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Abstract

Junction spectroscopy techniques (JSTs) are powerful tools for investigating electrically
active defects in semiconductors. Originally developed to study point-like defects in
bulk semiconductors, JSTs have since been extended to increasingly complex systems,
providing valuable insights into defect energetics and interactions. This review paper
outlines the fundamental principles of JSTs and critically examines their application to
emerging materials, such as perovskite solar cells and two-dimensional (2D) materials. By
highlighting both the capabilities and limitations of JSTs in these non-classical systems,
the review demonstrates their continued relevance and important role in advancing next-
generation semiconductor materials and devices.

Keywords: junction spectroscopy techniques; deep-level transient spectroscopy; defects;
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1. Introduction
Junction spectroscopy techniques (JSTs), with deep-level transient spectroscopy (DLTS)

as their primary workhorse, have been extensively used to investigate electrically active
point-like defects in semiconductors since their introduction in 1974 by D. V. Lang [1]. His-
torically, these techniques have been applied predominantly to silicon and other group-IV
semiconductors, enabling generations of researchers to develop a detailed understanding
of defects, their physical properties, and their role in determining semiconductor perfor-
mance [2–5]. By selectively probing electrically active defects, JSTs have also played a
pivotal role in defect engineering, which has become essential for the development and
optimization of modern electronic devices.

The rapid emergence of new semiconductor materials and device architectures has
created an increasing demand for defect characterization in environments that are far
more complex than the classical point-like defect systems for which junction spectroscopy
techniques were originally developed. This evolution raises a fundamental question: To
what extent, and under which conditions, can JSTs be reliably applied to systems in which
the direct correspondence between, for example, DLTS signatures and isolated point-like
defects, well established in silicon, is no longer straightforward?

In recent years, applications of JSTs have expanded significantly across a broad range
of material systems. In many cases, the dominant electrically active defects are no longer
isolated point defects, but are extended in nature (e.g., dislocations) [6,7], located at inter-
faces (Si/SiO2 and 4H-SiC/SiO2) [8–10], or embedded within nanostructured environments
(e.g., Ge quantum dots in a SiO2 matrix) [11,12]. Such systems challenge several of the
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fundamental assumptions underlying junction-based spectroscopy and complicate the
interpretation of measured signals.

The primary aim of this review is to critically examine the applicability and limitations
of junction spectroscopy techniques in complex semiconductor systems, with a particular
emphasis on perovskite solar cells and two-dimensional (2D) materials. Building on
existing reviews that address the theoretical foundations of JSTs and their established role
in the study of point-like defects in silicon, silicon carbide, and related materials, this work
provides a focused overview of recent advances and emerging directions in applying JSTs
to these non-classical material systems.

It should be emphasized that this review does not aim to revisit the theoretical founda-
tions of junction spectroscopy techniques or to provide a detailed description of experimen-
tal setups, as comprehensive tutorials and reviews are already available in the literature.
Readers are particularly referred to the tutorial on JSTs by Peaker et al. [13] and the review
on Laplace DLTS [14], which offer authoritative and thorough coverage of these topics.

Despite a growing number of individual studies applying junction spectroscopy
techniques to halide perovskites [15–17] and 2D materials [18,19], a critical review of the
interpretation and limitations of JSTs in these material systems has not yet been published.

This paper is organized as follows. Section 2 provides an overview of the basic princi-
ples of junction spectroscopy techniques, with a particular emphasis on deep-level transient
spectroscopy. Section 3 introduces exemplary cases of point-like defects in bulk semicon-
ductors and discusses sample preparation relevant for JST measurements. Sections 4 and 5
focus on the application of JSTs to perovskite solar cells and 2D materials, respectively.
Finally, Section 6 presents the conclusions and outlook.

2. Junction Spectroscopy Techniques
In this section, a concise overview of the fundamental principles underlying

JSTs is provided. Junction spectroscopy encompasses a range of measurement meth-
ods applied to semiconductor junctions, employing either electrical or electro-optical
approaches [13,14,20]. The defining feature of these techniques is the use of a semicon-
ductor junction to create a depletion region, which offers a distinct advantage over bulk
characterization methods. In particular, the occupancy of defect-related energy levels
within the bandgap can be controlled far more effectively in the depletion region than in
the bulk material, enabling sensitive and selective probing of electrically active defects [13].
The use of a depletion region is advantageous because it allows for precise control over the
Fermi level position relative to the defect level (ET). Under reverse bias, the depletion region
is stripped of free carriers, which minimizes recombination processes that would otherwise
mask the emission signal. Furthermore, capacitance transients are highly sensitive in this
region because any change in the trapped charge directly modulates the depletion width
(W), which is inversely proportional to the capacitance.

