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Abstract
Measuring the bismuth (Bi) content of ternary gallium arsenide bismuthide
(GaAsBi) alloys is important because it sensitively influences their bandgap, and
Bi is known to segregate vertically to the surface and sometimes also laterally
during growth, so elemental distribution maps need to be quantified. A suit-
ablemethod ismapping of characteristic X-rays based on energy-dispersive X-ray
spectroscopy (EDXS) in a scanning transmission electron microscope (STEM).
One of the key problems in this alloy system that there are several overlaps of
characteristic X-ray lines from the corresponding elements, namely of As Kα
with Bi Lα and of a sum peak of Ga Lα and As Lα with Bi Mα, which no stan-
dard solid-state detector could distinguish. Routine quantification procedures
thus often fail, exhibiting unacceptably large scatter. Here, an iterative procedure
using k*-factors is outlined, leading to improved quantification using sets of dif-
ferent X-ray line pairs to be consistent within better than 1% bismuth coverage of
the group V sub-lattice, for a range up to 14%.

KEYWORDS
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electron microscopy (STEM), self-consistent k-factors, sum peaks

1 INTRODUCTION

Bismuth (Bi) was originally used as a surfactant for the
growth of gallium arsenide (GaAs) by liquid phase epi-
taxy in which it was not active as a dopant.1 GaAsBi,
also denoted as Ga(As,Bi) or Ga(As1–xBix), describes an
alloy where heavy Bi atoms replace some fraction x of
arsenic (As) atoms in the sphalerite lattice of the com-
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pound semiconductor GaAs. The resulting alloy has an
increased lattice constant (at only slightly increased den-
sity) and a much smaller, direct bandgap that depends
sensitively on bismuth content x but relatively little on tem-
perature and so makes this an attractive material for deep
infrared (IR) emitters and detectors with little tempera-
ture drift. Since 2003 molecular beam epitaxy has been
used to grow such layers epitaxially, initially with only
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2 WALTHER

small values of x (maximum of 0.0312 to 0.0453), later with
increasing concentrations up to x = 0.22 at growth tem-
peratures as lows as 200◦C,4 however, at higher bismuth
content Bi segregation can lead to the formation of Bi-
rich clusters.5 A key problem is that photoluminescence
spectra and X-ray diffraction patterns of GaAs1–xBix lay-
ers are often rather broad, and their simulation depends
on assumptions about their lattice parameters, strain relax-
ation as well as bismuth content, which themselves can
only be linked via density functional theory (DFT). DFT,
however, lacks reliablematerials data partly because a pure
GaBi alloy as a possible end-member for x = 1 as reference
does not exist.6 These x values refer to the Bi fraction of
the group V sub-lattice. Ga makes up the other group III
sub-lattice (i.e. 50 at%), so the Bi content only amounts to
50x at%, and measuring it precisely to 0.5 at% (for ∆x =
0.01) or better is a real challenge. Current quantification
approaches by STEM-EDXS based on standard k-factors
show an unacceptably large scatter, depending on which
X-ray lines are chosen for quantification, even if absorp-
tion corrections are taken into account. This is elaborated
in more detail in Section 3.

2 MONTE CARLO SIMULATIONS AND
THEORY

GaAsBi exhibits a family of nine X-ray lines, six of which
(Ga: K, L; As: K, L; Bi: L, M) can be used for microanal-
ysis in (S)TEM. These are listed with the energies of their
sub-lines in Table 1. The Bi K-lines are too hard X-rays for
any standard energy-dispersive X-ray spectrometer to be
analysed, even in a medium voltage transmission electron
microscope.
Kα2 lines are about half as strong as Kα1 lines (hence

greyed out in Table 1), and the Lα1 and Lα2 lines are usually
indistinguishable. This system presents a real challenge
for any quantitative energy-dispersive X-ray spectroscopy
(EDXS) because of two major issues:

(i) There is significant overlap between the energies of Ga
Kβ, As Kα and Bi Lα at about 10 keV (marked in green

font in Table 1) so the software used for line identifi-
cation and curve fitting must work extremely well to
distinguish these.

