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Quantitative chemical information from semiconductor nanostructures is of primary importance, in

particular at interfaces. Using a combination of analytical transmission electron microscopy

techniques, we are able to quantify the interfacial intermixing and surface segregation across the

intricate non-common-atom wetting layer (WL) of Ga(As,Sb)-capped InAs quantum dots. We find:

(i) the WL-on-GaAs(buffer) interface is abrupt and perfectly defined by sigmoidal functions, in

analogy with two-dimensional epitaxial layers, suggesting that the interface formation process is

similar in both cases; (ii) indium segregation is the prevailing mechanism (e.g., over antimony

segregation), which eventually determines the composition profile across the GaAs(cap)-on-WL

interface. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4731790]

Expanding the usable wavelength for opto-electronic

devices towards 1.3 and 1.55 lm is a subject of current tech-

nological relevance.1 Present efforts focus on the develop-

ment of new GaAs-based functional units, where

nanostructures based on quantum dots (QDs) remain as one

of the most promising options.2–4 The incorporation of anti-

mony into (In,Ga)As QDs has been found to be an effective

solution to redshift the emission, due to the possibility of a

staggered type-II band alignment for antimony contents

above 14%.5 Indeed, room temperature emission at 1.6 lm

has already been reported with Ga(As,Sb)-capped (In,Ga)As

QDs.6,7 The complexity of the growth of InAs-GaAs-GaSb

heterostructures is well-known, in particular, the difficulty of

fabricating abrupt heterointerfaces, since both cation and

anion segregation may occur.8,9 Segregation may not only

result in the degradation of the interface but also in the unin-

tentional formation of a ternary and/or quaternary alloy from

the nominally deposited binary compounds. In addition to

the inherent difficulties present in the chemical analysis of

any quaternary compound, In and Sb segregation may simul-

taneously occur, which hampers the detection and evaluation

of the individual contributions.9 The impact of segregation

on the structural properties of Ga(As,Sb)-capped InAs/GaAs

dot-in-well structures has been studied on the atomic scale

by cross-sectional scanning tunneling microscopy.9,10 While

most of the studies focus on the structural and chemical

properties of QDs, quantitative analysis of the chemical pro-

file and compositional sharpness of wetting layers (WLs) are

scarcely reported. Moreover, recently, intriguing photolumi-

nescence (PL) emission from recombination at the WL inter-

face of In(As,Sb) QDs has been reported.11 In their work, the

authors explicitly demand the need for specific investigations

into the structure and composition of the WL interface to fur-

ther understand the WL-related PL feature. Based on the

analysis of the intensity contrast of g002 dark-field transmis-

sion electron microcopy (DFTEM) micrographs, Luna and

co-workers have recently proposed a method for the quanti-

tative evaluation of the chemical intermixing at the interfa-

ces of InAs/GaSb superlattices, which includes segregation

effects.12 The procedure, however, has not yet been applied

to the analysis of the chemical interface in nanostructures,

e.g., across QDs per se or across WLs. In this work, we apply

our quantitative DFTEM (qDFTEM) method to the chemical

characterization of the interface in a Sb-based non-common-

atom (NCA) WL. In particular, we are able to determine the

chemical composition, including the identification and quan-

tification of III- and V-element segregation effects, across

the interfaces of the intricate (In,Ga)(As,Sb) WL of

Ga(As,Sb)-capped InAs QDs grown on GaAs(001).

The studied sample was grown by molecular beam epi-

taxy and consists of 2.2 monolayers (ML) InAs QDs, capped

with 6 ML GaAs and 3 ML GaSb, upon which a 100 nm

GaAs cap layer was deposited. The nominal structure is

shown in Figure 1(b). Growth conditions can be found else-

where.13 The morphological and chemical characterization

has been conducted by conventional TEM (CTEM) in cross-

sectional view in a JEOL-JEM 1200EX operated at 120 kV.14

TEM specimens have been prepared following standard pro-

cedures. In addition to CTEM, analytical TEM techniques

such as electron energy loss spectroscopy (EELS) has been

performed.14 Because we deal with NCA interfaces between

quaternary and/or ternary alloys, the unambiguous determina-

tion of the WL composition requires the combined analysis

of EELS, high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM), and DFTEM data.

