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Abstract—Zinc-oxide (ZnO) and zirconia (ZrO2) metal oxides 

have been studied extensively in the past few decades with several 

potential applications including memory devices. In this work, a 

scalability study, based on the ITRS roadmap, is conducted on 

memory devices with ZnO and ZrO2 nano-islands charge 

trapping layer. Both nano-islands are deposited using atomic 

layer deposition (ALD), however, the different sizes, distribution 

and properties of the materials result in different memory 

performance. The results show that at the 32-nm node charge 

trapping memory with 127 ZrO2 nano-islands can provide a 9.4 

V memory window. However, with ZnO only 31 nano-islands can 

provide a window of 2.5 V. The results indicate that ZrO2 nano-

islands are more promising than ZnO in scaled down devices due 

to their higher density, higher-ⱪ, and absence of quantum 

confinement effects. 

 

Index Terms—Charge trapping memory, atomic layer deposition, 

nano-islands, ZnO, ZrO2, scalability 

 

I. INTRODUCTION 

ORTABLE electronic gadgets have been noticeable part 

of our daily lives since the 1990s; and the majority of 

these products use embedded flash memory devices. In 1967, 

Sze and Kahng invented the floating gate memory at Bell Labs 

which established the primary technology for flash memory 

cells [1]. In order to meet the demands of system 

miniaturization, the dimensional scaling of memories has 

evolved to increase the density of the memory devices and 

simultaneously improve their switching speeds. However, 

with aggressive scaling, the floating gate memory is expected 

to reach physical limitations. This is especially true with 

scaled tunnel oxides which can easily leak out all the stored 

charge in the conductive floating gate through a single leakage 

path, resulting in a severe reliability issue [2].  

Discrete nanoparticles based memory was first invented at 

IBM in 1995 [3-4], and researchers were considering it to have 

the potential to solve the scaling problem by the early 2000s. 

ZnO [5-6] and ZrO2 [7-8] have shown great potential in 

several applications including memory devices. In this paper, 

a scalability study is conducted on ZnO and ZrO2 nano-islands  
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based memory devices that have been recently demonstrated 

by our group [9-10]. 

II. DEVICE STRUCTURE AND AFM 

The fabricated memory devices are based on a metal-oxide-

semiconductor capacitor (MOSCap) structure because the 

capacitor enables the study of program/erase characteristics, 

along with studies of retention and endurance with reduced 

complexity of fabrication compared to the transistor. The 

tunnel oxide and blocking oxide consist of 4-nm and 10-nm 

Al2O3 layers, respectively, with the charge trapping nano-

islands embedded in between the two oxides. Two nano-island 

materials are studied for the charge trapping layer: ZnO and 

ZrO2 which are deposited by 20 cycles of the atomic layer 

deposition (ALD) process. More details about the fabrication 

of the memory and the growth of the nano-islands are 

explained in our recent papers [9-10]. Using an atomic force 

microscope, the distribution and topography of the nano-

islands are extracted. Fig 1.a and Fig 1.b show the 2D and 3D 

images of the ZnO islands, respectively, while Fig. 2.a and 

Fig. 2.b show the 2D and 3D images of the ZrO2 islands, 

respectively. The islands are represented by white 

circular/elliptic shapes in the 2D AFM images. In addition, 

transmission electron microscope is used to show a cross 

section of the ZrO2 nano-islands (Fig. 3).  

The images show that the ZnO nano-islands have a width 

range from 8.5-30 nm (average ~20 nm) and an average 

thickness of ~3 nm. The average coverage of the nano-islands  
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Figure 1. a. 2D AFM topography of the ZnO nano-islands, b. 3D AFM 

topography of the nano-islands [5]. 

 
Figure 2. a. 2D AFM topography of the ZrO2 nano-islands, b. 3D AFM 

topography of the nano-islands. Reused with permission from [10]. 

 

 
Figure 1. a. 2D AFM topography of the ZnO nano-islands, b. 3D AFM 

topography of the nano-islands [9]. 
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is 1/5. With ZrO2, the average width of the islands is 10-nm 

with a thickness range of 4-12 nm (average ~8 nm). The 

coverage of the nano-islands in this case consists of 1/3 of the 

substrate. The exceptional feature of this growth is the shape 

of the nano-islands which exposes the largest cross-section 

(depicted in Fig. 3 with “C”) to the tunneling source (Si 

channel) resulting in the most effective injection condition as 

shown in Fig. 3. 

