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Strain evolution and confinement
effect in InAs/AlAs short-period
superlattices studied by Raman
spectroscopy

Yinan Zhao'”’, Kechao Lu'’, JinshanYao?, Jigiang Ning3*’, Baile Chen“®, Hong Lu%** &
Changcheng Zheng'**

Raman spectra of two series of InAs/AlAs short-period superlattices were measured at room
temperature to investigate the impact of strain on the phonon modes taking into consideration the
confinement effect and interface mode. The evolution of strain in the InAs layer and the AlAs layer was
studied in (InAs),/(AlAs), superlattices grown at various temperatures (400-550 °C). While the strain
existed in the AlAs layer remained almost constant, the strain in the InAs layer varied significantly as
the growth temperature increased from 500 to 550 °C. The confinement effect on the optical phonons
was analyzed based on results from (InAs),/(AlAs), grown at 450 °C (n=2, 3, 4, and 5). Additionally,
the confinement effect was found to be stronger in shorter periods with higher interface quality.

The interface phonon modes were resolved between the longitudinal optical and transverse optical
phonon modes, which assist in the rough estimation of the thickness of the layers. The disorder-
activated acoustic phonon modes at the low-frequency side were also addressed.

Materials and methods

The InAs/AlAs short-period superlattice (SPS) grown by molecular beam epitaxial (MBE) has attracted continu-
ous interest since its ordered structure leads to unique optical and electronic properties*?, such as high electron
mobility® and large tunable bandgaps*. Therefore, InAs/AlAs superlattice has a promising future in the field of
device applications, including channel composition modulated transistor (CCMT)® and infrared photodetectors®.
It has been reported that superlattices can have the possibility of tailoring the electronic and optical properties
when components are under considerable strain’. It is important to investigate InAs/AlAs superlattice in terms
of its nanostructure and the quantum dots formed?®.

Over the past years, many achievements and advancements have been made in the study of InAs/AlAs
superlattices and materials with similar structures, especially in the optical characterization field. For exam-
ple, the region around 360 cm™ in Raman spectra is due to the vibration of AlAs, while peaks located in the
230-250 cm™! region arise from the vibration of InAs’. The peak assignments were made based on the Raman
modes of InAs and AlAs crystals, respectively. At room temperature, the InAs longitudinal optical (LO) phonon
mode is located at 238.6 cm™ and the transverse optical (TO) mode is at 217.3 cm™ °. In the AlAs region, the
LO and TO phonon modes were determined at about 400 cm™ and 363 cm™, respectively'®!!. The dependency
of strain relaxation on the period was studied by controlling the number of monolayers of either InAs or AlAs’.
More recently, the superlattices made of (InAs),/(AlAs), exhibited bandgap-tunable property by adjusting the
layer thickness, indicating that the cut-off wavelength of such material can be finely controlled®. As to other
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similar structures, the impact of different polarization configurations on the Raman peaks was studied with InAs/
GaSb superlattices and several new modes were found'?. Raman scattering was measured for (AlAs),/(GaP),
and (AlAs),/(AIP), (n=2, 3, 4, 5) to confirm the contribution of the confinement effect as well as the interface
phonons on the peak position shift'.

However, the impact of the growth temperature and period length on the strain within the InAs/AlAs super-
lattice structure is seldom studied using Raman spectroscopy. The Raman peak shift can not only reveal the
variance of the lattice mismatch strain and the individual layer thickness, but the broadening of the Raman peak
can also present the confinement effect and lead to an insight into the density of defects. In this article, we use
confocal micro-Raman spectroscopy, a non-invasive optical method, for the characterization of the strain status
in InAs/AlAs superlattices. Generally, due to the lattice mismatches between InAs and AlAs, the InAs layer is
under compressive strain while the AlAs layer undergoes tensile strain’. We focused on the evolvement of the
peaks concerning the growth temperature and period length (i.e., 2/2, 3/3, etc.), which is closely related to the
changes in strain and confinement effect. Previous literature has found that the confinement effect can lead to
redshift®, while the influence of strain depends on whether it is tensile or compressive”'*. The interface (IF) mode
is resolved between the LO and TO phonon modes, and it also tends to follow the shifts of LO and TO modes.

