniques. Defected AIN and GaN layers of HEMT
structure, edge and screw type dislocations, average tilt
and twist angles, lateral and vertical mosaic crystal size
are characterised. Symmetric (00.1) reflections and
rocking curves are used to define tilt angle. Twist angle
is determined by using asymmetric (hk.I) reflections and
w scans. Also, mosaic structure is analysed dependent on

indium ratio for (12.1) crystal orientations.

2. EXPERIMENTAL

AIN, AlInN and GaN layers are grown on (00.1) oriented
sapphire  substrate  with MOCVD  method.
Trimethylgallium (TMGa), Trimethylindium (TMIn),
Trimethylalliminium (TMAI) and amonia (NH3) sources
are used with Ga, Al and N. Hydrogen is used as carrier
gas. Before growth of epitaxial film, in order to remove
impurities on the surface, sapphire substrate is annealed
at 1100 °C temperature for 10 minutes. AlInN HEMT
structures are called as sample A, B and C respectively.
Schematic diagram of samples are shown in Figure 1.
Sample A has sapphire substrate, AIN nucleation layer
and AIN buffer layer. During growth of this sample first
15 nm thick Al nucleation layer is formed at low
temperature (840 °C). Later, reactor temperature is

increased to 1150 °C to grow 500 nm thick AIN buffer
layer. Sample B contains sapphire substrate, AIN
nucleation layer, AIN and GaN buffer layers. For sample
C, first 15-20 nm thick Al nucleation layer is grown at
low temperature (840 °C). Later, reactor temperature is
increased to 1150 °C and 600 nm thick AIN buffer layer
is grown. As the last step, in order to maintain growth
conditions of GaN layer, growth operation is stopped for
2 minutes. GaN buffer layer is grown with 2 um thickness
in 2 pm/hour growth rate at high temperature (1070 °C).
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Figure 1. Schematic diagrams of samples A, B and C

3. RESULTS AND DISCUSSION

X-ray diffraction measurements of HEMT samples is
performed with  D8-Discovery high resolution
diffractometer. This diffractometer have a goebel mirror
and Ge (220) symmetric monocromator with 1.540 A
wavelength radiation. Peak positions and peak
broadening of AIN and GaN films are gained from
rocking curves. In order to present wurtzite hexagonal
structure quality of HEMT samples HRXRD reflections
of symmetric and asymmetric peak planes are used.
Surface properties of samples are characterised with
atomic force microscope (AFM). Symmetric and
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asymmetric peak positions and peak FWHM values are
presented in Table 1. In Table 1, peaks with no XRD
resolution are shown as ‘-

AFM scans are made with Omicron VT-STM/AFM
system in needle mode. Measurements are made on 4
um? square region. Root mean square (RMS) roughness
values are gained with Scala Pro software on surface
topography mode.

In Figure 2 high resolution diffraction peaks for samples
A, B, C can be seen. Three basic peaks gained from
symmetric (00.2) plane are Bragg reflections for GaN
buffer layer, InGaN barrier layer and AIN buffer layer.

Thickness of AlINN layers are determined from
interference peak angles between AlINN and GaN by
using semi-experimental X-ray wavelength equation.
Calculated thickness values are 8.87, 6.5 and 10.76 nm
respectively. Shoulders in peaks of GaN and AIN in all
three samples may stem from non-stoichoimetric growth.

FWHM and peak positions of layers are given in Table 1.
If these values are compared it can be seen that crystal
quality of epitaxial layers decrease in order of samples A,
C and B those contain GaN interlayer. If FWHM values
of samples containing AIN interlayer are compared, it
can be seen that crystal quality of epitaxial layers
decrease in the order of samples C, B and A. Crystal
quality of all three samples are approximately in the same
tendency of change.

In and Al compositions in samples A, B and C are
calculated with a convenient software. Results are shown
in Figure 3.
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Figure 2. Bragg reflections of samples A, B and C on (00.2)
plane.

