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Abstract

* In this work we report on the integration of indium oxide (In,O3) nanoparticles (NPs) for Resistive

Random Access Memory (RRAM) applications. This low-temperature integration process is fully
compatible CMOS Back-End integration given a carefull selection of materials deposited by MOCVD
and ALD. A detailed description of the process is provided together with AFM analysis performed on the
indium oxide nanoparticles and TEM cross-sections on the whole stack. It is shown that the introduction
of In,O3 NPs provides bipolar switching behavior together with promising electrical performances in
terms of large OFF/ON resistance ratio (10°) and retention time at room temperature.

Keywords: forming-free RRAM; NVM; nanoparticles; indium oxide.

1. Introduction

Current memory technologies (Flash, DRAM) are
reaching their downscaling limits and their development has
became increasingly complex and costly [1] Flash memory is
still considered today as a baseline technology for non-
volatile memories in comparison with emerging technologies
[2]-[4]. Indeed, finding an alternative technology to Flash
non-volatile memories lead to very important research
activities on emerging memory technologies such as
Magnetic RAM (MRAM), Phase Change RAM (PCRAM) or
Resistive Random Access Memory (RRAM) [5]. This later is
indeed a potential candidate for the next generations of non-
volatile memory. RRAM are often fabricated using CMOS
compatible materials and exhibit appealing performances
with respecto to flash memories in terms of speed, endurance
and power consumption [6]-[10]. These two-terminal device

are based on thin layer Metal-Insulator-Metal (MIM)
structures and can be switched between two stable resistive
states allowing the storage of two binary states. The
switching mechanims of RRAM rely on the growth of
conductive filament(s) (CF) within a dielectric layer [7]-[9].
The improvement of RRAM performances in terms of
variability and reliability was previously studied through the
introduction of nanoparticles within the insulating layer
[11]-[15]. Nickel nanoparticle (NPs) - based RRAM have
been studied by Tsai et al. [9]. Such RRAM with embedded
NPs in ALO; dielectric layer exhibited a significant
reduction of electrical variability as compared to reference
RRAM without NPs. The variability and reliability
improvement were attributed to localization of conducting
filaments in the vicinity of the NPs.

In this work, indium oxide nanoparticles (InoO3 NPs)
were embedded in the Al,O3; and SiO; dielectric of RRAM
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structures. InoO3 is an interesting material since it is expected
to act as a efficient electron trap with a very large band offset
with respect to Al,O3 and SiO, ( > 5 eV), allowing thus to
induce electric field modulation within the dielectric layer.
In,O3 NPs are also appealing from a technological point of
view since it is possible to use low temperature growth as
already demonstrated in [17] and [18]. The proposed
approach is therefore fully compatible with Back-End-Off-
Line process integration for future non-volatile memory
technology nodes. The main objective of our work is to study
the nanoparticle size distribution and surface density, to
evaluate the effect of a uniform and high density In,O3 - NPs
layer on the electrical properties of RRAM samples.

The fabricated RRAM prototype devices are based on a
Metal/Al>03/In;03-NPs/SiO»/Si-n+ stack which exhibits a
bipolar switching behavior. Efforts have been made to
achieve a very good control of the fabrication process in
particular for the nanoparticles deposition. In,O; NPs
fabricated with different process conditions were fabricated
and their morphology was studied by means of AFM
(Atomic Force Microscopy) measurements. Electrical
measurements were then conducted on RRAM devices by
means of DC and pulsed measurements. In addition,
conduction mechanisms were invesitagated through IV
measurements achieved at various temperatures. Finally, data
retention and cycling measurements are presented. The
obtained results are finally discussed in connection with the
material parameters.

