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Abstract. The data on electron levels induced by defects in In(Ga)As/(In)GaAs 

nanostructures, their localization, activation energy and identification have been 

systematically reviewed. Point defects inherent to GaAs and found in the (In)GaAs-based 

nanostructures have been listed, and their classification has been clarified, including EB3, 

EL2, EL3, EL4 (M4), EL5, EL6 (M3), EL7, EL8, EL9 (M2), EL10 (M1), EL11 (M0) and 

M00. The effect of the interfaces on the formation of different types of extended defects has 

been described. All the levels of electron traps found in heterostructures with quantum 

wells, wires and dots by deep level spectroscopies have been collected in a table with 

indication of the detection technique, object, location in the structure and their origin 

assumed. This overview can be useful as a reference material for researchers who study 

these nanostructures. 
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1. Introduction 
 

A
III

B
V
 semiconductor nanostructures are widely used as 

an active element in electronic device design. In 

particular, In(Ga)As nanoobjects embedded in GaAs or 

InGaAs find their application in optoelectronics as 

materials for effective photodetectors [1, 2], light sources 

[3, 4] and solar cells [5, 6]. Naturally, a large amount of 

scientific works is devoted to defects in such structures, 

as defects mainly decrease the efficiency of 

optoelectronic devices to a significant extent. On the 

other hand, the defects are also found to improve the 

photoresponse of intermediate-band solar cells, being a 

competitive way for effective recombination in quantum 

dots (QDs) [7, 8]. 

Electron levels of defects in semiconductor 

nanostructures are studied using a variety of methods. 

Investigation of absorption, photoelectric or lumi-

nescence spectra [9–13] provides information about the 

distance from defect levels to the energy bands involved 

in electron transitions. The advanced methods using 

temperature dependences of different parameters that are, 

in turn, dependent on the activation energy (Ea) of 

electron levels allow one to obtain additional parameters 

of defect centers, e.g., the capture cross-section. Most of 

researchers employ the deep level transient 

 

spectroscopy (DLTS) technique (Fig. 1) [14–16]. Optical 

methods of defect level filling are also applied in deep 

level thermally stimulated conductivity (TSC) 

spectroscopy (Fig. 2) [17–19] and photo-induced current 

transient spectroscopy (PICTS) [18, 20] (Fig. 3). 

Admittance [21] and noise spectroscopy (DLNS) [22] 

techniques find their use in deep level detection. Varying 

the measurement conditions, these methods allow to 

determine the spatial localization of defect centers.  

The depth profiles of defect concentration can also  

be indirectly estimated by means of C–V measurements 

[21, 22]. 

Despite extensive investigation of defects in 

In(Ga)As/GaAs nanostructures, their identification is 

associated with certain difficulties caused, for example, 

by localization of defects near structure features like a 

surface or strained heterointerface [24]. As a result, the 

response of a defect level, especially a shallow one, could 

be lost against the background of the signal of 

nanostructure quantum levels [25]. Furthermore, some 

known defects have Ea with close values, resulting in 

overlapping of their bands, so that the thermally-driven 

methods provide insufficient resolution to distinguish 

these defects. Consequently, different origins could be 

attributed to the same defects by different authors. For 

example, similar DLTS peaks have been related to  
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Fig. 1. DLTS spectra of different regions in In0.15Ga0.85As/ 

GaAs QD structures (a) and Arrhenius plots of the deep traps 
observed in the structures (b). The deep levels reported in the 

literature with similar signatures are also plotted as dotted lines 

for comparison. Reprinted from Asano et al. [16], with the 

permission of © 2010 AIP Publishing. 
 

 

 
 

Fig. 2. TSC spectra of an InAs/In0.15Ga0.85As QD structure 
measured after the resonant QD excitation at 1.01 eV (a) and 

the simultaneous In0.15Ga0.85As buffer and QD array excitation 
at 1.3 eV with different times of illumination/delay (b). 
Estimated activation energies of the traps in eV and their 

interpretations are given near the vertical arrows and bands. 

Reproduced from Golovynskyi et al. [23], with the permission 
of © 2019 IOP Publishing, all rights reserved. 

 
 

 
 

Fig. 3. Temperature-driven photocurrent of an 

In0.38Ga0.62As/GaAs quantum wire structure under modulated 

excitation at 1.35 eV (a) and extracted PICTS spectra under 

excitation at 1.35 eV (b) and 1.65 eV (c). Reprinted from Iliash 
et al. [18], open access © 2016, V. Lashkaryov Institute of 

Semiconductor Physics, National Academy of Sciences of 

Ukraine. 

 

 

Lang’s defects M2 [26], M3 [27] and M4 [28]. Thus, it is 

reasonable to combine several methods of investigation 

to make defect localization and elucidation of their nature 

better [28]. 

The aim of this review is to put in order the data on 

electron levels induced by defects in In(Ga)As/(In)GaAs 

nanostructures, their localization, Ea and identification. 

The most of information on defects are provided in the 

form of a table. 

2. GaAs-inherent point defects in (In)GaAs-based 

nanostructures 

Point defects (PDs) in InGaAs semiconductors are the 

well-known intrinsic PDs of GaAs. They are widely 

studied since 1974, when Lang [29] suggested DLTS to 

study deep levels in semiconductors. The researchers 

who study InGaAs defects equally use the following two 

kinds of their cataloging. 
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The first one is Lang’s classification [30] in which nine 

defects are marked M0-M8 with Ea below the GaAs 

conduction band edge (Ec) from Ec – 0.1 to 0.85 eV. At 

the same time, a significant part of scientists prefers the 

table of Martin et al. [31], who, apart from their own 

results, analyzed data of other works as well. The latter 

classification, marked EL (electron level), is more 

complete, though slightly confused, and does not include 

(in the beginning) the shallowest (M0) defect by Lang. 

