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Abstract: The structural properties of lattice-matched InAlAs/InP layers grown by molecular beam
epitaxy have been studied using atomic force microscopy, scanning electron microscopy and micro-
photoluminescence spectroscopy. The formation of the surface pits with lateral sizes in the micron
range and a depth of about 2 + 10 nm has been detected. The InP substrate annealing temperature and
value of InAlAs alloy composition deviation from the lattice-matched InyAl;_yAs/InP case (x = 0.52)
control the density of pits ranging from 5 x 10°> cm~2 + 108 cm~2. The pit sizes are controlled
by the InAlAs layer thickness and growth temperature. The correlation between the surface pits
and threading dislocations has been detected. Moreover, the InAlAs surface is characterized by
composition inhomogeneity with a magnitude of 0.7% with the cluster lateral sizes and density close
to these parameters for surface pits. The experimental data allow us to suggest a model where the
formation of surface pits and composition clusters is caused by the influence of a local strain field in
the threading dislocation core vicinity on In adatoms incorporating kinetic.

Keywords: InAlAs; InP; molecular beam epitaxy; surface pits; solid alloy; desorption; surface
morphology; threading dislocations

1. Introduction

InAlAs layers lattice-matched with the InP are one of the main materials for microwave
electronics and optoelectronics for the telecom wavelength range near 1.55 um [1-3]. Such
relevance for InAlAs is primarily due to the increased band gap for electrons as compared
to phosphorus-containing structures, which increases the temperature stability and power
of electronic devices with InAlAs barrier layers [4]. As a result, InAlAs layers are currently
used in heterostructure designs for microwave field-effect transistors [5,6], lasers [7-9],
electro-optical modulators [4,10], photodiodes [11] and photovoltaic cells [12,13].

Quite a large number of works, including the study of the defects in InAlAs layers, deal
with the epitaxial growth of InAlAs layers on InP substrates [14-23]. However, most of the
works focus on the study of structural defects in the bulk InAlAs [8-21]. The surface defects
and mechanisms of their formation are much less studied. One of the surface defect types
that can have a strong effect on the performance of many optoelectronic devices [7,22,24,25]
is surface pits with diagonals along [110] directions [7,19,26]. In particular, it is shown
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that pits can affect the value of Schottky barriers formed on the InAlAs surface [24]. In-
GaAs/InAlAs/InP cascade lasers grown under conditions with minimal surface defects
demonstrate lower threshold currents and improved efficiency [7]. Another important
type of InAlAs/InP-based structures is heterostructures with InAs/InAlAs self-assembled
quantum dots (SAQDs) widely used for laser fabrication in the telecom 1.55 um wavelength
range [1-3,27-29]. Surface morphology has a key role in SAQDs formation for a wide range
of heterosystems [30-41], which makes morphology control essential.

The clarification of the surface pit formation mechanism is a necessary condition
for InAlAs morphology control. This mechanism has not been finally established. The
formation of pits on the surface of the InAlAs layer is usually attributed to the lower
mobility of Al adatoms as compared to the mobility of Ga adatoms due to the absence of
such surface defects in InGaAs layers. However, such an explanation does not take into
account the different growth temperatures of InGaAs and InAlAs layers. The lowering
of the growth temperature of InAlAs to the growth temperature of InGaAs leads to the
disappearance of defects [7]. It allows us to suggest that the growth parameters, such as
substrate temperature, have a crucial role in the formation of surface pits.

In this work, a detailed study of the surface morphology and elemental and structural
composition of the InAlAs layer has been performed in order to determine the nature of
the formation of pits on the surface of an InAlAs layer grown on an InP substrate.

2. Experiment

The investigated InAlAs layers were grown by molecular beam epitaxy (MBE) on
semi-insulating epi-ready InP (001) substrates in a Riber Compact 21T setup. The prelimi-
nary step of oxide removal from the substrate was described in detail in [42]. It is necessary
to note that the annealing procedure in the framework of substrate preparation results in
the formation of a thin InAsP layer. The important parameter at this stage is substrate an-
nealing temperature (Ta). The subsequent growth of InAlAs layers on the atomically clean
growth surface of the substrate was performed under excessive As, pressure to suppress
its desorption in the growth temperature range applied. The ratio of Group V to Group III
fluxes was about 100 at the equivalent As, pressure in the flux of F4gq = 1.5-2.5 X 10~ Torr.
The layer growth rate determined by Group III flow was constant at all the growth tem-
peratures (Ts) and was equal to ~0.6 um/h. The InAlAs growth was stopped once the
layer thickness reached D. In situ temperature control for the substrate annealing and
layer growth was carried out by readings of the infrared pyrometer “Ircon Modline Plus”
calibrated by the temperature of reconstruction transitions on the InP surface [43]. The
temperature measurement error was 1%. In situ, the control of the 2-dimensional growth
of the InAlAs layer was carried out by reflection high-energy electron diffraction (RHEED)
by the superstructure (2 x 4) typical of the As-enriched InAlAs surface.

In order to clarify the surface pit formation mechanism, the InAlAs/InP heterostruc-
ture series with variation in T, T's and D was grown. The parameter values were varied
in the following ranges: Tp = 485 =+ 550 °C, Tg = 485 + 535 °C and D = 300 -+ 1000 nm.
Additionally, InyAl; _4As alloy composition deviated from the InP lattice-matched value.
The structure series with alloy composition x ranging from 0.52 (lattice-matched) to 0.51
was grown. Other parameters for the series were T'p =535 °C, Ts = 525 °C and D = 1000 nm.
The scheme of structures is presented in Figure 1.

The surface morphology of InAlAs layers was determined using a Bruker Multimode
8 atomic force microscope (AFM). The structural analysis of the layers was performed by
scanning electron microscopy (SEM) by HITACHI SU8220. The composition of the grown
layers on the micro-scale was determined from the analysis of micro-photoluminescence
(micro-PL) spectra. The micro-PL spectra were measured on a Horiba XPlorA setup. A
532 nm/0.1 mW wavelength/power laser was used for PL excitation. The focused spot
size of the laser on the sample did not exceed 2 pm. The micro-PL map was measured with
a step of 0.2 um. To minimize the effects of Al oxidation, the samples were stored in an
inert atmosphere.
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InAsP Ta

InP (001) substrate

Figure 1. Scheme of structures with InyAl;_,As layer with thickness D grown at Ts. The preparation
of the InP substrate was performed at T'o. The InAsP layer, formed during the substrate preparation,

is marked as «InAsP».

