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Morphology evolution in (In,Ga)As-Ga(As,P) strain-compensated multilayer structures is studied.

The effects of nanoscale interface corrugation and phase separation are evident after the third

period of the multilayer structure and become more pronounced with each new stack until the sixth

period. Then, the interface stabilizes pointing to the formation of strain-balanced equilibrium

interface structure. The epitaxial structure remains defect-free up to the maximum number (twenty)

of periods studied. In a structure with a high lattice mismatch between the neighboring layers,

In0.40Ga0.60As/GaAs0.85P0.15, clusters of dislocations are revealed already in the third period.

The observed phenomena are critical for proper engineering of optoelectronic devices. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862436]

Multiple stacks of strain-compensated quantum wells

(QWs) (e.g., (In,Ga)As-Ga(As,P) structures) are widely used

in optoelectronic devices, e.g., in light-emitting or laser

diodes, photodetectors, solar cells, etc. Of particular interest

are high power high-brightness laser diodes in which a thick

vertical waveguide is applied1–8 suppressing catastrophic op-

tical mirror damage, beam filamentation, thermal “smile” of

a laser bar, what is of high importance for wavelength stabi-

lization of the bars by external diffraction gratings.3 Optical

losses< 0.4 cm�1 were reported for thick waveguide laser

diodes with vertical beam divergence �30� (full width at

half maximum, FWHM).1 To advance the concept to even

thicker waveguides, multiple QWs (MQWs) must be used to

counteract the reduced optical confinement factor.2,3,5,7,8 To

keep the gain region compact allowing the vertical mode

selection,1,2 on the one hand, and for avoiding defect forma-

tion in stacked InGaAs QWs,6 on the other hand, strain com-

pensation by GaAsP barriers is usually applied. Vertical

beam divergences of only 8� (Ref. 2), �5� (Ref. 7), and

�0.7� (Refs. 4 and 5) were realized. It was noted, however,

that laser diodes with GaAsP strain compensation barriers

demonstrate higher waveguide losses and thus lower

wall-plug efficiencies as compared to the lasers with stacked

QWs grown without strain-compensation.9 Furthermore,

ultranarrow beam QW lasers (FWHM< 0.7�) so far demon-

strated only moderate differential efficiency at long cavity

lengths (50%, L¼ 3.5 mm, as cleaved facets).5 It was noted,

on the other hand, that very small concentrations of

Phosphorus improve laser performance.10 Thus, there is a

need to understand the reason of the discrepancies reported

in multiple research publications.

The origin of increased waveguide losses may be related

to the sensitivity of the intensity mode profile to minor

changes of the refractive index within the waveguide in thick

waveguide structures. Thus, local inhomogeneities of the

refractive index in the MQW region may be critical for the

performance of the device.2

It should be noted that compositional and morphological

inhomogeneities in the alloy growth are inherently con-

nected.11,12 Laterally modulated structures occur also at the

growth of alloy films lattice-matched to the substrate.13,14 A

larger variety of instabilities and related modulated struc-

tures occur at the growth of multilayer films,15 both without

and with strain compensation. Theoretical papers16–18

emphasize that the strain profile at the surface of a growing

crystal governing the morphology evolution is created by the

buried undulated interfaces and therefore strongly depends

on the layer thickness. The strain changes its sign upon the

layer thickness providing a transition from the out-of-phase

morphological instability (regarding subsequent interfaces)

to stable growth and further to in-phase instability. As the

strain created by the interface undulations decays exponen-

tially with the distance, only a small number of buried inter-

faces contribute to the strain at the surface. That is why, one

may expect that the (in)stability criteria will be different for

a few first layers, on the one hand, and for higher layers, on

the other hand.

In this Letter, we study the structural properties of multi-

ple InGaAs-GaAsP layer stacks and show that both layer

thickness and composition can be significantly modulated al-

ready in the third period. Furthermore, above a critical differ-

ence in compositions between neighboring layers, dislocated

clusters appear in the third period.