Al compositions for samples A, B and C are found as
%87.4, %86.6 and %86.4, respectively by using Vegard’s
law. (Xx=Caunn-Cinn)/(Cain-Cinn).  In HEMT  structures,
nitrite alloys such as GaN, AIN and AlInN have
hexagonal structures. Quality of HEMT structures are
measured with broadening of symmetric and asymmetric
peaks. Broadening of symmetric and asymmetric rocking

curves in GaN and AIN layers stems from tilt, twist
angles and mosaic length parallel to surface of wafer. In
Figure 3, FWHMSs of symmetric (00.2) and (00.4)
diffraction peaks for buffer and active layers versus In
ratio can be seen. In increasing In ratio values FWHM of
GaN layers are similar to each other in (00.2) and (00.4)
planes. For larger FWHMs, AIN (00.4) and GaN shows
similarity. AIN (00.2) presents opposite behaviour
according to AIN (00.4) and GaN (00.2), (00.4). FWHM
value for AIN (00.4) presents decreasing behaviour with
increasing In ratio. Dependency of FWHM values versus
In ratio can clearly be seen in Figure 3.

FWHM values of ® decrease with increase of y but
FWHM values of w scans makes them increase. Thus, in
x at 78.6 ° (12.1) reflection of all scans gives better
FWHMs. In fact, when reflection plane is normal to
surface of sample it reaches 90 °. These results are near
to twist angles, width of rocking curves, for larger y
angles. In every terms, FWHM of ® angles are bigger
according to w- scans with tilt angle variation. For this
reason at 78.6 °, twist angle should be average FWHM
values for w and ® scans. Twist angle values are found
as 0.23°,0.16 °, 0.14 ° for GaN layers of samples A, B
and C respectively.
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Figure 3. Variation of FWHM versus In ratio in AIN and GaN
layers.

As In ratio increase, twist angles decrease. Similar to
these, twist angle values for AIN layers are calculated
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from (12.1) rocking or Phi scan FWHMSs. They are S.A S.B S.C

determined as 0.28 °, 0.33 © and 0.16 ° for samples A, B GNPk PWH  Pek  PWH  Pek EWH

and C respectively. pos. M Pos. M Pos. M

Twist angle values for AIN layer first increase later (©02) 37‘38 0.080 %7-40 0.033 ;7-35 0.070

decrease with increasing In ratio. In addition to this, twist (00.4) 3653 0089 3656 0034 3659  0.072
7 8 6

angles for AlInN layer are not determined because HR-

XRD peaks for (12.1) plane are not distorted. In (©08) 33‘08 0068 - | 23'06 0077
symmetric diffraction geometry of HEMT structure, (10.2) 2404 0208 2405 0248 2405  0.228
lateral lengths and tilt angle causes broadening of rocking (10.0 ! ) ;&60 0.080 6 )
curves. Contribution of these two effects causes linear 0
dependency by broadening in reflection degree. This (105) 32-50 0264 - - 32-50 0.008
situation is used to seperate two effects from each other. (106) 6899 0253 7646 0594  69.04  0.096
A Williamson —Hall (WH) plot can be used for this aim. 0 0 2
These plots are linear that are drawn using FWHM as a (12 24'64 0.349 34'77 0.260 24'67 0.246
function of reflection degree. In Figure 4, FWHM (121) 4889 0368 4895 0284 4895  0.250
(sinB)/A versus (sinB)/A is plotted. FWHM is the width of 2 4 0