2. Experimental

2.1. Device fabrication process

Top Electrode
A:5nm-Cr/100 nm - Au
B: 100 nm - Al / 100 nm - Au

2 nm - Al,O,
In,0;-NPs- @, =4nm
2.5nm - Si0,

Si (n+) Back Electrode

Figure 1: Schematic of the stack of the test device

The material stack used for device fabrication is
schematized in Figure 1. It consists in a
Au/Metal/AlLO3/NPs: In203/Si02/Si n+ sandwich deposited
on highly doped (>3.10" cm™) n+ 12 inches (001) silicon
wafers serving as bottom electrode. The fabrication
procedure starts with the thermal oxidation of the Si substrate
to achieve a high quality 2.5 nm-thick SiO, tunnel oxide.
anoparticles were then grown on the SiO, layer by Metal

Organic Chemical Vapor Deposition (MOCVD, Applied
Materials tool). The deposition temperature was kept below
450°C to ensure full compatibility with Back-End-Off-Line
process of standard CMOS technology. It is possible to
control the size and the density of the nanoparticles with an
excellent homogeneity over the 300 mm diameter of the
wafer. As shown on the AFM images of Figure 2, a density
up to 2 x 10'° cm? can be obtained with an homogeneous
average height of 4 nm. The width of the particles seems
larger due to the tip convolution effect occuring during the
imaging of the NPs [16]. After this first step, the wafers were
diced into smaller samples for the rest of the process. The top
Al O3 oxide layer was deposited by means of a Fiji 200 ALD
tool from Ultratech. The deposition process relyed on 25
cycles of trimethylaluminum and H>O in thermal mode at
200 °C to reach a 2 nm-thick aluminum oxide layer. Finally,
the top contact electrode was deposited with an Edwards
Auto 306 Evaporator through a shadow mask. The electrode
material consisited of either chromium for devices of batch A
or aluminum for devices of batch B.
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Figure 2: AFM picture on the top of SiO:
surface after the growth of In;O3 NPs.

As the stack is organized vertically, the shape and the area
of the memory cell is determined by the top electrode. The
electrodes are circular shaped with diameters of 30, 50 or
100 um. The Top Electrode (TE) for Batch A samples
consist of a 5 nm-thick Chromium seed layer followed by the
deposition of a 200 nm-thick gold layer. TE for Batch B
samples consist of 100 nm-thick aluminum followed by the
deposition of a 100 nm-thick gold layer. Aluminum for
Batch B allows to get samples with a symmetric energy band
diagram of the stack with comparable work functions for top
and bottom electrodes (®a = 4.09 eV, @, si = 4.05 eV).
Aluminum also led to stable Al / ALO; interfaces as
compared with Cr / AlLOs system. Top electrodes were
capped with gold to prevent their oxidation in air and ensure
a good electrical contact with the test probes. The samples
were finally annealed at 400 °C for 10 minutes under N>
atmosphere using a RTA oven from lJipelec. Batch A
samples have been used for a better understanding of



conduction and switching mechanisms. Batch B samples
have been mainly used for pulse mode studies thanks to the
stable Al / Al,O; interfaces. For each batch, reference
samples without NP was processed with exactly the same
materiel stack. These reference structures are used to better
evaluate the role of the NPs in the memory effect of our
RRAM devices.

To characterize the devices, the native oxide is removed
from the backside of the silicon substrate. The sample is then
glued on a conductive holder using silver paste to obtain a
good ohmic contact on the n* Si bottom electrode. The
bottom electrode remained grounded for all electrical
measurements.

2.2. Indium oxide nanoparticles

Since our previous work [17,18,19], the MOCVD process
has been optimized to achieve a better control in terms of
size and density of the

(2;3( (3:4

Figure 3: Height distribution of nanoparticles deposited
by MOCVD and measured by AFM on the edge, the half
radius and the half diameter of a 300 mm wafers as
shown on the insert.
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deposited indium oxide NPs. In previuos works [17, 18, 19],
the obtained surface density of NPs was 3 x 108 cm? while
the average diameter was distributed from 9 to 14 nm. As
shown Figure 3, we were able in the present work to deposit
a uniform and high density NPs layer over a 300 mm wafer
with a low size dispersion. The height of the nanoparticles
has been measured with an Atomic Force Microscope (Icon,
Brucker) on the edge, center and half of the radius of the
wafer. The height of more than 90% of the deposited NPs
ranges between 2 and 6 nm with an average value of 4 nm.
Besides an improved control of the deposition in terms of
density and size distribution of the NPs, experiments have
been conducted in order to characterize the structural
parameters of the nanoparticles. Figure 4 shows a typical
TEM (Transmission Electron Microscope) cross-sectional

