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Abstract: The computational analysis of InAs/GaSb type-II superlattices utilizing density
functional theory (DFT) with pseudopotentials has been performed. The PBE+U method was
employed to correct for the strong correlation effects of the P orbitals of In, As, Ga, and Sb,
thereby improving the accuracy of the bandgap calculations. The study investigated the impact
of the number of layers in the InAs and GaSb bulk materials on the superlattice bandgap. The
results revealed that as the number of InAs layers increased while keeping the number of
GaSb layers constant, the bandgap decreased. Conversely, when the number of GaSb layers
increased with a constant number of InAs layers, the bandgap increased. In conjunction
with the interface issues and vacancy defects frequently encountered in InAs/GaSb type-
II superlattices, electronic structure analyses indicate that InAs, as the primary electron
aggregator, significantly influences the modulation of the superlattice bandgap.

Keywords: first principles; InAs/GaSb type-II superlattices; PBE+U; vacancy defects

1. Introductory
InAs/GaSb type-II superlattices are periodic structures composed of two types of

narrow-gap semiconductor materials, InAs and GaSb, whose bandgaps and detection
wavelengths can be precisely controlled by adjusting the cycle thickness. Their low dark
current, high electron-effective mass, excellent material homogeneity, and low thermal
conductivity render them highly effective in the field of infrared detection, particularly
long-wave infrared detection [1,2]. The current criterion for classifying superlattices is to
categorize them according to their respective constrained energy schemes, with class II
superlattices periodically repeating in three dimensions and exhibiting planar structural
characteristics. This configuration confines the electrons and holes in the InAs and GaSb
layers, respectively, resulting in spatial separation of electrons and holes [3–5]. When
the thickness of the GaSb layer is less than a few nanometers, the electrons between
neighboring InAs layers interact under the quantum effect, and the electron wavefunctions
overlap to form electron microbands. The bandgap of the InAs/GaSb type-II superlattices
is determined by the energy difference between the electron microbands and the first
heavy-hole band. The energy gap of the superlattice depends on the thickness of the period,
which can be varied continuously in the range of 0–400 meV by adjusting the thicknesses
of the InAs and GaSb layers [6,7]. Utilizing the theoretical energy arrangement of the
InAs/GaSb type-II superlattices enables the realization of any LWIR bandgap required for
IR detection by tuning the effective bandgap.
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2. Calculation Method
All DFT calculations in this study were performed using the Device Studio and

the Projection Augmented Wave (PAW) method [8]. For the (InAs)m(GaSb)n and gap
calculations, we employed the generalized gradient approximation (GGA) of Perdew, Burke,
and Ernzerhof (PBE) with the Hubbard U correction determined by Bayesian optimization.
The Brillouin zone of the interface was sampled using an 8 × 8 × 1 k-point grid with a
plane-wave truncation energy of 400 eV [9–11]. The effective Hubbard U is defined as
Ueff = U − J [12], where U denotes the strength of the Coulomb repulsion and J denotes the
strength of the exchange interaction. The DFT + U (BO) method yields negative Ueff values.
When the exchange term J exceeds the on-site Coulomb repulsion U, a negative Ueff value
is theoretically permissible [13,14]. The calculations demonstrated that negative values
are necessary for narrow-gap semiconductors (e.g., InAs and GaSb) to produce a bandgap.
Take UIn,p

eff = −0.5 eV, UAs,p
eff = −7.5 eV, UGa,p

eff = 0.8 eV, USb,p
eff = −6.9 eV. The comparison

revealed an overall good agreement between PBE + U (BO) and HSE03 [15]. Conventionally,
Ueff > 0 is employed to enhance the correlation effects (e.g., in transition metals); however,
negative values may be necessary in certain specific scenarios. For instance, in the case of
InAs/GaSb superlattices, where both InAs and GaSb are narrow-band semiconductors, the
electronic association strength is significantly lower than that of transition metals, and the
exchange energy is underestimated by the PBE (resulting in a small bandgap). This error
can be counteracted by a negative U-value, which brings the calculated results closer to
the experimental ones. For the defect calculations, a 3 × 3 × 4 supercell was constructed,
and the total energy of the system and the forces acting on each atom were characterized
by first-principles calculations within the density functional theory (DFT) framework.
These calculations cannot be performed using hybridization generalizations because of
the typical presence of hundreds of atoms in the defect systems [16]. A cutoff energy of
2 × 2 × 1 k points centered on Γ and 50 Ryd was selected. The criterion for relaxation of the
electronic degrees of freedom required a total energy change in less than 10−5 eV. Geometric
optimization of the structure was achieved by minimizing the Hermann–Feynman force
acting on each atom until the maximum force acting on the ions was less than 0.01 eV/Å.

