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Abstract

An non-destructive approach is described that is applicable for studying the In-
segregation phenomena in ultra-thin In(Ga)As/GaAs nanostructures grown by molecular beam
epitaxy (MBE). The proposed method utilizes only the experimental photoluminescence (PL)
spectroscopy data and the effective bandgap simulation of specially designed ultra-thin
In(Ga)As/GaAs nanostructures. On the example of InAs and Ino25Gao.7sAs quantum wells with
thicknesses of 1 monolayer (ML) and 4 MLs, respectively, a good correlation for the In
segregation coefficient obtained from the proposed method and STEM (scanning transmission
electron microscope) Z-contrast cross-section imaging is demonstrated. However, PL has a
significant advantage over STEM of being non-destructive, reliable and rapid technique for
measuring multiple samples or large areas. Furthermore, tuning of In segregation in ultra-thin
In(Ga)As/GaAs nanostructures, as well as the possibility of modifying and controlling the In
depth-distribution profile by the change of growth temperature or the thickness of the low-
temperature GaAs capping layer, are additionally demonstrated. A detailed analysis of indium
segregation allows to design and precise growth of ultra-thin In(Ga)As/GaAs nanostructures for

lasers, solar cells, and infrared photodetectors.
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The ultra-thin In-containing group IlI-arsenide(nitride) quantum wells (QWs) are in the
focus of researchers in the last years due to their unique properties and the plethora of potential
applications. In particular, the 2D In(Ga)N layers sandwiched in a GaN matrix are promising for
the fabrication of single-photon emitters' and light emitting devices operating within the infrared
and ultraviolet regions.>* The other application of ultra-thin In(Ga)As/GaAs QWs includes
lasers,* solar cells,’ and infrared photodetectors.® Recently, a sub-monolayer (SML) quantum dot
(QD) cascade mid-infrared photodetector grown on GaAs was proposed as a promising
replacement for the more matured QD-based devices.” One of the advantages of using sub-ML
growth is the complete absence of a wetting layer that is responsible for carrier trapping, which
usually results in diminished device performance.® At the same time, the growth of ultra-thin
InGa(As,N) QWs structures with predictable properties is still challenging.’'* The chemical
ordering, which limits the composition of 1 ML In(Ga)N QW to In content of 25%,? severely
narrows the tunability of ultra-thin InGaN QWs-based emitters. Moreover, random fluctuations
of the indium concentration leads to a decrease in the radiative recombination and consequently
the efficiency drop in InGaN/GaN-based light emitting diodes.'®

Different phenomena occur during the growth of InGaAs layers since the bonding nature
of In atoms in the GaAs and GaN matrices are different. The lateral and vertical indium
segregation,'®!” In-rich agglomerations,'® and In redistribution'® are observed during the capping
of the ultra-thin InAs layers by GaAs. In general, the segregation which is related to the near-
equilibrium established between the volatile group III species on the growth surface and the
crystal bulk is one of the critical parameter which influence on the In depth-distribution in

InGaAs thin films.2°



Indium segregation in InGaAs/GaAs system was widely studied both experimentally and
theoretically.?!*? The first theoretical model based on the thermodynamical equilibrium proposed

by Moison, et al.?

failed to explain the experimental results of In segregation as a function of
growth temperature. The second empirical model was developed by Muraki, et al.,** where the
quantitative analysis of In segregation was performed by using the secondary ion mass
spectrometry (SIMS) to explain the photoluminescence (PL) data for relatively thick
InGaAs/GaAs QWs. It should be noted that the Muraki’s model provides a better agreement with
experimental data obtained by using the X-ray diffraction (XRD), scanning transmission electron
microscopy (STEM) and SIMS techniques.?> >’ Moreover, this model shows that the growth
temperature is the main factor that determines the segregation of In in InGaAs/GaAs structures.

In this paper, we report an non-destructive approach for studying the In-segregation
phenomena in the ultra-thin In(Ga)As/GaAs QWs grown by molecular beam epitaxy (MBE).
The proposed method utilizes a design of GaAs/In(Ga)As/GaAs structures and experimental PL
data supported by effective bandgap simulation. STEM Z-contrast cross-section imaging was
carried out to validate the accuracy of proposed non-destructive PL technique, which revealed
the In depth-distribution as a result of In segregation during the capping of ultra-thin In(Ga)As
layers by GaAs. Additionally, the possibility of modifying the In depth-distribution profile by
tuning the In(Ga)As growth temperature or the thickness of the low-temperature GaAs capping
layer was demonstrated.

