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ABSTRACT

The qHAADF method allows the quantification of the composition at atomic

column resolution in semiconductor materials by comparing the HAADF-STEM

intensities between a region of interest to a region of the material of known

composition. However, the application of this qHAADF approach requires both

regions to be differentiable and included in the same micrograph at close

proximity. This limits the application of this approach to certain materials and

magnifications where this requirement is fulfilled. In this work, we extend the

qHAADF method to analyses where the reference region is imaged in a separate

micrograph. The validity of this modified method is proved by comparison to

the original qHAADF approach using HAADF-STEM simulated images of the

semiconductor heterostructure InSb/InAs. Additionally, the methods are

applied successfully to experimental images both of a simple InSb/InAs inter-

face and of a complex InSb/GaSb heterostructure, justifying the significance of

the modified method over the original method.

Introduction

High angle annular dark field (HAADF)–scanning

transmission electron microscopy (STEM) [1] is

widely used for the investigation of the morphology

and composition of materials at atomic scale [2–5].

The analysis of single dopant atom in crystalline

structures [6], defects within structures [7], interfacial

discontinuity [8–10] or structural strain [11] are some

of the advantageous outcomes of this method. In

some materials, the study of the composition at

atomic scale is essential to understand their
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performance. This is the case of semiconductor

materials where, for example, the emission wave-

length of InGaAsN laser can be tuned within

1.2–1.6 lm by manipulating In and N incorporations

[12]. In InSbAs, the control of the distribution Sb–As

allows the design of type II quantum dots (QDs) [13]

based highly efficient mid-infrared optoelectronic

devices at a wavelength range of 2–8 lm [14].

Because of this, HAADF-STEM has been widely used

for the analysis of III–V [15] and II–VI [16] semicon-

ductor heterostructures. As an example, the effect of

the capping layer in the morphology of InAs/GaAs

QDs [17] has been demonstrated using this tech-

nique. In semiconductor materials, quantifying the

composition with large spatial resolution is needed to

correlate material band structure and epitaxial

growth conditions, which eventually assists the

extrapolation of optimum device design parameters.

Several direct and indirect analyzing techniques have

been used in this regard such as photoluminescence

(PL) [18, 19], energy dispersive spectroscopy (EDS)

[20] or electron energy loss spectroscopy (EELS)

[21, 22]. HAADF-STEM can also be used with this

purpose, although the quantification is not straight-

forward as the HAADF-STEM signal contains both

composition and specimen thickness induced infor-

mation [23, 24]. Several methodologies have been

developed in order to obtain quantitative information

using (HA)ADF-STEM images. For example, a setup

has been built to exploit the explicit angular depen-

dence of scattered intensity for angle-resolved STEM

to measure N content and specimen thickness in

GaNxAs1 - x [25]. Also, a method is proposed to

normalize HAADF-STEM intensity to the incident

electron beams in order to quantify ADF images

[24, 26, 27]. Additionally, it has been shown that

empirical incoherent parametric imaging can be

combined with frozen lattice multislice simulations in

order to evolve from a relative toward an absolute

quantification of the composition of single atomic

columns [28]. Although these methodologies have

been shown to provide reliable results, they either

require time consuming multiple experimental anal-

yses in terms of variable image acquisition parame-

ters or require additional complex instrumentation or

not compatible to material segregation associated

compositional quantification. As a result, a direct and

faster compositional quantification model of quanti-

tative HAADF (qHAADF) [29] has been developed

that compares experimental HAADF-STEM

integrated intensities of the region of interest (ROI)

with the intensity of a homogenous (reference) area

to quantify the composition [30], using a single set of

image acquisition parameters. For example, the

compositional distribution of Sb has been quantified

within GaAs capped GaSb nanostructures [22] and in

GaAsSbN capped InAs quantum dots (QDs) [31]

using this method. However, this program only

works when the ROI and reference regions are at the

same HAADF-STEM image. This basic requirement

limits this method to function in low magnification in

terms of multilayered structures, where the ROI and

the reference area (typically, substrate) could be

positioned far away from each other. Moreover, in

the compositional quantification of highly segregat-

ing materials like Sb [32], locating a homogenous

region is rather complicated, restraining functionality

to this method.

