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Abstract 
We have demonstrated all-metallic tunnel junctions 

based on rf-plasma-grown aluminum oxide layers, which 
enable scalable, floating-gate memory cells with 20-ns-
scale write time, 1-s-scale retention time, low operating 
voltage (3.0-3.5 V), and high endurance in high electric 
fields (up to 1011 write cycles). We believe that such 
memories may be suitable for some (and after some 
improvement, most) RAM applications.    

 

1. Introduction 
In the course of the continuing search for the 

“perfect” (scalable, non-volatile, random-access) 
memory, our group had suggested [1, 2] the concept of 
NOVORAM – a floating-gate memory based on 
quantum-mechanical tunneling of electrons through 
specially crafted layered barriers. According to 
calculations, at the optimum choice of the potential 
barrier heights (conduction band offsets) of the layers 
and their dielectric constants κ, the transparency of such 
“crested” barriers can be changed by more than 16 
orders of magnitude by merely doubling the voltage 
applied to the barrier, i.e. much faster than barriers made 
of any known uniform insulator.1 Such high sensitivity 
would enable a fast and scalable floating-gate RAM with 
the cell structure shown in Fig. 1 [1]. Its main difference 
from the usual non-volatile memories is that in order to 
suppress the barrier deterioration by hot carriers from the 
MOSFET channel, the Fowler-Nordheim tunneling 
responsible for write/erase operations is moved to the 
back of the floating gate, while the gate oxide is kept 
thick enough to suppress tunneling at all times. 

 

 

 

 

 

 

 
Fig. 1: Memory cell structure of NOVORAM and FGRAM [2]. 

                                                 

                                                

1 The difference of κ alone may also provide a transparency 
steepness improvement [3], though for realistic values of 
parameters this effect it weaker than that of the tunnel barrier 
height difference. 

 

The later experimental work has shown that layered 
barriers made of several material combinations 
(including Si3N4/SiO2/Si3N4 [4, 5], SiO2/ZrO2 [6], 
HfON/Si3N4 [7], and SiO2/AlOx [8]) can indeed improve 
the barrier transport sensitivity to voltage in comparison 
with the traditional SiO2 barriers. Unfortunately, to the 
best of our knowledge, the conductivity change ranges 
demonstrated so far have not been sufficient for the full 
implementation of the NOVORAM concept. In 
particular, the attempts by our group to combine 
different species of aluminum oxide (for example, 
thermally-grown and plasma grown AlOx [9]) to form 
crested barriers so far have not been successful. 
However, in the course of this work we have found a 
way to fabricate quasi-uniform aluminum oxide layers 
with very high transport properties, including high 
endurance to electric fields in excess of 10 MV/cm, and 
extremely high values of charge-to-breakdown (close to 
106 C/cm2). These properties may be used in what we 
call Floating-Gate Random-Access Memories (FGRAM) 
with the cell structure similar to NOVORAM (Fig. 1).2 
Essentially the only difference of the memory operation 
is the necessity to refresh the FGRAM contents exactly 
as this is currently done in DRAM. Our AlOx barriers 
may provide the retention time (of the order of 1 s) 
necessary for this operation. 

 

2. Fabrication 
The barriers have been fabricated in nearly the same 

way as those described in Ref. 9. Briefly, thin (10-nm-
scale) aluminum films have been dc-sputtered either 
directly on oxidized silicon wafers or on a sub-layer of a 
different metal. Immediately after their deposition, the 
films have been oxidized in an rf plasma discharge, with 
power from 10 to 250 W at oxygen pressure in the range 
from 15 to 75 mtorr. (The results shown below 
correspond to the lower ends of these ranges.) 
Immediately after the oxidation (without a vacuum 
break) the junctions have been sealed with a metallic 
counter-electrode. Such in-situ fabrication results in 
highly reproducible junctions, with conductivity scaling 
well with the junction area A (which ranged from 3×3 to 
300×300 μm2). In order to improve the junction quality, 
in particular their endurance in high electric field, after 
the lithographic area definition, they have been subjected 
to rapid thermal post-annealing (RTA) for 10 to 180 
seconds at temperatures from 300 to 550°C. 
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2 This opportunity was briefly mentioned in Ref. 10. 
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3. Experimental results 
Throughout this range of fabrication conditions, the 

junctions show steep I-V curves (Fig. 2) with very weak 
temperature dependence (similar to that shown in Fig. 2 
of Ref. 9), which can only be explained by direct 
tunneling3 of electrons through the whole AlOx layer. 
Moreover, the fitting of the curves with the 
“microscopic” (non-WKB) theory [9] has shown that the 
results may be reasonably well described by tunneling 
through a uniform potential barrier with a height 
(depending on the exact fabrication parameters) from 2.0 
to 2.4 eV and an effective thickness def = (mef/m0)1/2d 
from 1.75 to 2.5 nm. The estimates of the effective mass 
mef of the carriers using the junction capacitance 
measurements [9], as well as high-resolution TEM 
(courtesy by Dr. Y. Zhu, Brookhaven National 
Laboratory) show that the physical thickness d of the 
barriers is in reasonable correspondence with def, with 
the ratio mef/m0 somewhere between 0.3 and 0.5.  

As Fig. 2 shows, the rapid thermal annealing results 
in a dramatic improvement of the junction endurance to 
high electric field. In particular it increases the 
breakdown dc fields above 10 MV/cm at room 
temperature (and above 15 MV/cm at 4.2K), i.e. 
substantially beyond those for the best SiO2 layers we 
are aware of. 

Another striking feature of these junctions is their 
high charge-to-breakdown QBD which (for some 
fabrication parameters) exceeds 105 C/cm2, the number 
to be compared with ~101 C/cm2  for typical SiO2 layers 
used in flash memories. Figure 3 shows a more adequate 
figure-of-merit, the maximum number of write cycles N 

                                                 
3 We use this term to describe all ranges of applied voltage, 
including the Fowler-Nordheim regime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ≡ QBD/CV, plotted versus the calculated write time scale 
τ  ≡ CV/I(V), where C is the junction capacitance (for our 
samples, between 1.5 and 2.0 μF/cm2), V is the (high) 
applied voltage, and I(V) the current corresponding to 
this voltage. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 : Field endurance of junctions from wafer CB17 
for several RTA parameter sets, at room temperature. 

 
One can see that at semi-optimized post-processing, 

the junctions can combine a 20-ns-scale write time 
(acceptable for most applications currently using stand-
alone DRAM chips) with ~1011 write cycles and ~1-
second-scale retention time τR ≡ C/G(0). We believe that 
these parameters enable the application of FGRAM, 
based on such tunnel barriers, for at least some RAM 
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Fig. 2 : Specific differential conductance G ≡ A-1(dI/dV) of junctions from wafer CB17 (rf power 10 W, oxidation time 10 minutes) as 
a function of applied voltage, for various durations and temperatures of the rapid thermal post-annealing. The data are for T = 4.2 K, 
but the room temperature results are close, with the only exception of somewhat lower breakdown voltage. 



applications, though the further increase of N may be 
still desirable. Our plans are to continue the optimization 
of fabrication parameters to achieve this goal.  

 

4. Conclusion 
To summarize, we have shown that such simple, 

CMOS-compatible fabrication steps as plasma oxidation 
of aluminum with rapid thermal post-annealing of the 
resulting junctions enable the implementation of fast, 
scalable floating-gate memories which may be suitable 
for at least some RAM applications. We believe that 
such memories, after a modest improvement, may 
become the RAM of choice for integrated circuits 
beyond the 32-nm ITRS technology node.4
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