Defects that introduce energy levels deep within the bandgap are commonly referred
to as deep-level defects.

More specifically, the deep-level defect processes relevant to semiconductor devices
include the (i) generation of electrons and holes from deep levels, (ii) recombination of
electrons and holes via deep levels, (iii) emission and capture of electrons by deep traps
in n-type semiconductors, and (iv) emission and capture of holes by deep traps in p-type
semiconductors. Figure 1 schematically summarizes the key defect-related processes that
govern device behavior: carrier generation, recombination, and trapping through emission
and capture.
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Figure 1. A schematic presentation for deep-level defect processes: i) generation of carriers (electrons
and holes) from the deep level, ii) recombination of the carriers (electrons and holes) from the deep
trap, iii) emission and capture of electrons from a deep level in a n-type semiconductor, and iv)
emission and capture of holes in a p-type semiconductor. Here, en is the electron emission rate, cn is
the electron capture rate, ep is the hole emission rate, and cp is the hole capture rate.

The thermal emission of carriers from a deep level is governed by the emission rate
(en or ep). For electrons, this is quantitatively expressed as [13]

en = σn⟨vth⟩Ncexp(−
EC − ET

kT ) (1)

where σn is the electron capture cross-section, vth is the thermal velocity, NC is the effective
density of states in the conduction band, EC − ET is the depth of the deep level with respect
to the conduction band minimum, T is the temperature and k is the Boltzmann constant.

Among the various JST methods, DLTS is the most widely employed for studying deep-
level defects. DLTS provides access to key defect parameters, including electron and hole
emission activation energies, capture cross-sections, and defect concentrations. Notably,
DLTS can detect electrically active defects at concentrations as low as ~1010 cm−3 [13],
making it a highly sensitive tool for defect characterization.

A typical DLTS measurement involves the repetitive filling and emptying of deep
energy levels (ET) within the depletion region of a Schottky barrier diode (SBD) using an
applied bias pulse [20], as illustrated in Figure 2. For an n-type SBD, the diode is initially
held under a reverse bias VR (Figure 2a), which is temporarily reduced to a filling pulse VP

(Figure 2b). During the pulse, empty traps within the depletion region capture free carriers
and become occupied. When the reverse bias VR is restored (Figure 2c), the presence of
trapped charge reduces the net charge in the depletion region relative to its equilibrium
value, giving rise to a measurable capacitance transient.

Following trap filling, the captured carriers are subsequently released via thermally
activated emission, which proceeds exponentially in time. This thermal emptying of
occupied traps is monitored by measuring the capacitance of a reverse-biased diode as
a function of time after the application of the filling pulse (Figure 3a,b). The capacitance
transient is sampled at two selected times, t1 and t2, and the DLTS signal is defined as
the difference in capacitance, ∆C = C(t1) − C(t2). In a DLTS measurement, ∆C is recorded
as a function of temperature, producing a characteristic DLTS spectrum, as illustrated
in Figure 3c.
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(a) (b) (c) 

Figure 2. The basic principle of DLTS measurement: (a) equilibrium state with the applied reverse
bias; (b) capture of the majority charge carriers in an n-type material while the pulse is applied VP;
(c) emission of the trapped charge carriers. Here, WR and WP are the depletion region widths for the
applied VR and Vp, respectively, en is the electron emission rate, and cn is the electron capture rate.
Figure adapted from Ref. [20].

Figure 3. (a) The voltage changes, from VR to VP as a function of time; (b) the measured capacitance
transient as a function of time, with marked selected times, t1 and t2. Here, tp is the filling pulse
duration; (c) a typical DLTS spectrum. Figure adapted from Ref. [20].

A notable limitation of conventional DLTS is its relatively limited energy resolution,
which makes it difficult to resolve closely spaced deep levels. This limitation is effectively
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overcome by Laplace DLTS, which improves energy resolution by approximately an order
of magnitude, reaching the millielectronvolt (meV) range [14].

Laplace DLTS is an isothermal technique in which capacitance transients (measured
following the same basic principles as in DLTS) are recorded and averaged at a fixed
temperature. It provides a spectral plot of a processed capacitance signal against the
emission rate rather than against temperature. A recorded transient is described as a
continuous spectrum of emission rates:

f (t) =
∫ ∞

0
F(s)exp(−st)ds, (2)

where f(t) is the measured transient, and F(s) is the spectral density function. The ba-
sic idea is to determine F(s) from the measured transient f(t) by using an appropriate
mathematical algorithm [13,14].

