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Abstract

InAsBi dilute alloys are potential new candidates for the improvement of infrared
optoelectronic devices sudds photodetectors or lasers. In this work, InAsBi/InAs
superlattices (SLs) with Bi contents ranging between 1-3% were grown by molecular
beam epitaxy with different Bi fllesand growth temperatures to analyze Bi segregation
by cross sectional transmission electron microscopy techniques. Bi segregation profiles
have ben described layer-by-layer using a three-layer fluid exchange mechanism
extracting the values of the As/Bi exchange energied @+0.01 eV and £1.36+0.02

eV). A relationshipto calculate the activation energies for exchange from the binding
energies in IlI-V alloys is proposed, which would allow predicting them for other hitherto

unknown compounds.

Keywords: InAsBI, segregation, bismuthide, exchange energies

1. I ntroduction.

Today there is a continuous need to find new semiconductor materials with more
advantageous properties that allow the development of devices currently required in our
society. In recent years, there has been an increasing interest for synthetizing new
semiconducting materials based on the incorporation of bismuth in several fields such as
efficient photo-catalysts [1,2] or spintronic-related devices [3,4]. Indeed, in the case of
epitaxial grown IlI-V ternary compounds, GaAsBi alloys [5,6] have already been used to
form the active region in mid-IR light-emitting structures such as LEDs and optically

pumped lasers [7,8]. However, the incorporation of Bi into InAs has only recently been
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investigated. Certainly, it seems that the addition of small amount of Bi into InAs causes

a large bandgap reduction, up to 55 meV/%Bi, making it very useful for developing novel
sources of light and photodetectors, operating in the mid- and far-infrared (3-30 um)
wavelength rangé9]. Moreover, this compound comprises semiconductor and semi-
metal components and, because of that, it is expected to possess a temperature-insensitive
band gap[10,11] All these characteristics make InAsBi a promising compound for

bandgap engineering, strain compensation and optoelectronic integiafion

However, there is a major challenge in the incorporation of high Bi contentsVh IlI-
conventional alloys: the large difference of atomic radius between Bi and Ga/ln leads to
an extremely large miscibility gap and a very small equilibrium solid solufliéigs than
0,0259% [13]. As a consequence, Bi alloys tend to exhibit alloy clustdfidgy phase
separationj15], formation of Bi droplet$16,17], atomic ordering18], as well as strong

Bi segregation to the surface during epitaxial growth. As a result, high incorporations of
Bi are also limited and this is often addressed by very low growth temperatures that can

also compromise material quality.

Indeed, ternary alloys offer relatively little versatility in the bandgap engineering due to
the tight constraint between the lattice parameter and bandgap to be grown
pseudomorphically on a given substrate. An alternative design to simultaneously select
the desired bandgap energy and lattice constant is the growth of superlattice structures
[19], where bandgap engineering can be achieved by varying the superlattice period (layer
thickness/composition) and coherent interfacial strain. Most recently, Webster et al [12]
have theoretically calculated the miniband structure of I1lI-V-Bi semiconductor
superlattices identifying the optimal designs. For InAsBi-based superlattices, they
demonstrated that the strain-balanced systems (InAsBi/InAs) provide stronger absorption
as a function of transition energy than their lattice-matched (InAsBi/GaSb) counterparts
do. In addition, for very long wavelengths (>12 um), the rate at which this superlattice
absorption coefficients decrease with photon energy is significantly less than the bulk
ones, indicating that superlattice designs may be preferable to bulk material in terms of
absorption efficacy for longer wavelength applicatidr®cise strain and band structure
engineering in INAsBi superlattices (SLs) can be only attainable through a deep
understanding of the growth process, which faces important challenges such as
controlling Bi segregation along layers and the achievement of abrupt interfaces at the

atomic scale.



In this work, Bi segregation in InAsBi/InAs structures were studied by analyzing different
superlattice (SL) structures grown under different Bidlsand temperature conditions.

