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The composition, elastic strain, and structural defects of an InGaN/GaN multiple quantum well
(MQW) are investigated using a combination of x-ray diffraction, transmission electron microscopy,
and Rutherford backscattering/channeling. None of the applied techniques alone can unambiguously
resolve the thickness of the individual layers, the In composition in the wells, and the elastic strain.
These three parameters directly determine the optical properties of the MQW. It is shown that only
a combination of these measurements reveals the full structural characterization of the nitride
multilayer. A clear correlation between the defect density of In distribution and strain relaxation is
evidenced. The experimental result of the ratio of the average perpendicular elasti¢estyaamd

the average parallel elastic strdiel), (e*)/(e")=—0.52, is in excellent agreement with the value
deduced from the elastic constants. 2004 American Vacuum Society.

[DOI: 10.1116/1.1715085

I. INTRODUCTION way to unambiguously study the exact In content in MQWSs
and to subsequently determine the elastic strain of the MQW.
InGaN/GaN multiple quantum well$MQWSs) are cur-  Both parameters, the In concentration and the strain, are cru-
rently used as the active layer for most light-emitting diodescial. The In concentration directly determines the band gap,
and laser diodes devices. The designed structure and thgnce, the wavelength of the emitted light. While the strain
composition of the MQWs are normally set by the growthwill induce a piezoelectric field in GaN-based systems, thus
conditions. Subsequently, determining the exact structure angdirectly influencing the effective band gap.The strain of
its composition are crucial to optimizing the growth proce-single InGaN or AlGaN layers can be determined by a com-
dure and the properties of the MQWSs. Most frequently, thepination of RBS and XRD:" However, so far no strain data
indium composition in InGaN layers is determined by Xx-ray of MQWSs have been reported. It should be stressed that un-
diffraction (XRD). This may lead to a strong overestimation |ike the situation of a single InGaN or AlGaN layer, the XRD
of the In content in the case where the epilayer is stralfigd. peaks of a periodical multilayer exhibit a satellite pattern.
However, Rutherford backscattering spectromé®BS) isa  The strain derived from this pattern is an average value cor-
powerful technique to study the composition of layeredresponding to the average composition of the MQWSs.
structures. In particular, it is possible to determine the InFrom the XRD data published in literature, limited
contentx in In,Ga _4N accurately (with an accuracy of information on the strain in MQWSs can be deduced. For a
+0.009"% with RBS. However, due to the limited depth [7.6 nmIn,;/Ga gN/10.4 nm GaNs, MQW, an average
resolution (approximately 3—10 nm, depending on the ex-perpendicular elastic strain value ¢ )~0.4% can be es-
perimental conditions RBS alone does not allow us to de- timated from the x-rayy—26 scans in Fig. 1 in Ref. 8. How-
termine the In concentration in the very thin InGaN layers inever, Korakakiset al® have determined average lattice
a MQW, if both the thickness,, andt, of the InGaN layer  constants (aep)=0.3154nm, (Ce,)=0.5185nm for a
and GaN layer in the MQW, respectively, are unknown. Nev{5 nm Al, ,Ga, gN/5 nm GaN;5, MQW. Hence, an average
ertheless, the angular separation of the satellite peaks in thgerpendicular elastic straie")=0.40% and an average par-
XRD pattern and transmission electron microscapiM) allel elastic strain(e”)z —0.85% can be deduced. In this
(for both real space images and reciprocal space diffractiomork, we illustrate how the structure, the In composition,
pattern$ can be used to determine thgandt, values. Con- and the crystalline quality of the InGaN/GaN MQW can be
sequently, RBS combined with XRD and TEM is a reliable determined with a combination of XRD, TEM, and RBS/
channeling. Subsequently, we present a quantitative analysis
¥Electronic mail: mingfang@public.fhnet.cn.net of the average strain of the MQW using XRD.
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Fic. 2. Cross-sectional TEM image, taken i@02 two-beam diffraction
condition, showing the five periods of the InGaN/GaN MQW.
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26 (deg.) GaN(0002 diffraction peak from the thick buffer GaN layer,
the satellite peaks from the MQW are displayed up to the
Fic. 1. X-ray 6—26 scan of the(0002 diffraction from the InGaN/GaN fourth order. TheA 6 determined from the angle between
MQW sample. the satellite peaks is 0.44°, hence, the MQW pefibé sum
of well and barrier thicknegd =t,,+t,=N\/(2A 0p- cOSHg)
Il. EXPERIMENT =10.5nm. I.—|ere,¢.93=17.278°' is the Bragg angle of the
GaN0002 diffraction. In the diffraction pattern, the second-
The sample used in this research was grown on anyy satellite peaks are also visible. The angular spacing of
Al;05(0001) substrate by an AXT 2000HT metal-organic these secondary satellites isA®pp, from which the total
chemical vapor deposition system at low presg0r& atm.  thickness of MQW is calculatedNL=\/(2A 0pp- COSHp)
High-purity H, and N, were used as carrier gases. First, the=51 5 nm!° Knowing thatN=>5, one deducek=10.3nm,
substrate was heated to 1200 °C under flowingfet 10 confirming the result obtained froth6p. The average per-
min. Subsequently, the temperature was decreased to 540 endicular strain of the MQW can be determined from the
for growing a 25 nm GaN nucleation layer. After this, a 1.0 gngular spacing 2 6, between the zero-order peak of the