The ability of Laplace DLTS to provide additional physical insight has been demon-
strated in numerous studies, including the identification of different charge states and
configurations of defects such as carbon vacancy (VC) and silicon vacancy (VSi) in
4H-SiC [21–23]. Another illustrative example is the long-standing challenge of distin-
guishing between the VSi and the carbon interstitial (Ci) in 4H-SiC. Both defects can be
introduced by irradiation, although Ci is introduced by the low-energy electron irradiation
(E < 200 keV), as confirmed by Alfieri et al. [24], while VSi is introduced by MeV protons,
neutrons and ion implantations [25–27].

Despite their different microscopic origins, both Ci (EH1) and VSi (S1) introduce two
deep levels in the bandgap, with activation energies of 0.4 and 0.7 eV. As a result, DLTS
spectra appear very similar and are impossible to distinguish, as shown in Figure 4a.
In contrast, Laplace DLTS measurements, presented in Figure 4b,c, clearly resolve the
differences between these defects. While the EH1 level exhibits a single sharp Laplace DLTS
peak, the S1 level associated with VSi splits into two distinct Laplace peaks.

 
(a) (b) (c) 

Figure 4. (a) DLTS spectra for low-energy electron (blue) and neutron (red) irradiated n-type 4H-SiC.
(b) and (c) Laplace DLTS measurements at selected temperatures for the same samples. Measurement
settings were VR = −10 V, VP = 0 V, and tP = 10 ms. Figure taken from Ref. [26].

Another variant commonly used to study defects in high-resistivity materials is current
DLTS (I-DLTS) [13]. While DLTS and its variants, such as I-DLTS and double DLTS (D-
DLTS), have been predominantly used to investigate electrically active defects acting
as majority carrier traps, minority carrier traps have been explored far less extensively.
The fundamental principles of minority carrier transient spectroscopy (MCTS) were first
introduced by Hamilton et al. [28] and subsequently refined by Brunwin et al. [29].

The key distinction between MCTS and DLTS lies in the method of carrier gen-
eration. In MCTS, minority carriers are generated optically using above-bandgap
illumination [13,20]. An MCTS experiment involves the repetitive filling and emptying of
deep levels through optical pulses with photon energy hν slightly exceeding the bandgap
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energy Eg, as illustrated in Figure 5. During the optical pulse, minority carriers are cap-
tured by deep levels (Figure 5a), while following the pulse, these carriers are thermally
emitted (Figure 5b).

 
(a) (b) 

Figure 5. The basic principle of minority carrier transient spectroscopy (MCTS) measurement:
(a) capture of the minority charge carriers from the valence band to the deep level (ET) while optical
pulses are applied; (b) emission of the minority charge carriers from the deep level after the optical
pulse. Here, hν is the energy of the optical excitation, Jdrift and Jdiff are drift and diffusion current
densities, respectively, tp is the optical pulse duration, ep is the hole emission rate, and cp is the hole
capture rate. Figure adapted from Ref. [20].

In addition, sub-bandgap illumination may be employed to directly modify the oc-
cupancy of defect states according to their optical capture cross-sections. This approach
is commonly referred to as optical DLTS (O-DLTS) [13]. For all these variants (minority
trap-related), the energy resolution as well as the sensitivity to defect concentration are
comparable to those of conventional DLTS.

Optical excitation in MCTS can be implemented either through a semi-transparent
Schottky contact or via backside illumination of the sample. When the sample thickness
exceeds the minority carrier diffusion length, thinning of the substrate is required to ensure
efficient carrier collection within the depletion region [20].

It is also worth noting that minority carrier traps may be probed using forward-bias
injection techniques. This approach, however, is subject to certain limitations, as discussed
by Peaker et al. [13]. Nevertheless, in cases where the minority carrier capture cross-section
is significantly larger than that of the majority carrier, forward-bias-based methods can
provide reliable and complementary information.

3. Point-like Defects in Bulk Semiconductors and Sample Preparation
This section briefly illustrates how the JSTs introduced in Section 2 have been suc-

cessfully applied to the study of point-like defects in bulk semiconductors. Rather than
providing an exhaustive overview, this section highlights a few representative examples
and, most importantly, summarizes the typical sample preparation approaches, such as
vertically structured Schottky barrier diodes (SBDs), that have enabled the reliable and
fruitful application of JSTs for decades. These well-established cases serve as a reference
point for the more complex material systems discussed in the following sections.