(ii) The Bi Mα energy is almost indistinguishably close
(with a weighted difference of ∆E < 43 eV well below
the energy resolution of any solid-state X-ray detector
and closer to the typical 10 eV channel range) to the
sumGa Lα+As Lα (marked in red font), so sum peaks
from the main elements Ga and As must be taken into
account at high X-ray count rates, as they will likely
occur in Bi-poor GaAsBi.

Employing the six main X-ray lines (Ga: K, L; As: K, L;
Bi: L, M) it is possible to measure all together 15 intensity
binary ratios.
Three of these would be ratios for identical elements

(Ga K/L, As K/L, Bi L/M) and can be used to estimate
the specimen thickness from their relative differences in
absorption: the harder X-rays are less affected by absorp-
tion while the softer X-rays are stronger absorbed, so the
latter will drop significantly with an increase in foil thick-
ness, hence K/L and L/M ratios should always increase
monotonically with thickness.9–11 Results from Monte
Carlo simulations for a standard Si:Li detector12 are dis-
played in Figure 1. All curves start near unity for t = 0
and then increase very slightly, faster than linear. Here, we
used the standard atomic weights and the lattice param-
eter estimates from Ref. (2) to check that the density of
GaAsBi increases actually only very slightly because the
mass increase by substituting 1 As atom by 1 much heavier
Bi atom (for x= 0.25) increases the unit cell volume almost
in the same proportion.
The remaining other 12 intensity ratios of lines from

different elements can be evaluated in terms of their so-
called k-factors that are usually tabulated for thin foils
using weight % instead of atomic % and using either Si
K (in mineralogy) or Fe K (in metallurgy) as reference
lines.13 We have extended thin foil k-factors to effec-
tive k*-factors by multiplying the thin film k-factors with
their corresponding absorption correction factors14,15 so
we can plot their variation k*(t) with specimen foil thick-
ness t (where lim

𝑡→0
𝑘∗
𝐴𝐵
(𝑡) = 𝑘𝐴𝐵 ). When plotting them as

TABLE 1 Major X-ray line energies for Ga, As and Bi.

Line Kα1 Kα2 Kβ1 Lα1 Lα2 Lβ1 Lβ2 Lγ1 Mα1
Transition KL3 KL2 KM3 L3M5 L3M4 L2M4 L3N5 L2N4 M
Element (Z)
Ga (31) 9252 9225 10,264 1098 1098 1125
As (33) 10,543 10,508 11,726 1282 1282 1317
Bi (83) 77,109 74,816 87,344 10,839 10,731 13,024 12,980 15,248 2423

Note: Rounded in units of eV; K- and L-lines from Ref. (7) and M lines from Ref. (8). Green: line overlaps around 10.5 keV; red: possible sum peaks leading to
overlap at around 2.4 keV. In particular, the energies of Ga Lα1 + As Lβ1, Ga Lβ1+ As Lα1 are almost identical to that of Bi Mα1.
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WALTHER 3

F IGURE 1 Plot of Ga K/L, As K/L, Bi L/M ratios from Monte Carlo simulations as function of GaAsBi thickness (acceleration voltage:
200 kV, take-off angle: 25◦, density 5.36 g cm−3 for x = 0.2).

function of a heavy element’s K/L ratio instead of absolute
specimen thickness, this reduces both the dependence on
real foil thickness measurements14 and the effect of detec-
tor sensitivities changing with detector type or entrance
window thickness.15 The reason for this is that a change
in the detector sensitivity curve will change the K/L ratios
measured and thereby give another value on the same set
of calibration curves for k*, providing an inherent self-
calibration against changes in detector sensitivities. We
have previously shownhow thismethod allowed as tomea-
sure highly accurately the germanium content in elemen-
tal semiconductors16 or the indium content in compound
semiconductors17 and will extend this here to GaAsBi.
Using the standard notation (A for atomic densities, kAB

for sensitivity factor of line A versus line B of another ele-
ment and IA for intensity from line A), there are three
different ways tomeasure the bismuth content x of an alloy
Ga(As1–xBix) where Bi substitutes for As, namely

2.1 Measuring Bi relative to the fixed Ga
content of the group III sub-lattice

𝑥 =
𝐼Bi𝑘

∗
Bi,Si

∕𝐴Bi

𝐼Ga𝑘
∗
Ga,Si

∕𝐴Ga

(1)

from which we can determine the relative k*-factor as

𝑘∗
Bi,Ga

= 𝑥
𝐴Bi

𝐴Ga

𝐼Ga
𝐼Bi

, (2)

wherewe could use sets of four different k*-factors 𝑘∗
Bi𝑋,Ga𝑌

for two Bi X-ray lines (X = L or M) and two Ga X-ray lines
(Y = K or L).

