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Compositional pulling effects in In.Ga;_,N/GaN layers: A combined depth-resolved
cathodoluminescence and Rutherford backscatterinfghanneling study
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A depth-resolved study of the optical and structural properties of wurtzite InGaN/GaN bilayers grown by
metallorganic chemical vapor deposition on sapphire substrates is reported. Depth-resolved cathodolumines-
cence(CL) and Rutherford backscattering spectroméRBS) were used to gain an insight into the compo-
sitional profile of a 75-nm thick InGaN epilayer in the direction of growth. CL acquired at increasing electron
energies reveals a peak shift of about 25 meV to the blue when the electron beam energy is increased from 0.5
to ~7 keV, and shows a small shift to lower energies betwe&nand 9 keV. For higher accelerating voltages
the emission energy peak remains constant. This behavior can be well accounted for by a linear variation of In
content over depth. Such an interpretation conforms to the In/Ga profile derived from RBS, where a linear
decrease of the In mole fraction from the near surfae@.20 down to the near GaN/InGaN interfate0.14)
region fits the random spectra very well. Furthermore, by measuring the tetragonal distortion at different
depths, using RBS/channeling, it is shown that regions of higher In content also appear to be more relaxed.
This result suggests that straimdersthe incorporation of In atoms in the InGaN lattice, and is the driving
force for the compositional pulling effect in InGaN films.
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INTRODUCTION from a fundamental point of viefv.Unfortunately, most of
the research to date on,lBa, ,N has been limited to in-
Group Il nitride epilayers, grown by metalorganic vapor dium fractionsx less than~0.25 due to the difficulty of
phase epitaxyMOVPE), are currently a major topic of re- growing samples with higher In content. A large difference
search due to their use in light emitting diodé&€D’s) and  between the covalent radii of the cation species(Ga6é A)
laser diodegLD’s). Commercial indium gallium nitridéin- and In(1.44 A), respectively, produces large internal strains
GaN) LED’s, developed over the last decade, enjoy unri-and a deviation from ideal mixing. Another relevant and evi-
valled performance in the violet, blue and green spectral redent problem is the fact that, due to the lack of native sub-
gions. Achievements in the very important violet-blue regionstrates, nitride layers are grown on lattice and thermally mis-
for LD’s are also impressive, with reported lifetimes over matched substrates, being sapphimith ~14% lattice
10000 h? The active region in such devices is apGa, _ N mismatch with GalNthe most frequently used. This substrate
guantum well, whose wavelength of emission is determinedincompatibility problem is partially overcome by growing an
in large part, by the In mole fraction. If complete miscibility intermediate GaN buffer layer to accommodate strain and
is assumed, the bandgap ofBg_,N can be tuned from defects However lattice mismatch between GaN and InN is
3.4eV(x=0) to 1.9eVk=1) by varying the In content, larger than 10% along andc axis.
thus covering almost all the visible region of the electromag- The effect of lattice mismatch on the In incorporation of
netic spectrum. the MOVPE-grown InGaN was studied by Hiramatstual ®
Alloying materials, semiconductors in particular, is a The growth of a series of samples with different thickness,
common and powerful tool to engineer new physical properunder the same nominal growth conditions, has shown that
ties. Normally, homogeneity of the resulting alloy is desir-the In mole fraction increases for thickémore relaxed
able. Therefore it is intriguing to note that alloying InN with samples. This effect, resulting into a shift of the lumines-
GaN may result in a material, poor in terms of crystal qualitycence peak energy to the red, was found to be stronger with
and homogeneity, that shows very efficient near band edgan increasing lattice mismatch with the underlying epitaxial
emission at room temperature in single layers and quanturi@yer used. However, no information about the luminescence
wells3 Consequently lgGa,_,N has raised a lot of interest, features and indium distribution over depthithin the
not only in terms of its technological significance, but alsoln,Ga _,N layers was obtained in these studies.
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In the present work optical properties are studied directly Wavelength (nm)
over depth by using cathodoluminesceri€t.) spectra ac- 460 440 420 400 380 360 340
quired at different electron energies in anGa_,N single VY RV
layer, eliminating any possible contributions from quantum 1 L) -—- 6KeV
confinement effects. Rutherford backscattering spectrometnz | / Ll o
(RBS) is used as a reliable and accurate method to determin(s "-,I‘-.‘.\ ---=-- 3KeV Onset of the GaN related

luminescenee at ~4 KeV

the composition profile as a function of depth. Angular RBS/ —§
channeling also provide information on strain relaxation at’%; 1000
different depths within the IiGa, _,N layer. iz 1