The Bi distributions were analyzed by using advanced analytical (scanning) transmission
electron microscopy ((S)TEM) techniques. Calculations performed using a three-layer
fluid exchange (F3LE) model are used to fit the Bi content profiles of the whole
structures. Finally, the relationship between the exchange energies of differént IlI-

compounds and their binding energediscussed.

2. Method.
2.1. Materiab.

The samples were grown by solid source molecular beam epitaxy (MBE) on InAs (001)
substrates. The native oxide was removed at ~ 530 °C before the substrate temperature
was lowered to 500 °C for buffer growth. Each sample consists of art@dick InAs

buffer layer followed by ten InAsBi/InAs periods, each comprising 8 nm InAsBi and

8 nm InAs, grown at a growth rate of 0.68 ML/s, as measured by reflected high energy
electron diffraction oscillations and verified by HAADF TEM observations. Following

the final InAs layer, the sample was removed without further overgrowth or annealing.
The samples have been classified into two groups according to the substrate temperature
during InAsBIi/InAs superlattice growth. Firstly, 3 samples have been groaroat
substrate temperature (320 °C), using different Bi beam equivalent pressures (BEPS):
0.928, 1.27 and 1.71 x IGnBar for samplesd GT-LF, LGT-MF and LGT-HF
respectively. The second group consists in 1 sarfgi,-HF, which has been grown at
ahigher substrate temperature (350 °C) with a Bi BEP of 1.71"nBhar.

2.2. Characterization techniques.

Structural and compositional analysisasvcarried out by transmission electron
microscopy (TEM) techniques and completed by high-resolution X-ray diffraction
(XRD) measurements. The XRD modelling was performed using Bede RADS Mercury
software. The model was initialized with estimated layer thicknesses and compositions
and then allowed to iterate towards a solution, which was then checked to ensure it was
physically meaningful. High Angle Annular Dark Field (ARF) imaging and Energy
Dispersive X-Ray (EDX) were simultaneously performed in STEM mode in a double
aberration corrected FEI Titan Cubed Themis operated at 200 kV. The EDX mapping was
performed with four embedded Bruker SDD detectors using ChemiSTEM technology and
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processed using Velox’s software. TheXRD analysis vascarried out using a Bruker D8

Discover with the Cu Ki line.

3. Results.
3.1. Structural analysis.

Firstly, high resolution [0044-26 X-ray Diffraction (XRD) scans were performed on all

the samples and Figure 1 shows the resulting curve fadr@eMF sample. The other
samples produced similar curves. Superlattice (SL) peaks around the mean peak are
indicative of a good periodicity of the structure and permit calculation of the SL spacing.
Interference fringes are visible between the SL peaks. The XRD curves were modelled
with a zinc-blende lattice constant of 6.61[20] (Zinc Blende-InBi has not been
synthesized) and assuming all the layers to be fully strained. The stress in the layers is

taken into account by the simulation software that we use.

Two approaches were taken to modelling the XRD data from each device. In the first
approach (lower data in Figure 1), all of the QWs in a given device were assumed to be
identical; with this approach it is possible to produce a good fit to the SL peaks, although

the interference fringes are poorly fit. In the second approach (upper data in Figure 1),
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Figure 1.w-26 scan of LGT-MF. The experimental scan is presented twice, offset vertically for clathitfits
from two different models. The lower fit assumes that all 10 QWs in the structure are ideiteraias in tr
upper fit, the first QW is assumed to be thinner and less Bi rich than the others.

the first QW in a device was assumed to be of lower Bi content and thinner than the
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others. With this approach, a better fit to the XRD spectra is obtained (note the better
interference fringe fit highlighted in Figure 1), which suggests a better estimation of the

overall InAsBi structure thickness.

The results of the average Bi content and the SL spacing from the XRD measurements
are shown in Table [The Bi contents were estimated assuming that all bismuth is
concentrated in the InAsBiI layers, with a constant composition, and that no Bi is present
in the InAs layersThe sample grown at the highest substrate temperature (HGT-HF)
evidences the poasEBi incorporation among the series despite being subjected to the
highest Bi flux. Samples grown at the lower temperature show IBitiacorporation,

which increasswith the Bi cell temperature up to a saturated content of 2.8%. It seems

that this marks the solubility limit at this growth temperature.