III. DISCUSSION AND RESULTS 

     In our previous works, we have shown that at write/erase 

(W/E) voltages above 8/-8V, the threshold voltage shift (Vt 

shift) obtained with ZnO islands is larger than with ZrO2 

islands (shown in Fig. 4), while the shift with ZrO2 almost 

saturates at high W/E voltages which indicates that the charge 

trap states density in ZnO could be larger than in ZrO2. 

However, at low operating voltages, larger memory window is 

obtained with ZrO2 which can be explained by the larger 

dielectric constant of the material (ⱪ~35 as demonstrated in 

[10]). As a matter of fact, according to Gauss’s law across a 

MOScap-based memory, a high- ⱪ in the charge trapping layer 

results in a higher electric field across the tunnel oxide at the 

same W/E voltages which leads to a higher tunneling 

probability [11]. At higher operating W/E voltages, even 

though the injection field with ZrO2 is still higher than with 

ZnO, however, in this case, the memory window would be 

limited by the available charge trap states density within the 

charge trapping layer.  

The charge trap states density in the nano-islands at a W/E 

voltage of 7/-7V is calculated using the following equation: 

 

N =
𝐶𝑡×∆𝑉𝑡

𝑞
                                    (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where 𝐶𝑡 is the capacitance of the MOS memory per unit area 

and q is the elementary charge [12]. The capacitance is 

obtained from the measured C-V curves shown in Fig. 5a and 

Fig. 5b for the devices with ZrO2 and ZnO islands, 

respectively, and the area of our fabricated devices is 45×45 

µm
2
. The charge trap states density in the ZnO and ZrO2 

islands is calculated taking into consideration the area 

coverage of the islands found to be 2.45×10
13

 cm
-2

 and 

1.2×10
14

 cm
-2

, respectively.  

According to the ITRS for charge trapping NOR flash 

memory, the physical gate length is projected to be 100-nm for 

the 32-nm node which is expected to be in production in the 

2019-2021 years [13], and from Fig. 1a and Fig. 2a, there will 

definitely be several nano-islands embedded in each memory 

cell. 

To study the scalability of the memory devices, we assume 

that each memory device has a square gate of area 100×100 

nm
2
, although the width of the memory devices is usually 

made larger than the gate length which would allow for more 

nano-islands to be embedded within each memory cell and 

therefore, leading to larger memory windows than the 

calculated values in this work.  

The expected memory window for the scaled-down devices 

is calculated using equation (1). The thicknesses used for the 

tunnel and blocking oxides in our fabricated devices are within 

the projected range by the ITRS. Thus, we use the same values 

of the tunnel and blocking oxide thicknesses. The Ct is 

calculated with 4-nm Al2O3 tunnel oxide, 6-nm ZrO2 and 10-

nm Al2O3 blocking oxide for a 100×100 nm
2
 square area. 

Then, again assuming that the new device has the same islands 

coverage of 1/3 of the total area, the Vt shift that can be 

obtained with this scaled device is then calculated using 

equation (1). In such memory devices, there would be around 

127 ZrO2 and 31 ZnO embedded nano-islands with average 

 
Figure 3. TEM cross section of the ZrO2 nano-islands 

 
Figure 4. Measured memory window at different Write/Erase voltages. 

Reused with permission from [9-10] 

 

 
Figure 5. High frequency C-V characteristic of the memory a) with ZrO2 

islands b) with ZnO islands. Reused with permission from [9-10] 
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width of 20-nm and 10-nm, respectively. 

The following tables I and II summarize the obtained results 

for the 32-nm technology (100-nm physical gate length) and 

our fabricated devices results with ZnO and ZrO2 nano-

islands, respectively. The results show that the charge trapping 

memory devices with ZrO2 nano-islands are expected to 

provide a very large Vt shift (9.4 V) due to the large charge 

trapping density, to the larger area coverage of the islands and 

to the high-κ of the nano-islands. It is also worth to mention 

that these results are based on the islands deposited by 20-

ALD-cycles. However, with 30 cycles, more islands can be 

obtained which are smaller in size and closer to each other as 

demonstrated in our previous work [10]. Therefore, more 

islands could be embedded per memory leading to a higher 

memory window.  

The Vt shift shown in the Table I and II are calculated with 

a W/E voltage of 10/-10 V. However, with different W/E 

voltages, Vt shift would be different. With a 7/-7 V W/E 

voltage, the new Vt shifts for the scaled down devices are 

calculated and found to be 7.7 V with ZrO2 while 1.6 V with 

ZnO islands. With a 5/-5 V W/E voltage, the new Vt shifts 

would be 5.9 V with ZrO2 while 0.7 V with ZnO islands. It is 

expected that with lower applied W/E voltages, the injection 

field would be lower resulting in a smaller memory window. 