3. Results
3.1. Atomic Force Microscopy

AFM images of the surface of InAlAs/InP lattice-matched layers grown at Tp =485 °C
and Ts = 485 °C (Figure 2A) and Ta = 535 °C, Ts = 525 °C (Figure 2B) are shown in
Figure 2. The layer thickness D for both structures is about 1000 nm. One can see that at
low temperatures, T and Tg (Figure 2A), there are no surface pits within the scanning area.
The analysis of the large-scale images (about 20 x 20 pm?) also demonstrates the absence
of surface pits. It allows us to conclude that the pit density at these growth conditions is
lower than 3 x 10° cm~2. In contrast, increasing the temperatures up to T = 535 °C and
Ts = 525 °C results in the formation of surface pits with a density of about 2 x 10° cm 2.
The surface areas without pits are characterized by a root mean square roughness of about
0.2 nm for all the structures. It should be noted that the sizes and structure of the pits are
characterized by great homogeneity in the framework of a single sample, although they are
different in the case of various samples. The observed pits with depths up to several tens of
nanometers are complete or truncated rhombs with their diagonals oriented along the [110]
and [110] directions. The typical pit profiles are shown in the inset to the corresponding
part of Figure 2B. As one can see, the pit profile has some peculiarities: (1) a ridge/barrier
up to 1.5 nm high is formed along the perimeter of the complete rhombus-shaped pit, and
(2) a small hillock up to a few nanometers high is formed in the center of the pits with a
lateral size higher than ~1 pum.

H(nm) H(nm)

1.2 = 17

Figure 2. AFM images of 1 um thick InAlAs layers lattice-matched with the substrate. Tp =485 °C
and Tg =485 °C for (A) and T =535 °C, Tg = 525 °C for (B). Total layer thickness is 1000 nm for
both structures. Relief profiles are presented in the insets.
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We analyzed AFM images for the structures grown at different growth conditions,
which allowed us to obtain information about the dependencies of some crucial pit param-
eters (sizes and density) on the growth conditions. The dependencies of the pit density
(Np) on T and the alloy deviation value are presented in Figure 3a. As one can clearly
see from the figure, Np strongly increases with T4, changing in the range of 505 =+ 550 °C
from 8 x 10° cm~2 to 107 cm~2. Furthermore, the alloy composition deviation from the
lattice-matched value of 0.52 also results in an increase in Np up to 108 cm~2, as shown in
Figure 3a. Importantly, Ts and D variations have no effect on the density of pits.

x deviation (%)
05

0.0 1.0

16
[ (@) P (b) .
o e 12| o
5 x=052 ‘
=10 - - g e
z - "o Zosl .
@ ‘—- J,
E a0t .k L
o . x=052 04l a-” - e
00 . oo . x=0.51
L}
500 510 520 530 5;1'[] 550 0.2 04 06 0.8 10
Ta(°C) D (um)
8 (C) /,' . 20 (d) -
s
6 | ’
T ) - §15- °
E’ L ] 'l -E-
T ’ T
4t P
-7 x=052 10 . x=052
7 "
2+ -
02 04 06 0.8 1.0 500 510 520 530 540
D{um) Ts(*C)

Figure 3. (a) The dependence of the pit density on the substrate annealing temperature for the lattice-
matched layer (x = 0.52, black dots) and on the layer composition deviation from the lattice-matched
value (red dots). (b) The dependence of the lateral size of the pits on the InAlAs layer thickness
for x = 0.52 (black dots) and x = 0.51 (red dots). (c) The dependence of the depth of the pits on the
thickness of the InAlAs layer with x = 0.52 grown at the temperature of 505 °C. (d) The dependence
of the depth of the pits on the growth temperature for the InAlAs layer with x = 0.52 grown at the
total layer thickness of 1 pum.

An increase in the InAlAs layer thickness D from 300 to 1000 nm in the case of the
lattice-matched alloy composition leads to an increase in the lateral size of the pits (L) with
the linear law as shown in Figure 3b (the black dots and line). A slight deviation of the alloy
composition from the lattice-matched value of 0.5% has an effect on the L (D) dependence:
the sizes decrease in general (about two times) and stay similar to a linear character of
the dependence. Moreover, a rise in D results in an increase in the pit depth (H) with the
near-linear law, as shown in Figure 3c. An increase in Tg also has an effect on H, and it
monotonically rises with T from 505 °C to 535 °C, as one can see in Figure 3d.

3.2. Scanning Electron Microscopy

To determine the structural perfection of the InAlAs layer under the pits [110], the
cross-sections of the samples were examined by SEM. The SEM image of the heterostructure
grown at T =535 °C, Ts = 525 °C and D = 1000 nm, with the alloy composition deviation
of 0.5 %, is presented in Figure 4. The figure clearly shows the threading dislocation in the
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InAlAs bulk and the surface pits correlating with the dislocation. There are two types of
dislocations: (i) nucleated in the InAlAs/InP interface and (ii) nucleated in the bulk of the In-
AlAs layer. We associate the first type of dislocation with strain relaxation in the InAsP/InP
thin layer [42] formed during the substrate preparation and the second one with strain
relaxation into the InAlAs layer caused by the alloy composition deviation [18-21,44-47].

S

Figure 4. The SEM cross-sectional image of the heterostructure grown at Tp =535 °C, Tg = 525 °C
and D = 1000 nm, with the alloy composition deviation of 0.5%. The vertical arrows at the top panel
point to the surface pits. The bottom panel shows the same area of the SEM image but with the
dislocations indicated by thin white lines for better clarity.

The main feature of the SEM image presented is that dislocation outcrops limit the
pits along the perimeter and form a ridge on the surface. Importantly, the structure of pits
obtained based on the SEM data is in good agreement with more precise AFM data on the
pits. This pit—dislocation correlation was observed early in Ref. [18], where transmission
electron microscopy images of InAlAs/InP layers were discussed.