Experimental details

To develop a comprehensive understanding of the evolvement of strain and confinement effect in the InAs/AlAs
superlattices using different growth methods and conditions, two groups of samples were grown by MBE on
semi-insulating InP (001) substrates. An In, 5,Al, 44As buffer layer was grown at 490 °C on the InP substrate after
the native oxides on the substrate were removed by thermally heating the substrate up to 530 °C. The first group
is a series of (InAs),/(AlAs), (n=2, 3, 4, 5) superlattices with different periods grown at the same temperature,
450 °C. The period number is designed to be 200 for the (InAs),/(AlAs), superlattice (2/2), 133 for 3/3, 100 for
4/4, and 80 for 5/5, respectively, so that the total thickness of the active layer is kept about the same, ~255 nm.
The tlolicknesses of in(aiividual InAs and AlAs layer§ are estima;[ed to be 6.48 A and 6.05 A for 2/2,9.87 A and
9.23 A for 3/3,13.32 A and 12.44 A for 4/4, 16.49 A and 15.4 A for 5/5, respectively, based on tbe XRD I;esult‘*,
which are used to estimate the thicknesses of the active layers, that is, for the 2/2 sample, (6.48 A +6.05 A) x 20
0=250.6 A. More details about the growth procedure can be found elsewhere®*. The second group is a series of
(InAs),/(AlAs), grown under six different temperatures ranging from 400 to 550 °C. As the superlattice structure
can be greatly affected by the periods and the interface quality is likely related to the growth temperature, the
two groups were designed for the overall investigation of strain and confinement effect. The Raman scattering
measurement was performed at room temperature on a confocal micro-Raman system (Horiba, LabRAM HR
evolution) equipped with a 100X objective (NA: 0.90), excited by a 532 nm laser line in a back scattering con-

figuration. The laser power is ~ 410 pW. The spectral resolution of the system is better than 1 cm™.

Results and discussion

Figure 1 shows the Raman spectra of (InAs),/(AlAs), grown at 450 °C measured with different polarization
configurations. In either InAs- or AlAs-like region, the most intensive peak is attributed to LO phonon while the
shoulder on the low-energy side is assigned to the TO phonon®'°. Please note the InP-related Raman modes were
not detected in all samples studied in this work. The Raman peaks present asymmetrical broadening between the
LO and TO phonon modes in both InAs and AlAs regions. Such broadening is attributed to the IF phonon modes
at the interface of the AlAs and InAs layers, respectively®. The fitting results are shown in Fig. 2 below. It is worth
noting that we only observed the shoulders of Raman peaks in Fig. 1, and the folded optical phonon modes are
not well resolved. As the folded phonons are usually shown in series on the low energy side, it has been reported
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Figure 1. Raman spectra of (InAs),/(AlAs), grown at 450 °C under different polarization configurations. The
labels ‘acoustic, ‘InAs-like’ and ‘AlAs-like’ indicates the respective phonon regions.
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Figure 2. Raman spectra of InAlAs RA and (InAs),/(AlAs), SPSs with n=2, 3, 4, and 5 grown at 450 °C. The
InAs-like, AlAs-like, and acoustic phonon regions are marked. Fitting results by Lorentz profile are shown.
Three peaks are resolved in both InAs- and AlAs-like regions, respectively. The enlarged portion (X10) around
480 cm™ for the n=>5 sample exhibits the second-order phonon signal.

that the even folded modes are detected in Z(x, x)z configuration while the odd modes are shown in Z(x, y)z
configurations', which is not the case here. Therefore, we assume that the folded optical phonons are very weak
and cause little influence in our experiment, and the interface mode is required to fit the asymmetric Raman
line shape. The peaks below 200 cm™ correspond to the first zone folded longitudinal acoustic (LA) phonon?,
because the folded LA peaks were observed in Z(x, x)z configurations and vanished in Z(x, y)z configurations",
according to a one-dimensional elastic continuum (Rytov) model*'®.

