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ABSTRACT

The highly non-linear current-voltage characteristics of Ovonic threshold switching selectors make them a key component in novel 3D
crossbar memory architectures. The sub-threshold conduction and switching mechanism have long been a point of debate but it is generally
accepted that they are trap-assisted in nature. In this paper, we study the sub-threshold conduction of both pristine and switched amorphous 5
GeSe and GeSe, devices across a wide temperature range spanning from up to 353 K down to 133 K. By applying a simple Poole-Frenkel g

model, insight can be gained into the average trap depth and concentration and how these are affected by temperature, composition, and <
n

layer thickness. It is found that the average trap depth is temperature dependent, suggesting a distribution of traps in the mobility gap with g
only very shallow traps contributing to the current at low temperatures. GeSe layers tend to have a significantly larger amount of traps than
the GeSe, layers, in line with the hypothesis that wrongly coordinated Ge bonds are the dominant source of trap states. For thinner films,
there are larger deviations from the simple Poole-Frenkel model for conduction, indicating an increasingly important effect of the interface
barriers as the layer thickness decreases. After first-fire switching, the sub-threshold conduction changes drastically. The simple Poole- *
Frenkel model can still be applied, but quantitative information on the number of traps can no longer be reliably obtained.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0279599
I. INTRODUCTION application can be sped up considerably. In this paper, we study
. . . the sub-threshold conduction, i.e., the high-resistive state (HRS)
A selector is a component in novel memory architectures K o K K
- of unalloyed, binary GeSe and GeSe, thin films incorporated into
that serves to limit unwanted leakage currents through non- . 3
1 . . . simple test structures. By using current-voltage measurements at
selected memory cells.” This is typically achieved by the selector . L O .
. . : . varying temperatures, referred to as IV(T)s, insight can be gained
component either exhibiting a highly non-linear current-voltage ) . . : .
o . . into the dominant conduction mechanisms at work. While some
(IV) characteristic (i.e., a regular diode operated in the forward . . . :

; hibiti hreshold vol bel hich the devi studies of the IV(T) behavior of Ge containing thin film chalco-
'reglr.ne) or exhu iting a thresho vo tage elow whic the evice genides have already been performed on selector type devices,
is hlghl)-/' rsswtlve and above which the_ device becomes .hlg.hly only rarely is the temperature regime expanded to below room
conductlve: ‘Selectors based on Ovom.c Threshold Switching temperature.”* In this paper, we extend the IV(T) analysis to
(OTS) exhibit both of these features, which has already enabled below room temperature in an effort to further elucidate the con-
their usage in emerging memory applications.” The functional duction mechanisms at work.
material in these OTS devices is typically an amorphous chalco- Previous publications have focused on the ambient electronic
genide, a compound containing S, Se, or Te. By better under- and material properties.””'' Compared to other OTS selector can-
standing the electrical properties of these materials and how they didate materials, binary GeSe and GeSe, compounds tend to
relate to other material properties, advancement in their exhibit undesirably higher threshold voltages and require alloying
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with elements such as N, C, Sb, As, Si, Te, or others to tune the
OTS performance parameters to suitable levels, often resulting in
a quaternary or even quinary switching layer. We have chosen to
keep the material system simple as the primary purpose of this
study was not to find a particularly optimal composition but
rather to better understand the conduction mechanisms in
GeSe-based chalcogenides in general. A binary material system
can also be more easily deposited in a highly reproducible
fashion, which allows for a more faithful comparison of results
between samples. Finally, these binary systems had already been
extensively researched in previous publications. Prior to the IV(T)
analysis, the same material and ambient electrical characterization
was performed again to ensure the quality and reproducibility of
the results.

Il. THE POOLE-FRENKEL CONDUCTION MECHANISM

While the exact mechanism of the volatile switching mecha-
nism of chalcogenides is still a matter of discussion, it is generally
agreed that the sub-threshold conduction is trap assisted in
nature.'”"” Poole-Frenkel (PF) conduction describes the conduc-
tion through an insulating or semiconducting material by means of
emission of trapped charge carriers. These traps are considered
neutral when filled and positive when empty, resulting in a
coulomb potential type well. Trapped carriers can be excited to the
conduction band by thermal energy after which they can move
freely. However, if a sufficiently large electric field is present, the
energy barrier that the trapped charge carriers need to overcome is
reduced.”* A schematic representation of this effect is given in
Fig. 1. The PF effect is similar to Schottky emission over a metal-
insulator interface with the fundamental difference that in PF con-
duction the positive charge is static, whereas in Schottky emission
it is mobile. This results in a barrier lowering effect that is twice as
large for PF conduction.”” The PF current density can be mathe-
matically modeled in the simplest form by the following formula,
assuming a single trap level and that the traps are far enough apart