3.3. Micro-Photoluminescence

Room temperature u-PL spectra for different InAlAs/InP heterostructures were mea-
sured, and maps of the distribution of the energy position of the interband transition were
plotted. The spectra and map for a lattice-matched structure grown at Tp = 535 °C and
Ts = 535 °C with D = 1000 nm are presented in Figure 5. PL spectra consist of a single band
centered near 1.45 eV with a bandwidth of about 80 meV. The PL band is associated with
the interband electron-hole optical transition in the InAlAs layer [7,48]. In our view, the
broadening of the PL band is caused by low-scale InAlAs alloy inhomogeneity. As shown
in Figure 5A, the peak position of the PL band is not constant over the InAlAs surface at the
area of 10 x 10 um. There are areas with the PL band peak shifted in a high-energy range
by 14 meV in comparison with other areas. The main feature of these areas is the close
values of the lateral size (about 1 um) and density (10® + 107 cm~2 for different structures)
to the parameters of the surface pits observed in the AFM and SEM data. We associate the
shift of the PL band peak energy with a change in the average InAlAs alloy composition in
some areas compared with others. It is necessary to note that PL band peak inhomogeneity
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is observed for all the structures with surface pits, and the magnitude of the PL band peak
energy shift increases with Ts.
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Figure 5. (A) A typical map of the position of the PL peak of the InAlAs layer with pits. (B) Micro-
PL spectra from the InAlAs layer measured (1) inside and (outside) the cluster. The annealing
temperature of the substrate/growth is 535/505 °C.

In order to estimate both the low-scale composition fluctuation magnitude and average
composition change for the observed areas, we performed the calculation of the InAlAs
band gap, taking into account the influence of the composition and elastic deformation
caused by the composition deviation. The calculations were performed in the framework
of the model-solid theory [49]. First of all, InyAl;_As alloy band gap Eé”AlAS is controlled
by the alloy composition x according to the quadratic approach [48]:

EPAIAS = 3 EIA5 4 (1-5) - {4 —x-(1-3) - Cinatae m

where Eé”As and E?ms are band gaps for InAs and AlAs, and Cpya)as is the bowing param-
eter for the band gap of InAlAs.

Secondly; it is necessary to take into account the elastic deformations caused by the
alloy composition deviation and their effect on the InAlAs band gap. According to the
model-solid theory [49], the in-plane deformation for the elastically strained InAlAs layer

matched with InP is
Amp — A1nAlAs
Exx =&y = —————, (2)
w A1nAlAs
where ay,p and ay, 4145 are lattice parameters for InP and InAlAs, respectively.

The deformation along the growth direction is

C
€2z = —2€xx Ciﬁ’ 3)
where C1; and Cyq are elastic constants for InAlAs.
The edge shift for the conduction and valence bands caused by hydrostatic deforma-
tion is
H=¢4 + &yy + €2z 4)
A change in the bandgap can be calculated by

dE¢ = H - (ar — ay), 6)

where 4, and ay are deformation potentials for the electron and the hole, respectively.
Material parameters for the InAlAs solid alloy were calculated according to the quadratic
approach [48]. The values of the necessary parameters for InAs, InP and AlAs were
taken from [48,50]. According to our calculations, the low-scale composition fluctuation
magnitude is about 4%, whereas the average change in the composition for observed
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areas is about 0.7% for the structure grown at Ts = 535 °C. This value reduced to 0.3% at
Tg =505 °C (the PL band shift is about 6 meV).
Summarizing all of the above, we briefly list the main experimental results obtained:

1. The formation of the pits at the lattice-matched InAlAs/InP layer surface at Tp > 505 °C
is observed.

2. Threading dislocations nucleated both in the InAlAs/InP heterointerface (for exact

lattice-matched layers) and in the InAlAs bulk (for layers with the deviated alloy

composition) are observed.

The dislocation outcrops are correlated with the edges of surface pits.

A ridge is formed along the perimeter of the pits.

5. The density of pits increases with the Ty and alloy composition deviation from the
lattice-matched value.

6.  The lateral sizes of the pits increase with the total InAlAs layer thickness in the case of
the lattice-matched layer or the depth of dislocation nucleating in the InAlAs bulk in
the case of the alloy deviation.

7. The depth of the pits increases with the total InAlAs layer thickness in the case of the
lattice-matched layer or the depth of dislocation nucleating in the InAlAs bulk in the
case of the alloy deviation and also with Ts.

8.  Clusters with deviated/shifted PL band peak energy are detected. The density and
lateral sizes of the clusters are in good agreement with the corresponding parameters
of the surface pits.

9. PL band peak deviation/shift corresponds to the local InAlAs alloy composition
deviation with a magnitude of about 0.3-0.7%, increasing at/with Ts.

Ll

4. Discussion

In the first part of this section, we discuss the reasons for and mechanisms of the
formation of surface pits based on our experimental data. The second part of this section
is devoted to the quantitative model that confirms our suggestion about the formation
mechanisms for pits.

4.1. Surface Pit Formation Mechanisms

Our experimental data allow us to suggest that threading dislocations in the In-
AlAs layer are the main factor for the formation of surface pits. In addition to the direct
dislocation—pit correlation demonstrated by the SEM data, this suggestion is confirmed
by an increase in Np observed depending on T4. It is known that the composition of an
InAsP thin strained layer formed during InP substrate annealing depends on T [42]. An
increase in the As fraction in this layer leads to an increase in lattice mismatching [48]
and, consequently, the nucleation of dislocations with higher density [44-47]. Moreover, as
shown by our data on the InAlAs layers with a slightly deviated composition, dislocations
formed in the InAlAs bulk also have an effect on the surface relief. An increase in the lateral
sizes of pits at an increase in the InAlAs layer thickness is in good agreement with this due
to simple geometrical reasons for the branch divergence of threading dislocations.