Table | Device structure parameters derived from XRD, EDX, and HAADF experiments. The Bi contetayernd
thicknesses can be varied by ~0.1% Bi and 0.1 nm in the XRD simulations while stillimamtareasonable fit to
the original spectrum.

LGT-LF LGT-MF LGT-HF HGT-HF

XRD All QWs (moddl 1)

Bi content (%) 2.2 3.4 3.4 1.6

Thickness (nm) 10.3 10.3 9.7 8.5
Average (hodel 1)

Bi content (%) 1.5 2.3 2.4 1.0

Period (nm) 15.1 14.9 14.2 13.5
First QW (model 2)

Bi content (%) 0.3 0.9 2.5 0.6

Thickness (nm) 12.1 11.6 10.1 9.9

Remaining 9 QWsnjodel 2)

Bi content (%) 2.2 3.4 3.5 1.6

Thickness (nm) 10.3 10.3 9.7 8.5
Average (hode 2)

Bi content (%) 1.5 2.2 2.3 1.0

Period (nm) 15.1 14.9 14.2 13.5

EDX Remaining 9 QWs
Bi content (%) 2.2 3.1 2.9 1.8
HAADF Average
Period (nm) 15.6 15.3 14.4 13.7

However, as with other dilute bismuthide alloys, the barriers are not likely to be
completely free of Bi. In order to determine the crystalline quality of the samples and the

Bi distribution, cross sectional electron transparent samples for TEM were prepared by
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conventional techniques for subsequent analysis at the pole [110]. Imaging by

conventional TEM under 220BF conditions (not shown here) evidenced all samples were
free of extended crystalline defects such as dislocations or planar defects so it could be
considered as a pseudomorphic growth. This is in agreement with the boundary

conditions used in the simulations of the XRD curves.

L

—— HAADF

Normalise HAADF intensity (a.u.)

o

20 40 60 80 100
Distance, nm

Figure 2a) HAADF image of sample LGT-MF and b) average HAADF intensity profile alemgrowth directior
The high contrast in the HAADF image in Figure 2.a) over the 10th layer does not corresadrighancreas
in Bi content but comes from a surface contamination of O and Cu in this sample.

Additionally, HAADF imaging was employed to analyse the SL structure since it gives
atomic number (2) contrast images due to the collection of Rutherford-like scattering
[21]. In this way, a greater intensity in the image is usually associated with the presence
of heavier atoms and, in our case, a higbiecontent, since s®=83 is much higher that
Z»s=33. Figure 2.a shows a HAADF image of sample LGT-MF, where InAsBi layers can
be clearly highlighted due to a higher intensity than the InAs barriers. Notably, the
theoretically Bi-free layers between the layers of INnAsBi (InAs barriers) in the SLahave
much higher intensity than the InAs substrate. That means that the presence of Bi never
vanishes throughout the entire SL structure. To evaluate the abruptness of the interface
and the correct formation of the desigred the average intensity profile along the
growth direction is plotted in Figure 2.b, which has been normalized tintakaccount

the thickness gradient of the TEM sampl&e profile is far from the nominal square-
shape wave, instead following a sinusoidal wave. Singularly, the first layer has a much
lower intensity than the second one, but from there on, the intensity profile follows an
almost perfect periodicity. This behaviour is repeated for all the samples and was to be
expected due to the strong tendency of bismuth to surface segregate, which can cause a

variation from the initial design of the nanostructures. The measurements of the SL



periodicity are in good agreement with the XRD results (see the results in Table I). Note
that the best fit to the XRD data was provided by a model that assumed a thinner, lower

Bi content in the first QW.