FIG. 1. Schematic energy band diagram of PF conduction. The barrier the
charge carriers must overcome to reach the conduction band is reduced when
an electric field F is applied compared to the situation when no field is present.
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such that they do not influence each other,

] = quN.E - exp (— qd’;ifﬁ)

1)

where q is the elementary charge, x is the charge mobility, g¢ is

the trap depth, N, is the concentration of trap states in the
@

bandgap, and the PF factor f = e

rial constants.”'*'“"'® Other, more complicated descriptions exist
that try to take into account various effects such as a three-
dimensional description, e.g., Hartke’s equation'” or account for
inter-trap interactions.'” Additionally, some studies report different
dependencies of the pre-exponential factor on the electrical
field.">*>*' Such deviations are attributed to a range of effects such
as charge re-trapping by nearest neighbors or after a constant drift
time, field-dependent mobility or random diffusion processes. This
is complicated even further by the fact that these effects may be
dominant at different fields or temperatures or (partially) compen-
sate each other. As such, there is no one given formula that is per-
fectly valid for all cases. In this paper, we have, therefore, decided
to restrict our analysis to using only the simple model described by
Eq. (1). This approach has some benefits as it provides us with two
simple parameters, the trap depth and trap concentration, that can
easily be linked to other experimental and computational observa-
tions and compared between samples. Moreover, a simple model
avoids the real danger of overfitting the experimental data. While
some deviations are to be expected, the interpretation of these devi-
ations can, in turn, provide further insights. The choice of exponent
for the electric field E in the pre-exponential part of Eq. (1) has no
effect on the experimental extracted values of # nor ¢ but can
influence the interpretation of the values obtained for N.. However,
as the samples are studied at similar electric fields, this does not
pose a concern when focusing on relative trends.

Besides the Poole-Frenkel effect, other trap-assisted conduc-
tion mechanisms have been postulated. In the case of hopping con-
duction, rather than being excited to the conduction band, charge
transport happens by direct hopping between neighboring localized
states.” This type of transport is more likely to occur for materials
where the distance between traps is small. In the case of hopping
conduction, the current density and electric field are related
according to the formula:” J = ganv - exp (% — £). In this model,
the most important parameters are the mean distance between
traps a, the electron concentration in the conduction band n, the
frequency of the thermal vibrations of electrons at the trap sites v
and E,, and the activation energy. Note how in contrast to Eq. (1),
] is oc exp(E). However, for most of the samples measured in this
study we have found that J oc exp(El/ 2) fits the observed relation-
ship better. Second, unlike with the simple Poole-Frenkel mecha-
nism, the main parameters in the case of hopping conduction are
less easily linked to other experimental results. For these reasons
and the reasons mentioned earlier, we have restricted this study to
the simple Poole-Frenkel model only.

which contains only mate-

lll. EXPERIMENTAL

The films are deposited through sputter deposition using a
GeSe, stoichiometric target, with additional Ge added via
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FIG. 2. (a) Schematic representation of the sample used for Raman analysis, (b) XRD and AFM analysis, and (c) electrical characterization.

co-sputtering from a Ge target in the case of the GeSe films. The
film thickness is checked using x-ray reflectivity (XRR) and the
composition of the films was verified using a combination of
Rutherford backscattering spectrometry (RBS) and energy-
dispersive x-ray spectroscopy (EDX) analysis. In Fig. 2, an overview
is given of the sample structures used for the different analysis
techniques. For Raman analysis, a 50 nm layer is deposited on top
of a substrate consisting of 100 nm SiO, on Si as illustrated in
Fig. 2(a). In the case of x-ray diffraction (XRD) and atomic force
microscopy (AFM) analysis, the functional layer is sandwiched
between TiN layers to avoid substrate interaction and sublimation
during heating [Fig. 2(b)]. For electrical analysis, simple test
structures, shown in Fig. 2(c), are fabricated using a pre-
patterned substrate. This substrate consists of an 80 nm SiO,
layer on top of a 50 nm TiN bottom electrode layer, deposited
onto highly doped N-type Si. A grid of vias of 5 and 10 um in
diameter was etched into the SiO, layer. Subsequently, a shadow
mask with 600 um holes is aligned on top of the substrate and
the functional GeSex and TiN top electrode layers are sputtered
through the shadow mask onto the substrate. This approach
results in a sample with 28 easily measurable cells of a given size
with a large top surface but a small bottom electrode of only a
few micrometers in diameter. This structure is useful for quickly
testing multiple compositions and gives good results when focus-
ing on relative effects, but does not have some of the features of
more complex test structures such as built-in series resistor to
limit operating current. The layer thickness for electrical charac-
terization is 10 or 20 nm.