view of a nanoparticle (Jeol 2100 equipment). The
corresponding sample is grown on thermal SiO, and capped
with 2 nm of Al,O3 deposited by ALD and then annealed at
400°C during 10 minutes. The top carbon layer onto the
Al>Os3 layer acts as a protecting layer for TEM obervations. It
was already demonstrated that the NPs can be in the
crystalline phase even with a diameter of few nanometers as
shown Figure 4 [17]. Both amorphous and crystalline
nanoparticles were observed in our samples. It has been
observed in real time that the electron beam may contribute
to the crystallization of the nanoparticles during the
observation. The lattice fringe periodicity of the (222) plan of
the nanoparticles could be attributed to the most intense
diffraction direction of the crystalline InoO3 (222) cubic
structure [23], [24]. We can also notice that the aluminum
oxide deposited by ALD is conformal as expeted.

hY lnz()_\

Figure 4: TEM view with artificial colour of In:03
nanocrystals showing crystalline structure
synthetized on 100nm thick thermal SiO; and capped
with a 2 nm thick AlbO3 then annealed at 400 °C

2.3. Electrical measurements setup and protocol

The electrical characterizations in DC or pulse modes were
done with a probe station at room temperature. Current-
voltage measurements were obtained using a Keithley 4200
semi-conductor parameter analyzer (Keithley 4200-A SCS).

I-V measurements of the RRAM samples were recorded in
quasi-static (DC) mode. A 0 to 4 V dual voltage sweep is
applied on the top electrode with a grounded bottom
electrode and a fixed current compliance Ic in order to
observe resistive switching. In order to minimize power
dissipation during resistance switching and prevent early
breakdown of the devices, the compliance current was
gradually increased after each non-switching sweep.
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Figure 5: Typical semi-logarithmic I(V) characteristic of a device with 100um diameter from batch A. The
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correspond to reference samples without NPs. Part of the green curve is plotted in linear scale to show its Ohmic

behavior.

3. Results and Discussion

3.1. Bipolar resistive switching
Figure 5 illustrates a typical |-V curves of a 100 um-
RRAM device and its corresponding reference sample
from batch A.

It is confirmed that RRAM devies exhibited a bipolar
resistance switching while no switching event was observed
on reference samples even using a stop-voltage of 5 V. This
result highlights that the presence of the NPs plays a major
role in the switching behavior.

As can be seen in Figure 5, (1) the device initially in a
High Resistive State (HRS) suddenly switches to a Low
Resistive State (LRS) at a SET voltage of 3.5 V (2). During
the backward sweep (3), the Low Resistance State (LRS) is
maintained using a compliance current of 1 mA. A negative
voltage sweep is then applied without compliance current in
order to RESET the device from LRS to HRS (4). Reset is
achieved at Vrgser=-3.3 V (§) where an abrupt drop of the
current is observed. It is noticeable that these devices do not
need any forming process to work as resistive switches as the
first and subsequent SET occur at a similar voltages. Our
best devices reached more than 20 cycles using this
measurement protocol before being definitely stuck in LRS.
64 cycles have been measured at 100°C in a previous study

[19] for devices with a lower NPs density ( 3 x 10® cm?) and
larger size distribution (9 nm to 14 nm). NP density is
expected to play an important role in cycling performances.
As shown in Figure 5, we can reach the breakdown of
devices if the applied voltage is too high or sometimes after a
certain number of write/erase cycles (6). We also noticed a
strong increase of the measured current (7) during the
negative backward sweep often corresponding to a hard-
breakdown of the device (8). After the breakdown
phenomenon, the devices exhibited a linear I-V and remained
suck in this ohmic behavior with a electrical resistance of 11
Q.

