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Abstract 

Resistive switching characteristics of scalable IrOx/Al2O3/W cross-point structure and 

mechanism through pH/H2O2 sensing along with glucose detection have been investigated for the 

first time. Porous IrOx and Ir3+/Ir4+ oxidation states are observed by high-resolution transmission 

electron microscope, field-emission scanning electron spectroscopy, and X-ray photo-electron 

spectroscopy. The 20 nm-thick IrOx devices in sidewall contact show consecutive long dc cycles 

at a low current compliance (CC) of 10 µA, multi-level operation with CC varies from 10 µA to 

100 µA, and long program/erase endurance of >109 cycles with 100 ns pulse width. The IrOx 

with thickness of 2 nm in IrOx/Al2O3/SiO2/p-Si structure has shown super-Nernstian pH 

sensitivity of 115 mV/pH and detection of H2O2 in the range of 1-100 nM is also achieved owing 

to porous and reduction-oxidation (redox) of IrOx membrane, whereas pure Al2O3/SiO2 

membrane does not show H2O2 sensing. A simulation based on Schottky, hopping, Fowler-

Nordheim tunneling conduction, and redox reaction is proposed. The experimental I-V curve is 
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matched very well with simulation. The resistive switching mechanism is owing to O2- ions 

migration and redox reaction of Ir3+/Ir4+ at the IrOx/Al2O3 interface through H2O2 sensing as well 

as Schottky barrier height modulation is responsible. Glucose with a low concentration of 10 pM 

is detected by using a completely new process in IrOx/Al2O3/W cross-point structure. Therefore, 

this cross-point memory shows the method of low cost, scalable, memory with low current, 

multi-level operation, which will be useful for future highly dense three-dimensional (3D) 

memory and bio-sensor for future diagnosis of human diseases.       

Introduction 

According to the recent progress of non-volatile memories, resistive random access memory 

(RRAM) is the most promising solution to handle the increasing demand of big data storage, 

owing to its simple structure, multi-level cell capability, and low power operation with low cost1-

4. In addition, resistive switching characteristics in cross-point architecture are attracted attention 

due to its large connectivity of each cell to reach high-density application and to overcome the 

limitations of 3D Flash memory beyond 20 nm technology5. To achieve those above mentioned 

requirements, different materials such as, TaOx 
6, 7, HfOx 

8-10, and TiOx 
11, 12 and different 

structures13 have been reported. Different groups 8, 14, 15 have demonstrated technique to produce 

high-density memory cell. Bai et al. 14 and Yu et al. 15 have proposed 3D vertical structure, 

where Govoreanu et al. 8 have demonstrated 10 nm memory cell. However, those choices 

involve complex fabrication process and advance lithography technique. Multi-level operation is 

also an effective way to store high-density data, which have been reported with different 

structure like, Pt/Ti/TiO2/TiN 16 and Pt/Ta2O5/TiN 17. To encounter these above problems a cost 

effective technique is demonstrated in this report to physically scale down by using a simple 

W/Al2O3/Ir structure. Although Al2O3 is one of the important switching materials because of its 
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larger energy gap (7.7 eV 18) for useful of high resistance state (HRS), and lower Gibbs free 

energy (∆G = -1582.3 kJ/mole 19) for stable oxidation state. However, few reports 14, 20 with 

different structures have been observed recently. Bai et al. 14 have reported sidewall cross-point 

resistive switching phenomena using Pt/AlOδ/Ta2O5-x/TaOy/Pt device. However, scaling and 

conduction mechanism of a novel W/Al2O3/Ir cross-point memory using Ir thickness scaling 

have not been reported yet. It is noted that Ir metal has been used for its metallic behavior even it 

is oxidized. So, the investigation of nanoscale memory device characteristics and pH/H2O2 

sensing through Ir thickness have been demonstrated here. The resistive switching mechanism is 

still unclear, which is also one of the important issues. Therefore, the switching mechanism has 

been explored through pH/H2O2 sensing in electrolyte-insulator-semiconductor (EIS) structure 

with the same material as a sensing membrane is also investigated. In addition, glucose detection 

is an important to prevent hyperglucemia and hypoglucemia, which is investigated by using 

IrOx/Al2O3/W structure. 