um undoped GaN layer and 2/4m GaN layer doped with QW and the GaxD002 peak, as will be discussed below.
Si at a concentration of 810'%cm® were grown consecu-

tively at 1180°C using Kl as a carrier gas. Finally, five
periods of InGaN/GaN were grown at 790°C using N
as a carrier gas. Trimethylgallium, trimethylindium, ammo- B. Microstructural analysis

ma& apd silane(10 ppm inI I-&)hwere. usled ashGa, 'T" '\;’ The cross-sectional TEM image in Fig. 2 shows the five
and S sources, respectively. The typical growth rate is abo eriods of the MQW. Thicknesseg of the GaN barrier and

3%00 nmI/h. The composmlcl)nd %nd htheﬂ thlckfness of th w Of the InGaN quantum wells are, respectively, BMD5
ffterent layers were controlled by the flow of precursors,, anq 5_3 nm. These values are in agreement with the

and the time of growth. The nominal structure of the sam-,__. .
designed structure. The relatively large errors,adndt,, are
ple was [7.3nmGaN/3.0 nm g,Ga N]s,/3.5um GaN/ a result of the poorly defined interfaces. The TEM results are

Al;05(0001). L also consistent with the values d&f=10.5nm andNL
§ynchrotron radlatlor()\fo.154 _r_m) produced by the =51.5nm deduced from th&®6, andA 6pp values in Fig. 1.
Beijing Synchrotron Radiation FacilifBSRFA was u_sed to Although these values are shown in poor contrast in Fig. 2, a
perform x-ray§-26 scans of th&0002 and (108) diffrac-  high density of growth defects is present in the InGaN
tions from the sample. A JEOL 4000EX high-resolution q,;antm-well region. These defects can be defined as an
transmission electron microscope was used to study tgsertion or extraction 0f0002 planes. The extraction or
MQW microstructure using conventional diffraction contrastinsertion 0f(0002 planes is only found in the InGaN quan-

imaging and high-resolution imaging. A 2 MeV Héieam 1 wells, while the stacking disorder is present in the entire
produced by a 5SDH-2 Pelletron was used for RBS/

i quantum-well-barrier structure. A high-resolution TEM im-
channelm'g' measurements. Thg sample was mounted' Ona%e, taken along tHel120] zone axis, is shown in Fig.(&.
high-precision(=0.019 three-axis goniometer for precise

trol of th entat £ th | lative to the'H The bright dots in Fig. @) correspond to the Ga columns in
Eggr:? of the onientation of the sampie refative 1o the He he |attice. In high-resolution TEM images, the defects can

be clearly seen. The arrow in Fig(a indicates the position
of an extra(0002 plane, while the brackets indicate a stack-
[ll. RESULTS AND DISCUSSION ing disorder(an A—B stacking sequence next to an A-C
stacking sequengeSimilar to the satellite peaks observed by
XRD, electron diffraction[Fig. 3(b)] also exhibits satellite

Figure 1 shows the x-ray—20 scans of thg 0002 dif- peaks(see insetnext to the(0002 reflection. This indicates
fraction from the MQW sample. In addition to the strongestan almost perfect InGaN—-GaN sequence.

A. X-ray 6-280 diffraction from the (0002) planes
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Fic. 3. (a) High-resolution image[(ll?()] orientation of an InGaN quan-
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Fic. 5. Random([J), (0001 axis aligned(%), and simulatedsolid line)
RBS spectra of the InGaN/GaN MQW sample. From the simulatiorn an
value of 0.16 is obtained.

epilayer is fully strained, resulting in an underestimation of
thex value in the case where the epilayer is partially relaxed.

tum well showing the most common defects. The arrow indicates an extra

(0002 plane; the brackets indicate a stacking disorder.Corresponding
selected area diffraction pattern. The inset is an enlargement ¢D@%)
reflection showing a satellite pattern similar to the XRD pattern of Fig. 1.

C. Simulation of the x-ray diffraction patterns

In order to get more detailed information about the struc-

ture of the MQW, a simulation is made to fit the experimen-
tal XRD data(Fig. 4). From this procedurd,,=7.7 nm and
tw=2.7 nm with an error of=0.1 nm are obtained. Further-
more, this simulation also determines the In contetd be
0.13 in the InGa; _,N layers. However, one should be aware
that this result is obtained based on the assumption that t
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Fic. 4. Fitting of the(0002 diffraction data by the simulation,,, t,, and
X values are obtained from the simulation.
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D. Determination of the In content

