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Abstract—To enable high-density cross-point arrays of magnetic
memory a suitable access device is necessary. A promising
candidate for this role is a metal-semiconductor-metal (MSM)
tunneling device. In this work, the operation of an ultrathin
Pt\6nm a-IGZO\Pt stack as an MSM selector is discussed. The
focus is given to understanding the breakdown mechanism at
high current regime, which prevents it from reaching the target
current density. The breakdown is preceded by a gradual
degradation process, which is manifested as an increase in high-
field current after prolonged stress. This effect is recoverable —
current returns to original value after sufficient delay time. Based
on these observations, we propose a mechanism, where increased
high-field current can be explained as a decrease in Schottky
barrier height arising from stress-induced increase in oxygen
vacancies.

Index Terms—breakdown, cross-point memory array, 1GZO,
selector, STT-MRAM.

L INTRODUCTION

The ever-increasing demand for memory in modern
computing systems has fueled the development of novel
technologies that promise to fill the gap in the existing memory
hierarchy. This includes, among others, Phase-Change Memory
(PCM), Resistive Random-Access Memory (RRAM), Spin-
Transfer Torque Magnetic RAM (STT-MRAM) [1]. In order to
further increase the competitiveness of these solutions, the
individual memory cells can be arranged in a cross-point array
to reduce the cell area, hence driving down cost per bit.
However, the cross-point architecture suffers from unavoidable
leakage current through half-selected cells (see Figure 1) [2].
To suppress this so-called sneak current, a highly non-linear
selector device is required, which can block the current at half-
bias, while allowing sufficient current to flow in the ON-state.
An important metric of selector performance is half-bias non-
linearity (NL.), defined as the ratio between the current at full
operating voltage Von and that at half-bias (Von/2).

In the case of PCM, the role of a selector is played by an
Ovonic Threshold Switch (OTS) device [3]. However,
implementing STT-MRAM into a high-density cross-point
array proved to be difficult. Utilizing an OTS selector with
Magnetic Tunnel Junction (MTJ) is challenging, in particular
due to the abrupt voltage redistribution during OTS switch-on
event which may damage the MTJ [4]. Therefore, other selector
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Figure 1. Schematic of a cross-point memory array. [llustrated is the
issue of sneak current, arising from leakage through half-selected cells.
Non-linear selector element is needed to isolate the selected cell.

concepts must be explored to match the unique requirements of
STT-MRAM. Namely, a bi-directional current is required for
the Write operation, hence excluding the possibility of using
e.g. a unipolar Schottky diode. Additionally, an embedded
STT-MRAM for advanced nodes must operate at lower voltage
(~1 V) [5], compared to PCM. Finally, MTJ switching requires
a significant current density, in the order of ~5 MA/cm? [6].
This sets more stringent requirements for the selector device
intended to be used with STT-MRAM.

We have proposed an alternative concept based on metal-
semiconductor-metal (MSM) stack, which relies on the
rectifying nature of a metal-semiconductor junction. In a
regular Schottky diode one of the contacts is Ohmic, resulting
in a unidirectional conduction [7]. Here, instead, the structure
is symmetrical, with high-workfunction metal on both sides
(see Figure 2). For a thick semiconductor layer it can
effectively be viewed as two back-to-back Schottky diodes,
thus blocking the current in both directions. However, for
sufficiently thin semiconductor the current will be dominated
by Fowler-Nordheim (FN) tunneling mechanism, as shown in
Figure 2. This way, a symmetric I-V characteristics with strong
non-linearity can be achieved.

Previously, we have demonstrated an MSM selector based
on amorphous silicon (a-Si) with reasonable performance [8],
[9]. However, in order to improve the half-bias non-linearity
NL, it is beneficial to use a wide-bandgap semiconductor to
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Figure 2. Band diagrams and schematic device structure of (a) thick
IGZO, i.e., back-to-back Schottky diodes and (b) bipolar MSM selector.

suppress the OFF-current. In this work we utilized amorphous
InGaZnO (a-IGZO) for this purpose. Nevertheless, despite
improvements in NL, it still suffers from early breakdown at
high-field [10]. This prevents it from reaching target current
density. Understanding the breakdown mechanism is crucial for
developing a reliable selector. Therefore, it is the focus of the
current paper.

IL. EXPERIMENTAL

The devices under test (DUTSs) consisted of an MSM stack,
with 6nm a-IGZO as a semiconductor layer. It was deposited at
room temperature via physical vapor deposition (PVD) process.
It was sandwiched between the bottom (BE) and top (TE) Pt
electrodes [11]. Variation of oxygen flow during IGZO
deposition was used to tune the amount of oxygen vacancies
(Vo), which act as active defects [12]. The stack was etched into
pillars with critical dimension (CD) defined down to 500nm.
The degradation process was studied by means of constant
voltage stress (CVS) measurement, interleaved with a DC I-V
measurement.
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Figure 3. DC I-V characteristics of 6nm IGZO bipolar MSM selectors for
different device sizes. Low-field current is due to perimeter leakage.
Maximum ON-current is limited due to early breakdown.

111 RESULTS AND DISCUSSIONS

A. MSM selector operation

Figure 3 shows the I-V characteristics of the fabricated
IGZO MSM devices with different sizes. As expected, it is
highly non-linear (with NL,,, ~ 10%). Note, that the OFF-current
in the low-field region is an extrinsic effect, and can be further
improved. This is confirmed by the fact that current density is
not constant for different size. Instead, it increases for smaller
devices (i.e., current is perimeter-scaling), indicating that it
originates  from  process-induced  sidewall = damage.
Additionally, the [-V characteristics are practically symmetric,
making the MSM selector suitable for bipolar Write operation
required by STT-MRAM. The minor deviations between
positive and negative polarities are due to process-related
differences between the top and bottom interfaces.