In this paper, a modified version of the qHAADF

program is presented. This version compares the

integrated intensities of a ROI area to a homogenous

(reference) area present in two separate HAADF-

STEM images in order to generate a compositional

map on the ROI image. The InSb/InAs material is

considered to exemplify the method. Primarily, the

compositional outcomes of the modified method

applied to simulated InSb/InAs images are com-

pared to the existing qHAADF method using various

image-pixel accumulation areas (integration areas),

and to the real composition in the simulated models,

proving its validity. Later, the compatibility of the

modified method to the original method is demon-

strated in terms of experimental HAADF-STEM

InAs/InSbxAs1 - x/InAs images. As the final

demonstration, another experimental HAADF-STEM

image of alternating InSb/GaSb structure is consid-

ered which can potentially be analyzed by the mod-

ified method due to the absence of a reference region

close to the ROI.

Materials and methods

The first experimental sample consists of an InSb/

InAs heterostructure, grown on an InAs [001] sub-

strate using molecular beam epitaxy (MBE) tech-

nique. This sample possesses 10 InSb layers of 1.4 ML

each, where two consecutive InSb layers are sepa-

rated by an InAs layer of 18 nm in between. The

second experimental sample accommodates a 30 ML
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thick MBE (001) grown QD layer, comprised of

alternating sub-monolayer (SML) InSb/GaSb struc-

ture. This sample has been selected as an example

because the existing qHAADF method assisting

compositional quantification of In within this QD

layer with the help of a homogeneous buffer layer of

GaSb is rather impossible due to a presence of a very

thick (1.5 lm) Al0.3Ga0.7Sb barrier layer in between

and hence justifies the importance of developing the

modified method.

The electron transparent specimens for the

HAADF-STEM analysis associated with both samples

were prepared by mechanical thinning and Precision

Ion Polishing System (PIPS) associated Ar? ion mil-

ling. All experimental high-resolution HAADF-STEM

images of the prepared specimens were obtained

using a JEOL JEM ARM 200cF single aberration cor-

rected (condenser aberration) microscope working at

an operating voltage of 200 kV, while having imaging

parameters of Cs = - 611 nm, C5 = 817.2 mm,

HAADF detector inner angle = 90 mrad, objective

aperture angle = 15.2 mrad and defocus = - 1 Å.

Simulated HAADF images of InAs/InSb/InAs

structures along [110] zone axis have been computed

using the model illustrated in Fig. 1 where As col-

umns are included as blue circles, In as cyan circles

and Sb as yellow circles. In each simulated model, Sb

columns are included within 3 central monolayers

(MLs) as shown in Fig. 1, with partial presence of As

(InSbxAs1 - x). Here, the nominal Sb composition

(x) is varied from 0 to 0.5 with 0.1 increment. All the

simulations were performed using SICSTEM soft-

ware that runs on CAI supercomputer in UCA. The

working principle of the SICSTEM software can be

found here [33]. Aberration correction associated

spatial incoherence was also considered during sim-

ulations [34].

Results and discussion

Implementation of the method

In order to exemplify the application of the modified

qHAADF method, two simulated images of InAs/

InSbxAs1 - x/InAs ([001]) have been chosen where

the nominal Sb composition at the ROI image is 50%

(x = 0.5) and at the reference image is 0% (x = 0),

with specimen thickness of 20 nm. As the first pro-

cessing step, individual local intensity maxima

associated with the group III and V atomic columns

are located within each HAADF-STEM image. This is

done using a peak finding (PF) technique, used by

Pedro L. Galindo et al. while developing the Peak

Pairs (PP) method [35]. Figure 2a shows a simulated

HAADF-STEM image of the ROI (the Sb containing

layer) with PF generated peaks, where the group III

(In) atomic columns are marked with red dots and

the group V (As/Sb) columns with blue dots. For

clarity, the inset shows a single III–V pair (dumbbell)

with separate group III (red) and group V (blue)

column peaks. In our case, the atomic columns with

variable composition are the group V ones so they are

the columns of interest. In order to measure the

intensity in these columns, integration areas are

chosen around the group V intensity maxima. In this

case, an integration area containing the same part of

the atomic column as proposed in [36] has been

chosen with different pixel numbers justifying the

corresponding image resolution (see the green rect-

angle included in the inset of Fig. 2a), which is

reported to possess least susceptibility to the effects

of the neighboring group III columns. This integra-

tion area can be named as Mask 1. As the first cal-

culation step, the pixel intensities are integrated

Figure 1 Schematic of the model used for the simulation of the

InAs/InSb/InAs layers.