Figure 2 shows the original Raman spectra of the group of (InAs),/(AlAs), superlattices with different periods.
The Lorentz line shape was adopted to fit the overall asymmetric Raman peaks to obtain peak positions and
full width at half-maximums (FWHMs), and hereinafter. The phonon confinement effect can be revealed by the
broadening parameter in the integration of the Lorentz peaks'”. Representative fitting results are depicted for
n=2and n=5 as examples. A weak broad peak around 285 cm™' was introduced in the fitting, whose origin is
unclear and further investigation is ongoing. The peaks for the second-order phonon modes are very weak so
that only a second-order InAs-like LO phonon mode was found for n=5’, with a tenfold enlarged part inserted.
The existence of the IF mode can lead to a broader peak in the second-order spectrum while the folded optical
phonon modes such as LO, and LO, modes would result in a sharper peak. Hence, it is reasonable to assign the
shoulder in the InAs- or AlAs-like region to the IF phonon mode!®!. The spectra show strong peaks at about
225 cm™ and 247 cm™ which can be attributed to the TO and LO modes of the InAs layers’. Peaks located at
around 352 cm™ and 373 cm™! are due to the TO and LO phonons of the AlAs layers®. Interface phonons of the
InAs and AlAs layers are found between the LO and TO phonon mode, responsible for the Raman peaks located
at 237 cm™ and 366 cm™! respectively. It is worth mentioning that the theoretical calculation of the interface
phonon-induced peaks are at 232 cm™ and 350 cm™ ?!. The discrepancy of the peak positions for the different
modes may be due to the strain and the confinement effect, which will be further addressed later. The folded
longitudinal acoustic phonon peak nearly disappeared for other samples except for n =2, which is similar to the
findings by J. Bradshaw et al., that the peak observed around 115 cm™ came from the bilayer sample and was
absent for other samples’. Besides the two acoustic phonon modes (120 and 187 cm™), we added an additional
broad peak in the fitting process for obtaining better fitting results of the overall line shape, which may be caused
by background signals in our measurements. The appearance of the acoustic Raman peak indicates the good
periodicity of the n=2 sample! and the relatively high quality of the interface. The increase of FWHM of the IF
mode with period may also imply an inverse relationship between spectral quality and the number of layers.
Meanwhile, the increase of FWHM is closely related to the confinement effect.

Since Raman spectra are highly sensitive to structural disorder and the Raman spectra measurements are
performed under low laser excitations, defects may relax the momentum conservation rule which leads to the
activation of non-center phonons®, the broadening of the Raman peak can be partly attributed to the confine-
ment effect. Additionally, the polar optical phonon scattering plays a role in both the momentum and energy
relaxation processes?. Since plane wave-like phonons cannot propagate through the lattice defects such as
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dislocations, vacancies or interstitials!’ that existed in the layers, the weighting function introduced by the wave
vector uncertainty shall result in the rapid decay of the phonon wave functions. The wave vector uncertainty is
given by Aq = 7/L, where L is the distance between dislocations'”. As shown in Fig. 3, the peak broadening is
observed for all the AlAs-like modes and InAs-like IF/TO mode, indicating that the confinement effect is non-
negligible for this series of samples. When the period » increases, all the peaks in InAs- and AlAs-like region have
a tendency of blue shift, except the InAs-like TO mode. Therefore, we suppose the phonon modes are confined
in both InAs and AlAs layers, and the blue shift of LO/IF/TO modes is attributed to the combined influence of
confinement effect and strain. The sudden change of the peak position of the InAs-like TO mode may originate
from the anomalous change in lattice constant for the n=>5 sample®. When the sample is grown with fewer
periods, the quantum well would have a narrower “well width”, making the confinement effect stronger®*. Since
the confinement effect will lead to the redshift of phonon peaks®?, the weakening of the confinement effect can
cause blue shift instead, which corresponds to the increase in the number of monolayers in each period. How-
ever, comparing to the contribution of strain, the confinement effect has limited influence on the shift of peak
positions. For InAs layers, the estimated LO phonon peak position shift resulted from the confinement is about
2 cm™! 2%, much smaller than the strain-induced shift. The confinement effect induced TO peak shift is almost
negligible?. For AlAs layers, Tenne et al.”” suggested that the phonon peak position shift of AlAs can be mainly
attributed to the strain due to the weak dispersion of the AlAs optical phonon.

Due to the difference in lattice constant (azj4s = 5.6611 A,?® aj,as = 6.0583 A ?°) there exists biaxial com-
pressive strain in InAs layers and tensile strain in AlAs layers, respectively, compared to bulk InAs and AlAs’.
Without considering the confinement induced peak position shift, we can estimate the biaxial strain from the
variance in the InAs-like and AlAs-like modes with the secular equation given by Cerdeira et al.** and the strain
can be obtained by the following equation:*!

ptaq q
— = Aw=—> .
wTO — WY w 200 €+ 200 €] (1)
N
€L =—¢ 2
s, ! (2)

where S;1 (1.945 x 10712 dyn_1 cm? for InAs, 1.20 x 10712 dyn_1 cm? for AlAs) and Sp»
(—0.685 x 10~12 dyn™! cm?for InAs,0.39 x 1072 dyn~! cm? for AlAs) are elastic compliances for either InAs®
or AlAs*%; p and q are phonon deformation potentials describing the change in effective spring constants induced
by the strain; €jand €| are the in-plane strain and strain along the [001] direction; wo and wro are the strain-free
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Figure 3. Peak positions and FWHMs of LO, IF, and TO phonon modes with error bars obtained from the
fitting results concerning the periods. The horizontal dashed lines indicate the phonon frequencies for bulk InAs
and bulk AlAs. The scatters connected by dashed lines in IF modes indicate the mid-position of LO and TO
modes.