3.2. Pulse mode measurements

Device performances was also investigated through
voltage pulse measurements. The objective of the pulse
measurements was to switch the resistance of the memory
using short voltage pulses. The used protocol is schematized
in Figure 6 a). 4 voltage pulses have been used to perform a
full measurement cycle: READ/SET/READ/RESET. Since
our measurement setup is not suited to measure the current
during pulse duration lower than few hundreds of
milliseconds, we have only recorded the data (READ) after
each programming pulse at Vreap = 1 V. The SET operation
was performed at Vsgr =5V while RESET was done at
Vreser = -3 V. If no resistance change is observed between



two consecutives READ steps the absolute value of the
programming voltage was incrementally increased by 100

mV.
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Figure 6: a) Schematic pulse mode process. A controlled voltage is applied during a certain timelapse (here in
arbitrary unit). The read operation is achieved at 1V, the initial SET at 5V and the initial RESET at -3 V. The time
axis is only indicative as SET and RESET time durations are adjusted but not the reading time; b) Cumulative
distribution of the resistance for both states HRS and LRS for a device with 30 um diameter from batch B.

Figure 6 b) shows the response of our best device from
batch B with 34 consecutive switches. The LRS and HRS
cumulative distributions on this sample are shown. The LRS
does not vary significantly during the measurements with 32
out of 34 values between 600 Q and 5 kQ. Higher variability
is observed on HRS over 3 to 4 decades. These results are
obtained with pulse durations of 300 ms that are shorter than
the required time using static I(V) curves but still quite
longer than conventional memory operation. Finally, these

3.3. Data retention

Data retention measurements were performed on devices
from batch B to observe the evolution of both resistance
states. The devices were first cycled in order to check that
they were able to sustain at least two switching cycles. After
a SET operation, the devices were left in LRS state and
regularly measured at a read voltage of 1V to evaluate their
resistance at increasing time delays.

All the devices show a really stable HRS state. This
stability is illustrated by the orange line on Figure 7 . The
HRS value before the retention measurement is close to the
pristine state resistance. In addition, we observed that the
LRS state (i.e. 1.4 kQ) was very stable. We did not observe
any change in the LRS before more than 4.5 days (4.10° s).
After 4.10° s the resistance of the LRS decreases a little to
reach a minimum value of 600 Q after 8.10° s (>9 days).

measurements in pulse mode allow to clearly distinguish the
HRS and LRS states and to extract a Rore/Ron ratio from 103
up to 10 It is interesting to note that reducing SET and
RESET programming times may strongly improve the
endurance together with the reliability of the devices. It is
possible to switch our memory with a pulse duration of 500
ns for the SET and a pulse duration of 500 ps for the RESET.

The magnitude of the resistance then remained unchanged
after 6.5 x 10% s (75 days). This result confirms a good
retention time at room temperature wich is expected to be
much longer than 75 days.
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3.4. Study of conduction and switch mechanisms

To better understand the switching mechanism in our
devices we first performed [-V measurements on samples
with different electrode areas. Figure 8 shows the I-V curves
of two devices from batch A under a sweep voltage from 0 to
4 V then from 4 V to -4 V with a fixed compliance Ic = 10*
A. The electrode diameter varied from 50 um (green square
curve) to 100 um (blue triangle curve). These measurements
have shown that the current in HRS state is linked to the
electrode area while the LRS current did not exhibited
significant changes as it may attributed to filamentary
conduction. A second set of measurements has been
performed at various compliance currents. Figure 9 shows the
I-V curves for 3 devices from batch A with a diameter of 100
um using voltage sweeps from O to 4V and then from 4 V to -
4 V. Two current compliances are presented (I.; = 10 mA and
I = 10 pA). In this case, we can notice a direct dependence
of the current in LRS state with the compliance level. This
phenomenon is typically observed on RRAM devices with a
filamentary switching behavior [23], [24].

102 E

104f |

105% |

-
4

10'1“;

Current{A)

10'12’2
E o Ref
-=-Batch A size 100 pm

10714_2 o o
E —+Batch A size 50pm

lU'lE E
-4,0 -3,0 2,0

0 0,0 1,0 2,0 3,0 4,0
Voltage (V)

Figure 8: I-V curves for 2 devices from batch A with different
diameter: 50 um (blue triangle) and 100 um (green square).
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Figure 9: I-V curves for 3 devices from batch A with the same
diameter (100 um). Current compliance is increased from 10
HA (low Ic) to 10 mA (high Ic).