Figure 1(a) shows a cross-sectional g002 DFTEM image

of the WL. As already reported in Ref. 12, qDFTEM analysis

of the chemical interface in NCA heterostructures relies on

the analysis of two-beam DFTEM images obtained with the

diffraction vector g¼ 002, which is sensitive to the chemical

composition for semiconductors with zincblende structure.
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In short, the method is based on the proposal of a distribution

profile for the different constituent elements that we put into

the calculation of the corresponding diffracted intensity

under kinematic conditions (I002). We compare the simulated

intensity (R002
sim), normalized to that of a reference area of

known composition, R002¼ I002
layer/I002

reference, with the ex-

perimental one (R002
exp) and look for the composition pro-

files best fitting the experimental contrast. Thereby, the

procedure would resemble the analysis of x-ray diffraction

data where the layer information (composition, thickness,

strain, etc.) is extracted after comparing the experimental

and simulated curves. Since the identity of cation and anion

both change across the heterointerface, we have to input the

contributions of the III- and V-sublattices separately, which,

in principle, allows the independent determination of the

chemical width and surface segregation in each sublattice.

Although the method is based on an aperture-limited imag-

ing mode (i.e., DFTEM, with a resolution of about 0.5 nm),

the procedure allows the detection of variations in the inter-

face width and layer thickness as small as 0.1 ML.12 The key

issue is the identification of the element distribution profile.

Previously, from the analysis of directly determined experi-

mental composition profiles in several III-V semiconductor

heterostructures, we have demonstrated that the smooth vari-

ation of the element concentration x(z) with the position z
across the interface follows a sigmoidal function: x(z)¼ x0/

[1þ exp(�z/L)], where the interface width L is the main fit-

ting parameter and x0 denotes the nominal mole fraction.15,16

For layers and/or quantum wells (QWs) centered at z¼ 0, the

expression reads15

x¼ x
ðlÞ
0

1þ e
� zþN

2ð Þ
Llower

for z< 0 ðlower interfaceÞ;

x ¼ x
ðuÞ
0 �

x
ðuÞ
0

1þ e

� z�N
2ð Þ

Lupper

for z> 0 ðupper interfaceÞ:

(1)

x0
(l) and x0

(u) denote the nominal mole fraction correspond-

ing to the lower (l) and upper (u) interface, respectively. N is

the width of the layer, and Llower and Lupper are the interface

width at the lower and upper interfaces, respectively. For the

analysis of Sb-based NCA interfaces, the realistic distribu-

tions for the different elements, In and Sb (those for Ga and

As are obtained after mass conservation: [In]þ [Ga]¼ 100%

and [As]þ [Sb]¼ 100%) are obtained assuming that the

change in composition across the interfaces follows the sig-

moidal function in Eq. (1). In order to estimate the presence

of segregation effects, we consider input distribution profiles

that are obtained from the combination of a segregated pro-

file derived after Muraki’s phenomenological model17 and

the sigmoidal function for the description of the inter-

face.15,18 This innovative procedure has proven very success-

ful in the analysis of InAs/GaSb short-period-superlattices

and Sb-based heterostructures, even if extremely thin layers

(<3 ML) or (un)intentionally inserted interfacial layers are

considered.12,19

Figure 1(c) shows the profile of the experimental dif-

fracted intensity normalized to that of GaAs in the buffer

layer (reference), R002¼ I002
layer/I002

GaAs. The data are

extracted from line scans in the area marked in Fig. 1(a), far

away from any QD. As observed, the intensity profile reveals

a pronounced asymmetry, which resembles segregation fea-

tures. A previous morphological and qualitative chemical

characterization of the sample has already revealed that cap-

ping the InAs QDs with 6 ML GaAs/3 ML GaSb generates a

complex WL consisting of a (In,Ga)(As,Sb) core with Sb-

depleted (In,Ga)As interfaces.14,20 The composition profiles

of Figs. 2(a) and 2(c) (open symbols), which are extracted

from Ref. 14 and are determined using EELS data (note that

EELS investigation for this sample only gives qualitative in-

formation14) indicate that the In content across the WL is not

homogeneous, but there are two indium-rich regions close to

the interfaces, which are separated by a thin Sb-containing

layer with a reduced In content, i.e., the (In,Ga)(As,Sb) core.

FIG. 1. (a) g002 DFTEM micrograph (sensitive to composition) of the QD

structure (b) (not scaled). Also displayed is the area across the WL from

where the intensity profile (R002) is extracted (c). The labels (1) and (2) in

(c) refer to the baseline and to the trail edge at the GaAs(cap)-on-WL inter-

face, respectively.