2.2 Measuring Bi relative to the As
content (1–x) within the group V sub-lattice

𝑥 =
𝐼Bi𝑘

∗
Bi,Si

∕𝐴Bi

𝐼As𝑘
∗
As,Si

∕𝐴As + 𝐼Bi𝑘
∗
Bi,Si

∕𝐴Bi

=
𝐼Bi𝑘

∗
Bi,As

𝐴As

𝐼As𝐴Bi + 𝐼Bi𝑘
∗
Bi,As

𝐴As

(3)
from which we can determine the relative k*-factor as

𝑘∗
Bi,As

=
𝑥

1 − 𝑥

𝐴Bi

𝐴As

𝐼As
𝐼Bi

(4)

and again can use four different sets 𝑘∗
Bi𝑋,As𝑌

for two Bi
X-ray lines (X=L orM) and twoAsX-ray lines (Y=Kor L).

2.3 Measuring the Bi content relative to
all other elements, Ga and As

𝑥 = 2
𝐼Bi𝑘

∗
Bi,Si

∕𝐴Bi

𝐼Ga𝑘
∗
Ga,Si

∕𝐴Ga + 𝐼As𝑘
∗
As,Si

∕𝐴As + 𝐼Bi𝑘
∗
Bi,Si

∕𝐴Bi

. (5)

Note the atomic concentration of Bi in Ga(As1–xBix)
is x/2, hence the factor 2 in the above equation.
Multiplication of both numerator and denominator by
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4 WALTHER

𝑘∗
𝑆𝑖,𝐴𝑠

𝐴𝐺𝑎𝐴𝐴𝑠𝐴𝐵𝑖 and considering transitivity

𝑘AB 𝑘BC = 𝑘AC (6)

as well as inversion

𝑘AB = 1∕𝑘BA (7)

gives

𝑥 = 2
𝐼Bi𝑘

∗
Bi,As

𝐴Ga𝐴As

𝐼Ga𝑘
∗
Ga,As

𝐴As𝐴Bi + 𝐼As𝐴Ga𝐴Bi + 𝐼Bi𝑘
∗
Bi,As

𝐴Ga𝐴As

(8)
wherein

𝑘∗
Ga,As

=
1

1 − 𝑥

𝐴Ga

𝐴As

𝐼As
𝐼Ga

(9)

describes again four different sets 𝑘∗
Ga𝑋,As𝑌

for two Ga X-
ray lines (X = K or L) and two As X-ray lines (Y = K or L)
that can be taken from stoichiometric GaAs.
In summary, there are a dozen dimensionless k*-factors

that can be used to determine x in different ways, as given
by Equations (2), (4) and (9), four each relative to Ga (i) or
to As (ii) as in binary alloys and also four for Ga and As
(iii) in the ternary alloy. Most software programs for X-ray
analysis try to fit anduse all elements available, as in option
(iii) but then choose only one of the four possible sets of
line combinations and often do not give the user a choice.
A user would thus typically get one numerical result but
have no idea what the expected error would be.
If a user has an experimental spectrum of GaAs1–xBix,

they can determine k*-factors for the measured line inten-
sities IGa, As, Bi and nominal x values using Equations (2),
(4) and (9) as described here and then use these to calculate
new x-values from Equations (1), (3) and (8), respec-
tively, which should all lie much closer together than any
standard quantification routine would allow.