3232 J Mater Sci (2019) 54:3230–3241



within Mask 1 areas on each dumbbell individually

on the ROI image. With regards to the reference

image, it has been taken as the HAADF-STEM image

that contains only InAs dumbbells (known compo-

sition). Similarly to the procedure explained above

for the ROI image, the Mask 1 containing pixel

intensities around each group V (As) atomic columns

integrated on the reference image and later these

integrated intensities from all group V (As) columns

are averaged. Finally, the integrated intensities from

each group V column on the ROI image are divided

by the average of the integrated intensities from the

group V columns on the reference image. These

outcomes on the ROI image can be termed as nor-

malized integrated intensities, R. Figure 2b repre-

sents the modified qHAADF program originated ‘R’

map corresponding to the group V columns (As/Sb)

included in Fig. 2a. In this map, R = 1 (deep blue

dots) depicts the absence of Sb (InAs atomic col-

umns). The red rectangle marks the dumbbells within

the three InSb0.5As0.5 MLs, where an average ‘R’

value of * 1.08 has been measured. It should be

noted that the unrealistic and relatively higher ‘R’

values associated with the dumbbells nearer to the

image boundaries must not be taken into account as

those contain simulation originated boundary errors.

In order to assess the validity of the modified

method, it has been compared to the original

qHAADF method. For this, InAs dumbbells from the

same image of InSb0.5As0.5 analyzed have been taken

as the reference region for the calculation, and the

same Mask 1 has been used while having the sample

thickness of 20 nm. Our results have shown that the

original method generates same ‘R’ values over same

group V columns (not shown) as in Fig. 2b. This

outcome confirms that for a homogenous and same

ROI-reference thickness, the modified method is

compatible with the original method in terms of

simulated images.

To analyze the efficiency of the modified method,

the deviation of Sb composition values obtained from

the qHAADF methods with regards to the nominal

composition need to be evaluated. This requires

converting the Sb contribution associated ‘R’ values

within the InSbAs layers into composition values. For

this, we have used the atomic column-by-column

quantification approach developed in [29]. Here, a

statistically obtained linear regression equation was

proposed to quantify column-by-column As compo-

sition from ‘R’ or ‘Ri’ values, associated with experi-

mental InAsxP1 - x/InP structure. The proposed

equation is

Ri ¼ 1 þ a � xi ð1Þ

where xi represents As composition. They obtained

the constant ‘a’ value by evaluating an As-based

Figure 2 a HAADF-STEM

simulated image of

InSb0.5As0.5 where the group

III (In) atomic columns are

marked with red dots and the

group V (As/Sb) atomic

columns with blue dots. The

inset represents a single

dumbbell where a group V

atomic column is surrounded

by a Mask1 (green rectangle).

b The modified qHAADF

method generated ‘R’ map

corresponds the image in

a. The red rectangle represents

the InSb0.5As0.5 area.
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statistical Ri versus xi graph in terms of a few known

xi compositions. They have also experimentally

ensured that the effect of certain range of sample

thicknesses over ‘Ri’ values is insignificant and hence,

the variation in xi is the only effective contributing

parameter here. Later on, the validity of the above

mentioned equation was justified at [36] for other III–

V ternary alloys. Here, the researchers proposed a

direct approach to obtain the constant ‘a’ value by

summing monolayer-by-monolayer average ‘Ri’ val-

ues within certain number of MLs (N), where the

both analyzing and reference materials must be pre-

sent at the same HAADF-STEM image. Their pro-

posed equation was

XN

i¼1

Ri ¼ N þ a �
XN

i¼1

xi: ð2Þ

This equation illustrates the total change in the Ri

value due to total deposition of xi within certain

number of MLs (N). This equation provides the ‘a’

value, which later can be used to obtain average

monolayer-by-monolayer or column-by-column xi
values.