Origins of all these defects are reported as the native 

defects and their complexes. 

As seen in Table, the researchers found different 

GaAs defects in In(Ga)As/(In)GaAs nanostructures. The 

deepest one is EL2 by Martin [31] and corresponds to M8 

defect in Lang’s classification [30]. It is the most studied 

recombination center in GaAs [32]. Its energy location by 

transient spectroscopy techniques was reported in GaAs 

to be from about Ec – 0.70 [33] to 0.93 eV [34], though 

photocapacitance spectroscopy detected its value to exceed 

1 eV for some GaAs samples [35]. These energy responses 

are attributed to the electron transfer from EL2
0
 to the 

conduction band, resulting in the EL2
+
 state, the level of 

which is close to Ev + 0.67 eV at 77 K [35]. The next 

ionized state EL2
++

 is located at Ev + 0.47 eV. The intra-

center transitions in the neutral state occur above 1 eV [32]. 

It should be mentioned, however, that Martin et al. 

[31] observed a state at Ec – 0.825 eV and named it EL2 

defect, while the name EB3 was given to another one at 

0.9 eV. In addition, recent DFT calculations by Bacuyag 

et al. [36] show for Ga vacancy (VGa) to have a level at 

Ec – 0.82 eV and for AsGa antisite defect to have a level 

at 0.97 eV. Bacuyag et al. attributed these states to EL2 

and EB3, respectively. Therefore, we relate the deepest 

states of GaAs at ≳ 0.9 eV to EB3. 

 

 

 
EL3 electron trap (M5 or M6 by Lang) is referred to 

Ec – 0.55 to 0.65 eV [34]. It is mainly associated with As 

vacancy or a complex related to this defect [34, 37]. EL4 

(M4) has Ea from 0.48 to 0.52 eV [30, 38] and is 

attributed to ionized arsenic antisite AsGa
++

 defect [39] or 

defect complexes involving VAs [40]. Also, Bacuyag 

et al. [36] calculated that GaAs antisite introduces a level 

at Ec – 0.52 eV and attributed it to EL4. 

EL5 trap is mentioned at Ea ranging from 0.37 to 

0.45 eV [34, 41] and attributed to PD complexes 

originating from vacancies of As and/or Ga [34, 42]. 

Similar defects are reported [24, 43] as origins for EL6 

(Ea from 0.32 [44] to 0.38 eV [34]) and EL7 (Ea from 

0.27 [34] to 0.31 eV [45]). M3 (Ec – 0.30 eV) [30] is 

usually associated with both of these Martin’s defects. 

EL7 trap can be also associated with other Lang’s defect 

M2, Ea of which ~0.29 eV was first obtained quite 

approximately from the respective peak temperature 

rather than Arrhenius plot [30]. EL5, EL6 and EL7 are 

often referred to the so-called EL6 group, because they 

occur in close proximity to each other and are nearly 

always present together in the as-grown material [34, 46]. 

EL8 trap was also sometimes reported in the 

InAs/GaAs nanostructures [47] and also equated with 

M3, though its Ea of 0.275 eV [31] notably differs from 

that of M3 of 0.30 eV [30], and it would be more 

adequate to associate it with a shallower M2 (0.29 eV). 

Frenkel pairs VAs-Asi are assigned as responsible for EL8 

peaks in the deep level spectra [34]. Some of researchers 

report less Ea within 0.22…0.25 eV interval for this trap 

[34], maybe confusing this defect with a shallower EL9 

one, which is hardly observable by DLTS. 

EL9 is found at Ec – (0.22…0.24 eV) [48] and 

associated with PD complexes involving As vacancy [45]. 

Table. Attribution of the electron levels to GaAs point defects or related extended defects. 

Level depth below Ec (eV) Nomination by Martin (Lang) Possible origin 

≳ 0.90 EB3 AsGa antisite defect, DFT [36] 

0.9…0.65 EL2 family (M7, M8) Ga vacancy, VGa, DFT [36] 

0.60…0.50 EL3 (M5, M6)  

0.46…0.50 EL4 (M4) GaAs antisite [36] 

0.40…0.43 EL5  

0.33…0.40 EL6 (M3)  

0.28…0.30 EL7 (M2)  

0.27…0.28 EL8 Frenkel pair VAs-Asi, [34] 

0.22…0.24 EL9  Frenkel pair VAs-Asi 

0.15…0.20 EL10 (M1) Frenkel pair VAs-Asi 

0.08…0.12 (M0) VAs [51] 

0.030…0.045 (M00) VAs [50, 51] 
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The traps with Ea within 0.22…0.24 eV are usually 

observed after optical excitation (TSC or PICTS) rather 

than DLTS in both bulk GaAs [49] and nanostructures 

(see Table S1 in Supplementary Materials). 

Numerous shallow levels at Ec – (0.11…0.18 eV) 

[34, 41] are attributed mainly to M1 trap (0.19 eV) by 

Lang [30], perhaps because there are several electron 

traps in Martin’s classification [31] which have similar 

Ea. These are EL10 and EL11 (0.17 eV) as well as EL15 

(0.15 eV). These shallow traps are attributed to isolated 

As vacancies or distant Frenkel pairs VAs-Asi [50]. 