The structures were grown by metal-organic chemical

vapor deposition on (100)GaAs semi-insulating substrates

using trimethylindium, trimethylgallium, arsine, and phos-

phine. A 300 nm-thick GaAs buffer layer was deposited at

650 �C followed by a 10 nm-thick Al0.3Ga0.7As and a

20 nm-thick GaAs layer. Then, the temperature was reduced

to 600 �C, and a 15 nm-thick GaAs0.87P0.13 tensile strained

barrier layer was deposited, followed by a 7 nm-thick com-

pressively strained In0.24Ga0.76As with a narrow bandgap

and then by another 15 nm-thick GaAs0.87P0.13 barrier layer.a)Electronic mail: nikolay.ledentsov@v-i-systems.com
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The number of stacks varied between 2 and 20. The photo-

luminescence (PL) emission at room temperature was at

1035–1040 nm with the FWHM � 22–26 nm, weakly de-

pendent on the number of stacks. The structure was capped

by a 10 nm-thick GaAs layer, Al0.3Ga0.7As layer and a

5 nm-thick GaAs cap layer. In another growth run, both the

Indium composition in the QWs and the Phosphorus compo-

sition in the barriers were increased (In0.40Ga0.60As and

GaAs0.85P0.15). The substrate temperature during the active

region deposition was reduced to about 550 �C.

Structural properties of multilayer systems were studied

by transmission electron microscopy (TEM). A FEI Titan

80–300 TEM was used for high resolution transmission elec-

tron microscopy (HRTEM) and high resolution scanning

transmission electron microscopy (HR STEM) imaging and

compositional analysis.19 The high angle annular dark field

(HAADF) images in STEM mode provide direct visualiza-

tion of compositional variations at atomic resolution due to

the sensitivity of the HAADF contrast to the atomic number

(Z-contrast).19 In addition, (002) dark-field TEM images sen-

sitive to structure factor difference between group-III and

group-V elements20 were used to observe the composition

variations. Compositional analysis was performed by energy

dispersive X-ray spectroscopy (EDS). Cross-sectional TEM

specimens were prepared by Focus Ion Beam (FIB) tech-

nique on FEI Helios Nano-Lab Dual Beam 600 SEM/FIB

Workstation.

The TEM images of the 20-layer structure with a lower

Indium composition in the strain-sensitive conditions is

shown in Fig. 1, where thinner layers are (In,Ga)As regions

and thicker layers refer to Ga(As,P) regions. Corrugation and

strain nonuniformities increase with the layer’s number, and

(In,Ga)As insertions in the top part of Fig. 1 are no longer

planar layers. Furthermore, the formation of well resolved

quantum dot-like structures aligned in tilted directions21 is

clearly observable.

As the strain contrast may interfere with composition-

induced features, structural analysis in chemically-sensitive

conditions is desirable. In the HAADF STEM image (Fig. 2)

of the same 20-fold stacked strain-compensated structure,

bright areas are Indium-rich (InGaAs), dark areas are

Phosphorus-rich (GaAsP), while GaAs refers to an interme-

diate gray contrast.

In Fig. 2, the bottom layers show reasonable uniformity,

stacking results in the evolution of well-defined Indium-rich

domains, either vertically aligned or tilted. Phosphorus-rich

domains are vertically aligned. Even the average contrast

changes with darkening of the image towards the top, one

may conclude that the modulation strength of the InGaAs

layers reaches maximum by the 10th�11th period and then

stabilizes.

As regards structural defects, one should note that a foil

for TEM studies is typically 10–20 nm-thick, and a probabil-

ity to observe a defect cluster is relatively low for moderate

defect densities. In our study, multiple cross sectional TEM

images at low magnification (with a lateral dimension of the

area �5 lm) were aligned to ensure no defects over at least

100 lm distance.

To estimate the degree of compositional modulation, the

EDS line scans were constructed from the integrated regions

corresponding to the elemental peaks in the X-ray spectrum

(see, e.g., Refs. 22 and 23). The data on EDS scans in the

direction perpendicular to the layer planes are presented in

Fig. 3. The resolution of the technique is high and reveals

that the chemical compositions of all key elements show

clear correlations or anti-correlations. The Galium peak in-

tensity decreases while the Indium peak intensity increases

within the InGaAs layers. The Arsenic peak intensity

decreases in GaAsP regions in anti-correlation with the

Phosphorus peak intensity.

100 nm

FIG. 1. Transmission electron microscopy image of the GaAs0.87P0.13-

In0.24Ga0.76As multilayer structure taken in strain-sensitive conditions.

100 nm

FIG. 2. The high angle annular dark field image in scanning transmission

electron microscopy mode of the GaAs0.87P0.13-In0.24Ga0.76As multilayer

structure.
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FIG. 3. Energy dispersive X-ray spectroscopy line scans in the direction per-

pendicular to the layer planes.