We have applied the methodology above for the

quantification of Sb in our simulated HAADF images

using the ‘R’ values obtained with the modified

method shown in Fig. 2b. Initially, ‘a’ has been

obtained using total deposited xi values and corre-

sponding average monolayer-by-monolayer Ri values

within N MLs. For that, 17 MLs in the ROI image

have been chosen (N = 17) as it ensures that the 3 Sb

containing MLs are present within that 17 MLs while

ignoring the simulation oriented boundary errors.

Next, the obtained ‘a’ value is used in the first

equation and Sb associated column-by-column local

composition map is generated. Figure 3a represents

the column-by-column local composition values cal-

culated for the image corresponding to InSb0.5As0.5
through red dots. Here, to maintain simplicity eval-

uating the Mask1 associated deviation between the

nominal (x = 0.5) and calculated values, four central

group V columns have been chosen, represented

within a yellow rectangle. The obtained average

value of Sb composition associated with those four

dumbbells has been found to be 47.38% with a stan-

dard estimation error of 3.77%. This error falls within

99.9% of confidence level to the average value asso-

ciated with statistical two-sided t-distribution, signi-

fying that the composition of 47.38 ± 3.77% assures

99.9% certainty to the true (nominal) value. In order

to determine whether this method is also good for

other nominal compositions, column-by-column Sb

composition quantification maps have been gener-

ated for the Sb nominal values of 0.1 B x B 0.4 (not

shown) with 0.1 increment. Figure 3b shows a graph

of the average atomic column Sb composition (xi)

versus nominal Sb composition associated with

Mask1 for images with 0 B x B 0.5 (in green). Here,

the Mask1 based overall standard error obtained

from the calculated profile (Mask1) is found to be

only 4.37%, assuring that the modified qHAADF

method is in a good agreement with the expected

values in terms of all nominal compositions of

0 B x B 0.5.

It should be noted that, as suggested by Jones [37],

Mask size can be influential in terms of compositional

quantification. However, there is no agreement in the

literature regarding which mask would be more

appropriate for composition quantification. For

example, Mask1 functions appropriately in terms of

very thin samples, ranging from 15 to 40 nm [34]

since the investigating atomic column stays unaf-

fected by the surrounding dumbbells in this thickness

range [29]. On the other hand, some researchers

suggested a Mask that contains the whole analyzing

atomic column proving to provide better HAADF

quantitative approach in terms of varying conver-

gence angle, magnification, source size and defocus

[38], sample associated small mis-tilt [39], aberrations

and astigmatism [40] and scan induced noises [41], as

long as the probe size does not change with the

sample thickness. These characteristics allow possi-

bility analyzing even thicker samples than of Mask1.

In addition, another Mask has been suggested that

imposes rectangular Voronoi cell [42] around each

whole dumbbell that allows analyzing even thicker

samples by providing an average value closer to the

nominal [37]. Moreover, for a HAADF-STEM detec-

tion angle of 90 mrad, these Voronoi cells are sensi-

tive to sample thickness induced effect [25] and

hence, compositional quantification with a higher

precision is expected as the thickness contribution to

the HAADF-STEM signal can be identified. Because

of these arguments, along with Mask1, the modified

qHAADF program has been examined with two

other Mask sizes, termed as Mask2 (covers each

whole group V column) and Mask3 (covers each

whole dumbbell) in terms of simulated images, while

both ROI and reference images possess same

3234 J Mater Sci (2019) 54:3230–3241



specimen thickness of 20 nm. Figure 3b shows Mask1

(green), Mask2 (yellow) and Mask3 (cyan) originated

graphs in terms of the average atomic column Sb

compositions (xi), associated with the same dumb-

bells within the yellow rectangle as in Fig. 3a versus

varying nominal Sb composition (0 B x B 0.5). For

clarity, Fig. 3b includes an inset showing a single In–

As/Sb dumbbell where the three masks considered

have been graphically represented. Here, the Mask1

based overall standard error obtained from the cal-

culated profile (Mask1) is found to be only 4.37%.