The depth of M0, the shallowest of the traps 

classified by Lang, is reported to be about 0.08 eV [31]. 

A similar trap at 0.10 ± 0.02 eV is related to VAs [51]. 

Finally, DeJule et al. found a shallower trap about  

Ec – 0.03 eV of GaAs [52] and, respectively, named it 

M00. Most researchers relate these shallow traps at  

Ec – (0.030…0.045 eV) to VAs [50, 51]. The studies 

reaching liquid helium temperatures in deep level 

spectroscopy occasionally detect similar traps in the 

discussed nanostructures as well [53]. 

3. Release of strains in nanostructures and extended 

defects 

Any heterojunction implies a misfit of lattice constants at 

the interface, which causes the mechanical stresses being 

the higher, the larger the misfit. The largest stresses in a 

heterostructure are near the interface itself, decreasing 

with the distance from the junction on both sides. When 

growing an In(Ga)As material on (001) GaAs that has  

a lower lattice parameter, misfit dislocations (MDs) in  

two orthogonal 110 directions [54] are formed near  
 

 

 

the interface on the GaAs side, whereas threading 

dislocations (TDs) propagate from the interface to the 

surface through the upper layer [24]. 

When the amount of an In(Ga)As covering material 

is low but higher than the threshold value, the misfit 

leads to formation of local nano-islands (Fig. 4). The 

self-assembled QDs tend to be elongated along one of the 

110 directions [55], which allows one to grow a net of 

QD chains or quantum wires (QWRs) under certain 

growth conditions [56]. When capping the In(Ga)As 

nanoobjects by a GaAs layer, a set of TDs propagates 

through the cap layer from QDs. Pairs of TDs (V-shape 

defects, Figs 4b, 5a) are found to nucleate at large size 

islands, the so-called ripened QDs [57, 58]. It is shown 

by AFM plane images and TEM cross-section ones that 

their branches travel in opposite directions on the 

(1−1−1) and (111) glide planes, part of dislocations with 

orthogonal orientation along [1–10], gliding on the (1–

11) and (–1–11) planes, appear at high InAs coverages. 

Interaction of different V-shape defects can lead to their 

self-annihilation, however, a significant part of them can 

reach the surface of structure even at the cap thickness 

above 500 nm [56]. Beside the V-shape defects, squared-

shaped stacking faults are observed on AFM plane 

images (Fig. 6) [59]. 

Extended defects (EDs) can be an origin of energy 

levels in the semiconductor bandgap. For example, 

Wosiński [61] found a state at Ec – 0.68 eV in GaAs 

crystal and named it ED1. Its DLTS peak amplitude 

reveals a logarithmic dependence on filling pulse 

duration (tp), which is an attribute of EDs, where the 

traps are configured as interacting linear arrays.  
 

 

Fig. 4. (a) Scheme of the InAs/InxGa1–xAs QD structures. (b) HRTEM images of near-surface (110) cross-section of the 

InAs/In0.15Ga0.85As sample. (c) AFM images for similar uncapped structures. Reproduced from Golovynskyi et al. [23], with the 

permission of © 2019 IOP Publishing, all rights reserved. 
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Fig. 5. Cross-section TEM images of the structural defects 

nucleating at the QD/InGaAs interface: (a) V-shaped defects; 
(b) closed-shaped defects surrounding single dots. The insets: 

500500 nm and 5050 nm sized, respectively, showing the 
plan views of the defects. Reprinted from Seravalli et al. [60], 

with the permission of © 2010 AIP Publishing. 

 

 

 
 

Fig. 6. Plan-view TEM images of a complete stacking fault 

pyramid. (a) [100] on-axis bright field image. (b)–(f) weak 

beam images under different imaging vector g conditions. 

Reprinted from Sears et al. [58], with the permission of © 2006 
AIP Publishing. 

 

Dislocation levels with similar properties are reported in 

other semiconductors [53, 62], including InGaAs/GaAs 

hetero-structures [63, 64], and their Ea is shown to have a 

linear dependence on bandgap width, so their levels are 

concluded to be tied to the valence band. Afterwards, 

these dislocation levels with a logarithmic dependence of 

the peak amplitude versus tp were observed in 

In(Ga)As/(In)GaAs nanostructures by DLTS [28, 65–67] 

(Fig. 7) and PICTS [20, 68]. 
 

 

 
 

 
 

Fig. 7. The DLTS spectra for a InAs/GaAs QD structure. The 

measuring frequency is 105 Hz and t2 / t1 =1.53 s/0.153 s. The 

Arrhenius plot of the found traps E1, E2, and E5. The inset 
shows the DLTS peak amplitudes of E1 and E2 traps vs filling-

pulse duration time. Reprinted from Wang et al. [71], with the 

permission of © 2000 AIP Publishing. 
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The values of Ea of EDs in QD heterostructures  

are within a rather wide range. While PICTS [20, 68] 

shows logarithmic functions of the peak amplitude for 

shallow levels with Ea of 0.127 to 0.161 eV, which are 

comparable to the ground electron levels of 

In(Ga)As/GaAs QDs [69], such a dependence is also 

observed for deeper layers at Ec – (0.39…0.40), 

(0.53…0.54), 0.64 and 0.70 eV in DLTS spectra [64, 67, 

70]. Moreover, Chen et al. [66] found EDs in confining 

layers of QD structures with Ea dependent on the 

structure depth. They observed a decrease of electron-

emission energy of a threading trap from 0.63 down to 

0.36 eV, scanning from the sample surface toward the 

QD layer. It was explained by the trap across the QD 

interface, where a band offset exists. 

