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Abstract: We have studied non-associative learning in nickel oxide (NiO) based devices under a 
variety of external stimulus. Similar to biological organisms, habituation and sensitization learning 
plasticity has been investigated with the influence of electrical stimulus. Such learning behavior 
of NiO devices results from dynamic modulation of its defect and electronic structure. The results 
inspire new neural network learning algorithms that can incorporate the non-associative 
characteristics and a brief summary of results are discussed below. 
 
Non-associative learning emulation in NiO devices: 
 
Semiconductor synthesis: NiO film was grown from a pure Ni target, using magnetron sputtering 
with a power of 100 W, where the applied voltage and current were controlled to 350 V and 300 
mA (direct current) respectively. The NiO film was grown at a pressure of 5 mtorr with flowing 
of 1 sccm O2 (2%) and 49 sccm (98 %) Ar gas mixture. The film was grown at a temperature of 
300 oC with a rate of ~ 3 nm/min. To achieve the uniform film, the substrate rotated with a speed 
of 20 rpm during the deposition. A schematic of typical two-terminal metal-oxide-metal (MOM) 
device architecture is depicted in Figure 1. NiO is deposited by magnetron sputtering method on 
Ti/Pt (10/70 nm) coated silicon substrate (p-Si, 100). The silicon wafer was heated to 200 °C to 
remove the moisture from the surface before depositing the Ti/Pt metal. The bottom metal contact 
(Ti/Pt) was grown by the e-beam evaporation. Then the wafer transferred into the deposition 
chamber to grow 96 nm NiO film. After the growth of NiO film, the substrate was transferred to 
another sputtering chamber with a circular shadow mask to deposit the top metal electrode. A 200 
nm palladium (Pd) top electrode was deposited by sputtering at 10−3 mbar pressure. 

 
Figure 1. Process steps of device fabrication. (a) In step-1, the silicon wafer was cleaned using RCA cleaning process 
and then dried using N2 gas. Following that the surface of the wafer was further cleaned using the oxygen plasma in 
step-2. The bottom electrode (Ti/Pt) was deposited on the silicon wafer by e-beam deposition system in step-3. 
Afterwards, the NiO film has been deposited through sputtering technique by covering a small part of bottom electrode 
(step-4). Further, NiO film is maked with metal shadow mask in step-5 and Palladium metal is sputtered on the NiO 
(step-6).  The device is ready for the electrical measurement as shown in the step 7. (inset) 
 



Electrical characterization: The electrical characterization of the solid-state NiO devices was 
performed by constantly measuring the current-voltage (I-V) curves by sweeping the gate voltage 
from -10 mV to 10 mV with a step of 5 mV using the Keithley 2635A source meter. The 
measurements were performed in a closed shield probe station to avoid electrical noise from the 
surroundings. The habituation and sensitization training in the array of devices have been 
performed by applying square pulses to the devices connecting them in parallel to the Keithley 
2635A source meter. The NiO device shows a higher response to the training cycle and 
demonstrates a change in relative resistance of 7.6 % after the first training cycle. The relative 
resistance change reduces to 4.4 % and 3.8 % after the second and third training cycles 
respectively. The response of the NiO device gradually decreases with the repetition of the training 
cycle, indicating habituation to electric pulses. On the other hand, the response of the NiO 
continuously increases when the training pulses were applied with higher amplitude (V1) of 30 
mV.nm-1 by keeping exactly identical pulse width and repetition interval as used for the habituation 
experiment. The early response of the device was found to be 13.6 % (first training cycle) and then 
decreased 8 % (second training cycle), indicating initial habituation, however, the response starts 
to increase after the second training cycle. The response of the devices become equivalent to the 
initial response (~13 %) after eight training cycles. A significant increase in the response to 19 % 
when the eleventh cycle of training pulses was applied to the devices. 
 
Learning algorithm inspired by device behavior: Habituation has been shown to result from the 
decreased release of chemical transmitters at synaptic terminals, a stabilization mechanism known 
as synaptic plasticity. We previously demonstrated the usefulness of adding habituation-based 
learning to spike-timing dependent plasticity (STDP) in order to perform lifelong learning without 
catastrophic forgetting, and we connected that behavior with proposed oxide devices. More 
recently, we explored the addition of sensitization learning. In addition to dynamics that require 
the habituated gradual modulation of plasticity there may also be sudden changes in the 
environment, such as the introduction of novel information, which require a sudden and 
temporarily large increase in plasticity in order to avoid global corruption between old information 
and new information. In biology, this plasticity modulation (such as the sensitization behavior 
observed in the species Aplysia) is in part aided by neuromodulators, such as dopamine, which can 
be released when novel information is encountered. And, just as dopamine is released locally in 
the brain by dopaminergic neurons, the described sensitized response in neural networks should 
be local, targeted at specific reference vector neuron(s) that can be “reassigned” to the novel 
information with minimal loss of older information to prevent catastrophic forgetting. We note a 
similarity between this important learning function and the observed ability to stimulate the Mott 
insulator NiO to sensitize its resistivity change response to environmental exposure, even after a 
period of habituation. We have designed and implemented dopaminergic learning similar to this 
material functionality, showing the possibility of incrementally learning new information under 
rapid environmental changes without catastrophically forgetting useful, older information. Figure 
2 shows the benefit of using this sensitization behavior in such a dynamic environment. Classes 
are presented sequentially, one after the other, without revisiting samples from previously seen 
classes. The sensitization behavior is targeted at less-used neurons that then rapidly learn novel 
data, which is identified by poor recognition by any reference vector neurons. The targeted 
sensitization allows for the untargeted neurons to retain their useful positions as centers of 
previously seen clusters. The materials and neuroscience driven algorithm described above have 
to be implemented in a programmable hardware architecture for efficient learning. The synaptic 



