- Chapter 3

Characterization of structural and 2DEG transporf properties
in MOVPE-grown AlIGaN/GaN HEMT structures

3.1. Introduction

AlGaN/GaN hetero’strlictures have been attracting mﬁch attention as material for realizing
high-power and hiéh-frequency electronic devices due to their superior material features, as
' p;esénted in Chapter 1. "A large conduction-band discontinuity and strong pieioelectric effects
in AlGaN/GaN heterointerface result‘ in much higher 2DEG deﬁsities than those in‘ similar
AlGaAs/GaAs heterostructures. In Chapter,2, I presehted that A1GaN/GaN heterostructures
were successfuﬂy grown even on large-area substrates of 100 mm iﬁ diameter by MOVPE, and
confirmed that the ZDEG density\ cléarly increases with iricreasjng the Al content in AlGaN
lajers? in the same manner with the previous theoretical ‘and experimental reports [1-6]..
ﬁigh-Al-content AlGaN/GaN héterostructures seems to be appropriate for realizing
high-power-density HEMTs [7,8]. Although the compositional dependence of the 2DEG
density has been fheoretically discussed [1-3], for the compositional dei)endence of electron
transport properties of AlGaN/GaN heterostrucfures, there has been no reported systematic
stgdy with‘theor'etigal discussions, to ‘ourv knowledge. In order to examine/ the possibility of
AlGaN/GaN HEMTs and to achieve'high'er device performanée, it is essential to understand thé |
cor;elation between their basic structural and electron transpbrt properties in detail. In this
chapter, structural characteristics for different-Al-content AlGaN/GaN heterostructﬁres, such as

“alloy composition, layer thickness, tensile strain, in-plane stress, crystal quality and bandgap



energy, were ihvestigated in detail by using nondestructive X-ray diffraction measurements and
spectroscopic kelli}r)somet'ry for samples grown on 100-mm-diameter sapphire substrates by
MOVPE. Electron transport properties in different-Al-content AlGaN/GaN heterosfructures »
were also theoretically as well as experimen£ally 'stuc.iied taking into account the structural

characterization results.

3.2. Experiment

- AlGaN/GaN heterostructﬁres were grown on 100-mm-diameter and 630-pum-thick c-face
sapphire substrates using a horizontal MOVPE system (Taiyo Nippon Sanso, SR-4000) with
conventrioriall precursors such as trimethylgallium (TMG), tﬁmethylaluminum (TMA), ammonia
(NH3) and Imonosilanei(SiH‘;). Substrates were first treated in H, flow at 14180°C, and the .
temperature was then reduced to 500°C for the growth of GaN low-temberature buffer layers
(LT-BLs). Subsequently, GaN and AlGaN layers were grown at approximately 1100°C.
AlGaN/GaN heterostructures consist of, from top to bottom,A a 3-nm-thick nondoped AlGaN
layéf, a 15-nm-thick silicon-doped AlGaN layer with a doping density of approximately 5 x -
: »10’8/cm3 , a 7-nm-thick nondoped AlGaN layer, and a 3;um-thick GaN layer.on a 25-nrﬂ-thick
GaNV‘LT—kBL. AlGaN layers wére grown at various TMA/TMG input gas ratios to | grow
differeﬁt-Al-contént ‘AlGaN/GaN layers. The details of growth conditions for AlGaN’ layers
aré described in Chapter 2. The thickness’of AlGaN layers waé estimated from the growth rate
and confirmed by spectroscopic ellipsometry (J. A. qulla;h, VASE®). X-ray diffraction
(XRD) measurements were carried out using a Phillips MRD systerh with a Ge (220)'
monochro‘makt‘(')r,‘ in which fhe Cu Ko, line (A = 0.154060 hm) was uséd as radiation source
operatéd at 45 kV and 40 mA. The surface morphology was analyzed using atomic force
micrqscopy (AFM) (SPA300,' Seiko Instruments Iné.). Hall effect measuremenfs"were

_performed using the van der Pauw technique.