Scientific Reports |

(2023) 13:123 | https://doi.org/10.1038/s41598-022-26368-8

nature portfolio



www.nature.com/scientificreports/

q = —2.623w} for InAs are obtained from Ref.?”. The phonon deformation potential of AlAs is approximated with
the p and g values of GaAs**. The justification of such an approximation is offered in the work of Tenne et al.”
Similar method has been adopted by Tran et al., in estimating the strain-induced shift that existed in the InAs/
InP superlattice without considering the confinement effect and the theoretical calculation agrees well with the
experimental value. In our case, the strain that existed in the superlattice structure is roughly estimated based
on the Raman peak position shift and calculated from Eqs. (1) and (2). Figure 4 presented the variance of the
strain with the increase in the period number.

Here the positive strain values indicate the presence of the tensile strain while the negative ones present the
compressive strain. From Fig. 4, it is obvious that the strain that existed in the AlAs layers decrease with the
increase of the period number. Taking the change of period into consideration, thicker layers may contribute to
the partial relaxation of the strain’. This agrees with the strain variance estimated in AlAs layers. The determina-
tion of tensile and compressive is based on comparison with Raman peak positions of respective bulk materials,
so it is possible for the InAs and AlAs layers to be compressed/stretched. Along the [001] direction, the period
length (the total thickness of n InAs layers and n AlAs layers) of the superlattice obtained from the XRD results*
is larger than the direct addition of the lattice constant (1 x5.6611 + 1 x 6.0583), indicating that both InAs and
AlAs layers in superlattice undergo tensile strain as calculated.

On the other hand, following the blue shift of LO and TO modes due to strain and confinement effect, the
in-between IF phonon mode tends to shift with LO and TO at the same time. Ideally, if the thickness is the same
for each layer, the peak position of the IF phonon should be midway between LO and TO modes, based on the
electrostatic model'®. However, in our experiments we find that the IF phonons are always closer to the LO mode
as shown in Fig. 3. It might be explained by the Frohlich electron-phonon interaction'® and dielectric continuum
model”. As coupling happens between the observed modes and the excitons, the difference in the thickness of
InAs and AlAs layers can affect the IF mode peak position'®. The dielectric continuum model has taken into
account the confinement effect, and the frequency-dependent dielectric constant can be calculated based on®

e12(w) = 8103(0)2 - wf)/(wz - sz) ()

where wy and wr are the frequency of LO and TO modes, respectively, and w is the IF phonon frequency.
The subscript 1 and 2 correspond to InAs and AlAs, respectively. Hence, taking the long-wavelength limit, it
can be estimated from &1d; + €2d; = 0 or €1d; + €2d, = 0. If adopting the former relation, the ratio of layer
thickness (d; /d>) is in the range of 1.05-2.13. The dependence of peak position on the period also shows that IF
mode is not strictly localized at the interface®®. Moreover, it has been reported that the asymmetric broadening
feature of InAs- and AlAs-like regions is also related to the IF phonon mode®*. The enlarging FWHM of the
IF modes as n increases may indicate the reduced interface quality as well, consistent with the observations of
acoustic phonon mode.

Figure 5 lists the Raman spectra of the other group of (InAs),/(AlAs), samples grown at different temperatures
from 400 to 550 °C. Similarly, the peaks around 230 cm™ originate from the InAs-like modes and those around
370 cm™ are from the AlAs-like modes. Each of the two regions is fitted by three Lorentz line shape peaks,
attributed to TO, IF and LO phonons, respectively, from the left to the right. It can be seen that the InAs-like
peaks show a redshift as growth temperature increases while the influence on the AlAs-like peaks is marginal.
Meanwhile, the acoustic phonon mode around 120 cm™ weakened with the increase in the temperature.

For growth temperature in the range of 400-475 °C, the FWHMs of the LO/TO/IF phonon peak of InAs
and AlAs are small compared with the rest of the temperature points, indicating that the confinement effect is
relatively weak and rare defects existed near the interface. In addition, the signal of the acoustic phonon induced
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Figure 4. The calculated in-plane strain and the strain along the [001] growth direction for both InAs and AlAs
layers in the (InAs),/(AlAs), SPSs grown with different periods.
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Figure 5. Raman spectra of (InAs),/(AlAs), SPSs grown at different temperatures from 400 to 550 °C. The
InAs-like, AlAs-like, and acoustic phonon regions are marked.

peaks is quite strong in these Raman spectra, revealing the fine periodicity of the superlattice structure. A rela-
tively low temperature is considered to be beneficial for growing InAs/AlAs SPSs with high interface quality.
Higher temperatures can lead to a higher possibility for the occurrence of diffusion between layers. The broaden-
ing of the Raman peak is observed in both InAs-like and AlAs-like LO phonon modes with the increase in growth
temperature while the width of the TO-induced Raman peak stays almost constant in the growth temperature
range of 500-550 °C. Since the broadening of the TO phonon is not significant with the increase in the growth
temperature, the effect of confinement is negligible on the TO phonon frequency shift*.