But crucially, the devices break down well below the target
value of Jon = SMA/cm?. The breakdown voltage experiences
an area dependence, but we will focus on CD = 1um device
throughout the text.

B. Stress-induced current increase

It turns out that what initially appears to be a hard
breakdown, is in fact a gradual and reversible degradation
mechanism. This can be observed from CVS measurement,
where the evolution of I-V characteristics is monitored after
progressively increasing stress duration (see Figure 4a).
Throughout this work we will focus only on the negative branch
of the I-V (as it shows slightly higher current), as well as only
stress the devices with a negative bias.
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Figure 4. Constant voltage stress measurement. (a) Measurement
schematic. (b) Representative I-Vs after increasing stress duration. Note
the increase in high-field current, with only minor change in the low-field.
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Figure 5. Evolution of high-field current for Vs =—2.5 V (extracted

from Figure 4 at V,—1.6V), measured on 50 dies across the full wafer.
It follows time dependence of the form J ~ tyyess™

An example of such a measurement is shown in Figure 4b,
with stress voltage (Vsuwess) chosen to be just before the
breakdown point. One can see that current increases after
prolonged stress duration (tsrwss). Note, that this is the case
primarily for high-field current, whereas low-field leakage
(which is perimeter-scaling and is caused by process-induced
sidewall damage) is almost unaffected. This suggests that bulk
conduction is affected after stress.

The evolution of high-field current is presented in Figure 5.
Even though the breakdown is not abrupt, it is quite fast process
nonetheless. It can be approximated by the time dependence of
the form log J ~ tyress". The fact that current increases during the
stress implies that effective stress current also rises, resulting in
a positive feedback mechanism. This can explain a rather fast
nature of the degradation process. Naturally, the degradation is
accelerated by voltage, as shown in Figure 6. The devices break
down earlier for higher V. Moreover, the degradation
becomes faster, as evidenced by increased power-law exponent
(n), extracted from the fits to log J vs tsyress curves.
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Figure 6. Impact of stress voltage. Degradation is accelerated by Vyess.
Also, fitted power-law exponent n increases with higher Vyess.

C. Recovery effect

Interestingly, the increase in high-field current is reversible,
at least for the moderate stress voltage/duration. This is
illustrated in Figure 7a, showing median I-V characteristics
before and after stressing the devices. After sufficiently long
delay time (~3 days) the original I-V is fully recovered in the
high-field region. This is further confirmed from the
distributions of extracted high-field current, which are identical
for pristine devices and those stressed and recovered
afterwards. Note, however, that, although limited, degradation
in the low-field leakage appears to be permanent.

D. Discussion of the degradation mechanism

In order to understand the mechanism behind these effects
we can fit the high-field current to FN tunneling model:

o3 8m /meff( ¢B)3

= E?exp| —
8mhop p 3heE

Jrn (1)
where E is the electric field, h — Planck’s constant, e — electron
charge. We set the tunneling effective mass to megr = 0.34my
[13], where my is free electron mass.
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Figure 7. Recovery effect. (a) Comparison of median I-V characteristics
of the pristine device, after stress and after long recovery time (~60h).
(b) Distributions of currents extracted at low-field and high-field regions.
Note. the high-field current recovers comnletelv to the original value.
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Figure 8. (a) I-V characteristics measured after increasing stress duration, fitted to Fowler-Nordheim conduction model (Eq. 1). (b) Extracted Schottky
barrier height (SBH), which decreases with stress time. (c) Decreased SBH can be explained as stress-induced increase of doping level Ny, e.g. due to
generation of oxygen vacancies.

The current can be reasonably fitted using equation (1), as
shown in Figure 8a. From the obtained fits one can extract the
Schottky barrier height (SBH). For the pristine state it results
in ¢pp=0.82eV. Now, increased current in the stressed state can
be explained as a decrease in effective SBH (Figure 8b). One
reason for this may be an increased donor concentration Ng
after stress. This is because higher Ny shifts the Fermi level in
IGZO towards conduction band (see Figure 8c¢). This, in turn,
might originate from the stress-induced generation of oxygen
vacancies, which are known to act as dopants in IGZO [14].

This hypothesis can be tested by comparing the behavior of
the device in the stressed state with that of the fresh, but
intentionally doped sample. This can be achieved by reducing
the oxygen flow during IGZO deposition, which results in
higher Vo concentration. It is clear from Figure 9 that sample
with lower oxygen flow shows significantly increased current.
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Figure 9. Comparison of IGZO samples with different oxygen flow during
the deposition (which controls the doping level). Overlayed is the data
from CVS measurement for 20% O (i.e. lower Ny). Note that I-V after

stress matches that of 5% O (i.e. higher Ng).

And, indeed, the I-V in the stressed state matches that of the
sample with higher Vo concentration. Then, the recovery effect
can be explained as oxygen in-diffusion and subsequent
passivation of oxygen vacancies. It would be interesting to
further assess the impact of temperature on the recovery
process and whether it can be accelerated by introducing
additional source of oxygen.

SUMMARY

We report a reversible increase in high-field current in
IGZO MSM selectors after prolonged stress. We propose that it
is caused by a decrease in SBH associated with stress-induced
increase in Vo doping. Improved understanding of this effect
may help to realize reliable selectors with high Jon by, for
example, optimizing oxygen flow and/or utilizing other oxide
semiconductors that are more robust against Vo generation.
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