The amorphous nature of the as-deposited layers is checked
using XRD. Additionally, the crystallization temperature of the
layers can be determined using an in situ approach. During the in
situ XRD measurement, the samples are heated at a rate of 0.2°C/s
to 600 °C, under an inert atmosphere, while a fixed linear detector

monitors a 20-window of 20°. Sample roughness was checked
using a Bruker Dimension Edge AFM. Raman analysis was per-
formed with a Horiba Jobin-Yvon LabRAM HR and a 9 mW
532 nm laser focused to a 1 um spot size with 10% ND transmis-
sion filter. A detailed analysis of the Raman measurement approach
can be found in a previous publication."’

Electrical characterization is performed using a Keithley 2601
SMU for slow quasi-static current-voltage (IV) sweeps and a
Keysight 81150A pulse generator in combination with a
MSOX3104T mixed oscilloscope for us pulsed IV measurements.
During electrical measurements, a positive voltage is applied to the
top electrode while the backside of the sample is grounded. First,
DC IV sweeps are performed using a mapping IV stage on a set of
cells of each sample to determine the typical OTS selector statistics
such as the pristine leakage current and the first-fire switching volt-
ages at ambient temperatures. Second, all remaining pristine cells
are tested for functionality using two repeated IV sweeps below the
threshold voltage. These measurements are used to determine
which cells are functional and can be used for further testing. On
the cells which show normal and reproducible behavior, electrical
characterization as a function of temperature is done on a home-
built cryostat. Samples are placed on a small chuck inside a vacuum
chamber. The chamber is pumped down to a base pressure in the
range of 1 x 107 mbar to avoid excessive condensation and ice
formation. The temperature of the chuck is regulated by the combi-
nation of a heater element and a liquid nitrogen cooling solution.
The temperature is measured with a Pt100 probe clamped to the
top of the chuck, right next to the sample. A PID controller auto-
matically regulates the temperature by adjusting the heater’s output
power. Voltage is applied to individual cells on the top of the
sample using a motorized probe inside the chamber. Using this
tool, electrical measurements of the sample can be performed
between temperatures of up to 373 K down to 113 K.
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IV. RESULTS AND DISCUSSION

A. Material characterization of as-deposited films

Prior to the deposition of the samples for electrical characteri-
zation, separate samples were prepared for process and material
characterization. Two compositions were aimed for: GeSe, and
GeSe. The latter composition will be referred to as Ge-rich due to
the fact that this composition contains excess Ge compared to what
would be needed for all atoms in the material to satisfy their
valence requirements, i.e., achieve a completely filled outer shell
through shared electrons,” using solely Ge-Se bonds. Using RBS,
the composition of calibration samples was determined to be
33.5at.% Ge for the GeSe, sample and 49.8 at.% Ge for the GeSe
sample. These samples were then used to calibrate EDX, and
during subsequent depositions, the composition of each sample
was verified to be within 1at.% of the targeted composition.
Figure 3 contains the results of the XRD. The layers are amorphous
as-deposited, as the ex situ XRD pattern in Fig. 3(c) only contains
peaks that are also found in the substrate material, namely, those of
face-centered TiN and hexagonal Ti. Figures 3(a) and 3(b) show
the in situ XRD data of the as-deposited GeSe, and GeSe layers,
respectively. At room temperature, no peaks are visible as the layers
are amorphous prior to the heat treatment. As the temperature is
increased, XRD peaks related to the material’s orthorhombic
crystalline phase first appear at 530 °C for GeSe, and 358 °C for
GeSe.”>”” These crystallization temperatures are in line with those
previously reported.'™® In Fig. 4, the AFM results of the
as-deposited layers are shown. The layers are uniform and smooth,
with an average RMS roughness of 1.4nm for GeSe, and 1.1 nm

for GeSe.