The density of the defects that exist in the superlattice structure may be deduced from the extent of the
broadening of the Raman peak because phonon confinement effects are arising as a consequence of the loss of
translational symmetry in the crystal caused by the high density of defects®® and causing the decrease of the
distance between two adjacent defects and the enlargement of the wave vector uncertainty. It is worth noting that
the width of the AlAs-like and InAs-like LO Raman peaks increases significantly when the growth temperature
reaches around 525 °C, indicating that the density of defects varies dramatically at the 525 °C along the direc-
tion of the LO eigenvector. Peak broadening is also observed for the InAs-like IF phonon peak while the width
of the AlAs-like IF phonon peak decreases for higher temperatures, indicating that the density of dislocations
such as vacancies or interstitials increases at the InAs side of the interface but decreases at the AlAs side. The
variance of the interface phonon mode peak width shows that the interface quality of both InAs and AlAs layers
can be controlled by tuning the growth temperature, which resembles with the effect of growth temperature on
the defect densities of Nitride materials®®. Moreover, as the growth temperature increases, the Raman spectra of
the SPSs become more similar to the spectrum of the random alloy*.

Extracted from the Lorentz fitting results, the Raman peak positions of InAs/AlAs-like LO/IF/TO phonon-
induced Raman peaks vs. growth temperature are shown in Fig. 6. Significant redshift of peak position (about
10.4 cm™) with the increase of superlattice growth temperature is observed for the three InAs-like phonon
modes. Nakayama et al.*® have attributed the shift of the GaAs/In,Al,_,As superlattices LO mode Raman peak
to the lattice mismatch-induced strains. Because both the strain and the confinement effect will result in the
shift of the phonon frequency, the peak position shift of the TO phonon is used to estimate the strain since the
influence from confinement is negligible as previously discussed. We also estimated the biaxial strain from the
TO phonon peak positions based on Eqgs. (1) and (2), and the result is shown in Fig. 7 below.

From Fig. 7, we can see that the strain of the AlAs layer almost stayed as a constant while the in-plane strain
that existed in the InAs layer varied from compressive to almost relaxed (the strain along the [001] direction
varied from tensile to almost relaxed) as the growth temperature increases. The calculated strain satisfies the
coherent growth condition:*

Il Il Il Il
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Figure 7. The calculated in-plane strain and the strain along the [001] growth direction for both InAs and AlAs
layers in the (InAs),/(AlAs), SPSs grown at different temperatures.

where aj,as and a4 are the lattice constant of bulk InAs and bulk AlAs mentioned above; e}L 45 and ellqll A5 ATE

the in-plane strain of the superlattice estimated above; all‘n 4s and a!l 4 are the lattice constant of InAs/AlAs in
strained layers. The coherent growth condition is mostly satisfied for different growth temperatures. For example,
at the growth temperature of 525 °C the values of allln 45 and allll 45 are 6.06 and 6.10 A, respectively, indicating
that the strain estimated previously is rather accurate. It is worth noting that the strain in both InAs and AlAs
layers varied dramatically in the range of 500-550 °C, suggesting the wide strain tunability of the InAs-AlAs

superlattice in such temperature range.
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Conclusion

According to the study of the Raman spectra of the two series of InAs/AlAs SPSs, one group of different periods
and the other with various growth temperatures, the influence of strain and confinement effect are carefully ana-
lyzed. We calculated the specific strain for both groups. As the period number increases, a continuous decrease
of the strain in the AlAs layers has been observed. For the growth temperature-dependent samples, it has been
found that as the growth temperature increases, no obvious change occurred for the strain in the AlAs layer
while the strain in the InAs layer varied radically in the range of 500-550 °C. The effect of confinement is found
to be stronger in the sample set with different periods. Meanwhile, the confinement effect becomes weaker with
the increase of periods. The interface modes are identified in the spectra in-between the LO and TO modes,
which give the relative thickness of each layer and confirm the strain evolvement. The findings in this work may
contribute to the fabrication of InAs/AlAs superlattices, providing additional evidence for the optimization of
superlattice periods and growth temperatures in applications.

Data availability
The data and material generated during and/or analyzed during the current study are available from the cor-
responding author on reasonable request.
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