. AIN
the measured peak at half maximum. A and 0 are
wavelength of X-ray and incidence angle respectively. (00.2) 1806 0330 - - 1822 0.255
Tilt angle is determined by the slope of WH linear plot. (00.4) 28_38 0296 3844 0048 33.34 0.268
Inverse of intercept point of this linear plot gives lateral 0 0 0
mosaic length. Tilt and lateral mosaic length values are (©06) 8852 0302 - : B2z 02%5
presented in Table 2. With increasing In content tilt angle (102) 2405 0228 2405 0248 2489  0.450
values for GaN first increase later decrease. The same (104) 6 ) ! ) 0 )

value for AIN layers presents a decreasing behaviour. At

the same time, for GaN layer, lateral mosaic length first (105) 5575 0848 5565 0777 5550 0.377

decrease later increase. Lateral mosaic length of AIN (106) 6890 0220 6906 0082  68.83  0.086
layer first incr later decrease. On the other han 8 4 6
aye st .C ease later decrease. On the other hand, (11.2) 34.68  0.406 0.636  0.264 3573 1.252
lateral mosaic blocks have less value than AIN layer. 6 9
(121) 4889  0.368 4893  0.442 4894  0.260
2 0 2
5 ] 8 . . . . Alln
@ GaN 1033 N
[ ® ® Gah 1033 A
~tE T 16l oo ] (002) 17.70  0.288 - - 17.73  0.037
2 u i tose B oo 3 4
g Jamen C Al s (00.4) 37.42  0.304 37.56  0.080 3740 0270
2 AIN 1033 & AMN193 u|
T oroowm g 0 7 8
Z2  hen it (00.6) - - - - 63.48  0.083
3 2r - 9
Rl (10.2) 2394  1.926 - - - -
E L e 0 % 6
o- : (10.4) - - - - - -
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B(1034), Sample C(1045).
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In sample A, there is an opposite behaviour. The reason
for this situation is decreasing size of mosaic blocks
because of rapid cooling of sample during growth.
Vertical mosaic block length normal to surface of wafer
causes broadening of Bragg reflections in symmetric
radial reflections with mixed strain along c-axis. In
Figure 4, y-axis intercept point of linear plot is used in
L1=0.9/2y, to determine vertical mosaic block length.
Strain is determined directly by the slope of these lines.
Vertical mosaic lengths and heterogen starin values are
presented in Table 2. Vertical mosaic lengths for GaN
and AIN first decrease later increase. Also, for GaN layer
vertical mosaic length value presents an opposite
behaviour with lateral mosaic length but AIN has similar
properties for both lateral and vertical mosaic lengths.

As it is known, wafers with lattice mismatch, such as
Al;O3, SiC and Si, are difficult to use with hexagonal
layers as GaN and AIN because they present high
dislocation density. In this study, InGaN/GaN/AIN
epilayers are grown on sapphire that results with high
dislocation density. In order to see defects caused from
crystallity level and mosaic block structure Degge and
Dscrew type dislocation densities may be calculated wih
equations (1) and (2) [7-9].

'Bz
Dege = 57— @)
dg 9b2edge
ﬂZ
D, =-—F 2
screw 9b2 )

screw

FWHM is measured wih HR-XRD rocking curves and it
determines crystallity condition of samples. b is the
lenght of Burgers vector. (For GaN, bscrew=0.5185 nm,
Dedge=0.3189 nm and for AIN, Dscrew=0.49792 nm,
Pedge=0.31114 nm). Mixed type dislocation density for
InGaN epilayer and GaN layers are calculated with
equation (3).

Dmix. = Dedge + Dscrew (3)

Table 3. Dislocation densities for GaN and AIN

Screw DL Screw DL Edge DL Edge DL (AIN)
(GaN)x10” (AIN) x108 (GaN) x10° x10°

S.A 7.87 2.88 221 1.00

S.B 9.11 1.02 3.65 0.32

S.C 0.62 0.12 0.98 0.02

Table 3 shows edge, screw type dislocation densities. In
GaN layer, screw and edge type dislocation densities first
increase later decrease in seventh degree. In AIN layer,

both dislocation densities presents a decreasing
behaviour. A second method for edge and screw type
dislocation densities is dependent on Burgers vector, tilt
angle and lateral mosaic length. All type of dislocations
are dependent on lateral mosaic length, tilt and twist
angles. For GaN (00.2) oriented epitaxial films, average
twist angle is related with dislocation density with
(b=1/3(11.0)) burgers vector. Also, average tilt angle is
related with screw type dislocation density with b=(00.1)
Burgers vector. Screw type dislocation density can be
calculated with equation (4).