FIG. 2. (a) and (c) Two sets of proposed In and Sb sigmoidal profiles for

qDFTEM (solid lines) yielding a similar R002
sim profile reproducing the ex-

perimental intensity ratio, R002
exp [(b) and (d), respectively]. Segregation

effects are not included yet. The growth direction is from left to right (indi-

cated by an arrow).
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Despite the comprehensive investigation in Ref. 14, quantita-

tive information on the chemical profile and compositional

sharpness of the WL is still missing. In order to quantify the

WL interface, we apply the qDFTEM procedure described

above, where the first step is the proposal of the input ele-

ment profiles. Initial fit attempts using element distributions,

which are based on the nominal structure (i.e., 2.2 ML InAs/

6 ML GaAs/3 ML GaSb) failed, as we found that R002
sim

totally disagreed with R002
exp (not shown). Next attempts

using composition profiles deduced from the EELS data14

were more successful, as shown in Fig. 2(d), which displays

the experimental and simulated intensity profile, together

with the corresponding element distribution for qDFTEM

along the growth direction (solid lines in Fig. 2(c)). For sim-

plification, segregation effects are not included yet. The In

distribution consists of two overlapped peaks (hereafter

denoted as In1-peak and In2-peak, respectively), while there

is a single Sb profile. The following values for the composi-

tion, layer thickness, and interface width are deduced from

the fit: 9.9% In, N¼ 5.8 ML and Llower¼ 1.1 ML,

Lupper¼ 0.85 ML for the In1-peak; 11.5% In, N¼ 7 ML and

Llower¼ 0.8 ML, Lupper¼ 3.6 ML for the In2-peak; and 3%

Sb, N¼ 1.6 ML and Llower¼ Lupper¼ 1.5 ML for the Sb

peak. The elemental concentrations are similar to those esti-

mated by EELS.14 We find, however, that contrary to our

previous work on qDFTEM of binary and/or ternary alloys

with NCA interfaces,12,19 where the element profiles could

be unambiguously determined, here the set of distribution

profiles giving the best fit is not unique, since different com-

binations of In and Sb distributions can lead to similar

results. This arises from the fact that different combinations

of In and Sb contents yield similar values of the structure

factor and, thus, a similar intensity contrast. Indeed, this is

one of the main inherent difficulties associated with the

chemical analysis of interfaces between quaternary and/or

ternary alloys. We find, for instance, that the set of element

profiles in Fig. 2(a), which consists of a single In peak

(which could be considered as the envelope of the two In

peaks) and a single Sb peak, yields likewise a good fit

[except at the upper GaAs(cap)-on-WL interface, Fig. 2(b)]

and is very similar to the fit in Fig. 2(d). We denote the pro-

files in Fig. 2(a) configuration 1 (conf. 1), since there is a sin-

gle In peak. In a similar way, the profiles shown in Fig. 2(c),

consisting of two In peaks, are denoted configuration 2

(conf. 2). The parameters of the fit for conf. 1 are: 12%,

N¼ 16.2 ML and Llower¼ 1.1 ML, Lupper¼ 3.6 ML for the

In; and 10.9%, N¼ 2.8 ML and Llower¼ Lupper¼ 1.5 ML for

the Sb. Other configurations (combinations of In and Sb pro-

files) can result in similar fits as well. These, however, either

involve unrealistic In and/or Sb profiles or are in clear dis-

agreement with the HAADF-STEM and EELS measure-

ments14,20 and, hence, are not considered. Comparison of the

profiles constituting conf. 1 and conf. 2, respectively, pro-

vides the following information: (i) although segregation

effects are not yet explicitly included, for both configura-

tions, the large broadening at the GaAs-on-WL interface

in the In profile (Lupper¼ 3.6 ML) reflects the existence of In

segregation at least; (ii) while the element concentrations

in conf. 1 are in close agreement with the nominal values

(note however that only a small amount of Sb incorporates,

with [Sb]< 11% or, 0.4 ML if computed as the equivalent

thickness of GaSb deposited21), the In and Sb distributions

disagree with the qualitative chemical information extracted

from HAADF-STEM and EELS;14,20 (iii) the composition

profiles of conf. 2 agree remarkably well with the profiles

extracted from EELS and may explain the peculiar HAADF-

STEM contrast at the WL of this sample, as reported in Refs.