InGaN emission

CL Intens

RESULTS AND DISCUSSION

The samples studied are nominally undoped wurtzite ] N
In,Ga, _N layers, grown by metalorganic chemical vapor Jo
deposition(MOCVD) on GaN/ALO; (000]) substrates. Pre-
vious x-ray diffraction analysis confirmed the hexagonal 27 28 29 30 a1 32 33 34 35 36 37
wurtzite structure. Samples, cooled to a temperature of ap- Energy (eV)
proximately 25 K in a closed cycle helium cryorefrigerator, _ _
were excited on their front faces with a variable energy elec- FIG. 1. Low-temperature cathodoluminescence spectra acquired

tron beam. Emitted light was collected from the sampled! different electron beam energi€s—7 keV) from the InGaN/

edges in a 90° geometry and analyzed using an Oriel IngEaN/sapphlre structure showing the InGaN related emission and the

staSpec™ cooled two-dimensional CCD array mounted agnset of GaN related luminescence.

the output focal plane of a Chromex 0.5 m monochromator., _ ) )
The experimental apparatus used is described in detail i{C@lly unchanged for higher voltages. Itis also worth noting
at for all the electron beam energies considered, the beam

Ref. 8. RBS/channeling measurements were performed wit : )
a 1-mm collimated beam of 2.0 MéWe" ions at currents of current was changed about two orders of magnitude, with no
about 5 nA. Samples were mounted on a computerpbservable shifts associated to current changes.

In order to interpret the CL results it is important to know

controlled stepping motor driven two-axis goniometer with he el d > fil ¢ ) ¢ denth
an accuracy of-0.01°. The backscattered particles were de-I"€ €lectron energy deposition profile as a function of dept
r different accelerating voltages. To perform an accurate

tected at 160° and close to 180°, with respect to the bearnt. X . ; )
direction, using silicon surface barrier detectors located irpimulation of the electron trajectories, the relevant geometri-

the standard Cornell geomefryith resolutions of 12 and Cc@l (thicknes$ and physical parameter&omposition and
16 keV, respectively. densitie$ of the different layers need to be known. All the
In-depth information on the optical properties of solids '¢dquired parameters are provided by a previous XRD and

can be achieved by using an electron beam of variable erRBS analysis. The thickness of the present(a, _,N layer

ergy to excite the luminescence. This powerful depth-Was determined to be #% nm and the average In mole

profiling technique to semiconductor layer properties isfaction about 0.17.

based on the fact that the rate of energy loss of an electron

beam in a solid depends on its incidence enéfdsigure 1 Wavelength (nm)

shows the low-temperature CL spectra from the 460 450 440 _wo
In,Ga; - ,N/GaN epilayer under study at electron beam ener- 20 Kev ' R '

gies ranging from 1 to 7 keV. It can be observed that the 11 KeV

In,Ga, _«N related emission that peaks at around 2.81 eVis 31 garov

promptly excited, even at the lowest accelerating voltages. lis;
is the unique spectral feature for energies up to about 4 kev§
However, for accelerating potentials higher than 4 keV, one 2
starts to observe GaN related emissions, namely the excig
tonic emission at 3.47 eV, donor-acceptor pair related emis-,
sion (3.27 eV} and the respective longitudinal-opticdlO)
phonon replicas. This sample shows a good lateral unifor-
mity of the InGa, _,N-related CL peak position.