In order to provide detailed information about the composition distribution of Bi, EDX
maps were acquired from each sample in STEM mode (Figure 3). Véecoeir LUT

scale to define the Bi content, where the black colour corresponds to null and white the
maximum content. First, the comparison of the samples grown at the same growth
temperature (320 °C), but with different fluxes (LGT-LF, LGT-MH and LGT-HF) pointed

to an enhancement of the abruptness of the interfaces as the Bicreases. The Bi

incorporation appears to reach an equilibrium from the second InAsBi layer in each

Figure 3. EDX maps of Bi for samples LGT-LF a), LGT-MF b), LBF-c) and HGT
HF d).

sample, as can be seen in Figure 3. On the other hand, the comparison of samples grown
with the samdl ux but different growth temperatures (LGT-HF and HGT-HF) revealed
better incorporation of Bi and higher homogeneity when the growth temperature is lower.
Therefore, the increase of the growth temperature produces a strong reduction in Bi
incorporation. The average Bi contents according to the EDX measurements are slightly

higher than the values obtained by XRD (see Table ).

3.2. Modelling the Bi surface segregation.

A suitable model of Bi segregation would help to understand and anticipate the
concentration profiles obtained during the growth of InAsBi/InAs heterostructures

general, the models of segregation in Ill-V epitaxial growth assume that segregation
occurs only between the growing layer and the one immediately below (two-layers
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models), asn the exchange model, [22], the kinetic model [23] or the thermodynamic
model [24]. Taking into account the nominal values and after making a sweep of different
values of the segregation constant in two layer models, we do not get a good adjustment
for our results. In fact, it was necessary to modify the constant R and the initial flux to
describe the different behaviors that occur between the first and subsequent layers so it
was impossible to obtain a good fit of the whole structure. Recently, it has been
demonstrated that the fluid three-layer exchange (F3LE) model proposed by Godbey and
Ancona [25] could offer the best description of Sb behavior [26,27] and Bi alloys present
more similarities in their behaviour with those of Sb than with those of In. In the
following, we will apply the F3LE model to simulate the average composition profiles of

Bi along the growth direction of the whole SL structure. It also will permit us to obtain
thermodynamic parameters unknown for these alloys ssdhe exchange energies

during the surface segregation.

In all the models, segregation is determined by the atomic exchange between the surface
layer (s) and the subsurface layers)(sassuming only layer-by-layer growth. The
evolution of the number of atoms incorporated is given by the balance of incoming and

leaving atoms. Therig an exchange process from the inner to the surface layer governed

E
by a probability of exchange,iPdefined by an energy barriei BSP; =ve~ 1/kT,
wherev is a vibration frequency on the order of16*, k is the Boltzman constant, and

T is the growth temperature. The reverse exchange from the surface to the buried layer is

Layer Index

1 3 |
) =i ¢ Exchange between layer 1 and 2
3 52 i Exchange between layer 2 and 3

Bi(g)
Sub Surface layer (s-1)

E1
E2

Energy

Eseg

Surface layer (s)

Reaction Coordinate

Figure 4 Reaction coordinate diagram showing the exchange energies of Bi between a
layer and the lower layer.



also possible and is ruled by probability of exchange&efined as the same wayi. &d

E2 are the barrier energies involved in the process|(See Figure 4), relatedByHs

where E is the segregation energy, defined by the energy difference between the atoms

at the surface layer and the layer be[a®
Es = (Egi' — Epy) — (E5S' — Ep) (1)

Considering the growth of a single layer of InAsBi on a smooth InAs substrate, the model
considers that, at the beginning of the deposition of every new monolayer (§alled s
exchange initially occurs between the two upper layers of the substrate as shown in Figure
4. In these regions covered by the s-layer, exchanges between dhd s: layers no

longer occur because these layers are buried and the exchanges will probably no longer
significantly reduce the free energy of the surface. Of course, in regions not yet fully
covered, exchanges between layersasd s: continue to occur. This action continues

until the growth of the s-layer is complete. At that point, there is no longer any exchange
between the s-and s: layer and the next layer begins to grow. The sequence of growth

and exchange of the layers is repeated until the complete heterostructure is developed.