Figure 6 summarizes the most common point-like defects in silicon carbide, namely the
carbon vacancy (VC), the silicon vacancy (VSi), and the divacancy (VV). Among these, VC

and VSi in 4H-SiC are among the most extensively studied defects. The VC is well known
within the SiC community as a “lifetime killer,” as it strongly reduces the carrier lifetime
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and thereby affects device performance [30–38]. In contrast, VSi has attracted consider-
able interest for quantum technologies, ranging from solid-state qubits to single-photon
emitters [22,25–27,39–42]. These defects were initially investigated using conventional
DLTS. However, as already mentioned, significantly deeper insight has been achieved over
the past decade through the application of Laplace DLTS [22,23,26].

 

Figure 6. Typical point-like defects in SiC, include the silicon vacancy (VSi), carbon vacancy (VC),
and divacancy (VV). Figure taken from Ref. [43].

A question, therefore, arises: How can the full potential of JSTs be exploited to obtain re-
liable defect information that enables a deeper understanding and improved control of semi-
conductor materials? For bulk semiconductors, the answer is relatively straightforward.

As implied by their name, JSTs require a semiconductor junction to establish a de-
pletion region. Consequently, the most commonly employed junctions are p–n junctions
and Schottky barrier diodes (SBDs). Among these, SBDs represent the simplest device
architecture and have proven highly effective across a wide range of JST methods, including
DLTS and MCTS.

As shown schematically in Figure 7, the device consists of a Schottky contact on the
front side and an Ohmic contact on the back side of the semiconductor. The choice of
Schottky metal depends primarily on its work function and the semiconductor type; for
example, Ni is commonly used for n-type SiC, while Au is often employed for n-type
Si [2–7,21–26]. Schottky contacts are typically formed by thermal evaporation through a
shadow mask, defining contact areas in the order of a few mm2 [44]. In contrast, the Ohmic
contact is deposited on the entire backside of the wafer, usually without masking. For
n-type 4H-SiC, Ni-based Ohmic contacts are commonly used, whereas Al is frequently
employed for n-type Si [2–7,21–26].
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Figure 7. A typical SBD used for JST measurements. Figure taken from Ref. [44].

The quality of both Schottky and Ohmic contacts is crucial for reliable JST measure-
ments. Poor contact quality can lead to increased leakage currents, non-ideal capacitance
behavior, and distorted transient signals. Therefore, contact performance is routinely evalu-
ated prior to JST experiments using current–voltage (I–V) and capacitance–voltage (C–V)
measurements to ensure proper rectifying behavior and stable depletion characteristics [13].

The procedure outlined above enables a straightforward and reliable analysis of
point-like defects in bulk semiconductors. As illustrated in Figure 3, such defects produce
well-defined capacitance transients, leading to sharp DLTS peaks and high-resolution
L-DLTS signals, as shown in Figures 3c and 4.

These characteristic features are summarized in Table 1, which also provides a com-
parative overview for perovskite solar cells and 2D materials. However, the favorable
experimental conditions typically achieved in bulk semiconductors become considerably
more difficult to realize in perovskite and 2D systems. The underlying reasons for these
challenges are examined in the following sections.

Table 1. Comparison of dominant defect types, typical junction architectures, and transient behavior
relevant to the application of JSTs in bulk semiconductors, perovskite solar cells, and 2D materials.

Feature Bulk Semiconductors (Si,
Ge, SiC, GaN) Perovskite Solar Cells 2D Materials (MoS2)

Dominant defect type Point-like defects Electronic and ionic defects Point-like and
interface-related defects

Junction High-quality SBD or p-n
junction Complex heterojunction Metal–insulator–

semiconductor (MIS)

Transient Exponential Non-exponential
(ionic–electronic mix)

Affected by interfaces and
high contact resistance

4. Perovskite Solar Cells
Despite the remarkable rise of single-junction halide perovskite solar cells (PSCs)

to power conversion efficiencies exceeding 27% [45], their performance and long-term
stability remain strongly influenced by sub-gap defect states [46–48]. Accurate identification
and quantification of these states are therefore essential for approaching the theoretical
efficiency limit. JSTs represent powerful diagnostic tools for probing this hidden defect
landscape [49,50]. Figure 8 shows the most commonly observed defects in halide perovskite
solar cells.
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Figure 8. The most common defects in halide perovskites. Figure adapted from Ref. [51].

The defect environment in halide perovskites differs fundamentally from that of
classical bulk semiconductors (Section 2). A unique challenge arises from the presence of
mobile ionic defects [52]. Halide perovskites exhibit mixed ionic–electronic conductivity,
where ionic species can migrate under external stimuli such as applied electric fields
or illumination [53,54].

As illustrated in Figure 9, electronic and ionic processes follow distinct physical mechanisms.

Figure 9. Electronic and ionic defect processes. For electronic defects, it is the emission and capture
of electrons at the deep level within the bandgap (Et). For ionic defects, it is the migration of mobile
ions, drift and diffusion. Figure adapted from Ref. [55].