3 EXPERIMENT

Growth details, photoluminescence (PL) and X-ray diffrac-
tion (XRD) results of the GaAsBi sample studied here
(sample ID number STB 29) have been described earlier
in Ref. (18). The sample contains a thin and a thicker
GaAs1–xBix quantumwell (QW) grown at 320◦CwithGaAs
barriers, where PL and XRD indicated x≈ 0.112 but STEM-
EDX showed only the thicker quantum well reached a
constant Bi content.19 In the following, quantification of
a series of several X-ray spectra taken in the centre of the
17 nm thick Ga(As1–xBix) quantum well (cf. Figure 6A) is
performed by comparing results fromall 12 possible combi-

F IGURE 2 Energy-dispersive X-ray spectrum (EDXS) from the
centre of 17 nm thick layer of GaAsBi in the JEOL 2010F.
Acquisition details: 197 kV acceleration voltage, 25◦ take-off angle,
Si:Li with ultrathin Moxtek window, 20 eV channel−1 dispersion,
743 s total acquisition time, 3.7% deadtime. Sample thickness is
estimated by ISIS to lie around 80 nm.18

nations of k*-factors as outlined above. Figure 2 shows the
sum spectrum. For aGaAs sample thinner than 100 nm the
total electron beam spread at the underside of the sample
(diameter with 90% of the signal) would be less than 10 nm
for 200 keV electrons, so the X-ray signal from the 17 nm
wideGaAsBi quantumwell studied edge-onwill stem from
the quantumwell only, ensuringwe are really sampling the
GaAsBi layer without including its surrounding matrix.
Quantification of the Bi and Ga X-ray lines using the

in-built Oxford Instruments ISIS 300 software on a JEOL
2010F, with absorption correction, yielded apparent Bi
concentrations that depended strongly on the X-ray lines
chosen, from 7.7% ± 0.7% for BiM/GaK, over 10.7% ± 1.8%
for BiL/GaL to 14.6% ± 1.7% for BiM/GaL.18 Their average
of xISIS,2lines = 0.110 ± 0.035 appeared to be in line with PL
and is credible but the spread given by the standard devi-
ation is too large to be really useful. Taking into account
X-ray lines from all three elements apparently improved
the situation a little, giving slightly lower values ranging
from 7.3%± 1.9% for BiM, GaK, AsK to 13.8%± 2.2% for BiL,
GaL, AsL, with less scatter around an average of xISIS,3lines
0.103 ± 0.014.19
Most users would have stopped analysis here but it is

shown in the following that simply averaging over differ-
ent quantification options, some of which yield values that
spread much more than deviations expected from count-
ing statistics would suggest, will provide unreliable data,
and a re-consideration of k*-factors and sum peak over-
laps using a self-consistent approach provides not only a
much reduced spread but also shifts the apparent Bi con-
tent to larger values than expected. This has then beenused
to help understand statistics in atomically resolved high-
resolution annular dark field (ADF) STEM images that we
previously had difficulty to explain.
The original K/L ratios for Ga and As lines measured

suggest specimen thicknesses around 260 nm (Ga K/L)
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WALTHER 5

TABLE 2 Intensities summed over five experimental X-ray spectra shown in Figure 2 taken from the centre of the Ga(As1-xBix) quantum
well (JEOL 2010F, 200 kV, 25◦ ToA, Oxford Si:Li) and calculated ratios, originally without any correction.

Line Intensity [counts] K/L ratio L/M ratio

Extrapolated foil
thickness t [nm] from
Figure 1

Ga K 7512 ± 177 1.804 ± 0.063 [1.577
± 0.060]

– 260 ± 27
[161 ± 27]Ga L 4164 ± 107

As K 5670 ± 178 1.489 ± 0.061 [1.286
± 0.058]

– 116 ± 18
[55 ± 18]As L 3808 ± 101

Bi L 1078 ± 95 – 0.665 ± 0.072
[1.055 ± 0.107]

−265 ± 85
[174 ± 116]Bi M 1622 ± 103

Note: Values in brackets with a correction for 600 sum peak counts at 2.4 keV to be transferred from BiM to each of GaL and AsL.

TABLE 3 Numerical results for Ga(As0.89Bi0.11) quantum well.