2
A ity

" 435’ @

screw
screw |

Here, asii is tilt angle and b is the length of burgers vector.
Edge type dislocation with (b=1/3 (11.0)) Burgers
vector, comes together with azimutual rotation of crystal
around normal of surface. Edge type dislocation density
can be calculated by measured twist angle[8-10]. If
dislocations are gathered in grain boundaries, edge type
dislocation density can be calculated with equation (4).
Here peak broadening of asymmetric planes are length of
Burgers vector and lateral mosaic length. As can be seen
in Table 3 edge type dislocation densities are greater than
screw type dislocation density by one degree. Dislocation
movement results with plastic deformation. In an edge
type dislocation, localised lattice deterioation is present
along end of semi-plane of atoms. As edge type
dislocations move with shear strain, movement of screw
type dislocation results with shear strain and shear
deformation. In crystals, characteristic structure of a wide
angle grain boundary is distorted with a thin amorphous
region. In grain boundary, atom dislocation results with
discontunity in shift plane. For this reason, if dislocation
is stopped by grain boundary and there occurs stacks. If
particle size is smaller, dislocations are gathered more
frequently. For all three samples, screw type dislocation
density decrease in fourth degree. Also, edge type
dislocation density first decrease later increase in nineth
degree. Edge type dislocation density is larger than screw
type dislocation density in approximately one degree.
Variation of dislocation density for AIN layer is similar
to variation in GaN layer but AIN layers have larger
dislocation densities in general.

Surface morphology of I11-nitrite mixed structures effects
performance of HEMT device. In Figure 5. AFM images
gained from GaN cap layer of AllnN HEMT samples in
4x4 um? scanning area can be seen. As can be seen in
Figure 5, samples A and B have similar surface
morphology, they both have steps and terraces. In sample
C, in opposition with common clean atomic steps, there
are dark dots[11, 12]. Different surface morphology of
samples is related with thickness of AlInN layer and GaN
cap layer. Root mean square (RMS) values for samples
A, B and C in 4x4 pm? area are 0.46, 0.28 and 0.56 nm
respectively. Results imply that, terrace width of GaN
cap layers are in good accordance RMS values. RMS
values of sample C are higher than other two samples,
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this situation may stem from narrow steps on the surface
and dark dot difference. In addition to these, most of dark
dots are turned into island-like structure from terrace
structure in the image of sample C in Figure 5.

Figure 5. AFM images of samples A, B and C

As far as it is known, end of steps are dependent on screw
or mixed type dislocations[10-13]. In sample C end of
step density in 4x4 pum? scanning area is approximately
1.06x10° cm2. AFM images show that surface
morphology of samples are strongly dependent on In
content. As In content increase, surface morphology
changes as island-like.

CONCLUSION

In this study, three samples of GaN/AIINN/AIN/AIO3
high electron mobility (HEMT) structures are
investigated with high resolution X-ray diffraction (HR-
XRD) technique. TD values of the samples are found
around 108-10'° cm?. Thickness values are calculated
around 8.87, 6.5 and 10.76 nm for samples A, B and C
respectively. Crystal quality of the samples are
determined in the order of samples A, C and B. Al
compositions are determined as %87.4, %86.6 and %86.4
for samples A, B and C respectively by using Vegard’s
law. Twist angle values for GaN layer are 0.23°, 0.16°,
0.14° and for AIN layer the same values are as 0.28°,
0.33%°and 0.16° for samples A, B and C. RMS values from
AFM scans are determined as 0.46, 0.28, 0.56 nm for
samples A, B and C. AFM images show that surface
morphology of samples are strongly dependent on In
content. As In content increase, surface morphology
changes as island-like. Results gained in this study are in
good accordance with previous works done by different
researchers.
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