Again, the overall standard errors corresponding to

Mask2 and Mask3 have also been found to be very

small as 3.96% and 2.63%, respectively. Thus, our

results show that in terms of simulated HAADF-

STEM images with same specimen thickness, the

three mask sizes considered are appropriate for the

composition quantification. The high level of accu-

racy obtained could face slight degradation in terms

of experimental analysis if the required parameters

are not calibrated properly during the image acqui-

sition. For example, to obtain the ‘R’ values, it is

essential that both the ROI and reference HAADF-

STEM images possess same image contrast, bright-

ness and magnification. Once the necessary calibra-

tions are performed, this modified method will offer

benefits analyzing high-resolution HAADF-STEM

images associated with very high magnifications,

Figure 3 a Atomic column

composition map calculated

from the modified qHAADF

originated ‘R’ values shown in

Fig. 2b, superimposed to the

HAADF-STEM simulated

image. b Graph of the average

atomic column Sb composition

calculated from the modified

qHAADF originated ‘R’

values versus the nominal Sb

composition for the three

masks considered. The error

bars illustrate standard

deviations to the

corresponding averages. The

inset represents the three mask

areas considered: Mask1

(green), Mask2 (yellow) and

Mask3 (cyan), surrounding a

single In–As/Sb dumbbell.

c Plots of Sb composition

induced R vs specimen

thickness effect as per

simulated HAADF-STEM

signals with ROI thicknesses

of 15–35 nm in association to

average reference thickness of

30 nm.
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since the ROI and reference regions do not need to be

present in the same image. For example, the high-

resolution compositional quantification of a highly

segregating material such as Sb [32] within a complex

micro structure can be performed using this method

without finding a pure homogenous area in the same

HAADF-STEM image.

It is worth mentioning that the thickness of the

sample also plays an essential role in the composition

quantification as it has a strong effect on the HAADF-

STEM intensity. It has been experimentally proved

that the relative normalized integrated intensity ‘R’,

and eventually the composition of a material is

hardly affected by the specimen thickness within 15–

40 nm [34], as long as both ROI and reference areas

exist in the same image and have similar thicknesses

[29]. Because of this, in the present paper we address

the issue of errors due to the specimen thickness

considering the case where the ROI and the reference

images correspond to regions of the specimen with

different thicknesses. For this, we have measured the

R values for InSbxAs1 - x (ROI) images with thickness

15–35 nm considering reference InAs regions with

average thickness of 30 nm, for Sb compositions of

0% to 100%, and we show the results obtained in

Fig. 3c. As observed in this Figure, for each 1 nm

increment at the specimen thickness, the R values

increase by a factor of * 0.02 ± 0.004 for every Sb

composition. For this thickness range, Eq. (1) can be

rewritten as

R ¼ 1 þ a � xi � 0:02 � Dt ð3Þ

As it can be observed, there is a strong effect of Dt on
R, indicating that the precise measurement of the

thickness of both ROI and reference regions is

essential for the precise calculation of the atomic

columns composition. However, it is not necessary to

use ROI and reference regions with exactly the same

thickness, as the calculation of the effect of Dt on

R based on simulated images may assist in the

quantification of the thickness related intensity

modification, allowing a composition value read-

justment. This is not inherent to the modified method

and should be extended to the original method as

well, where sometimes thickness differences can be

found in different regions of the same image. How-

ever, these thicknesses differences are expected to be

more noticeable in the modified method due to the

larger distance between ROI and reference regions in

the specimen. Therefore, specimen thickness

associated with each experimental HAADF-STEM

image must be measured with the highest precision

through zero-loss peak EELS analysis.

Application of the method to InSb/InAs
and InSb/GaSb experimental HAADF-
STEM images

To understand how this modified method behaves in

terms of experimental HAADF-STEM images, it has

been applied to a semiconductor heterostructure of

InSb/InAs. HAADF-STEM images of this material

have been acquired using the same imaging param-

eters as in the simulated images (included in the

section Experimental Details). Initially and in order to

select ROI and reference regions with similar thick-

nesses, the sample has been analyzed at low magni-

fication, as shown in the HAADF-STEM image of

Fig. 4a, where the InSb layers can be observed. The

corresponding absolute thickness profile along the

green line in Fig. 2a at [001] direction is depicted in

Fig. 4b, obtained using zero-loss peak EELS analysis.

