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Study of depth-dependent tetragonal distortion of

quaternary AlInGaN epilayer by Rutherford

backscattering/channeling∗
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A 240-nm thick Al0.4In0.02Ga0.58N layer is grown by metal organic chemical vapour deposition, with an over 1-µm

thick GaN layer used as a buffer layer on a substrate of sapphire (0001). Rutherford backscattering and channeling are

used to characterize the microstructure of AlInGaN. The results show a good crystalline quality of AlInGaN (χmin =

1.5%) with GaN buffer layer. The channeling angular scan around an off-normal ⟨12̄13⟩ axis in the {101̄0} plane of the

AlInGaN layer is used to determine tetragonal distortion eT, which is caused by the elastic strain in the AlInGaN. The

resulting AlInGaN is subjected to an elastic strain at interfacial layer, and the strain decreases gradually towards the

near-surface layer. It is expected that an epitaxial AlInGaN thin film with a thickness of 850 nm will be fully relaxed

(eT = 0).
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1. Introduction

Group III-nitride wide band-gap semiconductors

have been extensively studied due to their applica-

tions in light-emitting and electronic devices.[1,2] Com-

pared with the ternary InGaN and AlGaN films, the

quaternary AlInGaN films can offer much freedom

in adjusting independently the lattice constant and

band gap as discussed in other quaternary films such

as InGaAsP and InGaAlP. Therefore, the quater-

nary AlInGaN film is a potential candidate of en-

hancing electrical/optical confinement and minimiz-

ing mismatch-induced strain simultaneously. Appli-

cations of AlInGaN quaternary films to light-emitting

diodes (LED),[3−5] laser diodes (LD)[6,7] and filed-

effect transistors[8] were demonstrated. Growth,

structural and optical properties[9−12] of AlInGaN

were discussed.

Rutherford backscattering and channeling

(RBS/C) is a lossless quantitative technique, used

to characterize composition, thickness, interface and

crystalline quality of an epilayer as a function of

depth.[13,14] The ion channeling proved to be a suc-

cessful technique for the strain measurement of a wide

variety of thin layer semiconductor systems including

III-nitrides.[15] When the ion beam is directed along a

high-symmetry crystal direction, a phenomenon called

“channeling” occurs. The incident ion beam will un-

dergo a series of correlated small angle scatterings,

and as a result the backscattering events significantly

reduce compared with the backscattering events when

the ion beam is randomly directed in a direction.

χmin, which is the ratio of the backscattered yield

when the ion beam is aligned with a crystallographic

axis (YA) to that with the random direction (YR), is

a measure of the crystalline quality of the film. RBS

combined with channeling can provide useful infor-

mation about, such as the crystalline quality and the

defect density profile. In addition, the angular scan

around an off-normal axis can determine the tetrag-

onal distortion induced by the elastic strain in the

AlInGaN. Owing to the depth sensitivity of this tech-

nique, RBS/channeling can determine the strain in

the AlInGaN as a function of depth, which is impos-

sible with conventional XRD.[16,17] The results from

RBS/C are more credible than those by conventional

methods such as XRD.[18,19] In the present paper, we

first describe the thickness and the crystalline quality

of AlInGaN with a GaN buffer layer on Al2O3 sub-
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strate, determined by the RBS/channeling technique,

and then present a quantitative analysis of the strain

and its depth dependence in the AlInGaN.

2. Experiment

Samples were grown by metal organic chemical

vapour deposition (MOCVD) system. A collimated

2.0-MeV He+ beam produced by 5SDH-2 Pelletron

at Peking University was used for RBS/channeling

measurements. The sample was mounted on a high

precision (0.01◦) three-axis goniometer in a vacuum

chamber, so that the orientation of this sample rela-

tive to the He+ beam could be precisely controlled.