 
Table I. Scalability study on the memory with ZnO nano-islands 

 
Our devices 32-nm node  

Physical Gate 

length 
45-um 100-nm 

Area of cell 45×45μm2 100×100 nm2 

Cgate-ox (F) 39×10-12 3.93×10-17 

Nt in ZnO (cm-2) 2.45×1013 2.45×1013 

Coverage of ZnO 1/5 of the total area 1/5 of the total area 

Vt shift 8.5 V 2.5 V 

 
Table II. Scalability study on the memory with ZrO2 nano-islands 

 
Our devices 32-nm node 

Physical Gate 

length 
45-um 100-nm 

Area of cell 45×45μm2 100×100 nm2 

Cgate-ox (F) 170×10-12 5.12×10-17 

Nt in ZrO2 (cm-2) 1.2×1014 1.2×1014 

Coverage of ZrO2 1/3 of the total area 1/3 of the total area 

Vt shift 7.2V 9.4 V 

 

One point that can cause reliability issues is the quantum 

confinement effects (QCE) in the nano-islands. In fact, we 

have already demonstrated that ZnO showed QCE in 1D while 

no such effects are obtained in the ZrO2 islands [9-10]. 

Therefore, with ZnO, the performance of the memory cells 

will be different based on the different sizes of the islands 

embedded within each cell since their electronic properties 

will vary due to the QCE [14-17]. However, this problem is 

avoided with ZrO2 islands since no QCE are shown and 

therefore the electronic properties of the islands are uniform 

and the performance of the memory will be based on the nano-

islands area coverage which is around 1/3.  

Moreover, due the higher-ⱪ of the the zirconia islands than 

ZnO islands, a larger electric field would be applied across the 

tunnel oxide under the same applied gate voltage. This might 

cause the breakdown of the tunnel oxide in the zirconia based 

memory after a smaller number of W/E cycles than in the case 

of the ZnO based memory. In other words, the endurance 

characteristic of the memory with ZnO islands could be better 

than the memory with ZrO2 islands. However, we have shown 

in our previous work [10] that with ZrO2, a 13.3% loss of the 

initial memory window is lost after 10
5
 W/E cycles which is 

considered as an excellent endurance characteristic 

In terms of retention characteristic, leakage of the charge 

occurs either laterally by charge emission between the nano-

islands or to the silicon channel. The former is limited by the 

tunneling probability between nano-islands; an Al2O3 oxide 

gap between the islands exceeding 10-nm is sufficient in 

making the direct tunneling current component insignificant. 

The latter is limited by the quiescent bias state of the device 

which keeps the Silicon surface in depletion. During the 

retention operation, without an applied gate bias, the band 

alignment is unfavorable for tunneling, thus, the nano-islands 

based memory has a long retention time as already proven in 

our previous works [9-10]. 

IV. CONCLUSION 

     In summary, the scalability characteristic of charge 

trapping memory devices with ZnO and ZrO2 nano-islands 

grown by ALD is studied. The results show that although large 

memory devices show larger memory window with ZnO, 

however, scaled down devices show improved performance in 

terms of larger memory shift with the ZrO2 nano-islands with 

a good retention characteristic. This is due to the higher 

density of the grown nano-islands which result in more trap 

states per memory, higher-ⱪ of the material which results in a 

higher injection field at the same operating voltage, and the 

lack of quantum confinement effects.   

ACKNOWLEDGMENT 

     We gratefully acknowledge financial support for this work 

provided by the Masdar Institute of Science and Technology, 

Office of Naval Research Global grant N62909-16-1-2031. 

Nazek El-Atab acknowledges L’Oréal-UNESCO 2017 For 

Women in Science International Rising Talents Award. 

REFERENCES 

[1] D. Kahng, and S. M. Sze, Bell Syst Tech J, (1967) 46, 1288.  

[2] H. E. Maes, J. Writters, and G. Groeseneken. Trends in non-volatile 
memory devices and technologies, Presented at Proc. 17 European Solid 

State Devices Res. Conf., Bologna, 1987.  

[3] S. Tiwari, F. Rana, H. Hanafi, A. Hartstein, E. F. Crabbé, & K. Chan. A 
silicon nanocrystals based memory. Applied Physics Letters, vol 68, no. 

10, pp. 1377-1379, 1996.  

[4] Z. Liu, C. Lee, V. Narayanan, G. Pei, & Kan, E. C. Metal nanocrystal 
memories-part II: electrical characteristics. IEEE Transactions on 

Electron Devices, vol. 49, no. 9, pp. 1614-1622, 2002. 