The main difference between electronic and ionic processes lies in their characteristic
time scales. Electronic processes typically occur on microsecond-to-millisecond scales,
whereas ionic processes often evolve over milliseconds to seconds [55–58].

Consequently, when applying DLTS to perovskites, the filling pulse duration (tp)
becomes a crucial experimental parameter. In conventional semiconductors, variation in tp

is commonly used to distinguish point-like from extended defects through capture kinetics
analysis [6]. In perovskites, however, extending the filling pulse into the seconds time scale
is essential for isolating ionic contributions and avoiding misinterpretation of slow ionic
relaxation as deep electronic trapping [55].

To robustly separate these processes, the following protocol is proposed: Vary the
filling pulse duration (tp) across several orders of magnitude (e.g., from 10 µs to 1 s).

https://doi.org/10.3390/nano16060350
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Combine this with Laplace DLTS to further resolve the transients into discrete emission
rates, helping to distinguish sharp electronic peaks from broader ionic defect signatures.

Reichert et al. [16] have applied DLTS to study defects in methylammonium lead
triiodide (MAPbI3) solar cells in which defects were purposely introduced by fractionally
changing the precursor stoichiometry. As shown in Figure 10, three temperature regions
highlighted in gray correspond to three distinct defect-related DLTS peaks labeled as β, δ,
and γ. The third peak, labeled γ, is not clearly resolved under all measurement conditions
(for the rate window t2/t1 = 10) and becomes visible only for selected rate windows, as
discussed in detail in the original work and its supplementary information [16]. It should
be noted that the same group has performed comprehensive studies by applying a variety
of JST techniques, such as reverse DLTS (the filling pulse is reversed; for example, the
voltage pulse goes from 1 V to 0 V), Laplace DLTS, O-DLTS, and I-DLTS, which have
additionally confirmed their findings [50]. They have assigned all three observed defects to
ionic defects: V−

MA, I−i and MA+
i , respectively. These assignments partially overlap with

those of Futcher et al. [59]. While also studying MAPbI3 perovskites, Futcher et al. [59]
have observed three DLTS peaks. They have labeled them as A1, C1 and C2 and assigned
A1 to I−i , and C1/C2 to MA+

i .

Figure 10. DLTS spectra for MAPbI3 perovskites with different precursor stoichiometry: 2.96 (red),
3.00 (green) and 3.04 (blue). Measurement settings were VP = 1 V, VR = 0 V, tp = 100 ms. Figure
adapted from Ref. [16].

Another interesting feature observed in Figure 10 is the coexistence of positive (β and
δ) and negative (γ) DLTS signals. This observation highlights an intrinsic advantage of
DLTS: the ability to measure and distinguish majority and minority charge carriers. In bulk
semiconductors, negative DLTS signals are typically associated with the minority carrier
traps and can be probed under forward bias conditions [60] or by MCTS [61], while positive
DLTS signals are associated with majority carrier traps [13].

In perovskites, interpretation requires extra caution due to mixed ionic–electronic
transport. While the polarity of the DLTS signal yields deeper insight into the nature of
defect states, it has introduced further ambiguity into defect labeling and identification, as
demonstrated in the following examples.

Yang et al. [15] have applied DLTS to study formamidinium–lead–halide (FAPbI3)
perovskite layers. In their study, they have shown that the introduction of additional iodide
ions into the organic cation solution decreases the concentration of deep-level defects. They
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have identified three deep levels, labeled as A1, A2, and A3, with energies at 0.82, 0.78,
and 0.46 eV below the conduction band. Notably, all observed DLTS peaks were positive,
following the convention for electron traps in bulk semiconductors. Measurement setting
were Vp = 0 V, VR = −0.7 V, and tp = 100 ms. These defects are tentatively assigned to
interstitial Pb (Pbi) and antisite-related defects (MAI, PbI, IMA, and IPb).

Ren et al. [62] investigated perovskite solar cells based on mixed compositions of
FAPbI3 and MAPbBr3 and observed three deep levels, labeled H1, H2, and H3, with
energies at 0.63, 0.68, and 0.77 eV above the valence band, respectively. It should be
noted that DLTS peaks observed by Yang et al. [15] were all positive (as electron traps
in bulk semiconductors), while DLTS peaks observed by Ren et al. [62] were all negative
(as hole traps in bulk semiconductors). Figure 11a shows the DLTS spectrum for the
(FAPbI3)0.97(MAPbBr3)0.03 solar cell. H1, H2, and H3 are tentatively assigned to an iodide
vacancy (VI), lead interstitial (Pbi), and lead-iodide antisite (PbI) defects, respectively.