Figure 2 shows in detail the |@& _,N related emission
dependence on the electron beam energy. As can be ot
served, the CL emission peak shifts to higher energies with P
increasing electron kinetic energy at the surface. However, "ot 215 280 285 290
this only occurs up to energies ef7 keV. It can be noticed
that the shift progressively decreases in magnitude until
about 7 keV, and thereafter a small shift to lower energies is FIG. 2. InGaN related CL emission acquired at electron energies
verified from~7-9 keV. The CL spectral peak remains prac-ranging from 0.5 to 20 keV.
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R pr———— e In,Ga, _,N/GaN interface. This point of maximum excitation
080 ey 1 oY - produces the maximum in the CL spectrum. Further electron
0.55 1 I ——1KeV energy increase tends to broaden the excitation profile within
680 4 | ey the InGa,_,N layer. Therefore, at this stage the situation
Q¢35 7 Ty akey changes from one that favors the near interface region, to one

where a more uniform excitation over depth is attained. As a
result, a more evenly averaged contribution of the different
depth regions to the CL spectrum is achieved, corresponding
to a reversal of the shift around 8—9 keV. Once a uniform
excitation over depth is reached for voltages over about 10
keV, an increase in the electron beam energy is not expected
to result in any further shifts, as experimentally observed up
to electron energies of 20 keV.
A simple calculation can be performed in order to deter-
50 100 150 200 250 300 350 400 450 500 mine what composition profile best suits the observed CL
Depth (nm) behavior. If the electron energy deposition curves as a func-
tion of depth in Fig. 3 are multiplied by an appropriate com-
FIG. 3. Electron beam energy deposition calculated using Montgositional depth profile(d), the relative variation of the CL
Carlo simulations of the electron trajectories for the 75-nm thickpeak energy with the electron beam energy can be repro-
Ing.17Ga 73N layer grown on top of a GaN buffer layer. duced. Note that the PL emission energy and the optical
bandgap in InGa, 4N layers were both shown to depend
Monte Carlo(MC) simulations of the electron beam en- linearly on the composition by O’Donnedt al®and Pereira
ergy dissipation in solids provide an invaluable tool in theet al.,'* respectively. Thus, the relative shift for different
interpretation of depth-resolved CL specttaln the MC  voltages is linear with the In content. This simple calculation
method for electron trajectory calculations, it is assumed thagloes not include a possible variation of the luminescence
each electron can undergo elastic and inelastic scatteringgcombination efficiency over depth. Following this ap-
and can be backscattered out of the sample. The electrgsroach, the overall trend of the CL and in particular the
path is calculated in a stepwise manf@s it travels a small “turning point” of the CL peak position at electron energies
distance in a straight line between random scattering exentsof about 7 keV can be well reproduced by a linear variation
At each step, random numbers determine the type of scattedf In content given by
ing event and the appropriate scattering angle. In order to
achieve statistical significance for each electron beam en- x(d)=(75—d)X 10" *+x4. 1)
ergy, 10 trajectories were calculated. The results are repre-
sented in Fig. 3. To help the visualization of the interactionfor 0<d<75nm, wherel is depth and; the In mole frac-
volume for this sample the result of the simulations of onlytion near the GaN interface.
107 trajectories, with energies of 3, 4, and 5 keV, are shown. It is important to note that in an JGa_ N sample whose
From these simulations it would be expected that the eleceomposition may change over depth the CL collection geom-
trons penetrate to the GaN buffer layer at energies aroundtry is an important issue. If for instance a 45° setelec-
4-5 keV, which is in good agreement with the measuredron beam incidence-light detectipthad been used, self-
onset of GaN related luminescence, as shown in Fig. 1, praabsorption of light would become an issue. In that case
viding confidence in the accuracy of the simulations. luminescence originating from deeper regions of lower
The observed trend of the CL peak position in Fig. 2 carwould have to pass regions with higher being strongly
in principle be accounted by a strain variation and/or a deattenuated before detection. This would relatively favor the
crease of In content over depth. However the x-ray diffrac-detection of the lower energy emission and would distort the
tion reciprocal space map on tli#0—15 reflection of this sample intrinsic emission properties. In the geometry used
bilayer shows only a slight misalignment between GaN anchere (90°), although self-absorption may also exist, no dis-
In,Ga N diffraction peaks, indicating that the,/@a N tortion in the CL signal is verified. Photons created at a cer-
strain relaxation is very smaif. The measured strain relax- tain depth of the sample do not to travel through regions of
ation along the growth direction is not large enough to ex-different band gap before being collected.
plain the magnitude of the CL shift. Therefore, the existence In order to confirm the hypotheses that the In content
of a substantial compositional variation over depth seems tocreases in the growth direction, a detailed RBS study was
be the only effect capable to explain the observed CL feaperformed on the sample RBS allows an accurate determina-
tures. Specifically, the CL results can be consistently intertion of the In mole fraction free from the effects of strain,
preted by a continually decreasing In content from the neawith a depth resolution of about 5-10 nm under optimised
surface region down to the near GaN interface region. experimental conditions. Determination of the In mole
As can be observed in Fig. 3, for electron energy fromfraction in InGa, _,N layers by RBS does not require any
below 1 keV to about 7 keV, the region of maximal energystandards as what is measured is the ratio of In/Ga signal.
deposition(where most electron-hole pairs are creafew- (0001 aligned and randor8° off axis) RBS spectra from
gressively moves from the near surface region to thehe InGa _,N/GaN(0001)/Al,05(000) heterostructure are