In general, the formation energy of a charged defect in a semiconductor or insulator
has both ionic and electronic effects. In a superlattice, its formation energy is related to the
Fermi energy level as follows.

E(X) = Etotal(X)− Ebulk + ∑i niµi + q(EVBM + E f ) + Ecorr

Etotal(X) represents the total energy of the supercell containing the charge state q
defects, Ebulk denotes the total energy of the neutral intact supercell without any defects,
and ni signifies the number of atoms removed from the formation supercell owing to
defects with a positive or negative value, where ui is the chemical potential of atom i. When
an atom is added to the system, the associated electrons are incorporated and contribute to
the formation of energy. This contribution is described in terms of the chemical potential
of the electron, referred to as the Fermi energy level E f at zero temperature, where the
E f of the semiconductor is considered an independent variable that can assume any value
within the bandgap. EVBM represents the value of the valence band top (VBM) of an
intact supercell without defects. As the precise value of the formation energy cannot be
determined with respect to the chemical potential in the Fermi energy level ni, it is utilized
as a parameter for the calculation of the formation energy [17–20]. All defect formation
energies are presented under the limiting conditions associated with a specific type of
atomic growth. The correction term Ecorr was employed to eliminate errors caused by finite-
size effects, periodic boundary conditions, and Coulombic interactions between image
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charges in the case of charged defects [21–23]. There is no definitive conclusion regarding
the performance and applicability of correction terms, such as the Makov and Payne (MP)
scheme [24], the Freysoldt, Neugebauer and Van de Walle (FNV) scheme [25], and the Lany
and Zunger (LZ) scheme [26]. The interrelationships between the various schemes and the
conditions defining their application were discussed by Komsa et al. [27], which referred to
mirror charge correction for the specifics of the correction method utilized in this study [28].

3. Results and Discussion
A class II superlattice is a semiconductor material formed by alternating the growth of

two distinct semiconductor materials. In a class II superlattice, the energy band structures of
the two semiconductor materials interact to form a specific distribution of electronic states.
For InAs/GaSb type-II superlattices, the modulation of the energy band structure can be
achieved through the precise control of the alternating growth parameters and thicknesses
of the two materials, InAs and GaSb, to meet various device performance requirements. For
concise representation, (InAs)m/(GaSb)n is denoted as InAs/GaSb (m, n).

3.1. Electronic Structure of Homocyclic InAs/GaSb (n, n)

Cycle thickness is a critical parameter in the design of InAs/GaSb type-II superlattice
detector devices and exerts a substantial influence on the response range, absorption
coefficient, and quantum efficiency of the devices. The effect of identical period thickness of
InAs/GaSb (n, n) (n∈{2, 3, 4, 5, . . ., 20}) on the electronic structure of the superlattices was
initially investigated. InAs and GaSb were cleaved along the (001) direction to construct
InAs/GaSb type-II superlattices. The calculated results are presented in Figure 1, and the
bandgap exhibits a trend of initial increase followed by a decrease as the number of layers
n increases.
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As illustrated in Figure 1a, the energy band structure of the InAs/GaSb (7, 7) superlat-
tice exhibits the AO direction defined as the x-axis (lattice basis vector direction), the OB
direction as the y-axis, and the AC direction as the z-axis (perpendicular to the superlattice
plane). The experimental data shown in Figure 1b demonstrate that when the thicknesses
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of the InAs and GaSb monolayers are equivalent, the bandgap value of the system exhibits
a significant decreasing trend with an increase in the thickness of the superlattice period.
This observation aligns with the energy-band engineering regulation mechanism of class
II superlattices. In this paper, using first-principles calculations as observed in Figure 1b,
the band gap exhibits a sharp increase with an increase in periodic thickness when n < 4.
This observation contradicts experimental findings; however, this effect is rapidly coun-
terbalanced by the increase in the periodic thickness. The variation in the distribution
of the valence band maximum (VBM) and conduction band minimum (CBM) with cycle
thickness corroborates this assertion. When n > 4, the InAs/GaSb type-II superlattices
demonstrates characteristics typical of a type II superlattice with significant electron–hole
separation. Conversely, when n < 4, the electron density at the In-Sb interface increases, as
does the hole density at the Ga-As interface. This suggests that these superlattices with
ultra-short periods do not exhibit typical type II superlattice behavior, but rather resemble
polarization-controlled systems [29].