The next step in elucidating the nature of surface pits is to discuss the mechanism of
formation of pits in detail. We will focus on the fact of dislocation—cluster—pit correlation
demonstrated by our experiments. Let us discuss the processes that may result in an alloy
composition deviation during the InAlAs growth. Since the growth is performed in excess
of Asy, which is confirmed by the superstructure on the growth surface (2 x 4), the growth
rate and composition of the InAlAs alloy are limited by group III materials, namely In and
Al. A change in the correlation of the Al and In adatom incorporation rate has an effect on
the alloy composition. The change in aluminum incorporation kinetics in the temperature
range applied (up to 535 °C) can be neglected because the Al-As bond is much stronger than
the In-As bond [14,51]. Therefore, only a change in the rate of indium incorporation can
lead to the formation of the In-depleted clusters and pits on the surface. In the range of the
temperatures considered, an intense In desorption from the growing InAlAs crystal surface
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is observed [52]. The main factor that has an effect on the In desorption rate is the growth
temperature Tg. As shown by our experimental data, a deviation in the cluster composition
increases at T's, which confirms a desorption effect on the cluster composition. However,
a non-local character of the temperature factor makes it insufficient for the description of
pit formation. Another factor that may also have an effect on In adatoms incorporation
kinetics is the strain. According to [53-55], in the case of III-V, the growth rate for adatom
incorporation depends on crystal deformation. It is a well-known fact that the threading
dislocation generates a local strain field [56]. Importantly, a sign of strain is opposite for
different sides of the strain field in the vicinity of the dislocation. Thus, the dislocation
strain field is a local factor that can help describe the formation of surface pits.

Let us discuss the factor of a dislocation strain field in detail. In the case of the tensile
strain, the bonding energy of atoms decreases, whereas in the case of the compressive
strain, it increases, on the contrary [55]. This means that depending on which side of the
threading dislocation the In adatom is located, there is either a decrease or an increase
in its binding energy. The tensile strain of the defect reduces the binding energy of the
In adatom to the surface during the growth. This reduces the desorption barrier for In
desorption and, consequently, reduces the rate of its incorporation, forming a pit/cluster.
The compressive strain, on the contrary, increases the binding energy of the In adatom to
the surface during growth. This effect forms a diffusion barrier for adatoms [54] and results
in ridge formation. It should be noted that the surface diffusion of In adatoms averages
the composition and growth rate of the ternary alloy. Therefore, to form a pit/cluster, it
is necessary not only to reduce the desorption energy of indium adatoms in the cluster
region but also to suppress the migration of indium adatoms from outside the pit. In our
case, the presence of such a diffusion barrier reducing the migration of adatoms inside
the pit is evidenced by the formation of a ridge along the perimeter of the pit. The ridge
consists of many different surfaces with the direction strongly deviated from [001]. It is
well known that the incorporation of adatoms proceeds more intensively on the surface
with a developed relief, a high concentration of atomic steps and step breaks [57]. This not
only suppresses the transfer of adatoms from a free surface to the pits but also stimulates
ridge growth.

The increase in the depth of pits observed in our experiments at/with the total InAlAs
layer thickness is in good agreement with the proposed model of pit formation due to the
direct relationship between pit development and total growth time. In order to confirm the
model, we suggest a quantitative description of pit formation.

4.2. Modeling of Pit Formation

In order to verify the proposed mechanism of pit/cluster formation and to estimate
the magnitude of the barrier reduction for In desorption at the defect, the experimental
dependence of the pit depth (H) and the In fraction change (Ax) on Ts was approximated
by expressions in the framework of the following model. Since the growth is performed in
Asy excess conditions, the growth rate for InyAlj_yAs (Vma1as) is ruled by the total growth
rate of binary compounds as follows:

Vinaias = Vinas + Vaias (6)

where Vipas and Vajas are the growth rates of InAs and AlAs, respectively. According to
(6), the alloy composition can be calculated as

V
InAs (7)

X—= —m73M3M3M
VInAs + VAlAs

Then, the alloy composition difference between the clusters and free surface is

cluster
Ax = yCluster _ . VInAs _ Vinas )
Vcluster 4 Vzilllzlg;er Vinas + Vaias

InAs
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where x°1UteT s the alloy composition in the cluster observed, and Vféfge’ and Vﬁl;ﬁ;e’ are

binary growth rates in the cluster.

As suggested above, there is no migration of indium adatoms between the cluster
and the free surface of the film due to ridge formation. This allows us to calculate the pit
depth as

H = W35, — Winaias 9)

where W%‘L‘Sltf{s and Wi, 4144 are total layer thicknesses for the cluster and the free surface,
respectively.
Layer thickness depends on the growth rate, interplanar spacing for (001) planes dgo;
for the InAlAs alloy and total growth time tg:
WSS = VElstsr - dooy -t .
Winaias = Vinaias - doot - tg

Thus, the pit depth can be expressed as
H = (V{4 4 VERter — Vi ag — Vagas) - doot - tg (11)

According to our model, the temperature dependence of the growth rate of binary
compounds outside/inside the cluster can be represented as the following expressions,
taking into account only the adsorption/desorption processes of group III elements:

Vinas = Fin - (Kpy — Kg_10(T));

velister = Fy, - (Kyy — KEU0e(T));

Vaias = Far - (Ka; — Kg_ai(T));

VA" = Ear (Kar = K§'517(T));

(12)

where K}, and K4—adsorption coefficients of In and Al equal to 1 under As excess con-
ditions; F,—the normalized measured flux of incident In (~0.33 ML/s) or Al (~0.3 ML/s)
cations; Ky f,/ Kgll”ﬁf” and Ky 4;/ K;l ”jf”—ln and Al desorption coefficients in/out cluster,
respectively. As we discussed earlier, Al desorption is very weak at the temperatures used,
which allows us to neglect the difference between K; 4; and Kg”fjf”. Therefore, pit depth
can be presented as

H = (VE5SIT — Vigas) - doon - tg (13)

The cation desorption constant was described by the Arrhenius equation as follows:

E

where K is the pre-exponential factor equal to %, which is close to 1013 s~ 1 at T = 505 °C
and caused by atom thermal oscillation [58], and E4_p,/4; is the energy barrier of the In/Al
desorption reaction.

In order to link our model to the experimental data of H(T's) and Ax(Ts), we performed
the variation of E4 /4 for clusters and free surfaces using the least square deviation
method. As one can see from Figure 6, the proposed model of pit/cluster formation
qualitatively describes the experimental results. Some differences in the calculated and
experimental dependencies for the cluster composition can be explained by the fact that
the micro-FL experiment gives lower composition values due to the constant error caused
by the relatively large size of the laser spot (>1 um) compared to the cluster size. The
decrease in the desorption energy of indium on the defect we found was of the order of
27-33 meV, with the desorption energy of In and Al equal to 2.0 and 2.5 eV, respectively.
The In desorption energy obtained is close to the literature data of 1.9-2.2 eV [55,59,60].
There is little information on the reduction of desorption barriers for In on lattice defects in
InAlAs/InP in the literature. Nevertheless, the desorption barrier reduction on mismatch
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dislocations in InAsP is known to be in the order of 20—40 meV [61], which almost coincides
with the values obtained.