In this study, resistive switching memory characteristics in a simple IrOx/Al2O3/W cross-

point at sidewall contact and resistive switching mechanism evolution through pH/H2O2 sensing 

in EIS structure have been reported for the first time. High-resolution transmission electron 

microscope (HRTEM) and field emission scanning electron microscope (FESEM) images show 

porous IrOx material. Multiple oxidation states of Ir are observed by X-ray photoelectron 

spectroscopy (XPS), which is responsible for redox reaction of Ir as well as H2O2 sensing 

mechanism. The 20 nm-thick devices perform multi-level cell (MLC) operation as well as reset 

current scaling with CCs varying from 10 µA to 100 µA. A simple current-voltage (I-V) 

simulation based on conduction mechanism and oxidation/reduction (redox) in RESET is 

presented. Memory device shows data retention of >5×104 s with programming current varying 
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from 10 µA to 100 µA and excellent program/erase (P/E) endurance of >109 cycles at an 

operation current of 10 µA with 100 ns pulse width. The 2 nm-thick IrOx membrane in EIS 

structure shows super-Nernstian pH sensitivity of 115 mV/pH owing to porous IrOx film and 

H2O2 sensing is due to Ir3+/Ir4+ oxidation states. Glucose with low concentration of 10 pM is also 

sensed by using IrOx/Al2O3/W structure. The switching mechanism has been explored through 

pH/H2O2 sensing as well.  

Experimental 

The 4-inch Si wafers were cleaned by Radio Corporation of America (RCA) method. First, a 200 

nm-thick SiO2 film was grown by wet oxidation process. Optical photolithography technique 

was used to pattern the electrodes with a width of 10 µm on SiO2/Si substrate. Then, a 20 nm-

thick SiO2 layer was deposited by e-beam evaporator using SiO2 granules. The deposition rate of 

SiO2 film was 0.1 Å/s. The pressure of e-beam chamber during deposition was kept at 8 � 10-6 

Torr. Now, two types of RRAM devices were fabricated, one with IrOx/Al2O3/W structure 

(Device S1) and other with W/Al2O3/IrOx in sidewall contact (Device S2). To fabricate 

IrOx/Al2O3/W structure, after patterning the bottom electrode (BE) 200 nm-thick W was 

deposited by RF sputtering. The Ar flow, deposition pressure, and power were 5 sccm, 10 mTorr 

and 100 W, respectively. After lift-off and patterning the top electrode (TE), 20 nm-thick Al2O3 

film as a switching material (SM) was deposited by RF sputtering. The Ar flow, deposition 

pressure, and power were 25 sccm, 30 mTorr, and 80 W, respectively. Then IrOx TE was 

deposited by RF sputtering. The Ar flow, O2 flow, deposition pressure, and power were 25 sccm, 

5 sccm, 20 mTorr, and 100 W, respectively. After lift-off we got the final structure of device S1. 

The SEM image of 2�2 cross-point structure of device S1 with a size of 10�10 µm2 is given in 

Fig. 1(a). The zoom-in view of one cross-point is also given in Fig. 1(b), where the acquired BE 
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size is 10.52 µm and acquired TE size is 9.715 µm. The FE-SEM image of TE and BE is given in 

Fig. 1(c-d).     

To fabricate W/Al2O3/IrOx structure in sidewall contact, iridium metal (Ir) electrode with 

a thickness of 20 nm was deposited by RF sputtering on SiO2/Si substrate. The Ar flow, 

deposition pressure, and power were 25 sccm, 20 mTorr, and 100 W, respectively. Another SiO2 

layer with a thickness of approximately 50 nm was deposited by e-beam evaporator. This SiO2 

layer will help to have resistive switching in sidewall and to make isolation through top side in 

between the TE and BE. A lift-off process was performed to obtain the IrOx electrodes, which 

define the device sizes in nanoscale regime. In next step, second lithography was performed to 

etch SiO2 from the IrOx pads for contact position. Third lithography step was used to pattern the 

other electrodes. Then, 20 nm-thick Al2O3 layer as a SM was deposited by RF sputtering. 

Deposition parameters were kept the same as SM of device S1. Then, tungsten (W) electrode 

with a thickness of approximately 200 nm was deposited by RF sputtering. Deposition 

parameters were kept the same as BE of device S1. Finally, lift-off process was performed to 

obtain the nanoscale W/Al2O3/IrOx cross-point memory devices (S2). The widths of the devices 

were varied from 4 to 50 µm but the thickness of IrOx electrode will control the device size. This 

concept can help to reach 20 nm device size, even our lithography/mask aligner can permit to 

have a size of more than 1000 nm. To study the physical scaling issue of the resistive switching 

memory device, this concept will be very useful for low cost high-density memory application. 