The results of the Raman analysis are shown in Fig. 5. The
GeSe, spectrum is dominated by the peaks associated with hetero-
polar bonds between corner- and edgeshared (CS/ES) GeSe, tetra-
hedra that make up the bulk of the amorphous matrix. Other peaks
include the shoulder peak at 170 cm™! associated with the stretch-
ing of Ge-Ge bonds in Ge,Sey ethane-like structures (ETH) as well
as modes related to Se-Se chains and amorphous Ge-Ge bonds.
These homopolar bonds are sometimes referred to as “wrong”
bonds,””*”*" and their presence is a primary source of defect
related trap states in the mobility gap of the material.'***" In the
spectrum of the GeSe film, the overall intensity of the Raman
signal is lower due to increased absorption of the probing laser.
Nevertheless, the intensity of the peaks related to Ge-Ge wrong
bonds, both the ethane-like and amorphous-like, is far greater com-
pared to those related to Ge-Se bonds, implying a more numerous

presence of these types of defects.

B. Electrical characterization in ambient conditions

The purpose of the ambient electrical characterization is
two-fold. First, it is used to extract some typical OTS selector
parameters such as the pristine leakage and the first-fire switching
voltage. The latter is particularly important as during the tempera-
ture controlled analysis, the cells must only be measured in the
sub-threshold regime. Thus, the ambient first-fire analysis helps
establish the maximum voltage that may be applied during the
temperature controlled analysis. Second, ambient voltage sweeps
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are also used to screen all

cells on a given sample to check their

functionality. For practical reasons, it is not possible to measure the

behavior of each cell as

a function of temperature so a pre-

screening is done in the sub-threshold regime to eliminate leaky
cells. Two types of IV sweeps are performed: quasi-static DC
voltage sweeps and us scale pulsed measurements. An example of
both types of measurements, showing the threshold switching of a
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FIG. 4. (a) AFM image of GeSe; film. (b) AFM image of GeSe film.

20 nm GeSe layer, is shown in Fig. 6. As the quasi-static DC sweeps
put considerable stress on the cells, they will often exhibit a persis-
tent switch in resistance. In order to achieve volatile switching,
short pulses are applied instead. Additionally, the current is limited
with an external 2.2 kQ series resistor. Using pulsed measurement,
the impact of cycling the cell multiple times on the sub-threshold
conduction can be studied.

The results of the ambient characterization are summarized in
Fig. 7 in the form of boxplots. In Fig. 7(a), the first-fire threshold
voltages are shown, separated by via size, layer thickness, and mate-
rial. There is no clear dependence on via size, though the smaller
via sizes seem to exhibit slightly less spread. In the case of 10 nm
GeSe,, Vg is roughly halve that of a 20 nm film. This is not sur-
prising as achieving the same critical electric field in a halve as
thick layer will require a voltage halve as high, assuming the field is
uniform. Interestingly, however, for GeSe, the required voltage is
not halve as large. This may indicate that the electric field inside
the layer is less uniform or alternatively that the switching is deter-
mined more heavily by interface effects for the 10 nm GeSe layer
than it is for GeSe,. Comparing the Ve of GeSe; to that of GeSe,

— GeSe2
GeSe

Ge-Se
(CS/ES)

Se-Se
(Se-n) Ge-Ge

(Amorph)

Intensity (arb. units)

200
Raman shift (cm-1)

1
100 300 400

FIG. 5. Raman spectrum of as-deposited GeSe, and GeSe films. The regions
where the most important peaks appear have been marked.**="
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FIG. 6. Top: example of a quasi-static DC IV voltage sweep of a 20 nm GeSe
film. The arrows denote the direction of the voltage sweep. Bottom: example of
a pulsed IV measurement of a 20 nm GeSe film.

in case of the thicker layers, there is a decrease in the voltage for
the Ge richer layers in line with expectations based on the bulk
properties of GeSe, such as the bandgap, which is lower for GeSe
than for GeSe,.”® In case of the thinner films, this dependence is
not observed, indicating again that other effects may become more
dominant, such as the interface with the electrode material as the
material becomes thinner. For both materials, the results reflect
those previously obtained on similar layers as part of a separate
study.”'’ The pristine leakage current was determined at 2 V and
can be found in Figs. 7(b) and 7(c) for GeSe, and GeSe, respec-
tively. To account for the two via sizes, the current density is
plotted instead. With the exception of a few outliers, the spread in
the data is relatively small. As expected, thicker layers exhibit lower
leakage current. As the Ge content is increased, the leakage current
drastically increases, in agreement with trends found in the litera-
ture and previously obtained results.”'’ Finally, in Figs. 7(d)
and 7(e), the leakage currents of, respectively, 10 nm GeSe, and
20 nm GeSe pristine cells are compared to those of cells that have
been cycled a few times with a short voltage pulse. Unfortunately,
no complete dataset could be obtained for the 20 nm GeSe, cells,
nor the 10 nm GeSe cells as these would often either not switch to,
or remain stuck in, the low resistive state, respectively. As such,
figures (d) and (e) are only meant to demonstrate the impact of
switching on the leakage current but not the impact of material or
thickness, for which we refer to figures (c) and (d). As the switch-
ing voltage of cycled cells is lower, the sub threshold current at 1 V
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is considered instead of at 2 V. The leakage of cycled cells is consid- the chalcogenide. As the applied field is removed, delocalized-
erably larger and there is more spread due to the stochastic nature to-localized transitions take place, though some defects may remain