The samples S1-S8 discussed in this work were grown by a conventional MBE technique
on semi-insulating GaAs (001) substrates. The growth parameters for each sample are

summarized in Table 1. At first, the substrate native oxide was thermally desorbed by heating the

substrate at 600°C for 10 minutes under the presence of an As; flux. Then, a 500 nm thick GaAs



buffer layer was grown at 580 °C. Subsequently, the substrate temperature was decreased to

Tgm(Ga)As for the growth of a single ultra-thin In(Ga)As QW. After the QW deposition, a 10

second growth interruption was introduced followed by the deposition of a low-temperature (LT)

GaAs cap layer at . The substrate temperature was then increased to 580°C and a high-

TgIn(Ga)As
temperature (HT) GaAs cap layer was grown. The total thickness of the GaAs cap layer was ~ 50
nm. The two-dimensional (2D) growth was confirmed by reflection high energy electron
diffraction (RHEED). The PL measurements were performed at 10 K in a closed-cycle helium
cryostat. For the excitation, the 532 nm line from a doubled Nd:YAG laser was used with the
power of 2 mW after neutral density filters. The laser beam was focused to a spot with a
diameter of 20 + 5 um. The PL spectra were recorded by SpectraPro 25001 spectrograph. The
effective bandgap simulations were obtained by using nextnano software package.?® X-ray
diffraction spectra were measured by using PANalytical X’Pert MRD diffractometer equipped
with a multilayer focusing mirror, a standard four-bounce Ge (220) monochromator providing a
collimated and monochromatic incident CuKa, source of radiation (A= 0.15406 nm), and a Pixel
detector. Dark-field STEM images were obtained using a Fischione high-angle annular dark-field
imaging (HAADF) detector. The samples were oriented along the [011] and [011] zone axis.

In order to study the effect of the In depth-distribution on the emission properties of
In(Ga)As QWs with the same amount of In content, the following set of single quantum well
GaAs/QW/GaAs structures were designed: 1 ML InAs (S1), 2 ML IngsGaosAs (S2) and 4 ML
Ino.25Gao.75As (S3) QWs sandwiched in a GaAs matrix, so that each of these QWs has the same
total amount of indium that is sufficient to grow 1 ML of InAs (see Table 1). All three samples

show a strong and narrow PL peak at ~1.47 eV, with the average full width at half-maximum

(FWHM) of ~8 =2 meV (see Fig. 1). Fluctuation of FWHM of PL peak for samples S1-S3 (see



Table 1) can be related with inhomogeneity of In distribution at nanoscale as well as increase of
defect density for thicker QWs. The PL peaks are red shifted with respect to the bulk GaAs band
gap energy and therefore, can be attributed to the inter-band e1—hh; transitions in the ultra-thin
In(Ga)As single QW. The simulation of the band alignment and of the transition energy for
samples S1-S3 were performed using the nextnano 3D simulator, assuming nominal indium
content and its depth-distribution in the In(Ga)As QWs (see Table 1). As can be seen in Fig. 1,
the simulated (vertical dashed lines) and experimental data are in a good agreement only for
sample S1, while the PL peak position and the simulated transition energy for samples S2 and S3
are mismatched of about 30 meV. The PL results in Fig. 1 are in good agreement with the PL
energy of 1.46 eV for 1 ML of InAs/GaAs reported by Yuan et al.?® and Tran et al.*>°, where an
island nature of quantum confinement formation was assumed. Indeed, the In(Ga)As islands with
one monolayer height are formed during nominal sub-monolayer growth. Moreover, these
islands can preserve their shape after being capped with GaAs.?!*? The optical properties of
island-based In(Ga)As structures are indistinguishable from those of In(Ga)As QWs with the
same amount of indium, since the size of islands and the distance between them is smaller than
the exciton Bohr radius.?® However, this cannot explain the results observed for samples S2 and
S3, since the thickness of the In(Ga)As QWs for those samples is larger than 1 ML. Moreover, as
a result of In depth-distribution in In(Ga)As QWs for samples S2 and S3, the accumulated elastic
strain energy does not reach the critical value for islands formation. Therefore, the mismatch
between experimentally observed PL and simulated transition energy for samples S2 and S3 can
be attributed to either indium segregation and/or desorption during the growth.