Fig. 1(e) represents the schematic view of the W/Al2O3/IrOx cross-point memory devices. The 

sidewall contact is shown in zoom-in view schematically also (Fig. 1(f)). TEM image shows a 

cross-sectional view of Ir with a typical thickness of 2 nm (Fig. 1(g)). Plane-view TEM images 

show porous Ir with thickness of 2 nm on SiO2/Si substrate (Fig. 1(h)). At this low thickness, Ir 
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electrode is become IrOx due to residual oxygen. The HRTEM image of 2 nm-thick Ir film is 

shown in Fig. 1 (i). The sweeping bias was applied on the IrOx electrode and the W electrode 

was grounded during measurement. A typical device size of 20 µm×20 nm was generally 

measured. Switching characteristics were measured by using Agilent 4156C and B1500A 

semiconductor parameter/device analyzers. MATLAB was used to simulate I-V characteristics 

and to emphasize switching mechanism. 

To fabricate pH sensor with the same IrOx materials on Al2O3 film, first Si wafer was 

cleaned by RCA method, then 40 nm-thick SiO2 was grown by thermal oxidation in a furnace. 

The temperature was 950oC and oxygen gas was introduced. Then, a 200 nm-thick Al was 

deposited on the back side of the wafer by thermal evaporation for metallic contact after cleaning 

by buffer oxide etching solution (BOE). Then post-metal annealing was done at 450oC for 10 

minutes in N2 ambient (2.5 SLM N2 flow). A 5 nm-thick Al2O3 membrane was deposited by rf 

sputtering with the same parameters as RRAM switching material. After that, a 2 nm-thick Ir 

(i.e., IrOx) was deposited by RF sputtering with the same parameters as RRAM electrode. Then, 

a sensing area of 3.14 mm2 was opened by lithography and lift-off process was performed. Each 

device was then cut and paste on the Cu printed circuit board (PCB) using Ag paste. Both Cu of 

the PCB and sensing area of the device were isolated by epoxy. To evaluate the effects of IrOx, 

two types of EIS sensor were made; one with Al2O3/SiO2/Si structure (as-deposited and 

annealing at 450oC for 10 min in N2 ambient) and other with IrOx/Al2O3/SiO2/Si structure. A 

schematic view of our novel electrolyte/IrOx/Al2O3/SiO2/p-Si structure (device S3) is shown in 

Fig. 2(a). Capacitance-voltage (C-V) measurement in pH solution ranging from pH2 to pH10 

was performed by using HP 4184A LCR meter with 100 Hz frequency and the Ag/AgCl 

reference electrode was used. The pH/H2O2 solutions were bought from Alpha Aesar. The 
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reference voltage was taken at 50% of the accumulation capacitance. The device S1 was also 

used in detection of glucose. Firstly, 2 mM of TRIS buffer solution of pH value 7.4 was prepared 

by adjusting the pH value and commercial pH meter was used. Then 15 units of glucose oxidase 

enzyme was added into the solution. After that 5 ml, 1 mM glucose main stock was prepared. By 

diluting the main stock of 1mM glucose solution, glucose was added to the buffer plus enzyme 

solution successively to prepare 10 pM solution. Then the measurement is continued by putting 

1uL drop of solution on the cross-point device and noticing the current value. The schematic 

view of measurement setup for the S1 cross-point devices is given in Fig. 2(b).  

Results and discussion 

The analysis of XPS spectra of 2 nm-thick IrOx deposited on 5 nm-thick Al2O3 layer is given in 

Fig. 3. All spectra have been calibrated with respect to C1s peak centered at 284.7 eV. The Al2p 

spectrum is fitted at 74.3 eV owing to Al2O3 film (Fig. 3(a)). The spectra are fitted through 

subtracting the background by Shirley method each peak. Fang et al. 21 have reported similar 

binding energy peaks for Al2p spectra at 73.9 eV of atomic-layer-deposited 4.9 nm-thick Al2O3 

film. Therefore, the film shows stoichiometric Al2O3. The 4f7/2 and 4f5/2 doublet spectra of Ir are 

given in Fig. 3(b). The Ir4f7/2 and Ir4f5/2 peaks are fitted at 61.8 eV and 64.9 eV, respectively. The 

Ir4f7/2 and Ir4f5/2 peaks are similar to the reported values of 61.9 eV and 65 eV respectively by 

Labou et al.22 for sputtering deposited 500 nm-thick iridium-oxide. The de-convoluted peaks of 

Ir4f7/2 are situated at 61.8 eV and 62.6 eV. These two peaks correspond to the Ir3+ and Ir4+ 

oxidation states. Similar values of 61.9 eV and 63.7 eV corresponding to Ir3+ and Ir4+ oxidation 

states are also reported 22. The atomic concentrations of C1s, Si2p, Al2p, O1s, and Ir4f are 12.8, 