The logarithmic dependence of amplitude on tp 

seems to be the most effective way to differentiate  

EDs from PDs that exhibit exponential (saturating) 

dependence [66]. Other criteria mainly involve 

comparison of the found defect location with the ED 

locations obtained from TEM cross-section images and 

are not so reliable, because there are many types of PDs 

in binary/ternary semiconductors and their energy 

spectrum overlap that of EDs, which are in fact the 

sequences of interacting PDs. 

4. Spectrum of defect electron levels in 

In(Ga)As/GaAs nanostructures 

We have assembled the complete information about 

defects in In(Ga)As/GaAs nanostructures in Table S1, 

Supplementary Materials. As mentioned above, a 

difficulty in their identification is the fact that some of 

them have close Ea and are hardly resolved by the 

available methods. Moreover, the properties of a defect 

can be affected by environment, as a result, some traps in 

nanostructures reveal Ea dependent on the sample depth 

[28, 66]. Furthermore, many known GaAs traps and 

recombination levels are reported as defect complexes, 

thus their properties can depend on the distance between 

the components in the crystal structure. The value of 

emission (capture) cross-section, being an additional 

parameter of defect obtainable by thermally-driven 

techniques, could be helpful in their identification, 

however, this parameter is obviously much more 

sensitive to the environment or the error of its estimation 

is very high. Anyway, the discrepancies in the values 

obtained for different samples are times or even orders of 

magnitude. 

Most of the nanoobjects in the analyzed works are 

InxGa1–xAs QDs of different nominal stoichiometry with 

x from 0 to 0.5 embedded in the GaAs matrix. However, 

one should consider these numbers with care, because an 

actual QD material is enriched by Ga [72], e.g., the 

average value of x for the nominal InAs can take values 

from 0.5 up to 0.8 depending on the growth conditions 

and, moreover, the actual stoichiometry of QD is non-

uniform along the height coordinate. Also, a large number 

of the referred nanostructures are InxGa1–xAs/GaAs QWs 

[22, 47, 67, 73–75] with a reported x from 0 to 0.35,  

 

including a superlattice [14] and InxGa1–xAs/GaAs QWRs 

with a nominal x of 0.3 [69, 76], 0.38 [18] and 0.4 [52]. 

To reduce the InAs/GaAs lattice mismatch strains 

and thus reduce the interface defects, neighboring 

InGaAs layers are embedded in the structure. For 

example, Chen et al. [21, 22, 70, 77] and Asano et al. 

[16] studied capped InAs QDs by thin In0.15Ga0.85As 

layers. Kim et al. [78] used an InAs/InGaAs/GaAs 

quantum dot-in-well structure (DWEL), where an InAs 

QD layer was grown on a bottom 2.5 monolayer (ML) 

In0.2Ga0.8As layer and covered by a top 15 ML 

In0.2Ga0.8As one, while Dobbert et al. [79] investigated 

InAs QWs sandwiched between two 150 Å thick 

In0.53Ga0.47As layers. Finally, Rimada et al. [28] and 

Golovynskyi et al. [23, 80] detected deep levels in the 

GaAs-based structures with InAs QDs embedded in thick 

(hundreds of nanometers) metamorphic InGaAs layers of 

different stoichiometry, sometimes QD layers were 

sandwiched between two thin wide-gap barrier layers 

[12, 81]. 

The deepest detected defects are EB3 and EL2. 

Although authors of only some works refer to EL2 while 

detecting the levels at Ec – (0.71…0.9 eV) [9, 82, 83], all 

the unidentified levels within this range could be 

confidently attributed to this defect or EL2 family, taking 

into account its referred above positions in GaAs. As for 

the deepest unidentified level at Ec – 1.03 eV observed 

along with 0.78 eV (EL2) by Kaniewska et al. [15], we 

tend to attribute it to EB3 [36], alike the state 0.9 eV that 

is observed along with EL2-related levels at 0.71 eV and 

0.86 eV [9]. 

Localizing the defects within this range of Ea, most 

researchers detected them in In(Ga)As/GaAs structures 

near the QD layer [16, 56, 57, 84], part of them being 

found at the top of the capping GaAs layer [16, 85]. The 

first shallower electron trap at Ec – 0.70 eV is found [84] 

in an In0.14Ga0.96As/GaAs QD structure and referred to a 

GaAs MD, namely ED1, detected first by Wosiński [60] 

in GaAs at a similar localization of Ec – 0.68 eV. Chen 

et al. found trap levels at somewhat lower energies 

(0.63…0.64 eV) in GaAs layers capping InAs0.94Sb0.06 

QDs [64] and, later, in InAs QDs [66], their belonging to 

EDs being established by a logarithmic dependence of 

the DLTS peak amplitude on tp. 

This trap is referred to TDs originated at the QD 

layer and extending towards the surface. Such kind of 

defects was later observed in the TEM images of 

InAs/GaAs structure cross-sections [56, 57, 71] together 

with the DLTS detection at Ec – 0.52…0.54 eV in the 

capping layer. Furthermore, a similar trap at Ec – 0.53 eV 

revealing a logarithmic DLTS amplitude vs tp is found in 

GaAs capping an In0.2Ga0.8As/GaAs QW and also related 

to TDs. It is worth noting that such a feature was 

observed by Prezioso et al. [26] for a similar trap with Ea 

varying from 0.63 to 0.67 eV in different InAs/GaAs QD 

samples; the traps were mainly found near a QD layer 

and related to another type of EDs, namely, stacking fault 

tetrahedra observed in the TEM cross-sections no more 

than 100 nm above QDs (Fig. 6). 
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However, the considered range of depths is peculiar 

to EL3 (M5–M6 by Lang) of a GaAs lattice, so most 

researchers, while finding traps near In(Ga)As nanolayers 

from Ec – 0.65 eV to Ec – 0.53 eV, attributed them to PDs. 