In this model, the physical processes to be taken into account are the deposition from the
vapour phasegsi, the Bi content in every layeris; and the exchanges between the three
layers,E;;_4. In this way, the main equations obtained through the development of this

three-layer model are as follows:

S
dxpi

2 — PeitEss 1,

dx;t
dtl = Es—l,s + Es—l,s—z )
dxg;?
dtl = Es—Z,s—l ) (2)
Where
_ i Li-1 i-1.i
Eji_1 = Pixy5Xp; — Paxyg Xp; (3)

The coupled differential system (2) is resolved numerically layer by layer along the entire
SL structure using a numerical Adams-Bashforth method. In the iterative calculus, once
the layer s is completed, it becomes the nevager and so on. In addition, it is supposed

thatgsi is constant during the InAsBi growth and becomes zero during the barrier growth.

The fitting parameters agasi, P1 and B. Figure 5 shows the experimental profiles of the
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samples, together with the corresponding calculated profiles. The goodness of fit was
evaluated using the coefficient of determination, R2. For Bi profiles above 200 data, the
coefficient of determination is greater than 0.97 in all the cases.

P1=238 E1=1.25eV

P2=18 E2=1.38 eV LGT-LF - Experimental P1=227 E1=1.25¢V | GT-MF Experimental
. P2=25 E2=1.36 eV
0025 $=0.02T¢=3202C ——Simulated $=0.028 Tg=320 °C — Simulated

0.04
0.035

o
o
~

= = 003
= 0015 = 0025
S
€ oot 2 oo
Qo é 0.015
@ @ 001
0.005 :
0.005
0 0
0 50 100 150 200 250 0 50 100 150 200 250
Distance (MLs) Distance (MLs)
P1=200 E1=1.26 eV ° Experimental P1=514 E1=1.27eV Experimental
P=asE=133ev  LGT-HF =131 E2z135ey  HGT-HF
$=0.0275 Tg=3202C —Simulated $=0.0162 Tg=3502C —Simulated
0.04 0.025
0.035
0.02
< 003 =
~=0.025
= £ 0015
> 0.02 =
0015 E 001
o o
001 [ 0.005
0005 §
0 0
0 . 100 150 200 50 0 50 100 150 200 250
Distance (MLs) Distance (MLs)

Figure 5: Experimental and calculated profiles of samples LGT-LF a), LEBMLGT-HF c) and HGT-HF ¢
The fitting parameters used in the model for each sample are included inside each plot.

The obtainedps; parameter, defined as the incorporation rate of new Bi atoms at the
surface, depends on the impinging flux but also on the sticking coefficient. In our case,
the Bi impinging flux is controlled by the different beam equivalent pressures (BEPS) of
Bi but the sticking coefficient could vary with factors such as growth rate, temperature or
the presence of other elements. Thus, LGT-HF and HGT-HF, samples with the same BEP
(1.71 x 10-7 mBar) but grown at different substrate temperatures, give diffarent
parameters in the simulations, 0.0275 and 0.0162 s-1 respectively, indicating its strong
influence on the sticking coefficient. During the growth of the first layer of InAsBI, the
strong segregation of Bi results in a small incorporation into the bulk, but a large
accumulation in the two upper layers (up to 16%). By cutting off the flux of Bi during the
deposition of the InAs barrier, part of the Bi atoms on the surface slowly incorporate into
the mass, but even so, there is still a high Bi content on the surface at the end of growth
of this layer (about 4.9%). When the second layer of InNAsBi begins to deposit, new Bi
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atoms from the flux are added to the surface and this implies a greater exchange with the
bulk. As consequence, at the end of the layer growth, the Bi content in the bulk reaches a
higher value than in the first period (almost double). During the growth of the second
InAs barrier, there is a higher incorporation of Bi, so that, at the end, the final content on
the surface is around 5.2%. As the initial conditions are very similar to those of the second
period, the third period follows the same trend and so on during the rest of the structure.
Therefore, these results show that the segregation of bismuth in all samples could be
described with a high precision with this model. Moreover, this approach makes it
possible to determine the unknown exchange energies for this alloy, being E
1.26 £ 0.02eV and E, 1.36 £ 0.02V.