 

 

(a) (b) 

Figure 11. (a) DLTS spectrum for (FAPbI3)0.97(MAPbBr3)0.03 solar cell. Measurement settings were
Vp = 0.6 V, VR = 0.4 V, and tp = 100 ms. (b) Device structure used for DLTS measurements. Figure
adapted from Ref. [62].

As stated in the previous section (Table 1), the junction type in perovskite solar cells
is more complex than a vertical SBD (Figure 5). The schematic illustration of the device
structure of a perovskite solar cell used by Ren et al. [62] is shown in Figure 11b.

It is important to emphasize that while some studies report activation energies relative
to EC or EV, others report them simply as an absolute activation energy (Ea). Given
that perovskite materials are frequently intrinsic or unintentionally doped, the standard
convention of assigning trap types based on DLTS peak polarity can be ambiguous. In these
non-classical systems, reporting the value as Ea provides a more accurate and conservative
representation of the experimental findings, avoiding potential misidentification of the
defect’s nature.

A summary of the defect fingerprints from the aforementioned studies is provided in
Table 2. Notably, a significant discrepancy in defect identification remains, largely arising
from contradictory peak polarities in the reported literature. Achieving a more reliable
defect library for perovskite solar cells will require a deeper understanding of the interplay
between electronic and ionic species. Furthermore, moving beyond a simple comparison of
peak signs toward a rigorous analysis of transient behavior and consistent defect labeling
will be essential for establishing a standardized consensus in the field.
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Table 2. Electrically active defects observed in perovskites by DLTS. Activation energies are reported
as provided in original sources.

Perovskite Defect
Label

Activation
Energy (eV) Identification Reference

FAPbI3 A1 EC − 0.82 Pbi and antisite defects [15]

FAPbI3 A2 EC − 0.78 Pbi and antisite defects [15]

FAPbI3 A3 EC − 0.46 Pbi and antisite defects [15]

MAPbI3 β 0.37 * V−
MA, [50]

MAPbI3 δ 0.19 * I−i [50]

MAPbI3 γ 0.37 ** MA+
i [50]

(FAPbI3)0.97(MAPbBr3)0.03 H1 EV − 0.63 VI [62]

(FAPbI3)0.97(MAPbBr3)0.03 H2 EV − 0.68 Pbi [62]

(FAPbI3)0.97(MAPbBr3)0.03 H3 EV − 0.77 PbI antisite [62]

MAPbI3 A1 0.29 * I−i [59]

MAPbI3 C1 0.90 ** MA+
i [59]

MAPbI3 C2 0.39 ** MA+
i [59]

* Migration of anion (charge type negative). ** Migration of cation (charge type positive).

5. Two-Dimensional Materials
This section explores the application of JSTs to 2D materials. Composed of layers

only one to a few atoms thick, 2D materials exhibit strong in-plane covalent bonding
and weak interlayer van der Waals interactions [63], giving rise to physical properties
that differ substantially from their bulk counterparts [63,64]. While graphene initiated
the rapid development of 2D material research, its lack of an intrinsic bandgap limits its
utility in digital electronics [63–65]. Consequently, research has shifted toward semicon-
ducting transition metal dichalcogenides (TMDs) with the general formula MX, where
M denotes a transition metal (e.g., Mo or W) and X represents a chalcogen (S, Se, or
Te) [65–67]. Among these, molybdenum disulfide (MoS2) has emerged as a prototypical 2D
semiconductor system [63,65].

In bulk semiconductors, DLTS relies on a well-defined depletion region formed within
a vertical SBD [66]. However, when the semiconductor thickness approaches the mono-
layer limit, this classical concept is challenged. The reduction in dimensionality and the
absence of a true “bulk” volume mean that the traditional space-charge region used to
monitor carrier emission from deep-level defects may no longer be applicable [68,69].
Consequently, DLTS signals in monolayer systems can be dominated by interface-related
defects and contact-related phenomena, potentially masking intrinsic defect fingerprints of
the 2D semiconductor.

As noted earlier (Section 1), DLTS has been successfully applied to study interface-
related defects [8–10]. In this context, the Fermi level pinning effect should also be consid-
ered. Fermi level pinning occurs at semiconductor surfaces or interfaces when the Fermi
level becomes fixed at a specific energy within the bandgap, largely independent of the
metal work function or semiconductor doping [8,70]. This effect typically arises from a
high density of interface-related defects (e.g., dangling bonds) that introduce localized
energy levels in the bandgap and trap charge, thereby controlling the electrostatic potential
and determining the effective barrier height. Temperature-dependent variations in Fermi
level pinning further complicate DLTS (measurement as a function of temperature) data
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interpretation [8]. Being an isothermal technique, Laplace DLTS therefore could be useful
in bridging this challenge.