X-ray diffraction (XRD) w/26 spectra were measured across the 004 reflection in order to

estimate the In content in ultra-thin In(Ga)As QWs buried in GaAs matrix.!!** The interference



of X-rays scattered from GaAs cap layer and GaAs substrate is observed on the XRD pattern in
Fig. 2 as pendellosung fringes surrounding the 004 GaAs Bragg peak. The distance between the
satellite peaks on the w/20 spectra allows calculating the thickness of the GaAs cap layers.***° In
order to calculate the In content the simulation was performed by using the PANalytical X Pert
epitaxy software considering a fully strained GaAs/QW/GaAs system. The structural parameters
obtained from XRD curve fitting are tabulated in the inset of Fig. 2. According to these results,
the In content and the thicknesses of the InxGaixAs QWs correspond to nominal values.
However, it should be noted, that in case of ultra-thin buried layers, the composition and the
layer thickness cannot be determined independently by XRD technique.*®” Therefore, the
results of XRD curves fitting should be considered as a product of In-composition and the QW-
thickness. Nevertheless, it can be concluded that the mismatch in the PL data for samples S1-S3
(see Fig. 1) cannot be explained by desorption of In adatoms during the growth. Consequently,
another reason of the observed PL data can be the vertical distribution of In atoms as a result of
In segregation during the capping with GaAs. Indeed, from the high-resolution transmission
electron microscopy (HRTEM) data and the RHEED intensity analysis we can explicitly
conclude on the segregation of In atoms during the growth of the GaAs cap (see Figs. S1-S3).
However, the quantitative study of In segregation by XRD, HRTEM and RHEED techniques in
case of ultra-thin In(Ga)As/GaAs nanostructures is still challenging.

In order to provide a quantitative analysis of the In segregation for samples S1-S3, we
used Muraki model,** since this model demonstrated a good agreement with experimental data
for thick InGaAs/GaAs QWs grown under various conditions.?>?” The idea behind the Muraki

segregation model assumes that during the growth, some fraction R of indium atoms from the

topmost completed layer segregates to the next growing layer. Consequently, the gallium atoms,



which have the higher bonding energy with arsenic, replace segregated In atoms into the layer. It
is important to note that only the topmost layer takes part in the segregation process. All the
other layers which are located underneath are finalized in terms of indium content distribution.
The general formula to calculate the indium content (x,,) in the n-th layer is represented as

follows:

(1)

n

_ {x(l — R™), n <N
~ x(1 = RMR™N, n >N

where x is the nominal indium content, N is the nominal thickness of QW given in MLs, and R is
the segregation coefficient. Therefore, in case of 1 ML InAs QW sandwiched in a GaAs matrix,
when R = 0 (no segregation), the indium content profile has an initially intended shape. The
obtained In depth-profiles can be used as an input for the numerical calculation of the conduction

and valence band edges of In(Ga)As/GaAs QW structures. Consequently, the effective bandgap

E ;f T can be obtained as the inter-band e;—hh; transition energy for the corresponding structure
and the value of R. Figure 3(a) shows the simulation of the effective bandgap energy (E¢sf =
E.rr(x, N, R)) as a function of continuous variable R for the samples S1, S2, and S3. The x and

N are the predefined parameters established before the sample growth. For samples S1, S2, and
S3, the indium content and the In(Ga)As nominal layer thicknesses are x = 1, 0.5, 0.25 and N =
1, 2, 4 MLs, respectively. As can be seen in Fig. 3a, without the In segregation process (R = 0),
the simulated E, s for the given structures varies from ~1.438 to ~1.468 €V. On the other hand,
for R> 0.5 the E,¢; coincide for all three structures S1-S3. However, the simulated results of
E,fs correlate with the experimental PL data of sample S1-S3 (horizontal dashed grey line) only

for R ~ 0.83. Therefore, by using Eq. 1 with R ~ 0.83 and the nominal indium content (x) and

thickness (IV), we calculated the In depth-profiles for samples S1-S3 (see Fig. 3b). It should be



noted that an error in the experimental x and N lead to the error in the calculated In segregation
coefficient R. Accordingly, the segregation coefficient will be in the range of R = 0.83+0.03, by
introducing the error of 2% in nominal composition and thickness of In(Ga)As QW.