The backscattered particles were accepted by an Au–

Si barrier detector. The detection angle was 165◦ and

its energy resolution was about 18 keV. To study the

strain related tetragonal distortion of AlInGaN, the

off-normal ⟨12̄13⟩ and the normal axis ⟨0001⟩ are cho-
sen to obtain 21 RBS spectra, with each corresponding

to a specific tilt angle with respect to the ⟨12̄13⟩ axis
in the {101̄0} plane.

3. Results and discussion

Random and aligned RBS spectra of the sample

are shown in Fig. 1. A simulation of random spectrum

performed by RUMP program[20] shows that the AlIn-

GaN thickness is only 240 nm and GaN layer is larger

than 1 µm.

Fig. 1. Random (◦), aligned (×) and simulated (solid line)

spectra along ⟨0001⟩ axis of AlInGaN/GaN/Al2O3.

The composition of epilayer is calculated to be

Al0.4In0.02Ga0.58N. The ratio of the backscattered

yield for aligned ⟨0001⟩ spectrum to that for ran-

dom spectrum in the same region close to the sur-

face called channeling, has minimum yield χmin =

1.5%, which implies a low channeling rate and that

Al0.4In0.02Ga0.58N/GaN has a good crystalline qual-

ity (the values of χmin from 1% to 2% indicate perfect

crystalline quality).[21−23] Figure 1 also shows that

the crystalline quality of Al0.4In0.02Ga0.58N/GaN is

depth-dependent. In a region close to interface (ap-

prox. 340 to 390 channels) the defect density is higher

and the crystalline quality improves when approach-

ing surface.

To analyse the strain related tetragonal distor-

tion of the Al0.4In0.02Ga0.58N, off-normal axis ⟨12̄13⟩
is chosen. Figure 2 represents the aligned spectrum

along the ⟨12̄13⟩ axis and the random spectrum. Fig-

ure 2 has χmin = 2.5% which is a little high as com-

pared with that in Fig. 1, since the index along this

axis is higher.

Fig. 2. Random (◦) and aligned (×) spectra along, ⟨12̄13⟩
axis of AlInGaN/GaN/Al2O3.

After the orientations of the {101̄0} plane and the

⟨12̄13⟩ axis are found, the sample is tilted step by step

in the {101̄0} plane and around the ⟨12̄13⟩ axis direc-
tion from –1.8◦ to +2.2◦ with a step size of 0.2◦. Thus

21 RBS spectra were obtained, with each one being

subsequent to a specific tilt angle to the ⟨12̄13⟩ axis in
the {101̄0} plane. Four energy windows were chosen

(w1–w4) in the RBS spectra, subsequent to four re-

gions with different depths in the Al0.4In0.02Ga0.58N

as shown in Fig. 2. Using the data from the 21 RBS

spectra, four angular scans around the ⟨12̄13⟩ axis

were obtained,[24] with each one being related to a

region with specific depth determined by the energy

window. For example, the angular scan subsequent

to the energy window w4 is shown on the right-hand

side in Fig. 3. A Gaussian function fitting is used

to precisely determine the position of the dip (solid

line). On the left-hand side in Fig. 3 an angular scan

in the {101̄0} plane around the ⟨0001⟩ axis is shown.
The centre of the ⟨0001⟩ dip is not depth-dependent,

because the tetragonal distortion only influences the
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orientation of off-normal axes but not the ⟨0001⟩ axis.
The inset in Fig. 3 schematically shows that the direc-

tion of the ⟨12̄13⟩ axis in the {101̄0} plane, which also

contains ⟨0001⟩ and ⟨112̄0⟩ axes, is changed due to the

occurrence of a tetragonal distortion. From Fig. 3, we

can evaluate the angle between ⟨0001⟩ and ⟨12̄13⟩ axes
at a depth of 229 nm (w4) of the AlInGaN.

Fig. 3. Angular scans along the AlInGaN {101̄0} plane.

Left: the AlInGaN ⟨0001⟩ dip and right: the AlInGaN

⟨12̄13⟩ dip that corresponds to the depth of 229 nm (w4).

The inset shows schematically the strain related tetrago-

nal distortion.