3.3. Results and discussion

3.3.1. XRD and AFM study on strained AlGaN layers in different-Al-content
AlGaN/GaN HEMT structures ‘ |

When a thin AlGaN layer is grown on a thick GaN layer, the A1GaN layer is coherently
~grown on the underlying GaN layer and is strained in the direction of the in-plane tensile [9].
In this case, strained AlGaN lattice parameters instead of intrinsic AlGaN lattice parameters,
should be taken 1nto account in the determlnatlon of the precise alloy compos1t10n To
determine the precise alloy composition, lattice constants of strained AlGaN layers were
measured by XRD 26-scanning. for symmetrical (0002) reflections and asymm'etric (10-12)
reflections. | Measured lattice con.stants‘ are plotted in F igure 3.1 as functions of
TMA/TMA~+TMG) input gés ratios. As seen in Figure 3.1, it is clear that the in-plane lattice
constant a of AlGaN layers is in agreement with that of GaN layers ’(x = 0 in Figure 3.1). This
result directly indicates that Al1GaN iayers are coherently strained on the underlying GaN layers.
Al contents x in ALGa,,N were calculated according to the equation given by Ref. 9-11.

The analytical expressions are as below. For the in-plane biaxial strain, we have:

g =22 (3.1)
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FIG. 3.1. Measured lattice constants of AlGaN layers on GaN layers grown at various TMA/(TMA +
TMG) input gas ratio by MOVPE,

TABLE3.1. Lattice constants and elastic stiffness constants of GaN and AIN.
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where ay and c, are the aaniS' and c-axis lattice constants of the frée-standing AlGaN layer, a
and care the g-axis and c-axis lattice constants of the strained A1GaN layer, and C13 and Cj; are
the elastic stiffness constants of AlGaN layers. In this formula, ¢ and c¢ are the measﬁred
values. The elastic stiffness constants and the ﬁee—standing 1atti§e constants were obtained by
assuming a linear relationship between the respective values of GaN and AIN given in Table 3.1
[12-14].  Calculated  alloy compositions are plotted in Figure 3.2, as functions of

T,MA/V(TMA+TMG) input gas fatios. “As seen iﬁ Figufe,3.2, a linear relationship is observed
| between the solid phase and vapor phase composition. Correspondingly, it was confirmed that

the coherent Al,Ga;..N layers can be grown up to at least x = 0.42.
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FIG.3.2. Al contents in AlGaN layers on GaN layers grown at various TMA/(TMA + TMG) input gas
ratio by MOVPE.,



The in-plane stress (o) in AlGaN layers were also estimated using elastic stiffness
constants, according to the calculation given in Ref. 11. The analytical expressions are as
below. For the in-plane biaxial stress, we have:

o~
Cl 3

33

o =Ce, with C=C, +C,- (.4)

X

The elastic stiffness constants were obtained by assuming a linear relation between the
respective values of GaN and AIN given from Table 3.1.  The calculated results for the tensile

strain along the g-axis (&) and c-axis (g5) directions and the in-plane stress (oxx) for

~ different-Al-content AlGaN layers on GaN layers are shown in Figure 3.3. As seen in‘F“igure ‘

3.3, the strain &, and &, in an AlGaN layer were'ycalculated to be approximately 0.9% and
—0.5%, respectively, when the Al content is 0.42, which seems to be reasonable compared with

the previously reported results [10]. Correspondingly, the in-plane stress oy, in the AlGaN

- layer with an Al content of 0.42 was calculated to be approximately 4.0 GPa.
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FIG. 3.3. Tensile strain (&, €;;) and in-plane stress (0yx) in MOVPE-grown AlGaN layefs‘on GaN

layers as a function of Al content.



To understand the effgcts of the tensile strain on the qualities of AlGaN layers, crystal and
surface qualities were investigated.. The cfystal quality of AlGaN layers was evaluated by
XRD ® scanning for AlGaN (0002) reflections. Figure 3.4 showsv X-réy rocking curve (XRC)
full-widths at half maximum (FWHMs) of AlGaN (0002) reﬂéc_tidns for different-Al-content
samples, which represent the tilt distribution of crystals in an AlGaN layerv. As observed in
Figure 3.4, XRC FWHM values were approximately 250 ﬂ: 30 arésec, independent of Al content.
This value is almost the same as that of the underlying GaN layers (x = 0 in Figure 3.4).
Therefore, we can consider that the tilt distriﬁution of AlGaN-layers is dependent on that of the

underlyihg GaN layers independeht of the tensile strain in AlGaN layers.
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FIG. 3.4. FWHMs of AlGaN (0002) X-ray reflection peaks as a function of Al content.



The AFM images of different-Al-content samples afe seen in Figure’ 2.9 in Chapter 2.
As observed in Figure 2.9, the surface morphology of AlGaN/GaN heterostructures cléarly
degrades. with increasing Al content. Such mo’rpholdgical features have been observed by
several authors and have been aftributed either to surface kinetic effects [5], to strain driven
,three-dilvnelvlsional» growth [15], td ‘partial relaxa}tion [16], or misfit dislocations yield at
AlGaN/GaN interfaces [17]. We can also consider ’that the poor sﬁrface morphology of

high-Al-content samples is associated with the increased strain 1n AlGaN layers.