The STEM analysis was performed to prove the In depth-profiles, and consequently the
In segregation coefficient determined by PL technique. The actual STEM Z-contrast cross-
section images are shown as insets in Fig. 4, where the InGaAs QW can be seen as a brighter
region due to the indium incorporation in that area. The data (open grey circles) represent the
intensity extracted from the STEM images averaged over the area (white box) shown in the
insets. Lenz et al. used a similar approach for sub-monolayer InAs/GaAs superlattice
structures.'® The zero-coordinate position is set to coincide with the first interface of the
In(Ga)As QW. The experimental STEM data were fitted (solid step-like lines in Fig. 4)
according to the segregation model described by equation (1) using the least squares method.
The In segregation coefficients that were extracted from the best fit are 0.85 and 0.81 for samples
S1 and S2, respectively. The obtained values are in a good agreement with the segregation
coefficient R ~ 0.8340.03 found using the PL data analysis. Therefore, we can conclude, that the
experimental PL data for samples S1-S3 (see Fig. 1) can be explicitly explained by In
segregation during the GaAs capping process with the In segregation coefficient R ~ 0.83+0.03.
Moreover, it is shown, that unlike the STEM, which is a destructive, expensive, and time-
consuming process, the PL technique is a reliable alternative to probe the indium depth-profiles
(indium segregation) in ultra-thin In(Ga)As/GaAs QW structures.

The growth temperature is one of the most influential parameters that affects the level of
In segregation for In-containing I1I-arsenide structures. Therefore, the samples with 1 ML

InAs/GaAs QW grown at 460 °C (S1), 420 °C (S4) and 380 °C (S5) were studied in order to



demonstrate the capability of proposed PL technique to probe the indium depth-distribution
profile. The simulated effective bandgap shown in Fig. 3a can be reused in this case since the
nominal QW thickness and the In content are the same as for the sample S1. Figure 5a shows the
normalized low-temperature PL spectra for samples S1, S4, and S5. Despite the fact that the
nominal QW thickness and the In content are the same for all samples, the blue shift in the PL
peak position testify on the influence of growth temperature on the In segregation phenomena.
Indeed, by using the simulation describe above (see Fig. 3a), it is found that the obtained In
segregation coefficients are in a range of ~0.62 to ~0.83 when the growth temperature was
increased from 380 to 460 °C. The resulted In depth-profiles for samples S1, S4 and S5 are
shown in Fig. 5c.

The impact of the growth design of InGaAs/GaAs QWs on the In depth-profile was also
tested by changing the thickness of LT GaAs layer (I.45,). The set of samples S6, S7, and S8 is
the repetition of the previous set S1, S4, and S5, with the decreased .4, from 35 ML to 4 ML.
The PL spectra for these samples are shown in Fig. 5b. The PL peaks for corresponding growth
temperatures are blue shifted as the thickness of the LT GaAs cap decreases. A similar growth
was studied by Ilg et al.?>, where the authors reported a redshift in the PL peak for thinner LT
GaAs cap layer. In the present work, the opposite result was observed. To explain this
observation, the indium depth profiles for each of the structures were modified according to the
growth parameters. Specifically, we assume that the In segregation coefficients for samples S6,
S7, and S8 are the same as for the equivalent samples S1, S4, and S5, respectively, since the
growth temperatures for the corresponding samples are equal (see Table 1). Moreover, for
samples S6, S7, and S8 the indium content was set to 0 after the 4th ML of the LT GaAs cap (the

yellow box in Fig. 5c) since the growth temperature (580 °C) of HT GaAs is too high for indium