2.6, 14.1, 61.0, and 9.5%, respectively. Fig. 3(c) shows the O1s spectrum, which is de-

convoluted into three peaks at 530.5 eV, 531.3 eV, and 532.2 eV. These three oxygen peaks are 
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corresponding to IrOx, SiOx (or hydroxide) and SiO2 respectively. Mei et al. 23 have reported 

similar O1s peaks at 530.6 eV and 531.3 eV for oxide (IrOx or Al2O3) and hydroxide in 2 nm-

thick sputter-deposited IrOx film. Nagpure et al. 24 have reported similar O1s peaks at 531.2 eV 

and 532.5 eV for SiOx and SiO2 respectively in SiO2 prepared by chemical method. The presence 

of multiple oxidation states and porous IrOx will be helpful for high pH sensitivity, which has 

been explained later. 

         Current-voltage (I-V) switching characteristics of the device S2 are shown in Fig. 4(a). The 

shadow lines represent 500 consecutive I-V cycles. The sweeping voltage is followed by arrows 

0 → +3 V → 0 → -3.5 V → 0. The current compliance is 10 µA. The set voltage (VSET), reset 

voltage (VRESET), and reset current (IRESET) are found to be ~+2.3 V, ~-1 V, and ~20 µA, 

respectively. Device S2 shows good uniformity in cycle-to-cycle, which is also very essential for 

high-density memory application. The values of HRS and LRS at a 50% probability are found to 

be 18.59 MΩ and 133.67 kΩ, respectively. Good resistance ratio of 200 is observed. It is 

observed that the LRS value is decreased with increasing CC. In case of LRS, the conducting 

filament diameter increased with increasing CC, as investigated by simulation (Fig. 4(b)). In 

consequence, the IRESET values are decreased with decreasing the CCs from 100 µA to 10 µA. 

The average values of IRESET at CCs of 100, 50, 30 and 10 µA are found to be 53.1, 41.6, 18.3, 

and 16 µA, while the filament diameters as input parameter for simulation are 9.8, 8, 7.36, and 

6.4 nm, respectively. It is observed that the IRESET values are lower as CC applied, owing to 

series resistance effect of Ir electrode. This could be useful as one-resistor (1R) without one-

transistor with one-resistor (1T1R) or one-sector with one-resistor (1S1R) configuration. The 

advantage of this RRAM is that we can control the filament diameter, which helps to achieve 

very good IRESET scaling as well as scaling of RRAM. It is mentioned that this cross-point 

Page 8 of 30Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
6 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

12
/0

9/
20

17
 0

1:
33

:5
3.

 

View Article Online
DOI: 10.1039/C7CP05089E

http://dx.doi.org/10.1039/c7cp05089e


9 

 

memory is physically scalable up to 20 nm and the filament diameter as well as device size is 

found to be 6.4 nm from simulation. The device shows Schottky conduction in both the HRS and 

LRS currents at low field. The calculated values of εr are found to be 7.3 and 7.8 for +Ve and –

Ve bias of the HRS currents, respectively. Higashi et al. 25 have reported similar dielectric 

constant value of 7 in case of 20 nm-thick Al2O3 layer grown by atomic-layer-deposition. The 

calculated Schottky barrier height in HRS is about 0.6 eV. At LRS currents, the barrier heights 

are 0.42 eV and 0.5 eV for the +Ve and –Ve biases, respectively. The work functions (φ) of Ir 

and W are approximately 5 eV 19 and 4.32 eV 19, respectively and the electron affinity (χ) of 

Al2O3 is 2.58 eV 26. Due to higher difference in between metal work function and electron 

affinity of switching material (ΦB=φ-χ), the Schottky barrier height at the IrOx/Al2O3 interface is 

higher than the W/Al2O3 interface. At moderate field the HRS currents show hopping conduction 

27, 28 with a hopping distance is about 0.23 nm, which value is within the range of reported 

hopping distances of 0.15-0.38 nm in Al2O3 film 29, 30. The Fowler-Nordheim (F-N) tunneling 

fitting of the HRS currents in both -Ve and +Ve biases are given in Fig. 4(c). The barrier heights 

have been calculated from F-N fitting 7, 31 below,
 
 