Figure 5 shows the random and aligned RBS spectra of
the sample. The geometry used in the backscattering mea-
surements is shown in the inset. The arrows labeled Ga
and In indicate the energy for backscattering from Ga and In
atoms at the surface. The small In peak corresponds to the
backscattering from the In atoms in the MQW. Using the
ty andt, values from the simulation of the XRD data, a
simulation (solid line in Fig. 5 of the random spectrum
given by the rRump progrant! indicates that the

composition and the structure of this sample is

r{g.? nm GaN/2.7 nm Ga e\ 15, /GaN. The In content

in the InGa _,N layer determined by RB&=0.16, is in-
dependent of the strain in the multilayer. This value indicates
thatx=0.13, as obtained from the simulation of XRD data,
is certainly underestimated and that the epilayer is, in fact,
not fully strained, but partially relaxed. Such an accurate
determination of thex value is crucial for the subsequent
determination of the elastic strain. From t@01) aligned
spectrum, a minimum yielgt,,i,=2.4% is obtained for both
the In and Ga signal, indicating the excellent crystalline
quality of the MQW.

E. Calculation of the average perpendicular
elastic strain

In Fig. 1, the position of the zeroth peak relative to the
GaN0002 peak(i.e., the 2A 6, valug can be used to deter-
mine the average perpendicular elastic strain. Because the
thick GaN layer is fully relaxed, which is confirmed by the
GaN(0002 peak position relative to the fully relaxed sub-
strate AbO3(0006) peak(not shown, the position of the
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Fic. 6. X-ray 6—26 scan of the (164) diffraction from the sample in Fig. 1.
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the (1034) diffraction from the MQW is determined to be
Ocan(1014) — (A B),+ A 64,) /2= 41.011°- (0.25°+ 0.25°) /2
=40.761°. 65,\(1014)=41.011° is the theoretical bulk
value of the GaN(104) diffraction angle. Subsequently, the
averaged spacing of the (104) plane of the MQWs is cal-
culated to be 0.11793 nm. According to tbespacing for-
mula for a hexagonal crystdland the(cep) value deter-
mined from the (0002 diffraction, we experimentally
obtained(agp)=0.3196 nm,(a.,) being the average lattice
constanta of the epitaxial MQW. From this value, an aver-
age parallel elastic strain and an estimated erfeh

= ((aepp —(ap))/(ap) = —0.25%* 0.08% are calculated, us-
ing the average lattice consta(e,)=0.3204 nm for bulk
|n<X>Gag_,<X>N.

IV. CONCLUSIONS
Combining XRD, TEM, and RBS/channeling analyses,

GaN0002 peak can be taken as a reference to determine thge paye characterized the structure of an InGaN/GaN MQW

correct position of zeroth pealdyow(0002). In order

and reliably determined the In content in the InGaN

to eliminate the influence of a possible misorientati0n|ayer which is important to determine the strain of the

angle between the thick GaN layer and the MQW, the mea

surement was repeated by rotating the sample 180° arou
its surface normal. Thus, two valuésfy, and A 6y,, and
AOy=(AOgatAbg,)/2 were obtained. In this way,
Onmow(0002)= O 0002)— (A Oga+ A Opp)[2=17.278°
—(0.10°+0.10°)/2=17.178° was determinedig,(0002)
=17.278° is the bulk theoretical value of the GamB02
diffraction angle.A 6y,,= A 6, implies that the epilayers in
the MQW are parallel to the underlying thick GaN layer.
Finally, the average lattice constanof the epitaxial MQW,
(Cepiy =N/sin Oyow(0002)=0.5214 nm, is obtained. The ze-
roth peak is directly related to the average In compositio
(x) in the pair of InGaN/GaN layer5(x) being equal to

0.16x2.7/2.7+7.7)=0.042. Hence, the average lattice con-

stant(cy,) for bulk (i.e., unstrainepin ,Ga,  , N would be
0.5718x0.042+0.5185x0.958=0.5207 nm, using Vegard’s
law and the lattice constants of InN and G&NConse-

MQW. In this way, the average parallel elastic strain

Q%”>= —0.25% and the average perpendicular elastic strain

(e')=+4+0.13% of the MQW are determined for a
[2.7nm IRy 1§G& gN/7.7 nm GaNs, MQW. Table | lists the
average elastic strain of MQWs deduced from the literature
and the results from this work. Table | shows that, on aver-
age, the MQW is under compressive strain in the parallel
direction(i.e., (€'} is negative and under tensile strain in the
perpendicular directiorti.e., (") is positive, as expected
considering the sign of the lattice mismaférBy using the
elastic constants,; andcs; of GaN and InN used in Ref. 1,

Nthe average elastic constarts;s) =102.5 and(csq)=397.4

can be calculated using Vegard's law. Owing éo/e'=
—2C43/Cq3,2 (€4)1(€ly=—2(c13)/{C39)=—0.52 can be de-
duced from the elastic constants. This is in excellent agree-
ment with our experimental resuke’)/(e'y=+0.13%/
—0.25%= —0.52. We note that the strain values reported

quently, the average perpendicular elastic strain, includingere are smaller than those deduced from literature. This was

the estimated error, ige")=((Cep) —(Cp))/(Cp)=0.13%
*+0.02%.

F. Calculation of the average parallel elastic strain

expected because of the lower average In composition in our
sample.
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