3.3.2. Spectroscopic ellipsometry study on strained AlGaN layers in
different-Al-content A1GaN/GaN HEMT structures

Spectroscopic eilipsometry was used for the determination not only of laye’r thickness but
also of bandgap energy (Eg) for AlGaN layers. Ellipsometric measurements determine the
phase and amplitﬁde of tﬁe compiex reflectance ratio /7y = tan(y/)'ei"‘s, where r,,'and rs‘ are
complex field reﬂéctancés for s- and p-polarized lights, resi;éctively, and tan(y) and J are the |
standard ellipsbmetric amplitude and phase parameters. Thus, each ellipsometric rheasurement
yields two parameters, y and 8. Figures 3.5(a) and 3.5(b) show the measured y and ¢ of an
AlGaN/GaN ﬁlm grown on Va sapphire substrate, respectively, in which Al content has already
been estimated to be approximately 0.16 by XRD analysis. In thesé ﬁgures, the peak around
320 nm is related to Vthe’: exciton of the thin AIGaN layer. Wheh the wavelength is longer than
370 nm, that is, the photon energy is smaller than the Bandgap of GaN, interferenc;e oscillation |
“in the thick GaN layer can be observed.  AlGaN layer thicknesses can be deterrrﬁned 'by fitting
the calculated dielectric functions to the measured resulfs, as seén in Figures 3.5(a) and 3.5(b).
From this analysis, the AlGaN layer thickness was determined to be 25.3 £ 0.3 nm for this
~sample, which was approximately‘ consistent With that, 24.8 + 0.1 nm, bbtaiﬁed by

‘cross—rsectiohal transmission electron microscopy (TEM). ‘From this, we can consider that

spectroscopic ellipsometry is very useful as a nondestructive and conventional method of



determining the precise AlGaN thickness.

The. bandgap energy of AlGaN layers was determined from absorptlon spectra (see inset
in Figure 3.6), Whlch can also be obtalned by the elhpsometnc measurements and their analysis.
We have confirmed that the tensile strain in AIGaN layers is less than 1% for even at Al contents
of up to 0.42, as seen in Figure 3.3, so that a change in transition energy due to deformation
- potential is expecfed to be small. Figure 3.6 shows the sumrﬁary of the optical characterization
- results for strained AlGaN layers. ' The bowing parameter. b for the bandgap of strained AlGaN
layers was calculated to be 0.218 ¢V, which is in good agreement with that (0.23 eV) reported
by Takeuchi et al [9]. The conduction—band discontinuity (AEc) of the AlGaN/GaN
heterointerface was‘also calculated using the expression AEc = 0.75 [E, (AlGaN) — E; (GaN)]

[18] and plotted in Figure 3.6.
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FIG. 3.5. Measured (a) y and (b) 6 for an MOVPE-grown A10.16Ga0.84N/GaN heterostructure on
sapphire obtained by spectroscopic ellipsometry at an incidence angle of 75 degrees (solid circles and

solid lines, respectively). Calculated y and 6 (dashed lines) are also shown.
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FIG. 3.6. Compositional dependence of bandgap energy in strained AlGaN layers and of
conduction-band discontinuity (AEc) in AlIGaN/GaN heterostructures. Inset shows absorption spectra of
different-Al-content‘AlGaN layers obtained by spectroscopic ellipsometry.

3.3.3. 2DEG transport prOperties in different-Al—content AlGaN/GaN HEMT
~ structures

2DEG density and Hall mobilvi’ty for different-Al-content AlGaN/GaN epiWafers are seen

in Figure 2.12(b) in chapter 2. From this ﬁgure; \'it‘ can be seen that Hall mobility clearly
decreases with the increase in Al content. The cdmpositional (iependence of 2DEG properties

| obtainéd ‘in this study is almost consistent with previously feporfed results '[4-6]. Further
investigations are, however, needed to understand the electron transport properties ifx

MOVPE-grown AlGaN/GaN structures.