                                   6

3
2

106.3 ×
=Φ −

−
NF

NF

S
 

where, SF-N is the slope of the F-N (ln(J/E2) Vs. 1/E) fitting. From equation (1), the ФF-N values 

are 0.36 eV and 0.27 eV for the –Ve and +Ve biases, respectively. The critical electric fields (Ec) 

are 3 MV/cm and 4.5 MV/cm for –Ve and +Ve biases, respectively. Those values are higher than 

the reported value of 2.6 MV/cm 32, which suggests the F-N tunneling phenomena. Experimental 

and simulated I-V characteristics with different CC of 10 µA are shown in Fig. 4(d). I-V curve is 

simulated by considering Schottky conduction at low field, hopping conduction at moderate 

(1) 
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field, and F-N tunneling at high field of HRS, while LRS currents are considered Schottky 

conduction only. The drift-diffusion carrier continuity equation and Joule heat transfer equation 

in steady state 33 are used to simulate the RESET part. Different material parameters, such as 

hopping distance (0.22 nm), barrier height (0.6 eV), dielectric constant (7), density of state of 

conduction band (8�1024 19), frequency of thermal vibration (1�1013 Hz 34), and activation 

energy (0.05 eV) are used in this simulation. The simulated I-V is matched well with 

experimental curve. This novel cross-point memory device shows multi-level data retention more 

than 5�104 s with operation current varying from 10 µA to 100 µA, given in Fig. 4(e). The LRS 

value decreases with increasing operation current. After 5×104 s, the memory device maintains a 

good resistance ratio of approximately 10 at an operation current of 10 µA. Both device S1 and 

S2 show more than 109 cycles P/E endurance at low operation current with pulse width of 100 

ns. Fig. 4(f) shows the P/E endurance of device S1 with operation current of 30 µA. Fig. 4(g) 

shows the P/E endurance of device S2 with a low operation current of 10 µA. This suggests that 

smaller size device (S2) has lower current operation, which shows potential of RRAM devices 

for nanoscale non-volatile memory application. The switching mechanism is also understood by 

sensing pH/H2O2 below.  

        Fig. 2(a) shows a schematic view of pH/H2O2 sensing by using 2 nm-thick IrOx in 

electrolyte-insulator-semiconductor structure. Fig. 5(a) shows C-V characteristics of IrOx 

membrane with pH2 to pH10 solutions (sensor S3). Similarly, the C-V characteristics of the 

annealing Al2O3 membrane are observed (Fig. 5(b)). The pH sensitivity (S) values are found to 

be 115 mV/pH, 56.7 mV/pH, and 26 mV/pH for the IrOx, annealed Al2O3, and as-deposited 

Al2O3 membranes, respectively (Fig. 5(c)). The linearity (R2) values are approximately 99.3%, 

99%, and 97.3% for the IrOx, annealed Al2O3, and as-deposited Al2O3 membranes, respectively. 
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Similar pH sensitivity values by using different sensing materials like Ta2O5 (56 mV/pH 35), 

HfO2 (52.3 mV/pH 36), TiO2 (56 mV/pH 37), GdOx (53.2 mV/pH by our group 38) are reported. 

Some other groups 39-41 also have reported pH sensing in the range of 50-80 mV/pH using 0.08-

0.9 µm-thick iridium film by cyclic voltammetry, but pH sensitivity of a thin IrOx (2 nm) 

membrane on Al2O3 layer in EIS structure is obtained for the first time in this paper and this is 

much higher than other reported values. The values of reference voltage for pH2 to pH10 show 

positive for the IrOx membranes while those values are negative for both as-deposited and 

annealed Al2O3 membranes. This phenomenon is owing to higher φ value of Ir than the Al metal 

(5 eV vs. 4.32 eV). The reference voltage is shifted towards positive direction with increasing pH 

value for all the sensors because of de-protonation 42 of the sensing membranes or more 

adsorption of OH- ions with increasing pH value. On the other hand, the reference voltage is 

shifted towards negative direction owing to protonation (H+ ions 42) on the sensing membranes. 

The annealed Al2O3 membrane has higher pH sensitivity than the as-deposited one (56.7 mV/pH 

vs. 26 mV/pH, and this is due to annealed out defects from the films. However, the as-deposited 