3.3. Segregation energies in IlI-V compounds.

Nowadays, experimental values for the exchange or activation energies have been
obtained in different IlI-V systems such as In/@alInGaAs/GaAs[23], As/P n
INnGaP/GaAs[28], In/Al in InAs/AlAs [29], Sb/As in InAs/GaSh[30], Sb/As in
GaAs/GaSh31], Sb/Asin GaAsSh/GaA$27], Sb/As in InNAsSb/InA$32] and Bi/Asin
InAsBI/InAs (this work). In general, for a hypothetical ternary ABC compound alloyed
from the binaries AB and AGhe energy barriers must be of the order of the binding
energies of the binary compounds as the exchange process corresponds to the atomic
mation of B and C atomg23]. Some authors consider that the main contribution comes
from the binding energy of the species that segregates[2E]. However, it seems

logical that the differences of binding energy of the species of the matexh&ve a

®  Sb/As in InAsSb/InAs 214 ™ Sb/As in InAsSb/InAs
1.94| ® Bi/AsinInAsBi/InAs ®  Bi/As in InAsBi/InAs l

®  Sh/As in GaAsSh/GaAs| 2.0 Sb/As in InAs/GaSb
1.8 Sb/As in InAs/GaSb 19 As/P in InGaP/GaAs A
As/P in InGaP/GaAs Sb/As in GaAs/GaSb
L74| ® In/Alin InAs/AlAs 1.84| ® In/Alin InAs/AlAs

164 = In/Ga in_ InGaAs/GaAs S 5] L In/Ga_in InGaAs/GaAs/
Expermiental S Experimental

1.5 516
1.4- 154
13 1.4

' E; 1i=0.919-0.712 Epg+1.172 £, 13 E, =1.387-1.061 E+1.357 E\c
1.2

T T T T T T T 1'2 T T T T T T T T
1.2 1.3 1.4 1.5 1.6 1.7 1.8 13 14 15 16 17 18 19 20
E,(eV) E,(eV)

Figure 6. Plot of the fitteds#and E energiesersus the experimental ones for different segregation sy
The solid line represents equality between the calculated and measured energies.
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significant contribution on these energjigs]. Our results show that a better fitting using

experimental binding dissociation enerdi&3] is found when considering both energies.

In|Figure 6, the calculated activation energiesaid E, are plotted using the fitting

parameters versus the experimental energies. The solid line of slope 1 represents the
perfect matching between calculated and measured energies. The vertical distance of each
point to the line can be associated with the error of the theoretical calculation compared
to the measured result. As can be seen, though the contributian iof tBe calculus of

the exchange energies is higher, the contribution of tke dmponent is also
considerable. This relationship, therefore, allows predicting the value of the exchange
energies for hitherto unknowh -V alloys such as Bi/As in GaAsiaAs (E1qit=1.24 eV

and E=1.31 eV). However, we have not found any relationship between the binding
energies and the segregation energiesA& can be seen in eq. (1), in order to estimate

the segregation energies, values of the energies of the atoms at the surface are needed.
These data are very hard to obtain and compare among the different systems where a large
variety of surface reconstructions are possible on (001) surfaces, depending on the growth

conditions.

4. Conclusions.

InAsBi/InAs SLs samples have been grown free of dislocations and extended defects
using different Bi fluxes and two growth temperatur@®e growth temperature
influences the way in which the bismuth is incorporated and its homogeneity, achieving
better incorporation and greater homogeneity when the temperature is lower. At the lower
growth temperature, the Bi profile reaches a platalbout 3 %, showing more abrupt
interfaces. Bi atoms suffer a strong segregation to the InAs barrier and Bi profiles along
the growth direction have been successfully calculated using the three-layer exchange
model. The exchange energies for As/Bi in InAsBiaBd E, have been determined to

be 1.26 eV and 1.36 eV, respectively. Finally, a relationship is found between the binding

energies of the species implied in the exchange and the barrier energies for IlI-V alloys.
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