Finally, the conduction mechanisms in LRS and HRS
states have been carefully studied using temperature
dependent I-V measurements using a cryogenic probe station.
I-V curves where recorded using a voltage sweep from 0 to 4
V with temperature varying from 150 K to 300 K with 50 K
temperature steps. Experimental data have been analyzed
and compared with theoretical analytical models before
parameter extraction. The temperature dependent I-V curves
are presented on figure 10 for samples in HRS state. 3
devices from batch B have been analyzed at each temperature
(12 plots) to focus on HRS state. The weak temperature
dependence observed from 150 K to 300 K is consistent with
a tunneling mechanism. One possible conduction mechanism
is a Trap Assisted Tunneling (TAT) current.
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Figure 10: I-V curves as function of temperature (150 K to
300 K with 50 K step) in HRS state of 3 devices from batch B.
The insert shows the TAT model plots: (In(J)) vs (E).

The inset of Figure 10 shows a nice agreement with a TAT
model with a data plot of Ln (J) vs (E!). The slope of the
curve in the TAT model curve allow a trap level extraction
between 0.62 eV to 1.04 eV. This assumption is consistent
with a volume conduction mechanism.



I-V curves at various temperatures in the LRS state are
plotted in figure 11. The current was measured from O to -3 V
before the RESET step for 2 devices from batch B. All
samples were previously switched with the same compliance
at 500 pA to ensure the same LRS state. A weak temperature
dependence was also observed from 150 K to 300 K.

Among several investigated conduction models, our data
exhibited their best agreement with a Poole-Frenkel
conduction mechanism. In order to extract Poole-Frenkel
parameters, we have fixed the oxide thickness at 2.5 nm and
extracted a relative dielectric constant from the Poole-Frenkel
plot between 3.5 to 4.1. The extracted a dielectric constant is
close to the typical 3.9 dielectric constant of SiO,. A
conductive filament formed in the Al,Os layer is a plausible
explanation for the conduction in LRS state.
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Figure 11: I-V curves as function of temperature (150 K to
300 K with 50 K step) in LRS state of 2 devices from batch B.
The insert shows Poole - Frenkel plots: (In(J/E)) vs (E"?).

Conclusions

In this paper a fully compatible CMOS Back-End-Of-Line
fabrication process is presented for potential applications to
RRAM based on In,O3 nanoparticles.

An improved control of the size, shape, nature and density
of the nanostructures is demonstrated. We increased the
density by a factor of 100 from 3 x 108 cm™ to 2 x 10'° cm?
together with a good control on the size of the nanocrystals.
The homogeneity is well controlled all over the surface of
300 mm wafers with a low size dispersion.

The electrical characterization of the devices showed a
bipolar switching behavior with a very high Rorr/Ron ratio
up to 10° in pulse mode. The switching phenomenon was
attributed to the NPs as it was not observed in reference
samples without NP. The switching mechanism is attributed
to a filamentary growth through the aluminum oxide. Cycling
measurements have shown up to 34 switching cycles on 30
pum devices. The use of aluminum as top electrode allows a
good stability with Al,Os; layer and stable electrical
characteristics. Both ON an OFF states are very stable at

room temperature with retention time of few thousands of
hours without noticeable LRS or HRS degradation.
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Highlights of the manuscript “ Indium oxide
nanoparticles for Resistive RAM integration using a
compatible industrial technology”

Uniform layer deposition by MOCVD on 12”
wafers of high density sub-10 nm indium oxide
nanoparticles

Compatible CMOS BEOL process for vertical
resistive memories integration.
Proof-of-concept of forming-free ox-RRAM
device.

Bipolar resistive switching due to indium oxide
nanoparticles integration.

Strong Improvement of lon/lorr ratio and
retention time thanks to indium oxide NPs.
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