The first DLTS applications to MoS2 were performed on thick, quasi-bulk layers,
where conventional vertical SBDs could be fabricated [71], as illustrated in Figure 12.
Sufficient thickness enabled the formation of a well-defined depletion region, analogous to
bulk semiconductors.

Figure 12. Vertical Schottky barrier diode fabricated on a thick MoS2 layer.

Using this configuration, Kim et al. [70] applied DLTS and observed a deep-level
defect with an activation energy of 0.35 eV (Figure 13). They have tentatively assigned this
defect to sulfur vacancies (Vs). Their result was consistent with density functional theory
(DFT) calculations for sulfur vacancy-related states.

Figure 13. DLTS spectrum for bulk MoS2. Measurement settings were VR= −1 V, Vp = 0 V, tP = 1 ms.
Figure adapted Ref. [70].

As the thickness is reduced to a few-layer MoS2, the vertical SBD geometry becomes
increasingly problematic due to incomplete depletion and stronger contact effects. One
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strategy is the implementation of an inverse SBD configuration, where the junction is
engineered to enhance depletion control in the thin layer. This approach was reported by
Ci et al. [18]. Figure 14 shows the schematic of an asymmetric MoS2 device, with a Schottky
contact (Pt) at the bottom and an Ohmic contact (Ti) on top of a ~50 nm MoS2 multilayer.

Figure 14. Inverse SBD configuration for multilayer MoS2. Figure taken from Ref. [18].

DLTS measurements in this configuration revealed two distinct deep levels with
activation energies of 0.27 and 0.40 eV. Measurement settings were VR = −0.5 V, VP = 0 V,
tP = 1 ms. The depletion width was ~20 nm.

Combining the DLTS results with first-principles calculations, the 0.27 eV defect was
assigned to a sulfur vacancy (VS), while the 0.40 eV defect was attributed to a DX center,
characterized by large lattice relaxation and metastable behavior, which is a significant
finding for material stability. The DX center is a complex defect characterized by large lattice
relaxation (LLR), where the defect atom undergoes a significant structural displacement
upon capturing a carrier. This physical shift creates a large energy barrier for carrier capture
and emission, often leading to phenomena such as persistent photoconductivity, where the
material’s conductivity remains altered long after an external stimulus is removed [18,72].

The most advanced demonstration of DLTS on a monolayer MoS2 was reported by
Zhao et al. [19]. They employed a different sample preparation approach, fabricating a
metal–insulator–semiconductor (MIS) capacitor instead of SBD. Figure 15 shows the MIS
device configuration used for DLTS measurements.

 

Figure 15. MIS device structure used for DLTS measurements on a monolayer MoS2. Figure taken
from Ref. [19].

In the monolayer limit, traditional 3D depletion models are constrained by electrostatic
screening; the gate field in an MIS structure modulates the entire carrier density of the
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2D layer rather than forming a localized space-charge region. To distinguish intrinsic
defects from contact-induced transients, researchers should perform bias-dependent DLTS.
Intrinsic defects typically show an emission rate independent of the pulse height (VP),
whereas contact-related signals often exhibit a strong dependence on the electric field
strength at the interface [73].

Two deep levels located at 0.23 eV and 0.63 eV below the conduction band were
detected, as shown in Figure 16. The 0.23 eV was assigned to sulfur vacancies (VS). By com-
bining the DLTS results with scanning transmission electron microscopy (STEM) imaging
and DFT calculations, the author found that neighboring sulfur vacancy pairs are responsi-
ble for the second deep level (0.63 eV) via hybridization of individual vacancy levels.

 
Figure 16. DLTS spectra for monolayer MoS2. Measurement settings were VR = 0.75 V, Vp = 3.75 V,
tP = 100 µs. Figure adapted from Ref. [19].

For additional information about DLTS measurements on MIS structure, and the role
of electrical contacts, readers are strongly encouraged to check out the work by Zhao
et al. [19] including the supplementary material, as well as the comprehensive review paper
on electrical contacts with 2D materials by Batool et al. [73].