Lines
Equations
used

k*-factor
used

k from ISIS
for t = 0

k* from
CASINO for t
= 1–8 nm

Value of k*
selected from
best K/L fit

x from k* without
sum peak
correct-ion for BiM

x from k* with sum
peak correct-ion
for BiM

Bi, Ga 1, 2 BiM, GaL 1.047 2.10 ± 0.01 1.917 ± 0.079 0.249 ± 0.020 0.137 ± 0.020
BiM, GaK 1.076 2.59 ± 0.08 3.351 ± 0.081 0.241 ± 0.017 0.152 ± 0.017
BiL, GaL 1.782 2.34 ± 0.09 1.621 ± 0.036 0.140 ± 0.013
BiL, GaK 1.832 2.88 ± 0.02 2.901 ± 0.006 0.139 ± 0.013

Bi, As 3, 4 BiM, AsL 1.054 2.06 ± 0.12 1.725 ± 0.034 0.208 ± 0.015 0.125 ± 0.015
BiM, AsK 0.944 2.25 ± 0.07 2.536 ± 0.030 0.206 ± 0.015 0.141 ± 0.015
BiL, AsL 1.794 2.24 ± 0.08 1.677 ± 0.077 0.145 ± 0.015
BiL, AsK 1.607 2.50 ± 0.12 2.490 ± 0.001 0.145 ± 0.014

Ga, As 8, 9 GaL, AsL 1.007 0.964 ± 0.012 1.248 ± 0.048 0.128 ± 0.022
GaL, AsK 0.902 1.083 ± 0.005 1.356 ± 0.052 0.142 ± 0.015
GaK, AsL 0.979 0.772 ± 0.012 0.513 ± 0.029 0.159 ± 0.024
GaK, AsK 0.877 0.869 ± 0.005 0.857 ± 0.001 0.142 ± 0.013

Note: Green [orange] values: Relative rms spreads of up to 1% [2%]. Red values: Data without sum peak correction. Error bars in Table 3 have been obtained from
propagating standard errors in k* from plots in Figures 3–5 and Equations (2), (4) and (9) from the statistical uncertainties in the measured line intensities Ix as
given by 2/√Ix for each line where the factor 2 accounts for errors in background subtraction that are assumed to be of the same size as counting statistics. That
is the reason error bars are larger if k* plots have a larger slope or X-ray lines with low count numbers are involved.

or 120 nm (As K/L), respectively, but the Bi L/M ratio
measured is much lower than what Monte Carlo simula-
tions would suggest for any thickness, and a fit would only
be obtained for a negative specimen thickness, which is
unphysical. This indicates three issues:

(i) The As line intensities are much lower than the Ga
line intensities, which can be simply explained by
some Bi replacing As.

(ii) The As K/L line ratio is also much lower than the
Ga K/L line ratio, which could be explained by sec-
ondary fluorescence from As L onto Ga L lines not
taken account in the simulations.

(iii) The Bi M line intensity is much higher in intensity
than expected, which could be due to someGa and As
L X-rays creating sum peaks (as indicated in Table 1),

or the predicted k-factor for the Bi M-line relative to
all other lines X being completely wrong.

We notice in Table 3 that ISIS predicts values of kBiM,X
less than half of what Casino would predict for thin foils.
For∼100 nm foil thickness, the latter would predict Bi L/M
ratios around unity, that is, 50% larger than the value of
0.665 actually measured. This has tentatively been mod-
elled assuming a certain number of counts, approximately
600 as found by iterative trial and error, of Ga L and As L
lines, corresponding to about 15% of their line intensities,
have been recorded simultaneously and their sum misin-
terpreted as due to Bi M. This correction would bring the
experimentally measured Bi L/M ratio into the range pre-
dicted by Monte Carlo simulations in Figure 1. The values
in brackets in Table 2 show how such a sum peak cor-
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6 WALTHER

F IGURE 3 Plot of k* factors of Bi lines with respect to Ga lines, either as function of thickness (top) or as function of Ga K/L ratio
(bottom), for two alloys of different densities (5.34 g cm−3 for x = 0.1 and 5.36 g cm−3 for x = 0.2). All are exponential curves, where the ones
for the lower x-value are slightly less curved and run both shorter and higher. The value of 𝑘∗

Bi𝐿,Ga𝐾
≈ 2.895 ± 0.034 is almost constant for

thicknesses up to 1 µm as both X-ray lines are of similar energy, so the selection of this line pair would seem particular useful for
quantification.