Apart from EL3 (M6) [9, 27, 47] or other VAs-related 

defects [47, 79], PD-oxygen complexes [15, 56, 57] were 

assumed, since a high amount of oxygen was found by 

Kaniewska et al. [15] near the InAs QD layer, to presu-

mably originate from oxygen-containing species produced 

within source cells used in molecular bean epitaxy. 

The next shallower PD is EL4 (M4 by Lang) 

detected at Ec – (0.48…0.52 eV). GaAs-based nano-

structures also exhibit electron traps at similar positions 

detected mostly near In(Ga)As QD and QW layers. Most 

of them, having Ea from 0.50 to 0.45 eV, are attributed 

just to EL4 (M4) [27, 73, 79, 86]. However, there is a 

reason to also suspect involvement of EDs in these 

levels. Gombia et al. [87] declared a logarithmic 

dependence of the DLTS peak amplitude on tp for a trap 

with Ea of 0.48 eV found near the InAs QD layer. In 

addition, later papers of that research group show 

comparable properties for a similar trap [26] and a 

slightly deeper one at Ec – 0.52 eV [56, 57] found in 

GaAs cap of InAs QDs and attributed to V-shaped TDs 

observed by cross-section TEM. It should be noted that 

the DLTS peak of the trap at 0.48 eV found in Ref. [26] 

was observed in the GaAs cap along with a signature of 

PD M4. 

In the range that we relate to EL5 (0.38…0.44 eV), 

some researchers, finding the traps near In(Ga)As 

nanolayers, do refer them to PDs including EL5 [84], M4 

[26, 47] and even substitution NiGa defect attributed to 

residual contaminants in the epitaxial growth sourсes 

[87]. Herewith, a lot of studies report the electron states 

in the neighboring GaAs bottom [66, 77, 87], being 

attributed to dislocations [66, 77], despite the fact that an 

exponential dependence of the DLTS response is 

detected in Ref. [66], which is an evidence of isolated 

states, unlike the logarithmic one typical for trap arrays. 

However, a non-exponential dependence best fitted 

within an assumption of 2D-distributed array is found for 

a trap near the InAs QD layer [88, 89], though related to 

PD clusters, since no dislocations are observed by cross-

section TEM. However, some of the levels in this depth 

range are detected at the top of a GaAs layer [16, 70, 71] 

and also attributed to dislocations [71] like TDs [70]. 

In the energy interval that we attribute to EL6  

(Ec – (0.32…0.37 eV)), a lot of electron levels are 

reported near In(Ga)As nanolayers [12, 18, 23, 64, 79, 

88, 89] and in a bottom GaAs [67], while Asano et al. 

[16] observed the states at the top of a GaAs cap. The 

trap found in the bottom buffer of an In0.2Ga0.8As/GaAs 

QW structure exhibits exponential dependence of the 

DLTS signal amplitude on tp, which is an evidence for it 

to be isolated. Traps with a similar Ea of 0.35…0.37 eV 

are found by the same research group [22, 77] near the 

InAs QD layer, capped with a 6-nm thick In0.15Ga0.85As 

and neighboring GaAs bottom. Manifesting the 

exponential behavior of DLTS amplitude on tp, the trap is  

 

also attributed to PDs but related to MDs observed on 

cross-sectional TEM images [22]. In earlier works, Chen 

et al. detected electron levels at Ec – (0.33…0.34 eV) 

near the nanolayers in InAs/GaAs QD [71] and 

In0.2Ga0.8As/GaAs QW [90, 91] structures and also 

believed them to originate from MDs. The reasons were 

TEM observations [71] and the fact that no DLTS signal 

was revealed below InGaAs critical thickness [90]. 

Furthermore, an evidence of the relation of EDs to a level 

at Ec – 0.322 eV was obtained by Walther et al. [88, 89], 

who observed a dependence of the filled trap number on 

the DLTS filling pulse width best fitted within a 2D 

model of trap array. A logarithmic dependence of the 

DLTS signal on tp, inherent in linearly-distributed arrays, 

is reported for the electron trap with Ea ranging within 

0.30…0.36 eV, depending on the InAs/GaAs QD sample 

parameters, which is observed near the QD layer and 

related to the tetrahedral stacking fault [26]. The 

corresponding DLTS peak is detected in addition to the 

one of M2 concentrated mainly in a cap, but also found 

in layers below. 

It would be correct to associate M2 defect (Ec –

0.29 eV) with EL7 (Ec – 0.30 eV) or EL8 (Ec – 0.275 eV). 

In In(Ga)As/(In)GaAs nanostructures, the levels of 0.28 

to 0.32 eV are detected mostly near QD layers [18, 23, 

26, 47, 79, 92] (and QW [47]) and attributed mainly to 

PDs. Though, Prezioso et al. [26], apart from M2 defect, 

also found a level at Ec – (0.30…0.36 eV) with a 

logarithmic dependence of the DLTS signal amplitude on 

tp and related it to EDs, namely, stacking fault tetrahedra 

detected by TEM in a GaAs cap. 