To Under'stand the electron transport properties in MOVPE-grown AlGaN/GaN structures,
we attempted to investigate the carﬁer scattering» mechanism in detail. The scattefing theories
of 2DEGs in III-V heterostructure system ﬁave been well developed by several aufhors [19-25].
The dominant scattering mechanisms for 2DEGs and bulk III-nitride materials are now well
-established [26-28] as well as other II-V compounds [29]. In the present calculations of
2DEG mobility in AlGaN/GaN structures, we included polar-optical phonons, acoustic phonons,
piezoelectric field, alloy disorder, interface roughriess and dislocation, mainly according to Ref
26, 27 and 28. We consider the degenerate statistics of 2DEGs for the lowest sub-band
occupation for the structure as shown in Figure 37.

. ’The ‘analytical expressions‘ for the above-mentioned scattering 'mechanisms are
summarized below for convenience, and material parémeters used in the calculation are also

listed in Table 3.2 [26].

GaN
W

FIG. 3.7. Energy and band diagram of a modulation-doped heterojunction. d is the width of the
depletion layer, Z; is the average distance of the electronic wave function from heterointerface

corresponding to the lowest sub-band.



TABLE 3.2. = Material parameters used in the calculations.

Electron effective mass
High frequency dielectric constant
Static dielectric constant

Lattice parameters of Wurtzite GaN

Density of the crystal

The width of the quantum well

The width of the depletion layer
LO-phonon energy. o
Longitudinal acoustic phonon velocity
Transverce acoustic phonon velocity
Deformation potential

Piezoelectric constant

Elastic constants

Impurity density

Electron wave vector

The 2DEG Thomas Fermi wave vector
The effective Bohr radius

m* =021 myg

€0 =35.35

v80=9.5

ao=3.189°A
co=5.185A
p=6.15 g/em®
Zy=50A
d;=333x10°m
hw =90.5 meV
u,=6.56 x 10°> m/s
u,=2.68 x 10° m/s
E;=83eV

4= 0375 C/m?
c1=2.66 x 10" N/m?
cr=6.2 % 10" N/m?
Ni=1% 10%/m’

k=73x10°m"
grr=8.68 x 10° m™
ap*=23.1A




A. Polar-optical-phonon scattering

At high temperatures, the mobility of carriers is limited by the polar-optical-phonon
scattering that is comparable vtd acoustic deformation potential and piezoelectric scattering.
The expression of mobility limited by polar-optical phonon is [22]

dmep® . |
oo = ————[exp(he/k,T)~1]e,, | (3.5)
ewom™*” Z, .

where 1/e, = 1/e, — l/es, €. and g; are the dielectric constants of the semiconductor at high and .
low frequencies, respectively. hw is the optical phonon energy, and ks is the Boltzman

constant.

B. Acoustic deformation potential scattering

When the temperature increases, the. electron mobility mainly depends on the
acoustic-phonon scattering. At most temperatures it is possible to assume that scattering by
acoustic phonons is essentially elastic. This assumption is adopted by Ridley [30] and will be
used here, as well as the assumption that the phonon population is determined by equipartition.
It is assumed that screening is static and that the effects of mechanical and eléctrical mismatch
at the heterojunétion can be ignored. Thé mobility limited by this sbattering mechanism is
given by [31] |

2eh’pulZ,

== . (36
3m* E kT, 6.6

Hac

where p is the density of the crystal, u is the longitudinal acoustic phonon velocity, Z, and E,
are the effective width of the 2DEG and the deformation potential constant, respectively, as

-shown in Figure. 3.7 and kg is the Boltzman constant.
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C. Piezoelectric scattering

At intermediate temperatures, the electron mobility is related to piezoelectric scattering in

2DEGs [22]: »
e, E 1
Hpe = Z th > Hyc- - GD
o€hyy i_i_g(ﬂ} I, (7,)
u, ) L5 (7y)

3232

Here, 4,4 is piezoelectric constant, #, is the velocity of transverse acoustic phonon.

ky = (27N, e | (3.8)
, TG o | |
IA(V,)='(3—ZJ +l] . | (3.9)
2 O 12 . _
I, (7)) = (—37—;[-‘1] +1} . ‘ (3.10)
2hu ke ‘
_ , 3.11;
= | (3.11)
- 2hu,k,
=LF 3.12
Ve kT (3.12)

D.kAlloy disorder scattering

Alfhough the. wave function that we have used fof‘the 2DEG..disappears at the interface,
due to the finite potential barrier, some elzlectrgn‘ density will inevitably penetrate into the AlGaN
alloy. Thus it is needed to consider scattering of the electrons due to alloy disorder.
Following the procedure outlined in Ref. 21, the relaxation time for alloy disorder scattering is

taken to be-

—58—



1 m *x(1- x)Q

, f|;{ (N, (3.13)
7‘-alloy

where <V> is the conduction-band offset between AIN and GaN, Q s the volume of a unit cell,
x is the Al fraction in the AlGaN alloy and y’(2) is the part of the wave function which describes

the penetration of the electron gas into the alloy: ;