Figure 1c illustrates that as the cycle thickness increases, the CBM demonstrates a dis-
tinct trend of initial increase followed by decrease, while the VBM exhibits a more gradual
trend. During electron excitation, the conduction band minimum (CBM) is occupied by
excited electrons, while the valence band maximum (VBM) is characterized by the vacancies
left by the excited electrons, referred to as holes. In type II heterojunctions, the electrons
and holes are spatially separated due to the arrangement of their energy bands and are
localized in different material layers. In the InAs/GaSb type-II superlattice, electrons are
predominantly concentrated in the InAs layer, while holes are primarily concentrated in
the GaSb layer.

Information regarding the role of strain in bandgap modulation, the impact of interfa-
cial mixing on the potential formation of InAsSb, leading to alterations in the material’s
bandgap, for further details, please refer to Tables S1 and S2 in the Supporting Information.
From an electronic structure perspective, the electron localization function (ELF) [30] can
be utilized to visualize the degree of electron localization in space.

Electron localization is a phenomenon in which electrons are relatively concentrated
and localized within a specific region in space. As illustrated in Figure 2a–c, the degree
of electron localization does not substantially change with increasing superlattice cycle
thickness. This indicates the high structural stability of the InAs/GaSb type-II superlat-
tices as the number of layers increases. It also reflects the constraining influence of the
superlattice’s periodicity and symmetry on electronic behavior, which keeps the electron
distribution relatively constant within a certain range. Additionally, the periodicity of the
superlattice allows the interfacial properties between the InAs and GaSb layers to remain
largely unchanged as the thickness increases.

3.2. Electronic Structure of InAs/GaSb (m, n) with Different Cycles

The thickness ratio of the InAs/GaSb type-II superlattices, specifically the asymmetric
thicknesses of the InAs and GaSb layers, is a critical parameter in detector design. Various
combinations of thicknesses influence the energy band structure of the superlattice, enabling
precise adjustment of the detector response range through modification of the InAs/GaSb
type-II superlattices thickness ratio. To investigate the effect of thickness variations in the
InAs and GaSb layers on the electronic structure of the superlattice, the cycle thickness of one
semiconductor material remained constant, while the thickness of the other semiconductor
material incrementally increased. Specifically, this study considers InAs/GaSb (m, 7) con-
taining m, n∈{3, 5, 7, 9, 11, 13, 15} layer thicknesses and (7, n) two structures. The calculated
bandgaps for these structures are presented in Figure 3a, and the conduction band minimum
and valence band maximum energy levels are shown in Figure 3b.
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Electrons and holes were partially confined within the InAs and GaSb layers, respec-
tively. Figure 3a illustrates the trend of the bandgap: the bandgap of InAs/GaSb (m,
7) decreases with an increase in the number of InAs layers m, whereas the bandgap of
InAs/GaSb (7, n) increases with an increase in the number of GaSb layers n. The two lines
intersect at m = n = 7, and the two lines intersect at m = n = 7. increases, and the two lines
intersect at m = n = 7. The bandgap of (m, 7) was significantly larger than that of (7, n)
when m = n < 7, and the bandgap of (m, 7) was smaller than that of (7, n) when m = n > 7.
This phenomenon occurs because the change in the number of InAs layers m alters the
binding energy of electrons, and the change in the number of GaSb layers n modifies the
binding energy of the holes. In InAs/GaSb type-II superlattices, electrons predominantly
occupy the conduction band, and holes occupy the valence band. When the number of
GaSb layers was fixed at seven, the bandgap decreased as the number of InAs layers, m,
increased, and the electrons experienced greater quantum confinement. Conversely, when
the number of InAs layers is fixed at seven, the bandgap increases gradually with an in-
crease in the number of GaSb layers, as the holes experience stronger quantum confinement.
A comparison of the two cases reveals that the rate of the (m, 7) bandgap increase and
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decrease is greater than the rate of the (7, n) bandgap increase, indicating that the binding
force of electrons is stronger than that of holes in the InAs/GaSb type-II superlattices. This
phenomenon results in a gradual decrease in the bandgap of the class II superlattice as
the number of layers increases when the period thickness of both the InAs and GaSb bulk
materials is fixed and increases. Figure 3b illustrates the variation in the conduction band
minimum (CBM) versus the valence band maximum (VBM), reflecting the effect of the
change in the number of layers on the energy band structure. Upon fitting the CBM and
VBM functions for (m, 7) and (7, n), it was observed that the change in the slope of the
conduction band minimum was significantly larger than the change in the slope of the
valence band maximum for (m, 7), suggesting that the CBM is more sensitive to changes in
the thickness of the cycle. In (7, n), the slope of the valence band maximum is slightly larger
than that of the conduction band minimum, indicating that the VBM is marginally more
sensitive than the CBM to changes in thickness; however, the magnitude of the change is
not as pronounced as that in (m, 7). Consequently, the bandgap of (7, n) increases more
slowly and to a lesser extent, whereas that of (m, 7) decreases more significantly. These
trends can be quantitatively understood through changes in the quantum confinement of
electrons and holes.