033106-2 Ledentsov, Shchukin, and Rouvimov Appl. Phys. Lett. 104, 033106 (2014)



In Fig. 4, EDS line scans in the direction parallel to the

layer planes for different periods and layer types are shown.

In this case, no intensity modulation is expected for planar

layers. However, as the scanning direction is not ideally par-

allel to the layer planes, smooth transition regions at signifi-

cant scanning lengths may appear. Such a trend is revealed

basically in the first period. A smooth variation of the

Indium composition is observed. Phosphorus composition is

low in the InGaAs regions while Indium composition is low

in the GaAsP regions. The situation changes remarkably al-

ready for the third period, where significant compositional

modulations occur. Furthermore, the contribution of the

Phosphorus and Indium peak intensities increases in the

InGaAs and GaAsP regions, respectfully. In higher stacking

periods, a further dramatic change happens. The composition

modulation amplitude increases drastically exceeding 50%

for Indium and Phosphorus in the related areas. Anti-

correlation of Indium and Phosphorus peak intensities is bro-

ken and significant peak intensities for both elements coexist

in the same areas. This may indicate that the morphology

evolution is significant and that InGaAs layers do not fully

cover the modulated GaAsP surface resulting in areas with

strong intermixing of Indium and Phosphorus.

The characteristic periodicities of the modulation may

reach 60–100 nm or about 1/3 to 1/4 of the wavelength in the

crystal at �1000 nm. Thus, a significant light scattering loss

may be expected in multi-stacked strain compensated QW

structures used in thick waveguide lasers. As opposite, the

structures with one or two stacks (below 3) should not suffer

from such phenomenon. The fact that stacking-induced mor-

phology evolution stabilizes after about 6th–10th period and

does not result in formation of defects allows extension of

the absorption edge if multiple closely stacked layers are

used in solar cells and top-illuminated photodetectors.

Further, the impact of the absolute strain in the InGaAs

and GaAsP regions on the morphology evolution in multi-stack

structures is studied. Figures 5(a) and 5(b) show the HRTEM

and HAADF STEM images of the In0.40Ga0.60As/GaAs0.85P0.15

multilayer structure emitting at 1.18 lm. One can see in Fig.

5(a) that even the interfaces in the HRTEM image for the first

period are planar, further interfaces are poorly resolved. Also

for the first interface, local irregularities can be observed. The

chemically-sensitive image of Fig. 5(b) reveals, opposite to

the case of Fig. 2, compositional modulations already clearly

visible in the first periods, due to a higher Indium and

Phosphorus content in individual layers. Thus, the related

light scattering may become important also for single

strain-compensated QW lasers with high Indium composition

emitting at 1220 nm.6 Another observation is a much smaller

lateral periodicity of the lateral compositional modulation of

20–40 nm instead of 100–400 nm revealed in Fig. 2 for the

same period numbers.

It should also be noted that the strain compensated struc-

tures with larger relative strain exhibit local formation of

heavily dislocated clusters, as shown in Fig. 6. The defects

are found to originate in the third period of the multilayer

stack, while the bottom periods are defect-free. Bending of

the surface on a lateral scale of 200–300 nm is revealed on

top of the structure. We attribute this effect to the defect-

induced accumulation of critical local strain triggering the

morphology evolution. The rest of the structure remains

coherent to the substrate.
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FIG. 4. Energy dispersive X-ray spectroscopy line scans in the direction par-

allel to the layer planes for the first ((a) and (b)), third ((c) and (d) and tenth

((e) and (f)) periods for InGaAs ((a)–(c)) and GaAsP ((b)–(f)) regions of the

strain-compensated structure.
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FIG. 5. High resolution transmission electron microscopy (a) and high angle

annular dark field scanning transmission electron microscopy (b) images of

the GaAs0.85P0.15-In0.40Ga0.60As multilayer structure.

50 nm

FIG. 6. Transmission electron microscopy image of the GaAs0.85P0.15-

In0.40Ga0.60As multilayer structure taken in strain-sensitive conditions.
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To conclude, we studied structural properties of strain-

compensated (InGa)As-Ga(As,P) multilayer structures. We

observed a strong compositional modulation for the structures

with significant relative lattice mismatch between the layers.

Defect formation is revealed in the upper periods in this case.

Even the observations are performed for (In,Ga)As-Ga(As,P)

multilayer stacks, general conclusions may be applied to other

combinations of III-V, III-N, and II-VI materials.
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