Growth temperature (°C)

540 530 520 510
T T T T T T T
e
10 b 410
C LI
c L | )
= >
. 1 <
I <]
1 11
[ . ]
- —_— ]
- *® -
- . -
i 1 1 1 1 | 1 I 1 I -
1.23 1.24 1.25 1.26 1.27 1.28 1.29
1000/T (1/K)

Figure 6. Experimental and calculated temperature dependencies of the pit depth (black square) and
In depletion (red circle) for lattice-matched 1 um thick InAlAs layers.

5. Conclusions

The pit formation on the surface of the lattice-matched InAlAs layer grown on the InP
(001) substrate has been detected. The investigation of the surface morphology allows us to
clarify the dependencies of the pit parameters (Np, L, H) upon the growth parameters (T4,
Ts, D). It has been determined that the formation of pits occurs only at Tp > 505 °C. The
depth of pits H is controlled by Ts and D, whereas the lateral sizes of pits L are controlled
by D. The analysis of cross-section images shows that the surface pits are correlated with
the threading dislocation, nucleated both in a thin InAsP layer on the InAlAs/InP interface
and in the bulk of the InAlAs layer. In addition, the formation of the surface clusters with a
deviated alloy composition has been detected. Cluster lateral sizes and density values are
close to the pit parameters, which allows us to suggest a correlation between these objects.

Based on the experimental data, we propose a description model for the formation
of pits. In the framework of this model, a dislocation-assisted strain field leads to an
increase in In desorption, which results in the formation of clusters and surface pits.
The quantitative analysis that takes into account the temperature dependencies of the
desorption coefficient for In has confirmed this due to the comparison of the calculated
and experimental dependencies of H and the alloy composition deviation values. It has
been found that a decrease in the desorption barrier value of In adatoms in the vicinity of
dislocation outcrops is about 27-33 meV.

Author Contributions: D.V.G.: literature search, data collection, data analysis, writing, editing,
funding acquisition; D.S.A.: literature search, data analysis, writing, editing; D.V.D.: MBE growth;
A.LT.: MBE growth; E.A.K.: data analysis; S.A.P.: AFM measurements; N.N.K.: PL measurements;



Nanomaterials 2024, 14, 1842 11 of 13

I.LA.M.: PL measurements; K.S.Z.: supervision, project administration, funding acquisition. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation, grant 23-22-10054 https:
/ /rscf.ru/project/23-22-10054/ and by the Novosibirsk Regional Government, grant Ne r-50. The
work was carried out on the equipment of the Centers for Collective Use “Nanostructures” of the A.V.
Rzhanov Institute of Semiconductor Physics SB RAS and “VTAN” of the Novosibirsk State University.

Data Availability Statement: Data are available from the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Li, H.; Wang, Z; Liang, ].; Xu, B.; Wu, J.; Gong, Q.; Jiang, C.; Liu, F.; Zhou, W. InAs quantum dots in InAlAs matrix on (001)InP
substrates grown by molecular beam epitaxy. J. Cryst. Growth 1998, 187, 564. [CrossRef]

2. Kim, J.S.; Lee, J.H.; Hong, S.U.; Han, W.S.; Kwack, H.-S.; Lee, C.W.; Oh, D.K. Formation of self-assembled InAs quantum dots on
InAl(Ga)As/InP and effects of a thin GaAs layer. |. Cryst. Growth 2003, 259, 252. [CrossRef]

3. Kim, J.S.; Lee, ].H.; Hong, S.U.; Han, W.S.; Kwack, H.-S.; Lee, C.W.; Oh, D.K. Long-wavelength laser based on self-assembled InAs
quantum dots in InAlGaAs on InP (001). Appl. Phys. Lett. 2004, 85, 1033. [CrossRef]

4. Sun, X.; Cheng, W.; Sun, Y,; Ye, S.; Al-Moathin, A.; Huang, Y.; Zhang, R.; Liang, S.; Qiu, B.; Xiong, J.; et al. Simulation of an
AlGalnAs/InP Electro-Absorption Modulator Monolithically Integrated with Sidewall Grating Distributed Feedback Laser by
Quantum Well Intermixing. Photonics 2022, 9, 564. [CrossRef]

5. Lee, S.-T.; Kong, M; Jang, H.; Song, C.-H.; Kim, S.; Yun, D.-Y.; Jeong, H.-S.; Kim, D.-H.; Shin, C.-S.; Seo, K.-S. The variation of
Schottky barrier height induced by the phase separation of InAlAs layers on InP HEMT devices. Crystals 2022, 12, 966. [CrossRef]

6. Ajayan, J.; Nirmal, D. A review of InP/InAlAs/InGaAs based transistors for high frequency applications. Superlattices Microstruct.
2015, 86, 1. [CrossRef]

7. Gutowski, P.; Sankowska, I.; Stupinski, T.; Pierscinska, D.; Pierscinski, K.; Kuzmicz, A.; Gotaszewska-Malec, K.; Bugajski, M.
Optimization of MBE Growth Conditions of Ing 5,Alg 4gAs Waveguide Layers for InGaAs/InAlAs/InP Quantum Cascade Lasers.
Materials 2019, 12, 1621. [CrossRef]

8. Hofstetter, D.; Beck, H.; Bour, D.P. Monolithically Integrated Michelson Interferometer Using an InGaAs/InAlAs Quantum
Cascade Laser at A = 4 um. Photonics 2024, 11, 593. [CrossRef]

9. Lyu, C; Zhou, X;; Yu, H.; Wang, M.; Zhang, Y.; Pan, J. Improvement of Power and Efficiency of High-MesaSemi-Insulating InP: Fe
Buried Heterostructure Lasers with Wide Bandgap Layers. Photonics 2023, 10, 1094. [CrossRef]

10. Fukano, H.; Yamanaka, T.; Tamura, M.; Kondo, Y. Very-Low-Driving-Voltage Electroabsorption Modulators Operating at 40 Gb/s.
J. Light. Technol. 2006, 24, 2219. [CrossRef]