InAs/GaSb type-II superlattices are structures composed of alternating layers of two
materials, InAs and GaSb, containing four distinct types of atoms. The variation in the
density of electronic states per unit energy interval for each type of atom in InAs/GaSb (m,
7) and (7, n) with the growth of different layers was analyzed [31]. As illustrated in Figure 4,
with an increase in the number of InAs layers (m), the distribution densities of both In
and As atoms across different energy intervals gradually increase, whereas the distribution
densities of Ga and Sb atoms across different energy intervals gradually decrease. The rate
of increase in the density of states (PDOS) of the In and As atoms was significantly greater
than the rate of decrease observed for the Ga and Sb atoms.
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In contrast, as can be observed in Figure 5, InAs/GaSb (7, n) exhibits an inverse trend,
where the increase in n results in a gradual increase in the density of Ga and Sb atoms
distributed across the In and As energy intervals, accompanied by a gradual decrease In and
As density of In and As atoms distributed across different energy intervals. Concurrently,
the rate of increase in the density of states of Ga and Sb atoms was substantially higher
than that of the density of states of In and As atoms.
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This phenomenon can be more effectively elucidated through the ELF. ELF facilitates
the visualization of electron distribution properties in space, thereby providing a more
comprehensive physical explanation for the variations in the density of states.

From the perspective of electronic structure, when n = 7 layers, as the number of InAs
layers m increases, the number of electrons correspondingly increases. This phenomenon
is evident in Figure 6, which depicts the InAs/GaSb (m, 7) electron-localized function.
The blue region gradually expands and intensifies in color, indicating an increase in the
frequency of electron transitions. This observation corroborates the patterns observed in
Figure 7a,b, demonstrating that at a fixed number of GaSb layers n of 7, the degree of
electron delocalization decreases as the number of InAs layers m increases. Conversely,
when m = 7 layers and the number of GaSb layers n increases, the number of electrons
remains constant, whereas the number of holes increases. In Figure 7, for InAs/GaSb (7,
n), the blue region gradually diminishes and becomes concentrated within the quadrangle
region. This trend further validates the pattern illustrated in Figure 7c,d, wherein, with the
number of InAs layers n fixed at 7, the degree of electron delocalization gradually increases
as the number of GaSb layers increases.
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1D YZ-plane and (b) degree of electron delocalization vs. localization of InAs/GaSb (m, 7); (c) mean
value in 1D YZ-plane and (d) degree of electron delocalization vs. localization of InAs/GaSb (7, n).