. < 4me* Ny 8m*V,\"* -
=22 08 expl | ——2 . 3.14
x'(2) eV 2 p o z (14

Alloy disorder scattering rates are quite sensitive to the 2DEG density, varying as the square of

Ns. This dependence corresponds to the degree to which the electronic wave function
penetrates the barrier into the AlGaN alloy. “As alloy disorder is a short-range iynteraction, the

screening of this potential has been neglected.

E. Interface roughness scattering

Interface roughness in layered structures can be in the form of well width fluctuations or
alloy fluctuations, both leading to the perturbation of the electron confinement energy [32,33].
The presence of the interface roughness in optical‘devices, can lead to some undesirable effects
such as the splitting or broadening of excitonic spectra. The effect is more prominent in -
narrower wells where few monolayer ﬂuctuatioﬁs in the well-width result in a large fluctuation
“in the quantized energy [34]. The carrier transport in quantum wells is mainly limited by
interface-roughness scéttering [35,36].  Furthermore, at ‘high _electric fields, the interface
roughness scattering of non-eqﬁilibrium LO phonons éan render the ndn-drift hot phonon
' populétion, leading to the saturation of the high-field electron drift velocity and inhibition of ~
_negative differentiai resistance (NDR) [37,38]; The influence of interface roughness on the

mobility of 2DEDs in AlGaN/GaN structures is never very precise since the roughness itself is

not straightforward to model. Recently, Zanato et al. reported the approach assuming that



fluctuations in the interface position are randomly correlated spatially, the correlation being
describable by a Gaussian distribution [28]. ‘Reg.arding the interaction, it was assumed that the

variation in the potential that the electron experiences are based on a first-order Taylor

_expansion of the conﬁhing potential [37-39]:

2 .
AV(F)= est A(F). S (3.15)

S

Taking this as the perturbation and assuming a correlation of the form

(AV(F)AV(F)) = AZ‘eXAp{—F 1:2’7 } - o | (3.16)

where 7 and 7' are the two-dimensional spatial coordinates, réspectively, and A and A are
root mean square (RMS) roughness height and lateral correlation length, respéctively. '
Therefore, the momentum relaxation rate for electrons being scattered from interface roughness

" is obtained as

1 (eNAAY m* |
= , J(k), . 3.17
TR ( 2¢&g J n? () ‘ \ E ( :
Where
, | o ,
Jw)=[ expl-g'2/4) g'dq . (3.18)

2k (g +qs )’ y1-(g/2k )

‘Here, q =2k srin(<9/2),‘ 6 is the 'scattering angle and qs'is the screening constant, as [34] '

etm*
_em_ (,

- (3.19
s 2reh’ )

- where F(q) is the form factor defined by [35], -



Fg)= [ & [ a[f)F )] exp(-glz-2]). (3.20)
where f(z) is the Fang-Howard variational wave function [25].

E. Dislocation scattering
The analytical expression for the dislocation scattering rate for a degenerate 2DEG is

given by [40,41]

’z|. g’dq

L = Ny (_"‘n:_gj ko A(Q) )
BV Jo @y

where k; =,/27Ng is the Fermi wave vector, which depends on the 2DEG carrier

(3.21)

concentration N;, Ny;s is the density of line dislocations, and the screened potential A(g) is given

as

Alg)=—2Pe S (3.22)
2¢5 q(q + Grr) »
where & is the dielectric constant in the material, the line charge density py is given to a very
good approximation [42,43] by eflco, where ¢ is the lattice cOnstaﬁt in the (0001) direction of
Wui‘tzite GaN and f is the fraction of filled state [44]. We have assumedf= 1, i.e. that all the
»ac>ce,ptor states in the dislocation are filled. Thus the ca_lculated rnObility; is for the worst case.
Here, g1r = 2/a*B is the two-dimensional Thomas-Fermi wave vector, a*B being the éffective-
Bohr radius in the material. Using equations (3.21) and (3.22) with the substitution u = q/2ky,

we get the scattering rate as

1 _Ndism*ezpﬁ( 1 J : du.
(u

) 167#{; +(QTF/2kF))2V1—u2

2D 3 2.2
T gis ngye,
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The dimensionless integral [ ( Y ) can be evaluated exactly.