Since Φepi = tan−1(aepi/cepi) = 32.19◦ −
0.12◦ = 32.07◦, where aepi is the lattice constant of

AlxInyGa(1−x−y)N. For a semiconductor alloy system,

an appropriate lattice constant–composition relation-

ship, which is often assumed to obey Vegard’s law

ab = aGaN
0 (1− x− y) + aAlN

0 x+ aInN0 y,

cb = cGaN
0 (1− x− y) + cAlN

0 x+ cInN0 y,

where aGaN
0 = 0.3189 nm, cGaN

0 = 0.5185 nm,

aAlN
0 = 0.3111 nm, cAlN

0 = 0.4978 nm, aInN0 =

0.3538 nm, and cInN0 = 0.5706 nm are the unstrained

(relaxed) lattice constants of GaN, AlN and InN re-

spectively. The resultant lattice constants for bulk

(unstrained) Al0.4In0.02Ga0.58N, ab = 0.3165 nm and

cb = 0.5115 nm, are obtained, Φb = tan−1(ab/cb) =

31.75◦, as a result ∆Φ = Φepi − Φb = 0.32◦, and the

tetragonal distortion calculated to be eT = e∥ − e⊥ =

∆Φ/ sinΦ cosΦ = 1.24%, where e∥ is the parallel elas-

tic strain. Table 1 lists the values of strain, ∆Φ and eT
at different depths, corresponding to energy windows

(w1 to w4) of Al0.4In0.02Ga0.58N.

Table 1. Strain data, ∆Φ and eT at different depths.

windows/nm w1 w2 w3 w4

depth/nm 29 96 163 229

∆Φ/(◦) 0.25 0.28 0.305 0.32

eT/% 0.98 1.09 1.18 1.24

Figure 4 shows a plot of tetragonal distortion (eT)

as a function of depth. The eT or (∆Φ) values may be

positive or negative, depending on whether the lattice

mismatch is negative or positive, respectively.[21,25]

From our results, the lattice mismatch is negative, so

the eT or (∆Φ) values are positive. It means that the

AlInGaN is under tensile strain in the parallel direc-

tion (e∥ > 0) which results in a compressive strain in

the perpendicular direction (e⊥ < 0) due to the elastic

properties of the AlInGaN. The eT values are depth-

dependent. The strain is higher in a region near the

interface and decreases towards the surface due to the

gradual reduction of the strain.

Fig. 4. Depth dependence of eT of the AlInGaN/

GaN/Al2O3 by RBS/C.

The eT value decreases almost linearly after the

thickness has exceeded 160 nm. Extrapolating this

linear behaviour shows that when the AlInGaN film

is 850-nm thick, then eT = 0, which means that the

film is fully relaxed.[26] The angular scan information

obtained in the deep layer is filtered by the top layer.

The real lattice strain should be larger than that mea-

sured by angular shift. In our case, such an effect may

more or less lead to an lower value of eT than the real

one in the deeper part of the single AlInGaN epilayer.

Therefore, a fully relaxed AlInGaN layer for a thick-

ness less than that of 850 nm is expected.

4. Conclusion

In this article, we presented a structural anal-

ysis of a thin film of AlInGaN/GaN on sapphire

by MOCVD, prepared at Institute of Semiconduc-

tors, Chinese Academy of Sciences. We have per-

formed experiments to find out thickness, composi-

tion, crystalline quality and depth-dependent tetrag-

onal distortion. Results indicate that a 240-nm thick
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Al0.4In0.02Ga0.58N layer has a good crystalline qual-

ity (χmin = 1.5%). Hence, RBS/C again proves to

be a useful technique to characterize the structure,

especially since it is obligatory to study the depth

dependence of the strain in Al0.4In0.02Ga0.58N. The

Al0.4In0.02Ga0.58N is observed to be subjected to a

compressive strain at interfacial layer and the strain

decreases gradually towards the near-surface layer.

According to the results deduced from our measure-

ments, it is expected that an epitaxial AlInGaN layer

grown on sapphire with a thickness of 850 nm can be

fully relaxed.
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