The 3D ELF image (Figure 8) reveals that electrons at higher degrees of localization
contours are predominantly localized on the bonds between Ga-Sb and In-As, with a minor
distribution of electrons at the bond junction. This observation suggests that these electrons
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are shared among the Ga, Sb, In, and As atoms. Furthermore, the localized electrons exhibit
a hemispherical configuration, with the hemisphere’s base positioned closer to the Sb
and As atoms. This arrangement indicates that while the electrons are shared between
Ga and As, they demonstrate a greater affinity towards Sb and As, which possess higher
electronegativity and exert a stronger attraction on bonded electron pairs.
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The presence of interfaces is inevitable in the construction of InAs/GaSb type-II super-
lattices, and they significantly influence the fundamental properties of the superlattices,
such as the energy band structure and carrier behavior. From an interfacial perspective,
the definition of InAs/GaSb (7, 7) inherently implies the coexistence of a GaSb interface
monolayer and an InSb interface monolayer at the interface of a superlattice cycle, which
is commonly referred to as a “neutral” structure. One variation entails the removal of the
GaAs monolayer by growing (GaSb)7/(InSb)1/(InAs)6, which is designated as a “heavy”
interface structure. Another variation involves the removal of the InSb monolayer by
growing a (GaSb)6/(GaAs)1/(InAs)7 structure, which is termed a “light” interface struc-
ture. There are discernible differences in the band gaps of these three structures: the
(GaSb)7/(InSb)1/(InAs)6 band gap is 0.225 eV, the (GaSb)7/(InAs)7 band gap is 0.292 eV,
and the (GaSb)6/(GaAs)1/(InAs)7 has a band gap of 0.355 eV. Combining the analysis with
the YZ plane of the one-dimensional image of ELF provides a more intuitive understanding
of the influence of the interface structure on the electronic behavior, which offers theoretical
support for the further elucidation of the role of interfacial modulation on the properties of
superlattices. For an assessment of the structural stability of the interface, refer to Table S3
in the Supporting Information for comprehensive details.

As shown in Figure 9, the bandgap increased in the following order: (GaSb)7/(InSb)1/(InAs)6,
(GaSb)7/(InAs)7, and (GaSb)6/(GaAs)1/(InAs)7. The results demonstrate that the interface struc-
ture significantly influences the bandgap of the superlattice. Figure 9c,d further indicates that
the removal of the InSb monolayer from (GaSb)7/(InAs)7 to (GaSb)6/(GaAs)1/(InAs)7 affects
the degree of its electronic localization. Conversely, the removal of the GaAs monolayer from
(GaSb)7/(InAs)7 to (GaSb)7/(InSb)1/(InAs)6 substantially affects the degree of electron delocaliza-
tion. Examining Figure 9b–d collectively reveals that a higher degree of electron delocalization
corresponds to a larger bandgap, whereas a higher degree of electron localization corresponds to a
smaller bandgap. This observation suggests that the spatial distribution characteristics of electrons
directly influence the bandgap magnitude.

To conduct a more comprehensive analysis of the electronic structure of InAs/GaSb
type-II superlattices, processes such as interatomic interactions and electron transitions
can be examined using partial wave density of states (PDOS). This approach facilitates the
elucidation of the intrinsic mechanisms governing the electronic behavior and enhances
the understanding of superlattice characteristics.
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As shown in Figure 10, the analysis of the four atoms in the three interfaces reveals
that the contribution of their fractional-wave state densities to the total state densities
is primarily concentrated in the 3d orbital of Ga, 4d orbital of Sb, 4d orbital of In, and
4s orbital of As. The position and intensity of the density of states peaks for these or-
bitals differ for various interfacial structures, indicating that the interfacial structure sig-
nificantly influences the contribution of atomic orbitals to the total electronic density of
states. The magnitude of the contribution of each orbital to the total density of states is
(GaSb)6/(GaAs)1/(InAs)7 > (GaSb)7/(InAs)7 > (GaSb)7/(InSb)1/(InAs)6, which is consis-
tent with the trend in the degree of electron localization. Furthermore, the orbitals of
Ga and Sb exhibit higher PDOS peaks at deeper energy levels, suggesting that the electrons
of these atoms are predominantly localized, whereas the orbital density of state distribu-
tions of As and In are closer to the Fermi energy level in the energy scale, indicating that
their contribution to the off-domain states is more pronounced. From the perspective of the
atomic orbital contribution, it is demonstrated that the higher density of states in certain
energy intervals corresponds to a high degree of electron localization, indicating that this
orbital plays a crucial role in the modified energy and spatial region, thus demonstrating
that the interface structure has a significant influence on regulating the distribution of
localized electronic states.
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3.3. Vacancy Defects in InAs/GaSb Type-II Superlattices

However, during the preparation of superlattice semiconductors, unavoidable defects
frequently arise owing to thermodynamic, kinetic, or external factors. These defects can be
further categorized into point, line, surface, and body defects. Subsequently, the influence
of defect formation energy on the Fermi energy level was investigated using common
vacancy defects as an example. Four types of vacancy defects were selected: VIn, VAs,
VGa, and VSb. In the selection of defect positions, identical atomic species at the In-Sb and
Ga-As interfaces in the (InAs)7/(GaSb)7 superlattice cycle and distant from the interfacial
junction were chosen to analyze the effect of the defect positions on the modulation of the
Fermi energy level, thereby facilitating a more comprehensive understanding of the role of
interfaces and defects on the electronic structure of the superlattice.