The next shallower trap EL9 (Ec – (0.22…0.24 eV)) 

is detected in the nanostructures only by optical methods, 

such as photocurrent (PC) spectroscopy [9], TSC [17, 79] 

and PICTS [18]. No EDs are assumed as a possible 

origin of this trap, so it can be referred to EL9 [79], M2 

[9] and Asi-VAs or AsGa-VAs PD complexes [92] detected 

near QD layers [12, 18, 23, 69, 79, 80] and outside [17]. 

Identification of the traps with Ea ranging within 

0.12…0.21 eV is complicated, which is caused by 

insufficiently detailed classification of GaAs shallow 

traps. Usually they were related to M1 or EL10, however, 

in this spectral range, two [16, 69] or even three [20, 92] 

levels were often detected in one transition spectra of an 

In(Ga)As/GaAs sample, sometimes along with signatures 

of the next deeper EL9 trap (Ec – (0.22…0.24 eV)) [20, 

69, 92]. Possibly, a number of tabulated traps has to be 

extended or M1 should be considered as a family of 

traps. These defects are mostly detected near In(Ga)As 

QD [17, 47, 69, 73, 80, 81, 93] and QW layers [67, 73, 

74]. As for GaAs confining layers, only Dózsa et al. [94] 

found a trap Ec – 0.21 eV at a capping layer, while Asano 

et al. [16] observed the 0.16 eV trap in the GaAs bottom. 

Except for PDs, EDs are reported to be responsible 

for three traps at Ec – (0.127…0.161 eV) found in 

InAs/GaAs QD and QW structures by PICTS [20, 68]. 

The reason for this assumption is a logarithmic 

dependence of the PICTS response on optical excitation 

pulse width. 
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Detection of shallower electron traps with Ea below 
0.12 eV is relatively rare because of several reasons. 
Firstly, temperatures lower than nitrogen boiling one are 
needed to keep the traps occupied for a sufficiently long 
time. Secondly, shallow traps are close in depth to QD 
electron levels, and, being localized mainly near 
In(Ga)As layers (only this location is reported for the 
traps of this range [47, 74]), can lose electrons through 
tunneling into QD electron localized states with a 
subsequent recombination with holes. Furthermore, the 
DLTS signals from shallower traps could be related to 
those from QD levels. 

In the range of Lang’s defect M0 (Ec – 0.08 eV), 
only several traps are reported in In(Ga)As/GaAs 
nanostructures. The first one related to M0 (Ec – 0.11 eV) 

is found by Krispin et al. [47] near InAs QW embedded 
in GaAs. It should be noted that most of the researchers, 
who reported traps with Ea below 0.12 eV, also detected 

the traps within 0.14…0.18 eV (the range of M1) in the 
same samples, therefore, confusion with deeper trap M1 
could be excluded. The shallowest trap that could be 
related to M0 range is found in a stacked In0.4Ga0.6As/ 

GaAs QWR structure by Al Saqri et al. [53] at Ec –
 (0.074 ± 0.003 eV). In a similar stacked sample, they 
also found a trap with Ea = 0.041 ± 0.004 eV, which is in 

the range of the shallowest GaAs defect M00 and was 
attributed to PD VAs being also a conventional attribution 
of M00. To date, this trap remains the only one found in 

this range of Ea in GaAs-based nanostructures and is the 
shallowest known defect state in these structures. 

5. Defects in metamorphic InAs/InGaAs nano-

structures with QDs 

Despite the promises in telecommunications, nanostruc-

tures where InAs QDs are embedded in a thick InxGa1–xAs 

metamorphic buffer are poorly studied. Seravalli et al. 

[60] studied statistics of EDs in metamorphic InAs/ 

InxGa1–xAs QD structures grown on GaAs by using TEM 

images and found them to be different from conventional 

InAs/GaAs structures having V-shape dislocations in the 

GaAs capping layer as prevailing EDs [57, 58]. Unlike 

them, metamorphic structures with In content x = 0.15 

are found to have an order less density of these defects at 

equivalent InAs coverage. Besides, TDs starting at the 

InGaAs/GaAs interface propagate across the entire InGaAs 

layer width, part of them reaches the surface through an 

800-nm metamorphic buffer and the embedded QD layer; 

their density increases with x. Also, a new kind of EDs, 

named ‘closed-shaped defects’, is found in metamorphic 

structures (Fig. 5b). They are reported [60] to enclose 

single QDs and consist of pairs of stacking faults on 

(111) planes that are inclined against each other to form 

tetrahedral-shaped defects. These EDs are found to be 

predominant in metamorphic structures [28], they start to 

appear near QDs at InAs coverage of 2.6 ML and their 

amount rapidly increases with coverage as well as x. For 

example, their amount is five times higher for x = 0.24 

than for x = 0.15 [60]. This kind of EDs is not detected in 

InAs/GaAs, though similar in shape defects, the so-called 

‘stacking fault tetrahedral’, were found there earlier [26].  

 

The latter are also -shaped and terminate near the QD 

layer, however, they are more extended in all directions 
and can expand over 100 nm. 