Al2O3 film has been used for the RRAM memory devices. The IrOx film has been also deposited 

on as-deposited Al2O3 film. It is found that the IrOx membrane has shown super-Nernstian pH 

sensitivity (115 mV/pH) than those of other membranes. This is due to porous IrOx membrane 

and redox properties of the films. The pH sensitivity of 5 nm-thick IrOx membrane is 

approximately 50 mV/pH (data not shown here) owing to smaller pore size. On the other hand, 

the 2 nm-thick IrOx membrane has larger pore size (Fig. 1(i)) as well as this opens up more 

binding sites of OH- ions or H+ ions on the surface or ion absorption is increased. It is also 

observed from four probe resistivity measurement that the resistivity of Ir rapidly decreased with 

increasing thickness from 2 nm to 20 nm (data not shown here). Chen et al. 43 have reported that 
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the resistivity of Pt is decreased with increasing the thickness from 5 nm to 25 nm. Therefore, for 

thicker Ir the sensing membrane is becoming a conducting plate and the capacitance value is 

drastically high, which is difficult to measure C-V characteristics properly by using our CV 

system as well as the pH sensitivity for the 10 nm- and 20 nm-thick IrOx membrane is 

unjustified. If the Ir thickness is 2 nm then it is also responsible for high pH sensitivity, which 

may be due to many oxidation states (Ir3+ or Ir4+) in Ir 44. The oxidations states are also 

confirmed by both XPS characteristics (Fig. 3(b)) and H2O2 sensing (Fig. 5(d)). The IrOx 

membrane detects H2O2 with concentration ranging from 1-100 nM whereas the Al2O3 

membrane does not sense H2O2. This indicates that the Al-O bonding is strong because of lower 

Gibbs free energy (-1582.3 kJ/mole 19) and does not have catalytic activity in contact of H2O2. A 

strong catalytic activity is observed for the IrOx membrane owing to mixture of Ir3+ and Ir3+ 

oxidation states. In contact of H2O2, the Ir3+ oxidation state changes to Ir4+ oxidation state as 

observed in equation (2) below. 

 

 

 

Therefore, the IrOx membrane changes to IrO2, as shown in equation (3). Basically, the work 

function of Ir increases with increasing concentration of H2O2. Kim et al. 45 have reported that 

the work function of Ir increases after plasma oxidation. Finally, the H2O2 is reduced to H2O 

(H2O2 → OH* +OH-; OH* + e- → OH-; OH- + H+ → H2O). The H+ ions are received from PBS 

buffer solution and produces H2O, however, the pH values does not change in the solution. 

Therefore, the Ir4+ ions are generated more with increasing H2O2 concentration as well as the 

reference voltage is shifted towards positive direction or the reference voltage shift increases 

−+→← eIrOIrO x 2  

(2) −++ +→← eIrIr
43

 

(3) 
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with increasing the H2O2 concentration. After oxidation of IrOx membrane by H2O2, this 

membrane can be reduced to IrOx if it is kept in PBS solution. The reduction-oxidation (redox) 

of the IrOx membrane is responsible to detect H2O2. We have fitted the voltage shift vs. H2O2 

concentration curve, and the fitting equation is given below, 

                                
 

{ }




 −∆= 0

1
exp VV

m
ρ

 

where, ρ is the concentration of H2O2, ∆V is the reference voltage shift, m is slope in the fitted 

curve, and V0 is intercept of the curve in reference voltage shift axis. Similarly, the device S1 is 

also used to detect glucose. First, 1 µL of pH7 solution is dropped into the cross-point of device 

S1 in its HRS.  Fig. 2(b) schematically describes the experimental procedure of measurement. 

Due to porous nature of IrOx (Fig. 1(i)) the solution is penetrated into the IrOx/Al2O3 interface. 

The current-voltage characteristic is given in Fig. 5(e) with arrow directing the path. Both path 1 

and 2 show Schottky nature with dielectric constant εr=10.17 in path 1 and εr=2 in path 2. The 

change in the value of εr indicates the occurrence of reduction in path 1 and oxidation in path 2. 

After that, the current-time (I-t) characteristics of device S1 with pH7, Buffer plus enzyme and 

10 pM glucose are measured (Fig. 5(f)). The current in I-t plot drops about 4.2 nA in case of 10 

pM glucose with enzyme than buffer plus enzyme solution. Glucose reacts with glucose oxidase 

enzyme and produces H2O2 by following the equation (5) below.          

22
cos

2 )(cos OHHacidgluconicOegluD oxidaseeglu +− →←+− +−
 

This H2O2 oxidized IrOx to IrO2 (Ir3+ → Ir4+). The barrier height at the IrOx/Al2O3 interface 

increases due to H2O2 reaction as work function of IrO2 is greater than that of IrOx 
44. Because of 

this reason the current value in device S1 is decreased due to glucose plus glucose-oxidase 

(5) 

(4) 
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enzyme solution. This specific glucose-oxidase enzyme reacts selectively with D-glucose only. 

Then, this produces H2O2 according to equation (5) as well as glucose is detected by the device. 