of the switching process. The increased leakage has previously been in their delocalized state, and the number of remaining delocalized
attributed to changes in the electronic or structural nature of the defects would then determine the leakage current. The switching
material after first-fire (FF). In the work by Kabuyanagi et al.,” the speed, most often referring to the delay between the application of
switching process is described using a percolation cluster model. a voltage pulse exceeding the threshold voltage and the complete
Under the influence of the applied electric field, defects transition transition of the device from the HRS to the LRS, is another impor-
from a localized to a delocalized state until a critical field is tant ambient performance parameter. For GeSe-based OTS selec-

reached. At this critical field, it is believed that a path of delocalized tors, switching speeds below 10ns are often reported.”*’™** The
defects is formed that bridges both electrodes on either side of switching speed may also provide some insight into the switching
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mechanism as a purely electronic switching mechanism, such as
OTS, will have a different switching speed than a process, which
also involves a change in the crystalline phase of the material (such
as observed in phase change memory).">"* The sample structure
used throughout this study, however, was optimized for low-
temperature measurements of the sub-threshold current. A notable
downside of their design though is that the large surface area gives
rise to a high capacitance and the resulting charge and discharge
effects during pulsed IV measurement hinder accurate determina-
tions of the switching speed. For this reason, the switching speed
was not considered in this study.

C. Temperature controlled IV analysis
1. Typical behavior of pristine layers

During the temperature controlled IV(T) measurements,
quasi-static DC IV sweeps are performed on a selection of repro-
ducibly behaving cells of a given sample. The sweep rate is kept as
low as possible at 0.05 V/s to increase measurement accuracy and
reduce parasitic capacitance related effects, caused by the compara-
tively large surface area of the test samples, that can disrupt very
low current measurements. The maximum applied voltage is deter-
mined by the first-fire voltage (Vgr) in Fig. 7 and kept below the
lowest data point in the boxplot to ensure the cell remains in its
pristine state throughout the temperature dependent analysis. In
Fig. 8, a typical IV(T) measurement is depicted for the four combi-
nations of composition and layer thickness, on cells with a via size
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triangular voltage sweep. A clear temperature dependence of the IV
sweeps is visible and as the temperature decrease, the overall
current through the cell decreases. At low temperatures and volt-
ages, this can result in the current dropping below the noise level
of the measurement tool, which limits the range in which the
behavior can be studied. To check the validity of the PF model, IV
sweeps are often replotted as a Poole-Frenkel plot. In a PF plot, the
natural logarithm of the current density divided by the electric field
is plotted as a function of the square root of the electric field. If the
conduction can be described by the PF equation [see Eq. (1)], the
plot should result in a straight line."*’

The PF plots of the same data used for Fig. 8 are shown in
Fig. 9. For sufficiently high electric fields, the curves are straight,
implying that PF conduction is valid in this regime. At lower elec-
tric fields, there are clear deviations, particularly for the GeSe,
films. At these fields, the dependence between ] and E is better
described by J oc exp (VE) instead of J o<E - exp (VE). This differ-
ence in the pre-exponential factor has been reported before'® and
can be related to phenomena such as re-trapping of excited
charge carriers. Such a dependency, however, predicts non-zero
current at zero field and can thus only be an approximation.
Alternatively, it could indicate that at low voltages or currents,
the behavior of cells does not follow PF conduction anymore and
is dominated by other effects. A full analysis of low field behavior
is beyond the scope of this paper though as only for a limited
temperature range does the current exceed the detection limit of
the tool. Instead, the analysis is restricted to ranges in which the

of 5um. The typical temperature range stretches from 353 to equation for PF conduction is satisfied. Indicated on the figure 5
113 K. To further reduce the effects of noise and capacitive effects, are the ranges to which the temperature dependent analysis was g
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Equation (1) can be re-written in the following way:

q¢—ﬁ\/E'