rection brings K/L and L/M ratios and correspondingly
extrapolated foil thicknesses into more realistic ranges,
although the agreement from the three line ratios is still
not perfect. While the uncertainty in absolute values of
specimen thicknesses extrapolated from the three K/L and
L/M ratios in Table 2 has been reduced from originally 37±
271 nm down to 130± 65 nm, this discrepancy is still rather

large and could be reduced by further iteration; however,
for the purpose of improving the absorption correction in
EDXS this has been sufficient and further refinement was
not performed.
Quantification without sum peak correction yields an

apparent mean Bi content of xapp = 0.170 ± 0.043, which
would be much higher than the quantification of xISIS =

 13652818, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

i.70058 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [05/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



WALTHER 7

F IGURE 4 Plot of k* factors of Bi lines with respect to As lines as function of As K/L ratio for two alloys of different densities (5.34
g cm−3 for x = 0.1 and 5.36 g cm−3 for x = 0.2). All are exponential curves, where the ones for the lower x-value are slightly less curved and run
both shorter and higher. The value of 𝑘∗

Bi𝐿,As𝐾
≈ 2.490 ± 0.071 is almost constant for thicknesses up to 1 µm as both X-ray lines are of very

similar energy, so the selection of this line pair would also seem well suited for quantification.

F IGURE 5 Plot of k* factors of Ga lines with respect to As lines as function of Ga K/L ratio for two alloys of different densities (5.34
g cm−3 for x = 0.1 and 5.36 g cm−3 for x = 0.2). All are exponential curves, where the ones for the lower x-value are slightly less curved and run
both shorter and lower. Note the expanded vertical scale. The value of 𝑘∗

Ga𝐾,As𝐾
≈ 0.861 ± 0.011 is constant for thicknesses up to 1 µm as both

X-ray lines are of similar energy, so the selection of this line pair would also seem good for quantification if the decrease in As signal could be
as reliably measured as the direct increase in the Bi signal.
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8 WALTHER

F IGURE 6 ADF STEM sample STB29. (A) Both quantum
wells (QWs) imaged in JEOL 2010F, 197 keV, 0.25 nm electron beam,
semi-angle of convergence: α = 9.5 mrad, collection angle: β ≈
50–170 mrad. (B) Upper GaAs-on-GaAsBi interface of wider QW
imaged in JEOL ARM300CF, 300 kV, 0.1 nm electron probe, α =
19 mrad, β ≈ 48–221 mrad.

0.110 ± 0.035 and show an even larger spread. In fact,
such large x values would lie outside the physical range
of possible Bi contents at the rather low growth tempera-
ture used.20 If the sum peak problem is resolved, however,
then the quantification from all 12 k* values in Table 3 gives
xk* = 0.141 ± 0.009 where their rms spread is even smaller
(±0.008) if the different values are weighted with factors
corresponding to the inverse of their variances. A detec-
tion limit would be typically set at 3 times that standard
deviation, that is, ±0.025, which is not that low because
it is ultimately limited by the relative low count numbers
here, of the order a few thousands, due to the fact we tried
to keep the electron beam near the centre of the quantum
well. Had sensitivity been a question we should have col-
lectedmanymore counts to reduce that noise floor further,
at the risk of getting more drift. The accuracy represented
by the standard error of themeanwould be the above stan-
dard deviation divided by the square root of the number N
of independent measurements (here: N = 6 X-ray lines),
giving ±0.004 and thus approach best detection limits (!)
in EDXS. The value of xk* = 0.141±0.009 lies at the upper
limit of possible bismuth content physically possible at
320◦C20 and at the same time gives a much better agree-
ment with Binomial statistics appropriate for a random
alloy21,22 when we analyse the intensity fluctuations of
high-angle ADF STEM images from very thin samples, as
shown in Figures 6B and 7. From Ref. (23), we can extrap-
olate the exponent with which the intensity in Figure 6B
follows the atomic number contrast as ε= 1.9, so a Bi atom
should be about 5.8× brighter than an As atom, which is
necessary to evaluate the image contrast in Figure 7. GaAs
from the area above the QW (without any significant num-
ber of Bi atoms) shows a broad intensity distribution that
can be well fitted by a Poisson distribution (λ = 4, peak
at: 3838 ± 171) while GaAsBi from the QW shows a much