The selected examples clearly demonstrate that, despite inherent challenges, DLTS
provides invaluable insights into the electrically active defects in 2D materials. However,
a direct comparison of activation energies across bulk-like, multilayer, and monolayer
systems remains complex, primarily due to fundamental differences in device geometry,
dimensionality, and interface effects. Notably, while additional JSTs such as Laplace DLTS,
O-DLTS and I-DLTS have been successfully demonstrated in characterizing perovskite solar
cells [50], their systematic application to 2D materials is still in its infancy, representing a
promising frontier for future research.
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6. Conclusions
Taken together, the selected examples discussed in this review highlight a clear mes-

sage: JSTs have not merely kept pace with the evolution of semiconductor materials, but
continue to contribute actively to our understanding of electrically active defects in increas-
ingly complex systems. DLTS remains a central tool within the JST framework. Even in
systems that differ fundamentally from the point-like defects in bulk semiconductors for
which DLTS was originally developed, it continues to yield valuable physical insight. This
sustained relevance reflects both the robustness of the underlying physical principles and
the adaptability of the research community in extending DLTS to novel material classes.

At the same time, emerging semiconductor systems introduce new and substantial
challenges. Mixed ionic–electronic transport, reduced dimensionality, complex heterostruc-
tures, and interface-dominated behavior complicate the interpretation of transient signals
and demand greater methodological rigor. Extracting physically meaningful defect pa-
rameters in such environments will require carefully designed measurement protocols.
The pioneering studies conducted by Reichart et al. [50] and Zhao et al. [19] have enabled
further progress.

To summarize the future directions for each material system,

(i) For bulk semiconductors, the comprehensive integration of JSTs with computational
approaches, including artificial intelligence (AI) and machine learning (ML) tools,
offers a promising pathway toward deeper insight and more reliable defect identifi-
cation [74–76]. The rapidly growing number of studies employing ML-based defect
identification indicates that this interdisciplinary direction will likely play a central
role in future JST development.

(ii) For perovskite solar cells, in situ DLTS measurements under illumination or during
heating and cooling cycles would enable a deeper understanding of both electronic
and ionic processes.

(iii) For 2D materials, combining DLTS or Laplace DLTS with atomic-resolution tech-
niques such as AFM or STM will likely be necessary to investigate defects in the
monolayer limit.

As a conclusion, Table 3 summarizes the current status, main challenges, and possible
future developments of JSTs across the material systems discussed in this review.

Table 3. The current status, main challenges and future directions of JSTs for bulk semiconductors,
perovskite solar cells and 2D materials.

Material System Current Status of JST Main Challenge Future Direction

Bulk Semiconductors (Si,
SiC, GaN, etc.)

Mature. Comprehensively
used for defect
identification

Energy resolution.
Overlapping peaks in
Laplace DLTS

Automated defect-library
matching using ML tools

Perovskite Solar Cells
Experimental. Emerging as
a tool for exploring the
defect landscape

Ionic–electronic coupling.
Distinguishing ionic from
electronic defects

DLTS in situ during
light/heat cycle
measurements

2D Materials (MoS2)
Pioneering. Mostly limited
by sample preparation and
contact issues

Depletion region and
electrical contacts

Scanning-JST (combining
DLTS with AFM/STM)

Funding: This research was funded by European Regional Development Fund for the project Materi-
als for clean energy, advanced sensors and quantum technologies, grant number PK.1.1.10.0002.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

https://doi.org/10.3390/nano16060350

https://doi.org/10.3390/nano16060350


Nanomaterials 2026, 16, 350 17 of 20

Conflicts of Interest: The author declares no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

JST Junction spectroscopy technique
DLTS Deep-level transient spectroscopy
MCTS Minority carrier transient spectroscopy
ODLTS Optical deep-level transient spectroscopy

References
1. Lang, D.V. Deep-level transient spectroscopy: A new method to characterize traps in semiconductors. J. Appl. Phys. 1974,

45, 3023–3032. [CrossRef]
2. Svensson, B.G.; Mohadjeri, S.; Hallén, A.; Svensson, J.H.; Corbett, J.W. Divacancy acceptor levels in ion-irradiated silicon. Phys.

Rev. B 1991, 43, 2292–2300. [CrossRef]
3. Monakhov, E.V.; Wong-Leung, J.; Kuznetsov, A.Y.; Jagadish, C.; Svensson, B.G. Ion mass effect on vacancy-related deep levels in

Si induced by ion implantation. Phys. Rev. B 2002, 65, 245201. [CrossRef]
4. Svensson, B.G.; Jagadish, C.; Hallén, A.; Lalita, J.; Monakhov, E.V. Generation of vacancy-type point defects in single collision

cascades during swift-ion bombardment of silicon. Phys. Rev. B 1997, 55, 10498. [CrossRef]
5. Auret, F.D.; Peaker, A.R.; Markevich, V.P.; Dobaczewski, L.; Gwilliam, R.M. High-resolution DLTS of vacancy–donor pairs in P-,

As- and Sb-doped silicon. Phys. B Condens. Matter 2006, 376–377, 73–76. [CrossRef]
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