T @)

In(J/E) = In (quN,) —

When plotting In(J/E) as a function of 1/T for various voltages and
fitting a linear behavior, the reduced barrier height can be obtained
by looking at the slope of each line. The trap depth can then be
found by extrapolating to zero electric field. The intersect of each
line in the In(J/E)—1/T plot with the y-axis is equal to the first part
of Eq. (2), which is proportional to the density of traps within the
mobility gap. An example of this analysis for a 20 nm GeSe layer is
shown in Fig. 10. A first thing to notice is that the In(J/E) vs 1/T
curves are not perfectly straight across the full temperature range,
rather the slope becomes less steep at lower temperatures. This sug-
gests a changing barrier height with respect to temperature. When
restricting the temperature range to a high T (353-293 K), medium
T (313-213K), and low T regime (233-173K), a good linear fit
can still be achieved for each temperature range. These ranges were
selected because they result in good fits for all samples. At even
lower temperatures, the current approaches the measurement limit
for certain samples, and therefore the lowest temperature data
points (below 173 K) are not used for the analysis. When plotting
the slope of each temperature regime as a function of v/E and
extrapolating to zero field, three different values for the trap depth
are obtained. This suggests that the mobility gap of the material
contains a distribution of traps centered around different energy
levels as opposed to only one energy level. Indeed, simulations

VE (MV/cm)*2

from first principles on similar GeSe, layers suggest the presence of
different types of localized states.'' At higher temperatures, deep
traps can contribute to the conduction and a resulting trap depth
of around 0.64 eV is found. At the lowest temperatures, only the
most shallow traps can contribute and the extracted trap depth is
consequently lower, at 0.28eV. The medium range gives an
in-between value of 0.48 eV. The slope of the plots in the bottom
figure also contains valuable information. This slope is equal to the

Poole-Frenkel constant Bpp = w%{;y and should only depend on

the relative dielectric constant of the material. In the case of 20 nm
GeSe, we see that the slopes extracted for different temperature
regimes are relatively constant. Some variations are to be expected
as a slight temperature dependence of the dielectric constant is
expected. In the case of 20 nm GeSe, the slope for the high temper-
ature regime results in a value for By of 2.9 x 107° ey/Vm (with e
being the elementary charge). This value is in good agreement with
the expected value for RF sputtered deposited GeSe thin films
based on a relative dielectric constant €, of 7 reported in several
studies.””*® It should be noted though that other, more recent
papers report a higher value of €,, which would result in a lower
expected value of fBpg."”*’

In Fig. 11, the PF analysis is shown for the four combinations
of layer thickness and composition. For the In(J/E) vs 1/T plots, the
medium range fit has been extrapolated to also show the intercept
with the y-axis. This value corresponds to the first part of Eq. (2),
In (quN.) and is proportional to the density of trap states. In the
ideal PF model, the intercept should be the same for every voltage;
in practice, this does not appear to be the case. In the work by
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FIG. 10. Example of the PF analysis for a 20 nm GeSe layer. The temperature
range was divided into three distinct ranges: a high T range, a medium T range,
and a low T range. The top figure shows the J/E vs 1/T at various voltages. In
the bottom figure, the slopes of the fitted lines are plotted as a function of v/E.
Extrapolating to zero field gives the trap depth shown in the legend.

Clima et al.,'' it is shown that the electric field can influence the
density of states, which may partially explain the shift in intercept
value. The model also assumes a field independent mobility factor,
which may not be valid for all fields. It should be noted that the
applied electric field for all the samples is roughly the same though
and lies between 1.2 and 2.4 MV/cm. Significant differences (factor
of 10°-10%) in the intercept value are observed between GeSe,
layers as compared to the GeSe layers. Such differences would be
difficult to explain with merely a difference in mobility factor so
suggest a larger density of traps for the GeSe films as opposed to
the GeSe;, films. As evidenced by the Raman results, the Ge-rich
layer hosts considerably more Ge-Ge related bonds. These addi-
tional Ge-Ge bonds give rise to additional gap states,’’ which
explains the higher trap density. When comparing the trap depths
between materials, the average trap depth in GeSe;, layers appears
to be deeper than that of GeSe layers. This may be explained by a
difference in dominant trap type. Indeed, for Se-rich layers,
the dominant trap type is reported to be Se lone-pair
electrons,'" located close to the valence band, with some additional
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contributions from over- or undercoordinated Ge atoms near the
conduction band. This is in line with the Raman analysis showing
a much larger abundance of Se-Se chains.