Energy deposition profile (arb. units)
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FIG. 4. Randon{3° and 507 aligned(0003) and simulated RBS FIG. 5. Angular RBS/channeling scans, cqrresponding to the
spectra. Vertical arrows indicate the scattering energies of the difoaN buffer layer and the InGaN layer at the indicated depths, along
ferent chemical elements. Horizontal arrows indicate the depth lothe (1-210 plane from the000D) to the(10-1} crystal axis. The
cation in the sample. !nset s_hows the angular dependence of the crystal axis on the wurtz-

ite lattice constants.
shown in Fig. 4. A second random spectra acquired at a
different point, with a sample tilt of 50°, was performed in the beam penetrates deeper in the layer. Accordingly, the Ga
order to extract the depth profile with an improved depthsignal increases at a faster rate than would be expected in a
resolution. In principle, sample tilt could be further increasedayer with uniform composition. This is a clear qualitative
(up to the natural limit of 90°in order to fully maximize the indication that the In content is in fact decreasing over depth.
path of the Hé ions in the layer. However, under this con- For a detailed quantitative analysis, simulation of the RBS
dition the In and Ga related peaks would merge, reducing thepectra was performed with the computer prograomp.t’
certainty in the analysis due to the impossibility to collectUsing the experimental conditions as input parameters, a
both In and Ga signals independently. multilayer model is refined by changing thickness and com-

Comparison between random and aligned RBS spectrposition of the different layers until the calculated and mea-
characterises the crystalline quality along a particular direcsured spectra match. A model consisting of a 75-nm thick
tion as a function of depth. For an ideal crystal, the numbein,Ga, _,N layer, with a composition profile as given by Eq.
of backscattered ions should be close to zero. Lattice disoril), and with x;=0.14, followed by a 465-nm thick GaN
der increases the number of backscattered particles. In thmuffer and the sapphire substrate provides an excellent fit to
limit of a polycrystalline or amorphous material no differ- experiment, as shown in Fig. 4. The results of the simulation
ence between “aligned” and random spectra exists. Crystasuit both random spectra, giving good confidence in the In
disorder can therefore be quantified by the paramgigr  mole fraction profile and indicating that any lateral heteroge-
(ratio between backscattering yields form aligned and ranneity, that may exist, is below the sensitivity of the RBS
dom spectra after the near surface regiofhe measured measurement~0.005, in agreement with the good lateral
value of ymin along (000 for the present lgGa_,N layer  uniformity verified by CL.

(~16%), is not particularly good compared with high quality  In an attempt to understand the effect of strain on the
GaN epitaxial layerg~2%), but is better than reported val- incorporation of In atomsvithin the InGa, _,N film, lattice

ues for samples with similar In contefftAs already dis- distortion was studiedver depthin this sample. The chan-
cussed, the crystalline quality deteriorates with increasingeling effect steers particles along atomic rows under certain
lattice mismatch between GaN/BGa; _,N. geometrical conditions. It can be used to measure strain of