Therefore, glucose or enzyme with PBS buffer does not detect. However, glucose with enzyme 

in PBS buffer is detected. So the device shows high selectiveness towards glucose. Cella et al. 46 

have reported 1 pM glucose detection using single-walled carbon nanotube-based chemiresistive 

affinity biosensors. Zhang et al. 47 have reported 1 nM glucose detection using cyclic 

voltammetry in LaNi0.6Co0.4O3 modified electrode. Glucose detection of 1 µM by EIS structure 

using CdSe-ZnS nanoparticle is also reported by our group48. Therefore, the cross-point memory 

structure (S1) shows beneficial to have low concentration H2O2 detection. Glucose sensing using 

IrOx/Al2O3/W structure is reported for the first time in this paper and minimum detection of 10 

pM with sensitivity (∆I/I0) of 0.026/pM glucose (where ∆I=I10 pM glucose-I0, I0 is the current at 0.5 s 

for PBS plus enzyme) is comparable or even much lower than other reported values (Table 1), 

which will be very useful for blood sugar detection with a small sample volume in near future. 

          Similar to the H2O2 sensing mechanism in device S3, the redox behavior of the IrOx 

electrode at the IrOx/Al2O3 interface is also responsible for resistive switching mechanism. 

During SET (+2.3 V), the O2- ions are migrated towards IrOx/Al2O3 interface and oxygen 

vacancy filament is formed at the W/Al2O3 interface as well as Schottky barrier height is reduced 

from 0.59 eV to 0.42 eV [Fig. 4(a)]. Due to intermixing of Al2O3 and Ir, the IrOx/Al2O3 interface 

is more defective than the Al2O3/W interface. In this situation, a thin oxygen-rich IrOx/Al2O3 

interface is formed or Al1+ oxidation state is formed into the SM layer, and the electrons are 

tunneled through that interface. By applying negative bias, the Schottky barrier height at LRS 

current is slightly higher than the LRS current at negative bias (0.5 eV vs. 0.42 eV) owing to 

higher work function of Ir electrode. During RESET (-1.1 V), the O2- ions are migrated towards 
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the W/Al2O3 interface and the filament is oxidized or Al2+ oxidation state is formed as well as 

Schottky barrier height is increased up to approximately -2 V. Further increase the negative 

voltage, the current increases up to -2.5 V due to changing the Ir3+ to Ir4+ oxidation state at the 

IrOx/Al2O3 interface as well as work function of Ir increases. By increasing negative voltage of -

3 V, the current decreases because the driven force is decreased. Similarly, Tappertzhofen et al.52 

have reported the Cu redox reaction in Cu/SiO2/Pt structure by using cyclic voltammetry. By 

sweeping back to negative voltage after -3 V, the electrons are tunneled through dissolution gap 

of the Al2O3 SM. Therefore, the switching mechanism is due to the O2- ions migration under 

external bias as well as Schottky barrier height modulation through redox reactions of SM 

(Al1+/Al2+) and Ir3+/Ir4+ oxidation states. This leads to repeatable I-V switching cycles at a low 

current operation as well as multi-level resistance states are observed. So this Al2O3-based 

RRAM structure is useful for both high density cross-point memory and bio-analytic detection.      

Conclusions 

The scaling aspect by reducing IrOx thickness and resistive switching mechanism of Al2O3-based 

cross-point memory in a novel W/Al2O3/IrOx structure through pH/H2O2 sensing have been 

reported. The switching characteristics and glucose detection using IrOx/Al2O3/W structure are 

also reported. The FE-SEM images show 10�10 µm2 IrOx/Al2O3/W cross-point structure with 

porous IrOx TE and HRTEM images indicate porous IrOx with a thinnest thickness of 2 nm. XPS 

spectra show the presence of Ir3+/Ir4+ oxidation states in IrOx. The cross-point 20 nm-thick 

devices show switching repeatability of > 500 dc cycles at a low CC of 10 µA and multi-level 

operation at CCs varying from 10 µA to 100 µA. The I-V simulation based on Schottky, hopping 

and F-N tunneling conduction mechanism has been presented. Stable P/E endurance of >109 

cycles at a low operation current of 10 µA is achieved with 100 ns pulse width along with multi-
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level stable data retention. The IrOx sensing membrane show extremely high pH sensitivity of 

115 mV/pH and H2O2 detection in range of 1-100 nM owing to porous and catalytic activity of 

the IrOx membrane. The resistive switching mechanism is due the conducting filament 

formation/rupture in the Al2O3 SM owing to O2- ions migration and redox reaction in the SM and 