When looking at the slope of the trap depth analysis, an inter-
esting observation can be made when comparing layers of different
thickness. There is less variation in slope between the temperature
ranges for the thicker layers for both GeSe and GeSe,, consistent
with the simple PF model, which predicts a constant slope in the
case of a temperature independent €,. Additionally, when compar-
ing the 20 nm films to the 10 nm films for a given composition, the
slopes of the high temperature regime are similar while the slopes
differ more at lower temperatures. These observations suggest that
for thicker films, and at higher temperatures, PF conduction as pre-
dicted by the simple model is valid, when allowing for multiple
trap levels. For thinner films and at lower temperatures however,
there are more deviations from the predicted PF behavior. A likely
explanation lies in the fact that the simple PF model concerns itself
only with the conduction through the bulk of the layer, which is
assumed to be the current limiting factor. For thinner films, espe-
cially at lower temperatures, this may not be the case and charge
transport across the interface barriers may start to dominate. In the
case of current limitation due to Schottky emission at the inter-
faces, for instance, the expected slopes would be lower since the
barrier lowering factor B, = Bpr/2. As such, the less steep
slope for the thinner films at lower temperature may be an indica-
tion that Schottky emission is current limiting over PF conduction.
The results shown in Fig. 11 are those of typical samples. The
above analysis was performed on several cells of each sample. In
Fig. 14, the data of multiple cells are combined and the same obser-
vations hold true.

2. Switched layers

Besides the analysis of pristine layers, the IV(T) behavior of
layers that have undergone first-fire has been studied. However,
there are additional concerns when applying the simple PF model
to the IV(T) data of switched layers. Previous studies have shown
that after first-fire, the current may no longer scale with the area of
the device,” indicating a more filamentary behavior. According to
the percolation model®® of the first-fire switching, this can be
attributed to the presence of some amount of residual delocalized
traps within the material that form a preferential current path. As a
result, the real effective current density will always be higher than
that obtained by dividing the current by the surface area of the
device. This is illustrated in Fig. 12. The trap depth, however, is not
affected by the change in the area parameter. Despite these short-
comings, it may still be interesting to look at what happens if we
apply the simple PF model to IV(T) data of switched devices,
naively calculating the current density by dividing the measured
current by the area of the device. For this purpose, only the 10 nm
GeSe, and the 20 nm GeSe layers were selected as these exhibited
the most reliable switching behavior after first-fire.

In Fig. 13, the PF analysis of a typical switched 10 nm GeSe,
and switched 20 nm GeSe layer is shown. For these cycled devices,
it may sometimes occur that the device exhibits a recovery effect
where during an IV sweep below the threshold voltage an increase
in cell resistance is observed. This is attributed to the partial
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relaxation of some de-localized trap states left over from the switch- temperature ranges have been chosen and the medium temperature
ing event. Usually, after a one or two sweeps, the cell will have fully range was omitted. Instead, a high temperature range from 353 to
relaxed but this can cause a step in the J/E vs 1/T plot, particularly 313 K and a low temperature range of 253 to 173 K is used. Within
around the 293 and 273 K data points because those are the tem- the selected ranges, there is good agreement between the fit and the
peratures that are measured first. For this reason, slightly different data. Instantly noticeable is the much lower trap depth for both
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FIG. 12. lllustration of how filamentary conduction can result in a larger effective
current density.

GeSe;, and GeSe switched samples compared to their pristine coun-
terparts, which suggest a significant change in the electronic struc-
ture of the devices after first-fire. It should be noted that the trap
depth parameter does not depend on the surface area of the device.
For both materials, the slope of the trap depth analysis plot does
not vary significantly between the two temperature ranges, imply-
ing the dominant conduction mechanisms do not change as the
temperature changes. Compared to the pristine case, the slopes
have decreased significantly though, which may indicate a change
in the dominant conduction mechanism or dielectric constant of
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distribution of trap depths, though to a much smaller degree than
is the case for pristine layers, which may indicate a narrower distri-
bution of current-contributing trap state. The mean value for the
intercept with the y axis is —2.2 A/Vm for the high T range in the
case of GeSe, and similarly —2.0 A/Vm for GeSe layers. This repre-
sents a slight increase for GeSe, and a significant decrease in the
case of GeSe. As mentioned before, this value is proportional to the
electron mobility and the density of trap states.