14 and 20. The estimate equivalent thickness of InAs at the

WL (area under the [In] curve) is close to 1.7 ML, in good

agreement with the amount of In deposited before the two-

(2D) to three-dimensional (3D) transition occurs.21 Hence, in

the following, we focus on conf. 2. Notice that, due to the

complexity of the WL in this specific case, the combined

analysis of HAADF-STEM, EELS, and qDFTEM is crucial

for the unambiguous determination of the composition across

the interface. The intricate WL element distribution may

probably arise from a partial capping of the QDs, where the

In from the still exposed regions of the QDs will migrate

away to form a “new” WL on top of the “nominal” one.22,23

Segregation effects can be easily incorporated into the

analysis through the input distribution profiles,12 where the

profiles are obtained from a combination of Muraki’s model

and the sigmoidal function for the interface description.15

Again, because of the many parameters involved, the fitting

turns out ambiguous and cumbersome in comparison with

that on NCA interfaces between binary and/or ternary alloys.

The main difficulties arise from: (a) as already mentioned,

different combinations of [In] and [Sb] yield similar values

of R002; and (b) the small amount of Sb into the lattice (<5%

for conf. 2) makes detection of Sb segregation challenging.

According to (a), we find that the slight baseline in R002
exp

[marked as (1) in Fig. 1(c)] could be explained by both In

and Sb segregation, whereas it is hard to distinguish each

individual contribution, since they overlap. On the contrary,

there are some other specific segregation features, like the

trail edge at the upper GaAs-on-WL interface [marked as

(2) in Fig. 1(c)], which can only be explained assuming In

segregation: Sb segregation mainly affects the baseline on

R002 but is not accountable for the strong asymmetry at the

GaAs-on-WL interface. Although it is difficult to identify

the contribution from Sb segregation, estimate of the Sb seg-

regation efficiency, RSb, indicates a substantial Sb segrega-

tion with RSb> 0.8. This would explain the small amount of

Sb, which is incorporated into the layer, despite the nominal

composition is GaSb. Coexistence of Sb and In segregation

is likely.9 Contrary to the Sb case, the identification of In

segregation is feasible. Indeed, the impact of In segregation

on the main features of R002 is significant, as it mainly

reflects at the trail edge, thus allowing an accurate determi-

nation of the In segregation efficiency, RIn. In this respect,

Fig. 3(a) represents the In and Sb profiles based on the ele-

ment distribution of conf. 2, but now including In segrega-

tion, yielding the best R002 fit [Fig. 3(b)]. For simplification,

Sb segregation is not explicitly included. As observed, the

agreement between the experimental and simulated R002 is

excellent. The estimated RIn¼ 0.84 6 0.01 is in good agree-

ment with reported RIn values for In segregation in (In,Ga)As

WLs grown at similar conditions.24,25 From the profiles in

Fig. 3(a), two main conclusions can be drawn: (1) as a conse-

quence of In segregation, the GaAs-on-WL interface is very
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broad and extends over more than 15 ML (4.5 nm) along the

growth direction. Thus, In segregation is remarkable and is

the prevailing mechanism (e.g., over Sb segregation), which

eventually determines the composition profile across the

GaAs-on-WL interface. (2) The WL-on-GaAs interface is

abrupt and perfectly defined by sigmoidal functions, in anal-

ogy with 2D epitaxial layers.12,15,16 For layers grown in the

2D mode, the sigmoidal response arises from a cooperative

incorporation of the species during the interface formation.26

Hence, we can assume that the processes prevailing in the

initial stages of the WL formation are similar to those

governing the interface formation in Frank van der Merwe
2D layers. How these unexpected results reconcile with

the Stranski-Krastanow growth mode is presently under

investigation.

In summary, using a combination of TEM analytical

techniques with qDFTEM, we have quantified the chemical

composition and interfacial intermixing (including the iden-

tification and quantification of III- and V-element segrega-

tion effects) across the complex WL of Ga(As,Sb)-capped

InAs QDs. The quantitative analysis of the compositional

abruptness in a WL may provide an insight into the basic

mechanisms occurring during its formation, further allowing

a better understanding and control of the fabrication of func-

tional units based on nanostructures. Moreover, correlations

between the optical and chemical properties of WL interfa-

ces can also be established.
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I. Suárez, B. Alén, J. Canet-Ferrer, and J. P. Martı́nez-Pastor, Appl. Phys.

Lett. 98, 173112 (2011).
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