The electron levels of defects are studied both in 
vertical metamorphic InAs/In0.15Ga0.85As QD (InAs 
coverage of 3.0 ML) and QW (2.0 ML) structures by 
DLTS [28] and lateral InAs/InxGa1–xAs QD structures 

with different x by TSC [12, 23, 80, 81]. Despite the 
difference in the kinds of EDs, the electron states 
detected in these structures are those which could be 

found in the In(Ga)As/GaAs ones. 
EL2 defects, the most studied in GaAs and rife in 

In(Ga)As/GaAs nanostructures, though detected in IR 
absorption spectra [10, 88], are not found by DLTS in 
vertical structures, while the substrate was out of current 
flow due to a special contact geometry [28]. The photo-
electric spectra for this contact geometry showed no evi-
dence of EL2. However, when the researchers involved 
the entire structure including the GaAs buffer MBE layer 
and substrate, the respective features were revealed at 
0.86 and 0.72 eV in the PC [84] and photovoltage spectra 
[11], respectively. So, it has been concluded that the EL2 
centers are related to the InGaAs/GaAs interface below 
rather than the metamorphic buffer and embedded QD 
layer. So, EL2 found as a feature at 0.74 eV in the PC 
spectra of GaAs-based InAs/InxGa1–xAs QD structures 
[12, 23, 80, 81] can be also a contribution of the 
InGaAs/GaAs interface and could not be considered as 
an inherent defect of these nanostructures. 

As for shallower defects, their signatures are widely 

presented in DLTS and, especially, TCS spectra (Fig. 2) 

in the ranges we allocated for defects in In(Ga)As/GaAs 

nanostructures. It should be noted that all the DLTS 

bands are notably more intense for QD samples 

compared to QW ones. 

So, two types of traps with logarithmic DLTS 

amplitude dependence on tp are found in metamorphic 

InAs/In0.15Ga0.85As QD and QW at temperatures correspon-

ding to Ea of 0.48…0.54 eV (EL3–EL4 range). Higher 

energies are detected in InGaAs away from the InAs 

layers and attributed to TDs [28]. It should be mentioned 

that TDs propagating from the InGaAs/GaAs interface up 

to the surface are reported in addition to V-shape TDs 

originating from the QD layer. TSC studies [23, 80] 

confirmed the presence of such a trap (0.52…0.54 eV) in 

InxGa1–xAs confining layers with x from 0.15 to 0.31. It is 

attributed to TDs or EL3-family defects related to 

dislocations observed mainly at the InGaAs band-to-band 

excitation rather than resonant QD excitation. It should 

be noted that the TSC technique is sensitive to the states 

only above the Fermi level, whereas a feature above 

0.61 eV is then found in the PC spectra, indicating that 

defect levels could be also below Ec – 0.54 eV. 

Returning to the ED-related traps with Ea of 0.48 to 

0.54 eV found by DLTS in vertical InAs/In0.15Ga0.85As 

metamorphic nanostructures [28], the lower values are 

detected near the QD layer (InAs coverage of 3.0 ML). 

They could be attributed to closed-shaped defects, 

however, a similar band is detected for a QW sample 

(2.0 ML of InAs) where such kind of EDs is not observed. 
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MDs, usually located below In(Ga)As nanolayer embed-

ded to GaAs, also could not be an origin of these traps 

near Ec – 0.48 eV around InAs/InGaAs QDs and QWs, 

because this kind of EDs in metamorphic structure is 

concentrated mainly below the InGaAs/GaAs interface 

and not found near InAs layers [28, 60]. Thus, no ED as 

a reasonable origin for the trap near Ec – 0.48 eV is 

found. Nevertheless, the trap with Ea of 0.47…0.48 eV 

detected using TSC in lateral InAs/InGaAs QD struc-

tures, being better revealed after the resonant excitation 

of QDs rather than buffer band-to-band excitation, is also 

attributed to EDs or EL4 defects related to them. 

At the same time, the trap at Ec – (0.42…0.43 eV) is 

observed by TSC after either the InGaAs band-to-band 

excitation or the resonant excitation of QDs for most of 

the samples [23, 80]. Although, the ones with an In-rich 

InxGa1–xAs containing layer (x = 0.28…0.31) exhibit 

signatures of this trap mainly after the excitation above 

the InGaAs bandgap, which is an evidence of their 

presence in the buffer rather than their localization near 

QDs. They are therefore attributed to TDs generated from 

the InGaAs/GaAs interface and propagating towards the 

sample surface or to EL5-like defects related to them. It 

should be noted that the DLTS studies of vertical struc-

tures [28] report no band characteristic of this defect. 

Also, EL6 trap, being very rife in bulk GaAs and 

In(Ga)As/GaAs nanostructures, is not found in the 

InAs/In0.15Ga0.85As vertical structures by DLTS, while it 

is well detectable by TSC in the lateral metamorphic 

samples with higher In content (x ≥ 0.24) [23, 80]. A 

level near Ec – 0.37 eV is attributed to this trap. For most 

of the samples, the respective band is distinct and intense 

after the resonant optical excitation in QDs and is con-

cluded to be located near the QD layer. At the same time, 

the response is much less distinguishable after InGaAs 

band-to-band pumping, being poorly detectable in the 

InAs/In0.15Ga0.85As sample after any type of excitation. 

Generally, the intensity of TSC bands for any found 

trap is reported to decrease with x in the buffer, except 

for the deepest one (0.52…0.54 eV) that exhibited no 

substantial dependence on x. 

The next shallower trap, EL7, is found both in TSC 

(near 0.29…0.30 eV for different samples) and DLTS 

(0.29 eV) measurements. While the researchers of 

In(Ga)As/GaAs nanostructures found these traps mainly 

near In(Ga)As layers, metamorphic InAs/In0.15Ga0.85As 

structures reveal the trap Ec – 0.29 eV at the top of 

500-nm thick In0.15Ga0.85As capping layer [28]. Although 

TSC bands are found much stronger after the QD reso-

nant excitation for every sample (except for x = 0.15, where 

the buffer excitation at 1.3 eV gave a higher EL7 response), 

which could be an evidence of the traps to be located 

near QD layer, there is no contradiction with the DLTS 

data, taking into account a thin (20 nm) InGaAs cap in the 

investigated lateral metamorphic QD structures [23, 80]. 