The findings regarding the change in trap depth after first-fire
can support the percolation model of the first-fire switching.
Within our application of the simple PF model, the presence of
residual delocalized trap states may reflect itself in a significant
decrease in the average trap depth. Interpretation of the density of
traps is more difficult. Since this parameter is extracted from the
pre-exponential factor, it is directly tied to the current density via
the area of the device. As stated above, since the effective area
through which conduction occurs will be lower than the area of the
device, there will be an underestimation of the effective current
density and, consequently, the trap density.

D. Analysis of multiple cells

The above discussion was based on typical example cells.
Multiple cells were measured on each sample. In Fig. 14, the data
of all these cells have been combined to show the average trap
depth and trap density for each sample. Error bars indicating the
standard error have been added to show the spread of the data.

the material on which the slope depends. The obtained trap This representation illustrates a clear separation between GeSe, and §
depth is once again temperature dependent, corresponding to a GeSe layers in their pristine state. As before, the high temperature =
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FIG. 14. Overview of the PF parameters mean trap depth and mean trap concen-
tration obtained from multiple cells per sample. The colors denote the various
samples. The temperature range is indicated by the shape of the data. The
bottom axis represents the intercept parameter of Eq. (2). By substituting in the
elemental charge and reasonable estimates for the mobility z2°>> a value for the
effective trap density N, can be read from the top horizontal axes. The error bars
indicate the standard error defined as % In the case of GS, 10, the error in trap

concentration is somewhat inflated due to the presence of an outlier.

measurements result in the highest trap depths and vice versa.
There is an apparent relation between the obtained trap depth and
the estimated density of traps. This is not surprising considering
that at lower temperatures only the shallower traps can contribute
to the current and hence will be detected by the analysis while at
higher temperatures both shallow and deep traps can contribute,
resulting in an on average higher trap depth and a higher effective
trap concentration.

V. CONCLUSIONS

In this paper, we have combined material characterization and
ambient IV measurements with temperature dependent IV mea-
surements. By applying a simple PF model for the conduction
mechanism, several correlations between the PF model parameters
trap depth and concentration and the material characteristics and
OTS performance can be observed. Considering first only the
20 nm samples studied at higher temperature, it is found that GeSe
layers contain a significantly larger amount of trap states than
GeSe;, layers. In addition, the average depth of the distribution of
the trap states is lower for GeSe than it is for GeSe,. This is in line
with DFT calculations published elsewhere and the Raman analysis
included in this paper, which indicate a significantly larger pres-
ence of homopolar Ge-Ge bonds in GeSe compared to GeSe;,
which may act as a source of traps. In the latter, Se-Se bonds are
present in greater number and give rise to deeper lying traps. The
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increased number of shallower traps for GeSe is also reflected in
the ambient OTS parameters such as the pristine leakage and first-
fire threshold voltage, which are, respectively, higher and lower
than in the case of GeSe,. Within a limited temperate range, the
experimental data fit the simple PF model well but at lower temper-
atures, different values for trap depth are found. Within the model,
this can be understood when allowing for several trap populations
within the mobility gap instead of a single trap level.

When comparing the thinner 10 nm films, good linear fits are
still obtained and the same correlations are found to be true but a
detailed study of the temperature dependent IV curves reveals that
for thinner films there are more deviations from the simple PF
model. These deviations can be explained by the fact that for
thinner films, particularly at lower temperatures, the leakage
current may not be solely limited by conduction through the bulk
but other mechanisms such as the charge carrier transport across
interface barriers, by means of Schottky emission or tunneling,
may play a large role.

After first-fire, the leakage current through the cell is signifi-
cantly increased and the extracted trap depth is significantly lower,
even when probing at elevated temperature. This suggests that the
conduction is no longer governed by the same traps as in the pristine
layers. The percolation model of first-fire switching predicts that after
FF a certain amount of defect states remain in a delocalized state and
conduction happens mostly through these defects. The presence of
these defects could be considered analogous to a large amount of
very shallow states in the sense that once a charge enters such a
defect it is essentially free to move throughout the material. This
might explain the apparent lower trap depth extracted from the PF
model. However, it should also be noted that there is a significant
difference in fpr compared to the pristine layers. This suggests either
that the dielectric constant has changed significantly or that there

may be other conduction mechanisms and effects present that ;

cannot be well described using just the simple PF model.
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