wider Binomial distribution (mean: 4534 ± 383) with faint
discrete peaks. The specimen thickness is around 10 nm,
corresponding toN= 25 atoms. The peaks indicated by the
open squares are about 190 intensity units apart and corre-
spond toM = 0, 1 , 2, . . . , 10 individual Bi atoms within the
atomic columns. The highest peaks atM= 3 andM= 4 are
about equal in height, confirming an average Bi content of
3.5/25 = 0.14 = x and could not have been explained with
much lower x-values.
The key point in this study was to realise that mea-

sured Bi L/M ratios seemed to contradict values from
Monte Carlo simulations for all thicknesses. The ISIS soft-
ware for automated quantification either ignored the Bi
M line by choosing the Bi L line as default instead or,
if forced, ‘fudged’ quantification using the Bi M-line by
assigning it an artificially low k-factor, however, this could
not solve the problem of large spread in compositional
quantification for other X-ray lines. A manual identifi-
cation of the sum peak at 2.4 keV and a corresponding
count re-distribution were necessary until all measured
K/L and L/M ratios gave reasonable first thickness esti-
mates. Finally, k* factor quantification using the product of
thin film k-factors and absorption correction factors most
appropriate for the observed K/L ratios of the more abun-
dant elements (Ga and As) and the M/L ratio of the least
abundant (Bi) gave self-consistent valueswith a rootmean-
squared (rms) error of ∆x < 1 % that was finally limited by
counting statistics. The average concentration of the 17 nm
GaAs1–xBix quantumwell was determined as x= 0.141with
an expected mean error of ±0.003, which lies at the higher
end of what most standard routine quantification options
yielded here and at the same time represents the maxi-
mum Bi content obtainable in such alloys by molecular
beam epitaxy at 320◦C according to the scatter plot shown
in Figure 7 of Ref. (20).

4 CONCLUSION

Quantitative analyses of the Bi content of GaAsBi alloys
from STEM-EDX that use standard k-factors and absorp-
tion correction procedures but without explicit sum peak
consideration for the Bi M-line (as in Refs. 22, 24–26)
should be re-evaluated carefully in the light of the present
results as they will likely underestimate the Bi content
significantly, by about 37% relative, which can already
amount to more than 1 at% error if apparently x ≈ 0.03
while x = 0.04 in reality. Compiling tables of line ratios
fromwhich foil thicknesses can be estimated (Table 2) and
calculated k*-factors that can be used for compositional
evaluations from elemental X-ray line pairs (Table 3)
is, for a given materials system, possible manually, as
shown here, but tedious. Amore computationally efficient
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F IGURE 7 Statistical analysis of the intensities of the lower group V columns (As, Bi) in Figure 6B.

semi-automated approach would, after identification of
X-ray lines and all sum and escape peaks, employ K/L
and/or L/M ratio measurements for the heavier elements
to automatically estimate and update projected foil
thicknesses iteratively. Then corresponding absorption
correction factors could be calculated automatically for
all lines from Monte Carlo simulations, and consistency
be checked by using all X-ray line pairs for quantification
rather than just one for a specific sub-set as is presently
the default in most quantification programs.
For Ga(As,Bi), this approach is shown here to yield a

dozen highly consistent values of the bismuth content,
with errors below ±0.01 for Bi content as high as x = 0.14,
and corresponding smaller systematic errors for lower Bi
content. The author does not see a risk of model overfit-
ting here because the only assumptions made are that the
product of thin film k-factors and absorption correction
factors (exponentials given by Lambert-Beer’s law) used
to convert experimental X-ray intensities into concentra-
tions should yield, for a given spectrum, the same results
within statistical errors, independent of which X-ray lines
are actually used for quantification. The predictive power
of this k* factor approachhas so far been successfully tested
for several SiGe and InGaN alloys; the only addition to
the GaAsBi system considered here has been to take into
account possible Ga and As L sum peaks contributing to
the apparent Bi M line intensity. It is perhaps interest-
ing to note in this context that while the latter correction
has reduced the corrected Bi M line intensity and so the
apparent value of Bi content determined from this line, the
overall result has been a convergence of compositional val-
ues thus determined towards the upper limit of the range

of values obtained using previous quantification routines.
For the future, it is planned to test this quantification pro-
cedure also for thicker GaAsBi layers of lower bismuth
content.
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