To generate the absolute thickness profile, Gatan

digital micrograph software has been used in terms

of HAADF-STEM image acquisition specific log-ratio

(absolute) parameters associated with electron mean

free path (MFP) of * 59 nm (calculated using the

equations in [43]) at the spectrometer acceptance

angle of 90 mrad (semi angle) and alloy specific

effective atomic number, Zeff. The thickness variation

between the average thickness of the ROI region and

the average thickness of the reference area in the

region of the red rectangle in Fig. 4a has been found

to be of * 1 nm (tROI[ treference), as it can be

observed in Fig. 4b. Figure 4c illustrates the atomic

column resolution HAADF-STEM image of the ROI

region in this area that contains an InSb layer. It

should be noted that this image contains the opposite

III–V polarity to the simulated images, i.e., the group

V (As/Sb) element constitutes the top column of each

dumbbell, while the group III (In) element are at the

bottom column. The vacuum level signal associated

with the microscope detector has been subtracted

from the obtained experimental HAADF-STEM ima-

ges [37] and the noise has been reduced by applying a

Wiener filter in Fourier space [44]. In order to detect

the position of the InSb layer, Fig. 4d shows an

intensity profile obtained from the red rectangle box

in Fig. 4c along [001] direction. In each specific ML

along [110] direction, each higher peak assigns the
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average intensity from the group III atomic column

(ZIn = 49), and each lower peak designates the aver-

age intensity from the group V (ZAs = 33), within that

ML. According to the obtained profile, the average

intensity count along [110] direction from the As/Sb

columns within ML5 (marked with blue dotted rect-

angles in Fig. 4a and b) has higher value than any

other As/Sb columns, indicating the presence of Sb at

ML5. In order to generate a quantitative ‘R’ map from

this HAADF-STEM image (ROI image) using the

modified qHAADF method, another HAADF-STEM

image with same magnification and imaging param-

eters as in the ROI image has been taken from the

InAs substrate in the region of similar thickness (not

shown), which will be used as the reference image.

Individual local intensity maxima associated with the

group III and V atomic columns have been located

using previously discussed peak finding (PF) tech-

nique, [35] and R values have been calculated simi-

larly as in the simulated images. Figure 4e and f

represents the original and the modified qHAADF

method generated ‘R’ maps, respectively. As it can be

observed, larger R values are obtained in ML5 in both

methods where Sb is present, as expected, with an

average value of * 1.04 (Fig. 4e) associated with the

original method and of * 1.06 (Fig. 4f), associated

with the modified method where average ROI

thickness is greater (* 1 nm) than the average ref-

erence thickness. Due to this variation in the R values,

the corresponding average xi at ML5 using equation

R = 1 ? a�xi become * 27% for the original and

* 46% for modified method. This 16% difference in

xi between the original and modified method is due

to the specimen thickness contribution for a * 1 nm

ROI-reference average thickness variation in the

modified method. As this is a large difference for

quantitative purposes, image simulations need to be

taken into account to recalculate the obtained values

considering the thickness variations measured in

order to obtain precise composition values. In order

Figure 4 a Low-mag HAADF-STEM image where the red

rectangle depicts the location of the analyzing ROI and

Reference areas; b corresponding thickness profile associated

with the Spectrum image line (green line), along with the

analyzing area in a. c Experimental HAADF-STEM image of

InSb/InAs (single In–As/Sb dumbbell at the inset); d intensity

profile obtained from the image in c, evidencing the position of the

InSb layer; R map calculated with the original e and modified

f methods, from the HAADF-STEM image in c.
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to do that, in this case Eq. (3) above can be used. For

values of Dt of 1 nm and R * 1.06, we obtain a

x value of * 26%, which is very close to the value

obtained with the original method, as expected.

To assess how the methodology proposed here

allows the analysis at atomic column resolution of

regions with strong material segregation, where

finding a reference area of known composition is

challenging, another experimental sample that con-

tains 30 ML of alternating layers of InSb/GaSb

structures within a QD layer has been considered.