incorporation. As can be seen on Fig. 5b, the effective bandgap simulation with modified total
indium concentration as well as depth-profile for samples S6, S7, and S8 results in the transition
energies that are in a good agreement with the experimental PL peak positions. Importantly, the
In segregation phenomenon also affects the FWHM of PL peak for samples S1/S4-S8 in Fig. 5a.
An explicit trend in the decrease of FWHM of PL peak with decreasing the LT GaAs-cap layer
thickness can be observed in Table 1. Consequently, since In(Ga)As QW is not limited to
nominal 1 ML thickness due to the In segregation during the GaAs capping, the decrease of the
thickness of defective LT-GaAs leads to the decrease of FWHM of PL peak for samples S6-S8.
Moreover, for samples S6/S7/S8 there is a good correlation between the FWHM of PL peak and
growth temperature of defective LT-GaAs cap. Therefore, the proposed non-destructive PL
characterization technique is a powerful tool that can be used to monitor the In segregation in
ultra-thin In(Ga)As/GaAs nanostructures. Moreover, such analysis can be applied to predict
emission properties for more complicated device-oriented structures such as SML-QD cascade
mid-infrared photodetector.

In this work, we presented a simple way to study the In segregation during the GaAs
capping process in ultra-thin In(Ga)As/GaAs QWs grown by MBE. The photoluminescence (PL)
spectroscopy and the effective bandgap simulation of specially designed ultra-thin
In(Ga)As/GaAs nanostructures with the same nominal amount of indium were used to calculate

the In segregation coefficient. For InAs, Ino.sGao.sAs and Ino25Gao.7sAs QWs with thickness of 1
ML, 2 MLs and 4 MLs, respectively, grown at the same temperature (Tgm(Ga)ASZ 460 °C) the In

segregation coefficient was found to be equal R ~ 0.83. Moreover, a good correlation of the In
segregation coefficient obtained from the proposed method and STEM Z-contrast cross-section

imaging is demonstrated. However, unlike the STEM, which is a destructive, expensive, and

10



time-consuming process, the PL technique is a reliable alternative to probe the indium depth-
profiles (indium segregation) in the ultra-thin In(Ga)As/GaAs QW nanostructures. Finally, the
possibility of modifying the In depth-distribution profile by tuning the In(Ga)As growth

temperature or the thickness of the low-temperature GaAs capping layer was demonstrated.

See the supplementary material for the supporting results of the investigation.
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Table 1. Nominal designed and growth parameters of InxGaixAs QWs and LT GaAs-cap layers

for samples S1-S8 investigated in the present work.

InxGal -XAS QWS

Sample composition thickness TInGads(oC) PL peak ttI:iIki:sAss(-ls/?IIj)
(x) N (ML) g FWHM (meV)
S1 1 1 460 6.9 35
S2 0.5 2 460 10 35
S3 0.25 4 460 8.6 35
S4 1 1 420 13.6 35
S5 1 1 380 13.5 35
S6 1 1 460 6.4 4
S7 1 1 420 8.2 4
S8 1 1 380 9.3 4
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Fig. 1. The low-temperature (T = 10 K) PL spectra of samples S1, S2, and S3 recorded under the
same excitation power intensity (Pexe = 5 W/cm?). Vertical dashed lines show calculated (S¢“)
transition energies (assuming no In segregation) for corresponding structures. Inset shows the

sketch of the samples structure.
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Fig. 2. XRD experimental and fitted /26 spectra around GaAs (004) reflections for the

investigated S1-S3 samples.
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Fig. 3. (a) The simulated effective bandgap (E ;f ! ) for samples S1-S3 plotted as a function of

segregation coefficient (R). The horizontal dashed grey lines show experimental PL peak
positions for samples S1-S3, S4 and S5. (b) The resulted indium depth-profiles in In(Ga)As QWs

for structures S1, S2, and S3 taking into account the In segregation coefficient R ~0.83.
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Fig. 4. The normalized indium content and STEM intensity depth-profiles for samples S1 (a) and

S2 (b). The insets show actual STEM images of In(Ga)As QW region.
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Fig. 5. The normalized PL spectra of the samples S1, S4, and S5 (a) and S6-S8 (b) plotted as a
function of photon energy. (¢) The indium depth-profiles for samples S1, S4, and S5. The indium
depth-profiles from yellow box (In(Ga)As QWs with a limited thickness of 4 MLs) are used to

simulate the effective bandgap for samples S6-S8.
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