F

F. Comparison between theory and experiment results

Te understand the'electron transport properties in diffe;ent-Al—content AlGaN/GaN
heterostructures, the carrier scattering mechanism was investigated‘ in detail.  Various
scatteri’ng‘ processes, as described above, were taken  into account. Calculations were
performed using the parameters shown in Figures 2.12(b) and 3.6 (Vs: 2DEG density, xaps Al
content, E,: bandgap energy and AEc: conduction-band discontinuity). The measured
- dislocation density in GaN layefs 3 x ’109/cm2) was adopted for the calculation of dislocatioh'

scattering. The interface roughness scattering was- characterized by fitting calculated

s

mobilities to-measured results using the parameters of A and A as ehown in the equation (3.17).
Here, the calculation was carried out assumingya consfant value of 5.0 nm for A to focus on
interface roughness'hei’ght. The other parameters are the sarhe as those given in Table. 3.2.
The mobilities are combined according to the expression 1/uom = Y. (1/us), Where U; represents
an vindiv,idual mobility. The calculated mobilities for bdifferent-Al-content samples are shown
in Figure 3.8 with our experimentall‘ results. From Figure 3.8, it is clear that interface
roughness has a strong impact on loW-temperature 2DEG mobility and has become a»
predominant scatterihg process in high-Al-content sampIes in particular.  Figure 3.8 also shows

that mobility related to dislocation scattering largely increases with Al content. This is because
dislocation scattering sensitively increases with the Fermi wave vector, k; =4/27N , where

N is 2DEG density (see the equation (3.23)).
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FIG. 3.9. Compositional dependence of calculated RMS interface roughness (RMS A) and measured
RMS surface roughness of AlGaN layers. '

Figure 3.9 shows the calculated RMS A as a function of Al content. As seen in this
figure, RMS A linearly increases with Al content. From this, it is noncluded that lower 2DEG
mob111t1es in higher-Al-content samples originate from the poor interface quality at the AlGaN
and GaN layers | We consider that interface roughness is strongly related to the surface

roughness of AlGaN layérs. This is because the interface and surface roughness seems to be

related to the structural fluctuation, including misfit dislocations, around the AlGaN/GaN

heterointerface. , Wev‘have already confirmed, from AFM study, that the surface of
MOVPE-groWn AIGaN/GaN films clearly degrades with thé increase in Al content, and we
discussed that such morphological changes art: associated with the increased\strain in AlGaN
layers. The RMS surface roughness of AlGaN layers measured by AFM is also shown in

Figure 3.9.  As seen in Figure 3.9, it is clear that the dependence of RMS surface roughness on

Al content is consistent with the compositional dependence of RMS A. Therefore, we can



conclude that the lower mobilities foxj higher-Al-content samples ere attributed to the interface
and/or surface roughness. In addition, it can be considered that the degradation of the surface
and/or intefface is related to strain-induced fluctuations at the AlGaN/GaN’ heterointerface,
including structural and compositional fluctuations induced due to three-dimensional growth or
- partial relaxation. It should be understood that the tensile strain in AlGaN layers is ﬂaffe"cted
noyt‘ only by coherent growth but also by thermal expansion and/or thickness of AlGaN layers.
Therefore, the surfaee or interface qualities of AlGaN layers can be modified by changing the
growth conditions or film thickness. We believe that the realization of a high-quality surface
~ or interface »forr higher-Al-content samples could provide higher electron mobiliﬁeé with a large

2DEG density.

3.4. Conclusion

Diffe‘rent-Al-content. AlGaN/GaN heterostructures were grown on 100-mm-diameter
sapphire substrates by MOVPE. Their alloy compositien, layer thickness, tensile strain,
in-plane stress, crystal quality aﬁd bandgap energy were determined in detail. " The 2DEG
properties of those samples were theoretically as well as experimentally inveStiga_'ced taking into
account the structural characte;ization results. It was conﬁrrhed that 2DEG density linearly
increases with Al content and that low-temperature 2DEG .mobility largely decreases with |
increasing Al content. The theoretical calculation demonstrated that ldWer' 2DEG mobilities in
higher-Al-centent samples are due to the poor interface quality at the AlGaN and GaN layers.
This result is consistent with the experimental result that the surface ef MOVPE-grown sarﬂples

- exhibited poor qualities with increasing Al content. It can be considered that the degradation

of the surface and/or interface is associated with the increased strain in A1GaN layers.
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