Almost constant values of,,;, measured over depth sup- epitaxial layers at normal incidence and tilt angigds de-
port the previously considered approximation that the lumi-scribed, once the crystalline axes are aligned with the incom-
nescence efficiency does not depend on depth, since the cryisg beam, the number of backscattering events drops sharply.
talline quality of InGa _,N is practically constant over Angular scans were performed frof®001) towards thg1 0-
depth. 11) axis along thg1-210 plane. In the RBS spectra corre-

In a random RBS spectra performed on a target with ssponding to the lfGa _,N layer two integration regions,
constant chemical composition, the backscattering yield, at aorresponding to In and Ga atoms at 0—-35 and 35—-70 nm
constant bombarding energy, from deeper sample regions depths, were considered. For @001 axis all three chan-
higher (<1/E?) due to the energy loss of the penetratingneling dips have the same angular position as seen in Fig. 5.
beam. In Fig. 4 this effect can be observed in the energyHowever, this is not verified for th&l0-11) axis, where In
window corresponding to random spectra of the GaN buffefsame position as Galips are shifted toward lower angles
layer. Regarding the &g _,N film this dependence is not with respect to the Ga in GaN layer since the angular posi-
verified, and it can be noticed that the In signal decreases d®n is a function of the lattice constantsand a of the
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wurtzite structure. duces the strain energy and allows the first monolayers to
Rather interesting, is the fact that the position of thegrow coherently with GaN. As the layer thickness increases
In,Ga, 4N (10-11) dip is not constant over depth. The angle the film partially relaxes allowing more In atoms to be incor-
& between (0001 and (10-1) is given by @ porated in the lattice.
=arctan{/3c/a), as shown in the inset of Fig. &, values The results presented here show that for nonuniform
of 46.11° and 46.23° for the |Ba _,N layer at the consid- In,Ga _,N films, great care has to be taken when relating
ered depths, were measured. The tetragonal distortion is deptical properties and composition, whenever these quanti-
fined aser=(Pep— Pp)/(COSP,sindy),'® where®,, is the  ties are determined at different depths. Misjudgments and
value expected for bulk iGa, _ N (fully relaxed. Using the  discrepancies can arise if, for instance, surface luminescence
In molar fraction derived from RBS and Vegard's I&the  and average composition are compared without taking depth
lattice constants of bulk i&a, _,N, for each subregion con- variations into account. Furthermore, considering the hinder-
sidered, were interpolated from the Gablg,,=0.51850, ing effect of strain in In incorporation, it is suggested that
agan=0.31892nm?*° and InN (¢, ,y=0.57033, a;y alternative substrates need to be considered if extension of
=0.35378 nm?* relaxed values. Tetragonal distortions de-In,Ga 4N technology to higher InN fractions and longer
duced from the RBS/channeling study wer@.63% for the  wavelengths is desired.
film region closer to the GaN/i®a,_,N interface and In summary, depth resolved CL measurements were per-
—2.17% for near the surface region, respectively. The negdormed on InGa _,N/GaN bilayers. It was demonstrated
tive values indicate that the J6a N layer is under tensile that the optical properties of |Ga N can change consid-
strain along the growth direction, as expected. This differerably with depth. This variation of the optical properties
ence ine1 shows that the strain profile is not uniform over was interpreted in light of RBS results, confirming that
depth, and a slight release of the strain in the growth direcstrong composition pulling effects exist within some
tion is indicated. In,Ga, N layers. The increasing In mole fraction along the
As previously discussed, the effect of this small straingrowth direction was shown to scale with the degree of strain
variation over depth on the CI peak position is much smallerelaxation, suggesting that strain is a major driving force for
than a strong compositional variation fro0.14 to~0.20  In surface segregation effects in@g _4N.
within the 75-nm thick layet® Nevertheless, elastic strain
seems to have a major role in the In incorporation in the
In,Ga N lattice. RBS/channeling results show that In at-
oms have a tendency to segregate to the more relaxed regions Sagio Pereira(SP acknowledges useful discussions on
minimizing the system strain energy. Lowering the In con-Monte-Carlo simulations with Dr. Paul Edwards and has fi-
tent reduces the lattice misfit and associated strain at theancial support from Fundag para a Ciacia e Tecnologia
interface. Hence exclusion of In atoms at the interface re{Grant No. SFRH/BD/859/2000
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