The segregation tendency of In [45] tend to form

InxGa1 - xSb ternary alloy (ROI) and, hence, obtaining

a reference area within the QD layer is rather chal-

lenging. On the other hand, due to a great distance of

1.5 lm between the ROI and homogeneous GaSb

buffer (reference), they cannot be imaged in the same

micrograph. Therefore, it is impractical to quantify In

using the original method. This limitation of the

original qHAADF method is the principle encourag-

ing factor to develop the modified method, enabling

analyzing complex materials. HAADF-STEM images

have been acquired from regions in the specimen

along the curvature of the conventional technique

generated hole, with the aim to find areas of similar

thicknesses measured by zero-loss EELS. Figure 5a

shows a HAADF-STEM image of the InSb/GaSb

(ROI) region, and Fig. 5b depicts the corresponding

absolute thickness profile calculated for electron MFP

of * 61 nm (calculated using the equations in [43]) at

the spectrometer acceptance angle of 90 mrad (semi

angle) using zero-loss EELS showing an average

thickness of * 26 nm. In order to calculate R, an area

of similar thickness within the reference region (GaSb

buffer) has been chosen. Figure 5c shows a HAADF-

STEM image of the GaSb substrate, and Fig. 5d

shows the absolute thickness profile within the white

rectangle in Fig. 5c, generated similar way as in the

ROI image. As observed in Fig. 5d, the average

thickness at that white rectangle region in Fig. 5c is

* 21 nm. To ensure a slightly smaller thickness

variation of the ROI area to the reference area, a

smaller region (* 4 nm) in ROI image was chosen

with an average thickness of * 25 nm, as shown in

the ROI thickness profile (Fig. 5b). Finally, the R map

is generated on this new ROI using the modified

method, illustrated in Fig. 5e. Here, the variable

intensity in the group III atomic columns indicates

heterogeneous In composition associated with In

segregation within the image area. When the existing

ROI-reference average thickness variation of * 4 nm

is not considered, the maximum In composition in

this region obtained using equation R = 1 ? a�xi is
* 18%. In order to analyze how thickness con-

tributes in the HAADF-STEM analyzed signal, sim-

ulated models of GaSb/InxGa1 - xSb/GaSb have been

generated. Figure 5f represents plots of R calculated

for variable thicknesses of 21–27 nm on ROI in asso-

ciation with the average reference thickness of 21 nm

in terms of 0–20% nominal In composition. Here, In

associated increment factor has been found to be

* 0.025 ± 0.001. Now, with the help of the specimen

thickness effect contributing equation mentioned

above, the maximum In composition in Fig. 5e can be

recalculated as * 3.27%, as for each 1 nm specimen

thickness variation, 3.75% false In composition is

added in the HAADF-STEM signals. Local In com-

position values associated with each atomic column

can be recalculated as well in order to obtain a precise

information on the atomic column composition dis-

tribution in the material. Although it is out of the

scope of this paper, this would allow a deep under-

standing of the growth process of the material, pos-

sible deviations from the original design due to

segregation and the correlation to the functional

properties of the material, which is often done using

indirect techniques [13, 46].

Conclusions

We have developed a modified qHAADF method for

the quantitative analysis of the composition with

atomic column resolution for cases where the ROI

and the reference regions are imaged in separate

HAADF-STEM micrographs. The compatibility of

this method to the original method has been justified

with the help of simulated HAADF-STEM images of

InAs/InSbxAs1 - x/InAs, where 0 B x B 0.5. The

compatibility between the methods in terms of

experimental InSb/InAs structures HAADF-STEM

images has also been proved. Additionally, the sig-

nificance of the modified method over the original

method is justified in terms of HAADF-STEM com-

positional analysis of InSb/GaSb structure, situated

far away from the homogeneous GaSb buffer layer.
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Figure 5 a HAADF-STEM image of InSb/GaSb (ROI area) and

b the corresponding absolute thickness profile; c HAADF-STEM

image of the GaSb buffer layer (reference area) and d the

corresponding thickness profile taken from the region on the white

rectangle at c; e R map on the * 4 nm ROI area within the

selected thickness range in b, calculated with the modified method;

f plots of In composition induced R versus specimen thickness

effect as per simulated HAADF-STEM signals with ROI

thicknesses of 21–27 nm in association with average reference

thickness of 21 nm.
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