As illustrated in Figure 11, there are four types of intrinsic vacancy defects (VIn, VAs,
VGa, and VSb), with their respective Fermi energy levels plotted against the formation
energies. It is evident that VSb exhibits the lowest formation energy among the four types of
defects, suggesting that Sb atoms as anionic vacancies have the highest propensity to form
defects in InAs/GaSb type-II superlattices. Similarly, four classes, VIn, VAs, VGa, and VSb,
are present at the interface as well as in the superlattice body away from the interfacial
connection. The energy required for the formation of vacancy defects by atoms located
at the interface is lower than that required for vacancy defects within the superlattice,
particularly for VIn and VSb. This observation indicates that the atoms at the interface are
more susceptible to external influences, which can lead to defect formation. Further analysis
reveals that as the Fermi energy level changes, VIn and VGa demonstrate a greater tendency
to exhibit the charge state q = −3 and are more prone to form donor defects. Their formation
energies decrease when the Fermi energy level is elevated (closer to the conduction band),
resulting in InAs/GaSb type-II superlattices that favor n-type conducting properties. For
VAs and VSb, the formation energy gradually increases with the Fermi energy level, and
when the Fermi energy level exceeds 1 eV, it tends to stabilize and form a dominant defect
state, causing the InAs/GaSb type-II superlattices to exhibit p-type conducting properties.
Consequently, the susceptibility to defect formation at the interface indicates that interface
quality exerts a significant influence on the transport properties of the superlattice device.
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4. Conclusions
InAs/GaSb type-II superlattices are narrow-bandgap semiconductors that can inde-

pendently adjust the positions of the conduction and valence band edges, thus providing
a broad operating space for the energy-band engineering of antimonide superlattices. By
manipulating the material composition and individual film layer thickness, the energy gap
can be tuned to the infrared range, which is a crucial characteristic for infrared detection
applications. It was observed that the bandgap of the superlattice decreased gradually
when the period thicknesses of both the InAs and GaSb bulk materials were simultane-
ously fixed and gradually increased. When the thickness of one of the InAs or GaSb is
further fixed, and the number of layers of the other material is gradually increased, the
bandgap of InAs/GaSb (m, 7) decreases with an increase in the period thickness, whereas
the bandgap of InAs/GaSb (7, n) increases with increasing cycle thickness. Quantitative
analysis demonstrated that the binding effect of electrons was stronger than that of the
holes. This suggests that in the InAs/GaSb type-II superlattice, the InAs bulk material,
which serves as the electron aggregation region, plays a dominant role in the modulation
of the superlattice bandgap. Furthermore, there are three distinct types of interfaces in the
InAs/GaSb type-II superlattice whose partial wave density of states (PDOS) is proportional
to the bandgap. In studies of InSb and GaAs interfaces, it was determined that vacancy
defects are more likely to form at the interfaces than at locations away from the interfaces
within the superlattice body. The charge states of the defects are closely associated with
the Fermi energy level: as the Fermi energy level changes, VIn and VGa exhibit a greater
tendency to form donor defects, which display n-type conducting properties; VAs and
VSb exhibit a greater tendency to form acceptor defects and display p-type conducting
properties. This shift in the conductive properties is closely related to the change in the
Fermi energy level and also indicates that defects at the interface are more likely to form
than defects within the superlattice body.
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//www.mdpi.com/article/10.3390/photonics12030249/s1, Table S1. Modulation of Lattice Mismatch
Rate by the Number of InAs/GaSb Type II Superlattice Layers; Table S2. Effect of InAsSb Formed by
Intermixing on the Band Gap of InAs/GaSb Type-II Superlattices (m = n); Table S3. Evaluation of the
stability of different interface types.
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