11.  Chizh, A L.; Mikitchuk, K.B.; Zhuravlev, K.S.; Dmitriev, D.V.; Toropov, A.L; Valisheva, N.A.; Aksenov, M.S.; Gilinsky, A.M.;
Chistokhin, I.B. High-power high-speed Schottky photodiodes for analog fiber-optic microwave signal transmission lines. Tech.
Phys. Lett. 2019, 45, 739. [CrossRef]

12. Smith, B.L.; Bittner, Z.S.; Hellstroem, S.D.; Nelson, G.T.; Slocum, M.A.; Norman, A.G.; Forbes, D.V.; Hubbard, S.M. InAlAs
photovoltaic cell design for high device efficiency. Prog. Photovolt. Res. Appl. 2017, 25, 706. [CrossRef]

13.  Yuan, Q.; Liang, B.; Luo, S.; Wang, Y.; Yan, Q.; Wang, S.; Fu, G.; Mazur, Y.I.; Maidaniuk, Y.; Ware, M.E,; et al. Type-II GaSb
quantum dots grown on InAlAs/InP (001) by droplet epitaxy. Nanotechnology 2020, 31, 315701. [CrossRef] [PubMed]

14. Singh, J.; Dudley, S.; Davies, B.; Bajaj, K.K. Role of kinetics and thermodynamics in alloy clustering and surface quality in InAlAs
grown by molecular-beam epitaxy: Consequences for optical and transport properties. J. Appl. Phys. 1986, 60, 3167. [CrossRef]

15. Choi, W.-Y,; Fonstad, C.G. Growth optimization of molecular beam epitaxy grown InAlAs on InP. . Vac. Sci. Technol. B 1994,
12,1013. [CrossRef]

16. Lee, W. The growth of high mobility InGaAs and InAlAs layers by molecular beam epitaxy. J. Vac. Sci. Technol. B 1986, 4, 536.
[CrossRef]

17. Cho, A. Growth of III-V semiconductors by molecular beam epitaxy and their properties. Thin Solid Films 1983, 100, 291.
[CrossRef]

18.  Arbiol, J.; Peiro, F; Cornet, A.; Morante, J.R.; Michelakis, K.; Georgakilas, A. Comparison of homogeneously grown and
temperature-graded InAlAs buffers in the range 400-560 °C: Effects on surface morphology and layer stability. Thin Solid Films
1999, 357, 61. [CrossRef]

19. Peir, F; Cornet, A.; Morante, J.R.; Georgakilas, A.; Christou, A. Contrast modulations in InAIAs/InP. J. Electron. Mater. 1994,
23,969. [CrossRef]

20. Peir6, E; Cornet, A.; Morante, ].R.; Georgakilas, A.; Zekentes, K.; Halkias, G. Interface defects and inhomogeneities induced by
alloy clustering in InAlAs buffer layers grown on InP. Appl. Surf. Sci. 1993, 65-66, 447. [CrossRef]

21. Peiro, F; Cornet, A.; Herms, A.; Morante, ].R. Influence of the desorption and growth temperatures on the crystalline quality of

molecular-beam epitaxy InAlAs layers. J. Vac. Sci. Technol. B 1992, 10, 2148-2152. [CrossRef]


https://rscf.ru/project/23-22-10054/
https://rscf.ru/project/23-22-10054/
https://doi.org/10.1016/S0022-0248(98)00008-6
https://doi.org/10.1016/j.jcrysgro.2003.07.018
https://doi.org/10.1063/1.1779964
https://doi.org/10.3390/photonics9080564
https://doi.org/10.3390/cryst12070966
https://doi.org/10.1016/j.spmi.2015.06.048
https://doi.org/10.3390/ma12101621
https://doi.org/10.3390/photonics11070593
https://doi.org/10.3390/photonics10101094
https://doi.org/10.1109/JLT.2006.872310
https://doi.org/10.1134/S1063785019070204
https://doi.org/10.1002/pip.2895
https://doi.org/10.1088/1361-6528/ab8a8e
https://www.ncbi.nlm.nih.gov/pubmed/32303015
https://doi.org/10.1063/1.337730
https://doi.org/10.1116/1.587117
https://doi.org/10.1116/1.583421
https://doi.org/10.1016/0040-6090(83)90154-2
https://doi.org/10.1016/S0040-6090(99)00476-9
https://doi.org/10.1007/BF02655372
https://doi.org/10.1016/0169-4332(93)90700-L
https://doi.org/10.1116/1.586181

Nanomaterials 2024, 14, 1842 12 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Aung, N.L.; Huang, X.; Charles, W.O.; Yao, N.; Gmachl, C.F. Effect of surface defects on InGaAs/InAlAs Quantum Cascade mesa
current-voltage characteristics. J. Cryst. Growth 2012, 353, 35. [CrossRef]

Georgakilas, A.; Halkias, G.; Christou, A.; Kornilios, N.; Papavassiliou, C.; Zekentes, K.; Konstantinidis, G.; Peird, F.; Cornet, A,;
Ababou, S.; et al. A Comprehensive Optimization of InAlAs Molecular Beam Epitaxy for InGaAs/InAlAs HEMT Technology.
J. Electrochem. Soc. 1993, 140, 1503. [CrossRef]

Aksenov, M.S.; Genze, 1.Y.; Chistokhin, I.B.; Zakirov, E.R.; Dmitriev, D.V.; Zhuravlev, K.S.; Gutakovskii, A.K.; Golyashov, V.A,;
Tereshchenko, O.E. Annealing effect on the barrier characteristics and interface properties of Au/Pt/Ti/n-InAlAs Schottky
contacts. Surf. Interfaces 2023, 39, 102920. [CrossRef]

Tong, Z.; Ding, P,; Su, Y.; Niu, ].; Wang, D.; Jin, Z. Surface Improvement of InAlAs/InGaAs InP-Based HEMT Through Treatments
of UV/Ozone and TMAH. IEEE |. Electron. Devices Soc. 2020, 8, 600. [CrossRef]

Cao, X.; Zhang, Y.; Ma, C.; Wang, Y.; Brechtken, B.; Haug, R.J.; Rugeramigabo, E.P.; Zopf, M.; Ding, F. Local droplet etching on
InAlAs/InP surfaces with InAl droplets. AIP Adv. 2022, 12, 055302. [CrossRef]