[5] B. Oruc, F. Cimen, A. Rizk, M. Ghaffari, A. Nayfeh, and A. K. Okyay, 
“Thin Film ZnO Charge-Trapping Memory Cell Grown in a Single ALD 

Step,” IEEE Elec. Dev. Letters, vol. 33, pp. 1714-1716, 2012. 

[6] D. J. Yun,  J. Y. Bak,  C. W. Byun, and  S.M. Yoon. Areal Geometric 
Effects of a ZnO Charge-Trap Layer on Memory Transistor Operations 



1536-125X (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2017.2764745, IEEE
Transactions on Nanotechnology

 4 

for Embedded-Memory Circuit Applications. IEEE Elec. Dev. Letters, 

vol. 99, 2017. 
[7] C. O'Dwyer, M. Szachowicz, G. Visimberga, V. Lavayen, S. B. 

Newcomb & C. M. Sotomayor Torres. Bottom-up growth of fully 

transparent contact layers of indium tin oxide nanowires for light-
emitting devices. Nature Nanotech. Vol. 4, pp. 239-244, 2009. 

[8] D. S.  Kil, H. S. Song,  K..J. Lee,  K. Hong,  J. H. Kim,  K. S. Park,  S. J. 

Yeom,  J. S. Roh,  N. J. Kwak,  H. C. Sohn, J. W. Kim, S. W. Park. 
“Development of new TiN/ZrO2/Al2O3/ZrO2/TiN capacitors extendable 

to 45nm generation DRAMs replacing HfO2 based dielectrics,” Digest of 

Technical Papers. IEEE Symposium on VLSI Technology p. 38, 2006. 
[9] N. El-Atab, F. Chowdhury, T. G. Ulusoy, A. Ghobadi, A. Nazirzadeh, 

A. K. Okyay & A. Nayfeh. ~3-nm ZnO Nanoislands Deposition and 

Application in Charge Trapping Memory Grown by Single ALD Step. 
Scientific Reports 6, 38712, 2016. doi: 10.1038/srep38712. 

[10] Nazek El-Atab, Turkan Gamze Ulusoy, Amir Ghobadi, Junkyo Suh, 

Raisul Islam, Ali K. Okyay, Krishna Saraswat, and Ammar Nayfeh 
“Cubic-Phase Zirconia Nano-islands Growth Using Atomic Layer 

Deposition and Application in Low-Power Charge-Trapping 

Nonvolatile-Memory Devices” Nanotechnology 28, no. 44, p. 445201, 
2017.  

[11] N. El-Atab, A. Ozcan, S. Alkis, A. K. Okyay, and A. Nayfeh. "2-nm 

laser-synthesized Si nanoparticles for low-power charge trapping 
memory devices." 2014 IEEE 14th International Conference on 

In Nanotechnology (IEEE-NANO), pp. 505-509. IEEE, 2014. 

[12] S. M. Sze, Kwok K. Ng, Physics of Semiconductor Devices, Third ed., 
JOHN WILEY & SONS, JNC, 2007. 

[13] International Technology Roadmap for Semiconductors 2013, 
www.itrs.net. 

[14] N. El-Atab and A. Nayfeh “1D vs. 3D quantum confinement in 1-5 nm 

ZnO nanoparticles agglomerations for application in charge trapping 
memory devices,” Nanotechnology 27, 275205, 2016. 

[15] A. Nayfeh, A. Okyay, N. El-Atab, A. Ozcan, and S. Alkis. Low power 

zinc-oxide based charge trapping memory with embedded silicon 
nanoparticles. Electrochemical Society Meeting Abstracts, no. 46, pp. 

2143-2143, 2014. 

[16] A. Nayfeh, A. Okyay, N. El-Atab, F. Cimen, and S. Alkis. Transparent 
graphene nanoplatelets for charge storage in memory devices. 

Electrochemical Society Meeting Abstracts, no. 37, pp. 1879-1879, 

2014. 
[17] N. El-Atab, F. Cimen, S. Alkis, A. K. Okyay, A. Nayfeh. Enhanced 

memory effect with embedded graphene nanoplatelets in ZnO charge 

trapping layer, Applied Physics Letters, vol. 105, no.3, p. 033102, 2014. 

 

Nazek El-Atab was born in Paris, 

France, in 1991. She received her B.Sc. 

degree from the Hariri Canadian 

University, Lebanon, in 2012, her 

M.Sc. degree in microsystems 

engineering from the Masdar Institute 

of Science and Technology, Abu 

Dhabi, UAE, in 2014, and her Ph.D. degree in 

interdisciplinary engineering from the Masdar Institute in 

2017.  