Ir3+/Ir4+ oxidation states at the IrOx/Al2O3 interface, which is changing the Schottky barrier 

height and HRS/LRS are observed. The Ir3+/Ir4+ oxidation states are also confirmed through 

H2O2 sensing. Glucose with low concentration of 10 pM is detected by a novel detection method 

using IrOx/Al2O3/W cross-point MIM structure. Therefore, this cross-point memory device has 

extensive potential to achieve the requirement for low power, high-density non-volatile memory 

device application and bio-sensing for diagnosis of human diseases in near future.  
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Figure Captions 

Figure 1. (a) SEM view of the 2�2 cross-points using IrOx/Al2O3/W structure (S1). (b) zoom-in 

view of 10�10 µm2 cross-point. The FE-SEM view of (c) W BE and (d) IrOx TE. The W shows 

large grain size and IrOx shows porous structure. (e) Schematic view of cross-point memory 

using novel W/Al2O3/IrOx structure in sidewall contact (S2). Physical size of the device is 
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reduced by thickness of IrOx to 20 nm. (f) The sidewall contact is depicted by schematically in 

zoom-in view. (g) Cross-sectional TEM image shows IrOx with a typical thickness of 2 nm in 

SiO2/p-Si substrate and corresponding (h) plane-view TEM image and (i) HRTEM images show 

porous IrOx. 

Figure 2. (a) Schematic view of electrolyte/IrOx/Al2O3/SiO2/p-Si structure on a PCB. The 

Ag/AgCl reference electrode has shown. (b) Schematic of experimental setup of glucose 

detection by using IrOx/Al2O3/W cross-point structure.  

Figure 3. XPS spectra showing the binding energy of (a) Al 2p, (b) Ir 4f, and (c) O 1s electrons. 

Figure 4. (a) Consecutive 500 I-V switching curves at a low CC of 10 µA are shown for the 20 

nm-thick IrOx devices (S2). (b) Both reset current and filament diameter are decreased with 

decreasing CCs from 100 µA to 10 µA. (c) F-N tunneling fitting of the HRS currents in both  –

Ve and +Ve biases is plotted. (d) Simulated I-V curve with 10 µA CC is well fitted with 

experimental result.  (e) Stable data retention characteristics of > 5×104 s with CCs varying from 

10-100 µA are obtained. (f) P/E endurance of >109 cycles with 100 ns pulse width of 

IrOx/Al2O3/W (S1) and (g) W/Al2O3/IrOx (S2) cross-point memory devices. The sidewall contact 

devices show long P/E endurance of >109 cycles even at low 10 µA P/E current. 

Figure 5. C-V characteristics with pH2 to pH10 for the (a) IrOx and (b) annealed Al2O3 

membranes. (c) pH sensitivity characteristics of the IrOx, annealed Al2O3, and as-deposited 

Al2O3 membranes. (d) The reference voltage shift with H2O2 concentration as well as a new 

fitting equation is developed. (e) I-V characteristic of IrOx/Al2O3/W cross-point structure with 

pH7 (S1). This shows Schottky like characteristics. (f) Current-time response of IrOx/Al2O3/W 

cross-point device with buffer and low concentration of 10 pM glucose is detected.    
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Table Captions 

Table 1. Comparison of glucose sensitivity and detection limit by using our IrOx/Al2O3/W 

resistive switching structure and best published results in literature. (MWCNT: Multi-wall 

carbon nano-tube; PQQ-GDH: pyrroloquinoline quinone glucose dehydrogenase; LSC: 

La0.6Sr0.4CoO3-δ; RGO: reduced graphene oxide; CPE: carbon paste electrode; LCMO: 

La0.88Sr0.12MnO3; LNC: LaNi0.6Co0.4O3; SWCNT: Single wall CNT; FET: field-effect-transistor) 

Structure Sensing 

material 

Sensitivity Minimum  

detection 

value 

Ref. 

IrOx/Al2O3/W          

resistive switching 

IrOx 0.026/pM glucose 10 pM This work 

MWCNTs electrode  PQQ-GDH 23.12 Hz mM-1cm2 1 mM [49] 

LSC electrode RGO 330 µA  mM−1cm−2 63 nM [50] 

LCMO electrode CPE 1111.1 µA mM-1 cm-2 31.2 nM [51] 

LNC electrode CPE 1812.84 µA  mM−1cm−2 1 nM [47] 

SWCNT-FET SWCNT 0.039/pM glucose 1 pM [46] 
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Fig. 3. S. Chakrabarti et al., PCCP, July, 2017 
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