Li, H.; Wu, J.; Xu, B; Liang, ].; Wang, Z. Ordered InAs quantum dots in InAlAs matrix on (001) InP substrates grown by molecular
beam epitaxy. Appl. Phys. Lett. 1998, 27, 2123. [CrossRef]

Yang, X.R; Xu, B.; Liang, L.Y.; Tang, C.G.; Ren, Y.Y.; Ye, X.L.; Wang, Z.G. Growth of high density self-assembled InAs quantum
dots on As-pressure-modulated InAlAs multiplayer structures on InP(001) substrate. Nanotechnology 2007, 18, 215302. [CrossRef]
Koo, B.H.; Makino, H.; Chang, ].H.; Hanada, T.; Yao, T. Structural and Optical Properties of InAs Quantum Dots with 1.55 um
Emission Grown on (100) InAlAs/InP by using MBE. J. Korean Phys. Soc. 2001, 39, 466.

Snyder, C.W.; Orr, B.G.; Kesler, D.; Sander, L.M. Effect of Strain on Surface Morphology in Highly Strained InGaAs Film. Phys.
Rev. Lett. 1991, 66, 3032. [CrossRef]

Abramkin, D.S.; Petrushkov, M.O.; Bogomolov, D.B.; Emelyanov, E.A.; Yesin, M.Y.; Vasev, A.V.; Bloshkin, A.A.; Koptev, E.S,;
Putyato, M.A.; Atuchin, V.V,; et al. Structural Properties and Energy Spectrum of Novel GaSb/AIP Self-Assembled Quantum
Dots. Nanomaterials 2023, 13, 910. [CrossRef] [PubMed]

Dubrovskii, V.G.; Cirlin, G.E.; Ustinov, V.M. Kinetics of the initial stage of coherent island formation in heteroepitaxial systems.
Phys. Rev. B 2003, 68, 075409. [CrossRef]

Abramkin, D.S.; Shamirzaev, V.T.; Putyato, M.A.; Gutakovskii, A.K.; Shamirzaev, T.S. Coexistence of type-I and type-II band
alignment in Ga(Sb, P)/GaP heterostructures with pseudomorphic self-assembled quantum dots. JETP Lett. 2014, 99, 76.
[CrossRef]

Snyder, C.W.; Mansfield, J.E.; Orr, B.G. Kinetically controlled critical thickness for coherent islanding and thick highly strained
pseudomorphic films of InyGa;_xAs on GaAs(100). Phys. Rev. B 1992, 46, 9551. [CrossRef] [PubMed]

Abramkin, D.S.; Rumynin, K.M.; Bakarov, A.K.; Kolotovkina, D.A.; Gutakovskii, A.K.; Shamirzaev, T.S. Quantum Dots Formed in
InSb/AlAs and AlSb/AlAs Heterostructure. JETP Lett. 2016, 103, 692. [CrossRef]

Tu, Y.; Tersoff, J. Coarsening, Mixing, and Motion: The Complex Evolution of Epitaxial Islands. Phys. Rev. Lett. 2007, 98, 096103.
[CrossRef]

Abramkin, D.S.; Putyato, M.A.; Budennyy, S.A.; Gutakovskii, A.K.; Semyagin, B.R.; Preobrazhenskii, V.V.; Kolomys, O.E;
Strelchuk, V.V.; Shamirzaev, T.S. Atomic structure and energy spectrum of Ga(As,P)/GaP heterostructures. J. Appl. Phys. 2012,
112, 083713. [CrossRef]

Abramkin, D.S.; Bakarov, A.K.; Gutakovskii, A.K.; Shamirzaev, T.S. Spinodal Decomposition in InSb/AlAs Heterostructures.
Semiconductors 2018, 52, 1392. [CrossRef]

Abramkin, D.S.; Putyato, M.A.; Gutakovskii, A.K.; Semyagin, B.R.; Preobrazhenskii, V.V.; Shamirzaev, T.S. New System of Self
Assembled GaSb/GaP Quantum Dots. Semiconductors 2012, 46, 1534. [CrossRef]

Abramkin, D.S.; Bakarov, A.K.; Putyato, M.A.; Emelyanov, E.A.; Kolotovkina, D.A.; Gutakovskii, A.K.; Shamirzaev, T.S. Formation
of low-dimensional structures in the InSb/AlAs heterosystem. Semiconductors 2017, 51, 1233. [CrossRef]

Abramkin, D.S.; Petrushkov, M.O.; Emelyanov, E.A.; Nenashev, A.V,; Yesin, M.Y.; Vasev, A.V.; Putyato, M.A.; Bogomolov, D.B.;
Gutakovskiy, A.K.; Preobrazhenskiy, V.V. Formation of InAs/GaP Quantum-Well Heterostructures on Silicon Substrates by
Molecular-Beam Epitaxy. Semiconductors 2021, 55, 194. [CrossRef]

Dmitriev, D.V,; Kolosovsky, D.A.; Gavrilova, T.A.; Gutakovskii, A.K.; Toropov, A.I; Zhuravlev, K.S. Transformation of the InP(001)
surface upon annealing in an arsenic flux. Surf. Sci. 2021, 710, 121861. [CrossRef]

Junno, B.; Jeppesen, S.; Miller, M.S.; Samuelson, L. A comparison of RHEED reconstruction phases on (100) InAs, GaAs and InP. |.
Cryst. Growth 1996, 164, 66. [CrossRef]

LeGoues, EK; Tersoff, ].; Reuter, M.C.; Hammar, M.; Tromp, R. Relaxation mechanism of Ge islands/Si(001) at low temperature.
Appl. Phys. Lett. 1995, 67, 2317. [CrossRef]

Knelangen, M.; Consonni, V.; Trampert, A.; Riechert, H. In situ analysis of strain relaxation during catalyst-free nucleation and
growth of GaN nanowires. Nanotechnology 2010, 21, 245705. [CrossRef] [PubMed]

Li, W,; Wang, L.; Chai, R.; Wen, L.; Wang, Z.; Guo, W.; Wang, H.; Yang, S. Anisotropic Strain Relaxation in Semipolar (11-22)
InGaN/GaN Superlattice Relaxed Templates. Nanomaterials 2022, 12, 3007. [CrossRef]