Currently, she is a Post-Doctoral research fellow in the 

Integrated Nanotechnology Lab at King Abdullah University 

of Science and Technology (KAUST), Thuwal, Saudi Arabia. 

Her current research focuses on the fabrication of flexible and 

implantable Si/SiGe/Ge nanotube FET for application in 

brain-machine interface. From 2012 till 2017, she was a 

Research Assistant with the Masdar Institute. During her PhD 

studies, she worked as a Visiting Research Scientist at 

Stanford University, CA, USA. Her PhD thesis, funded by the 

Office of Naval Research Global, focused on the growth of 

nanomaterials using the atomic layer deposition system for 

low-power memory applications.  

Dr. El-Atab has received several awards for her research, 

including the 2015 For Women in Science Middle East 

Fellowship and the 2017 International Rising Talents Award 

by L’Oreal-UNESCO. She is also a six-time recipient of the 

Merit-Based Hariri Foundation Scholarship, the Masdar 

Institute fellowships for M.Sc. and PhD studies, and a 

postdoctoral fellowship by KAUST. She has published over 

30 papers in international journals and conference 

proceedings, and a book chapter. She is a member of IEEE, 

the Electrochemical Society, and Materials Research Society.  

 

Irfan Saadat obtained his double BS 

degrees in Electrical Engineering and 

Computer Science from King Fahd 

University of Petroleum and Minerals, 

Dhahran, Saudi Arabia, and MEng and 

PhD in Electrical Engineering from 

Connell University in 1984 and 1990 

respectively.  

From 1990 till 1999 he was with Fairchild Research Center 

(part of National Semiconductor), Santa Clara, CA. From 

1990 till 2011 he was with PDF Solutions, San Jose, CA. 

Currently, he is a professor in Microsystems in the Electrical 

and Computer Engineering Department in Masdar Institute, 

Khalifa University, Abu Dhabi. His last assignment, prior to 

joining Masdar was the process development and transfer to 

manufacturing of the advanced nodes for leading international 

alliance.  His areas of expertise are: silicides, BEOL and MOL 

process integration; and design, testing and analysis of process 

characterization test chips. His current research areas are: III-

V CMOS devices, 2-D material based devices, sensors and 

materials, CNT for devices and BEOL applications; and 3-D 

integration. Prof. Saadat has numerous publications and 10 US 

patents. 

 

 Krishna Saraswat is Rickey/Nielsen 

Chair Professor in Electrical 

Engineering at Stanford University. 

His research is in materials, structures, 

and technology of semiconductor 

devices and interconnects for 

nanoelectronics and solar cells. Prof. 

Saraswat has graduated over 85 

doctoral students, 30 post doctoral scholars and has published 

over 780 papers. He is Life Fellow of the IEEE and recipient 

of many awards including the Thomas Callinan Award from 

The Electrochemical Society in 2000, the IEEE Andrew Grove 

Award in 2004 and the Technovisionary Award from the India 

Semiconductor Association in 2007. He is listed by ISI as one 

of Highly Cited Authors. 

 

Ammar Nayfeh was born in Urbana 

IL in 1979. He received his bachelor's 

degree from the University of Illinois 

Urbana Champaign in 2001 in 

electrical engineering and his master's 

degree in 2003 from Stanford 

University. Dr. Nayfeh earned a Ph.D. 

in electrical engineering from Stanford 

University in 2006. His research 

focused on heteroepitaxy of Germanium on Silicon.    



1536-125X (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2017.2764745, IEEE
Transactions on Nanotechnology

 5 

After his PhD, he joined Advanced Micro Devices as a 

researcher working in collaboration with IBM. Following that, 

he then spent a year as a consultant with PDF solutions and 

later joined a silicon valley start up, Innovative Silicon (ISi) in 

2008. In addition, he was a part time professor at San Jose 

State University. In June 2010, he joined MIT as a visiting 

scholar and became a faculty member at the Masdar Institute 

of Science and Technology in Abu Dhabi, UAE. At Masdar 

Institute, he is director of the Nano Electronics and Photonics 

Laboratory where his primary research interests is on new 

material systems for future more efficient low power 

semiconductor devices. This included transistors, memory, 

PV, and photodetectors. He is currently an associate professor 

in the Department Electrical Engineering and Computer 

Science (EECS) at the Masdar Institute of Science and 

Technology.  

Prof. Nayfeh has authored or co-authored over 100 

publications, and holds three patents. He is a member of IEEE, 

MRS and Stanford Alumni Association. He has received the 

Material Research Society Graduate Student Award, the 

Robert C. Maclinche Scholarship at UIUC, and Stanford 

Graduate Fellowship.  

 

 

 

 