memory will use the proposed devices in a memory array so that efficient reading and writing is 
possible for perception and training, respectively. We developed non-linear circuits to interface 
with the proposed devices to mimic computation primitives of deep spiking neural networks. The 
neural circuit primitives were assembled to form a spatial hardware architecture. Further work on 
system level implications of such an architecture with the proposed synaptic devices is currently 
under way. 

 
Figure 2: Snapshots of simulations of sequentially-presented classes (red, then blue, then green) without revisiting previously 
seen classes. In clustered learning, reference vector neurons seek to migrate toward the centers of the various data 
distributions. In (a), homeostasis with habituation–which typically operates correctly when data classes are interleaved–fails 
to retain centers on the older distributions. In (b), the use of sensitization to stimulate responses by less-used neurons in the 
presence of poor input detection (novelty) instead of traditional homeostasis allows for the already-trained neurons to be 
uncorrupted by the new data. Subfigures (c) and (d) show the same learning mechanisms as (a) and (b), respectively, but 
when attempting to learn a new, fourth class (magenta) in a memory-constrained situation after being pretrained on the three 
original classes. The addition of sensitization allows for selective forgetting of the oldest class without catastrophically 
forgetting the other classes. 

 

Transient learning via leaky characteristics: The leaky characteristics of NiO devices have been 
tested by applying the voltage pulse and measuring the corresponding change in resistance (Fig. 
3). Before applying the pulse, the device demonstrates a resistance state of 2.48 kΩ. A square 
voltage pulse of +1V with pulse width of 1s was applied to the devices. The device demonstrates 
resistive switching characteristics by reaching a new resistive state of 2.58 kΩ. This resistive state 
was continuously measured for 150s, and we observed the decay of resistance state with respect 
to time. Further, a negative voltage pulse of amplitude of -1V/1s was applied to the device and 
resistances were measured. The resistances of the device were switched to lower resistive state of 
2.42 kΩ and relaxed back to original resistive state after 150s. Such relaxation behavior is also 



correlated with forgetting behaviors of NiO. The resistance of the device was continuously 
measured by applying by sweeping the gate voltage of ±10 mV. 

 
Figure 3. Relaxation of resistance state after applying different magnitudes of pulses. (Inset) Red and green square 
pulse for +1 V and -1 V respectively. The pulse with of the applied pulses is 1s. The triangular pulses are applied 
to measure the in-situ resistance state of the devices. 

 

The relaxation behavior was studied over few cycles. Initially, positive amplitude of pulses 
(+1V/1s) was applied to the device for four cycles (one pulse on each cycle) with an interval of 
125s (Figure 4). The resistance of the device was measured during the interval and observed a 
relaxation of resistance to the original state of the device. Further the negative pulses were applied, 
and lower resistive switching characteristics were recorded. A similar relaxation characteristic was 
observed in the devices. However, the highest resistance measured for each pulse (2.60 kΩ, 2.59 
kΩ, 2.58 kΩ and 2.58 kΩ) were slightly lower while consecutive pulse measurement was 
performed. The device slowly got habituated with respect to the electric field hence lowering of 
resistance switching characteristic. 

 
Figure 4: Resistive relaxation characteristics of NiO devices under multi-pulse operation. (Inset) +E1 and -E1 
pulses are +1 V and -1 V respectively. The pulse width is 1s. The triangular pulses are applied to measure the 
instantaneous change in resistance state of devices 

 



Among the most fundamental characteristics of learning and forgetting are potentiation and 
depression respectively. The potentiation measurement was performed by continuously applying 
50 square voltage pulses of amplitude +1V with width 1s (Figure 5). The electric pulses were 
applied at an interval of 1.3 s. A strong change in relative resistance state ሾሺ𝑅௧/𝑅௢ െ 1)%] of 38% 
was measured. Such increase in resistance state with respect to applied voltage pulses are attributed 
to potentiation characteristics of devices. Similarly, the depression characteristic has been 
observed while negative voltage pulses were applied to the device. The negative voltage pulses 
help to decrease in resistance state and back to the original state. Continuous potentiation and 
depression measurement was performed over few cycles. The device demonstrated reproducible 
characteristics without any degradation. 

Figure 5: Potentiation and depression characteristic measured from the NiO devices. (Inset) Red and green square 
pulse for +1 V and -1 V respectively. The pulse width of the applied pulses is 1s. 

 

Summary: In summary, we have presented representative results from NiO devices on electrically 
controlled resistance switching and gradual decay. Phase transitions from a correlated state into a 
conducting state due to migration of charge carriers enable transient memory formation. Such 
short-term memory can be utilized for emulating various learning behavior in neural networks and 
complement algorithmic implementation of learning. Emerging semiconductors such as correlated 
oxides are potentially relevant for neuromorphic computing and artificial intelligence. 