Du, Y,; Xu, B.; Wang, G.; Miao, Y.; Li, B.; Kong, Z.; Dong, Y.; Wang, W.; Radamson, H.H. Review of Highly Mismatched III-V
Heteroepitaxy Growth on (001) Silicon. Nanomaterials 2022, 12, 741. [CrossRef]


https://doi.org/10.1016/j.jcrysgro.2012.04.037
https://doi.org/10.1149/1.2221587
https://doi.org/10.1016/j.surfin.2023.102920
https://doi.org/10.1109/JEDS.2020.3000493
https://doi.org/10.1063/5.0088012
https://doi.org/10.1063/1.121296
https://doi.org/10.1088/0957-4484/18/21/215302
https://doi.org/10.1103/PhysRevLett.66.3032
https://doi.org/10.3390/nano13050910
https://www.ncbi.nlm.nih.gov/pubmed/36903788
https://doi.org/10.1103/PhysRevB.68.075409
https://doi.org/10.1134/S0021364014020027
https://doi.org/10.1103/PhysRevB.46.9551
https://www.ncbi.nlm.nih.gov/pubmed/10002764
https://doi.org/10.1134/S0021364016110023
https://doi.org/10.1103/PhysRevLett.98.096103
https://doi.org/10.1063/1.4759258
https://doi.org/10.1134/S1063782618110027
https://doi.org/10.1134/S1063782612120020
https://doi.org/10.1134/S1063782617090020
https://doi.org/10.1134/S1063782621020020
https://doi.org/10.1016/j.susc.2021.121861
https://doi.org/10.1016/0022-0248(96)00009-7
https://doi.org/10.1063/1.115138
https://doi.org/10.1088/0957-4484/21/24/245705
https://www.ncbi.nlm.nih.gov/pubmed/20484796
https://doi.org/10.3390/nano12173007
https://doi.org/10.3390/nano12050741

Nanomaterials 2024, 14, 1842 13 of 13

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Vurgaftman, I.; Meyer, ].R.; Ram-Mohan, L.R. Band parameters for III-V compound semiconductors and their alloys. J. Appl.
Phys. 2001, 89, 5815. [CrossRef]

Van de Walle, C.G. Band lineups and deformation potentials the model-solid theory. Phys. Rev. B 1989, 39, 1871. [CrossRef]
Wei, S.-H.; Zunger, A. Predicted band-gap pressure coefficients of all diamond and zinc-blende semiconductors: Chemical trends.
Phys. Rev. B 1999, 60, 5404. [CrossRef]

Alghoraibi, I; Rohel, T.; Bertru, N.; Le Corre, A.; Letoublon, A.; Caroff, P; Dehaese, O.; Loualiche, S. Self-assembled InAs quantum
dots grown on InP (311)B substrates: Role of buffer layer and amount of InAs deposited. J. Cryst. Growth 2006, 293, 263. [CrossRef]
Houdré, R.; Gueissaz, F; Gailhanou, M.; Ganiére, J.-D.; Rudra, A.; Ilegems, M. Characterization of InGaAs and InAlAs layers on
InP by four-crystal high resolution X-ray diffraction and wedge transmission electron microscopy. J. Cryst. Growth 1991, 111, 456.
[CrossRef]

Evans, K.R;; Stutz, C.E.; Lorance, D.K,; Jones, R.L. Cation incorporation rate limitations in molecular beam epitaxy: Effects of
strain and surface composition. J. Vac. Sci. Technol. B 1989, 7, 259. [CrossRef]

Penev, E.; Kratzer, P; Scheffler, M. Effect of strain on surface diffusion in semiconductor heteroepitaxy. Phys. Rev. B 2001, 64,
085401. [CrossRef]

Kratzer, P; Penev, E.; Scheffler, M. First-principles studies of kinetics in epitaxial growth of III-V semiconductors. Appl. Phys. A
2002, 75, 79. [CrossRef]

Dong, Z.; Zhao, C.; Jiang, H.; Li, J. A dissociated 60° dislocation and its strain fields near a Ge/Si heterostructure interface. Phys. B
2020, 583, 412039. [CrossRef]

Sato, M.; Uwaha, M.; Saito, Y. Instabilities of steps induced by the drift of adatoms and effect of the step permeability. Phys. Rev. B
2000, 62, 8452. [CrossRef]

Christmann, K. Surface physical chemistry. In Introduction to Surface Physical Chemistry; Springer Nature: Dordrecht, The
Netherlands, 1991; p. 27.

Mozume, T.; Ohbu, I. Desorption of Indium during the Growth of GaAs/InGaAs/GaAs Heterostructures by Molecular Beam
Epitaxy. Jpn. J. Appl. Phys. 1992, 31, 3277. [CrossRef]

Goldstein, B.; Szostak, D. Preferential evaporation of In from Ga,In;_,As. Appl. Phys. Lett. 1975, 26, 685. [CrossRef]
Mukherjee, K.; Beaton, D.A.; Mascarenhas, A.; Bulsara, M.T.; Fitzgerald, E.A. Effects of dislocation strain on the epitaxy of
lattice-mismatched AlGalnP layers. |. Cryst. Growth 2014, 392, 74. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1063/1.1368156
https://doi.org/10.1103/PhysRevB.39.1871
https://doi.org/10.1103/PhysRevB.60.5404
https://doi.org/10.1016/j.jcrysgro.2006.05.046
https://doi.org/10.1016/0022-0248(91)91019-7
https://doi.org/10.1116/1.584729
https://doi.org/10.1103/PhysRevB.64.085401
https://doi.org/10.1007/s003390101057
https://doi.org/10.1016/j.physb.2020.412039
https://doi.org/10.1103/PhysRevB.62.8452
https://doi.org/10.1143/JJAP.31.3277
https://doi.org/10.1063/1.88035
https://doi.org/10.1016/j.jcrysgro.2014.01.058

	Introduction 
	Experiment 
	Results 
	Atomic Force Microscopy 
	Scanning Electron Microscopy 
	Micro-Photoluminescence 

	Discussion 
	Surface Pit Formation Mechanisms 
	Modeling of Pit Formation 

	Conclusions 
	References