Near the EL7 response, a weak shoulder is detected 

at lower temperatures in some TSC spectra of meta-

morphic structures [23, 81] and attributed to EL8 trap  

 

 (0.27 eV). Another distinct peak is observed at higher 

temperature [23], and the trap with the respective Ea = 

0.31 eV is attributed to ED containing Frenkel pairs VAs-

Asi generated on the dislocation line. Also, similar res-

ponses of 0.30…0.31 eV are found in the TSC spectra of 

the metamorphic structures with InAs QDs confined by 

few-nanometer-thick wide-gap confining barriers [12, 81]. 

The trap marked in Ref. [80] as EL9 (Ec – 0.23 eV) 

is TSC-observed much better after the resonant QD 

excitation for the samples with x ≥ 0.24, though the 

InAs/In0.15Ga0.85As structure, on the contrary, reveals a 

better EL9 signal after the buffer excitation [12, 23, 80, 

81]. Similar to In(Ga)As/GaAs structures, no EL9 

response is detected in DLTS experiments [28]. 

At the same time, the signatures of a shallower trap 

are found in both kinds of transition spectroscopy 

measurements; Ea are estimated as 0.15 eV by using 

DLTS [28] and 0.167 ± 0.005 eV by applying TSC [80]. 

This EL10-like trap is located at the top of InGaAs cap of 

the vertical structures [28], being observed in the TSC 

spectra of lateral structures mainly as a weak band at the 

periphery of the stronger EL9 band after the resonant 

excitation in QDs. M0 trap (~0.11 eV) is the shallowest 

trap found in the metamorphic InAs/InxGa1–xAs QD 

structures [23]. It is observed (Fig. 2) after long-time 

excitations and short-time delays in the dark before 

heating and localized presumably near the QD layer. 

Comparing the metamorphic QD structures to the 

conventional In(Ga)As/GaAs nanostructures, one can 

conclude that both kinds of the nanostructures have 

similar defect levels in the bandgaps of embedding 

layers. Quantitative estimation of the total amount of 

defects in both kinds of nanostructures is carried out in 

Ref. [80]: a metamorphic InAs/In0.15Ga0.85As QD structure 

contains the amount of defects comparable to that in the 

best InGaAs/GaAs structures and, perhaps, less than in 

the nominal InAs/GaAs QD structures. However, the 

defect amount rapidly increases with In content x in the 

buffer layer so that it is 20 times higher at x = 0.31 than 

at x = 0.15. The difference between kinds of nano-

structures by defect types and amounts as well as a strong 

dependence of the defect amount in InAs/InxGa1–xAs 

structures on x could be explained by a lower stacking 

fault energies in InGaAs than in GaAs [95]. 

Being based on the collected data, we suggest Table 

as a simplified way to preliminary identify (In)GaAs 

defects in the noted nanostructures by the level depths 

only. We should immediately note that it is just a 

preliminary classification for the techniques that cannot 

give such an important parameter as capture (emission) 

cross-section, which may make the identification more 

reliable. We also note that the suggested attribution by 

Martin or Lang usually means PDs, while many 

researchers finding the states within 0.3…0.68 eV had 

reasons to relate them to dislocations, and some of them 

[20, 68] observed evidences of EDs, when they analyzed 

shallower states at 0.13…0.16 eV. Thus, some of the 

found traps presented in Table may turn to be EDs. 
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6. Conclusions 

We collected the data on EDs and PDs found in 

containing layers of In(Ga)As/(In)GaAs nanostructures 

since they had been obtained. The defects are sorted by 

the Ea values (level positions below the bottom of the 

conduction band), their localization in the containing 

layers and attribution are also analyzed. All the found 

states, including those found in metamorphic InGaAs 

layers confining InAs QDs, are attributed to the defects 

inherent in GaAs. We believe that this review would be 

of interest for the researchers who use these or similar 

nanostructures. 

Supplementary Material 

The supplement file contains Table S1, ordering the data 

on defects detected in In(Ga)As/(In)GaAs nanostructures 

in different reports. 
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Електронні рівні дефектів у наноструктурах In(Ga)As/(In)GaAs: огляд 

О.І. Даценко, В.М. Кравченко, С. Головинський 

Анотація. Систематизовано дані про електронні рівні, індуковані дефектами в наноструктурах 

In(Ga)As/(In)GaAs, їхню локалізацію, енергію активації та ідентифікацію. Перераховано точкові дефекти, 

властиві GaAs і виявлені в наноструктурах на основі (In)GaAs, а також уточнено їх класифікацію, включаючи 

EB3, EL2, EL3, EL4 (M4), EL5, EL6 (M3), EL7, EL8, EL9 (M2), EL10 (M1), EL11 (M0) і M00. Описано вплив 

інтерфейсів на формування різних типів протяжних дефектів. Усі рівні електронних пасток, виявлені в 

гетероструктурах із квантовими ямами, нанодротинками та точками за допомогою спектроскопії глибоких 

рівнів, зібрані в таблицю із зазначенням методики виявлення, об’єкта, розташування в структурі та 

припущенням про їхнє походження. Цей огляд може бути корисним як довідковий матеріал для дослідників, 

які вивчають такі наноструктури. 

Ключові слова: InAs/GaAs, наногетероструктури, дефект, електронний стан, спектроскопія глибоких рівнів. 
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