
Observation of memory effect in germanium nanocrystals embedded in an amorphous
silicon oxide matrix of a metal–insulator– semiconductor structure
W. K. Choi, W. K. Chim, C. L. Heng, L. W. Teo, Vincent Ho, V. Ng, D. A. Antoniadis, and E. A. Fitzgerald 

 
Citation: Applied Physics Letters 80, 2014 (2002); doi: 10.1063/1.1459760 
View online: http://dx.doi.org/10.1063/1.1459760 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/80/11?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Electrical study of Ge-nanocrystal-based metal-oxide-semiconductor structures for p-type nonvolatile memory
applications 
Appl. Phys. Lett. 84, 5079 (2004); 10.1063/1.1751227 
 
Charge storage and photoluminescence characteristics of silicon oxide embedded Ge nanocrystal trilayer
structures 
Appl. Phys. Lett. 84, 1386 (2004); 10.1063/1.1646750 
 
Effect of germanium concentration and tunnel oxide thickness on nanocrystal formation and charge
storage/retention characteristics of a trilayer memory structure 
Appl. Phys. Lett. 83, 3558 (2003); 10.1063/1.1615840 
 
Microstructural and photoluminescence studies of germanium nanocrystals in amorphous silicon oxide films 
J. Appl. Phys. 89, 2168 (2001); 10.1063/1.1342026 
 
Raman characterization of germanium nanocrystals in amorphous silicon oxide films synthesized by rapid
thermal annealing 
J. Appl. Phys. 86, 1398 (1999); 10.1063/1.370901 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.239.20.174 On: Wed, 03 Sep 2014 10:51:20

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1297222723/x01/AIP-PT/COMSOL_APLArticleDL_090314/COMSOL_banner_US_IEEE-Supplement-2014_1640x440.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=W.+K.+Choi&option1=author
http://scitation.aip.org/search?value1=W.+K.+Chim&option1=author
http://scitation.aip.org/search?value1=C.+L.+Heng&option1=author
http://scitation.aip.org/search?value1=L.+W.+Teo&option1=author
http://scitation.aip.org/search?value1=Vincent+Ho&option1=author
http://scitation.aip.org/search?value1=V.+Ng&option1=author
http://scitation.aip.org/search?value1=D.+A.+Antoniadis&option1=author
http://scitation.aip.org/search?value1=E.+A.+Fitzgerald&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1459760
http://scitation.aip.org/content/aip/journal/apl/80/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/84/25/10.1063/1.1751227?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/84/25/10.1063/1.1751227?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/84/8/10.1063/1.1646750?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/84/8/10.1063/1.1646750?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/17/10.1063/1.1615840?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/17/10.1063/1.1615840?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/89/4/10.1063/1.1342026?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/86/3/10.1063/1.370901?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/86/3/10.1063/1.370901?ver=pdfcov


APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 11 18 MARCH 2002

 This a
Observation of memory effect in germanium nanocrystals embedded
in an amorphous silicon oxide matrix of a metal–insulator–
semiconductor structure

W. K. Choia) and W. K. Chim
Singapore–MIT Alliance, 4 Engineering Drive 3, Singapore 117576, Singapore and Microelectronics
Laboratory, Department of Electrical and Computer Engineering, National University of Singapore,
4 Engineering Drive 3, Singapore 117576, Singapore

C. L. Heng and L. W. Teo
Singapore–MIT Alliance, 4 Engineering Drive 3, Singapore 117576, Singapore

Vincent Ho and V. Ng
Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering
Drive 3, Singapore 117576, Singapore

D. A. Antoniadis and E. A. Fitzgerald
Singapore–MIT Alliance, 4 Engineering Drive 3, Singapore 117576, Singapore and Massachusetts Institute
of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139-66307

~Received 9 August 2001; accepted for publication 15 January 2002!

The memory effect of a trilayer structure~rapid thermal oxide/Ge nanocrystals in SiO2/sputtered
SiO2! was investigated via capacitance versus voltage (C–V) measurements. The Ge nanocrystals
were synthesized by rapid thermal annealing of the cosputtered Ge1SiO2 films. The memory effect
was manifested by the hysteresis in theC–V curve. Transmission electron microscope andC–V
results indicated that the hysteresis was due to Ge nanocrystals in the middle layer of the trilayer
structure. ©2002 American Institute of Physics.@DOI: 10.1063/1.1459760#
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The increasing use of portable electronics and embed
systems has resulted in a need for low-power high-den
nonvolatile memories. Current floating-gate flash mem
cells use a relatively thick tunnel oxide to prevent dire
tunneling current leakage to ensure a good data reten
capability and to reduce the off-state power consumption
the memory array. However, such a thick tunnel oxide me
that the write and erase pulse durations during programm
of the flash memory are relatively long and these comp
mise the programming speed of the device. Tiwariet al.1

proposed a silicon~Si! nanocrystal memory device that ca
be programmed at fast speeds~hundreds of nanosecond!
using low voltages for direct tunneling and storage of el
trons in Si nanocrystals. By using nanocrystal charge stor
sites that are isolated electrically, charge leakage through
calized oxide defects is reduced. Kinget al.2,3 also demon-
strated a germanium~Ge! nanocrystal memory device tha
can be programmed at low voltages and high speeds.
device was fabricated by implanting Ge atoms into a Si s
strate. However, the implantation process can cause G
locate at the silicon–tunnel oxide interface, forming tr
sites that can degrade device performance.

Recently, we reported structural results of Ge nanocr
tals synthesized by the rapid thermal annealing~RTA!
technique.4,5 We showed that Ge nanocrystal growth is cri
cally dependent on the Ge concentration and the RTA co
tions. In this letter, we report observations of memory eff
of Ge nanocrystals fabricated using a trilayer structure.

The devices used in this work have a metal–insulato

a!Electronic mail: elechoi@nus.edu.sg
2010003-6951/2002/80(11)/2014/3/$19.00
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

130.239.20.174 On: Wed,
ed
ty
y
t
on
f
s
g
-

-
ge
o-

is
-
to

s-

i-
t

–

semiconductor~MIS! structure. The insulating layer consis
of a trilayer structure. A thin~5 nm! SiO2 layer was grown on
a p-type silicon substrate in dry oxygen ambient using ra
thermal oxidation at 1000 °C. A Ge1SiO2 layer of thickness
20 nm was then deposited by the radio frequency~rf! cosput-
tering technique. Details of the cosputtering process can
found in our previous paper.4 The sputtering target was a
in. SiO2 ~99.999% pure! disk with six pieces of undoped G
(10 mm310 mm30.3 mm) attached. The argon pressu
and rf power were fixed at 331023 mbar and 100 W, re-
spectively. A third pure SiO2 layer ~50 nm! was then depos-
ited by rf sputtering in argon at rf power of 100 W an
sputtering pressure of 331023 mbar. The trilayer structure
was then rapid thermal annealed in argon ambient at 100
for 300 s. The RTA ramp-up and ramp-down rates were fix
at 30 °C/s.

Figure 1 shows the capacitance versus voltage (C–V)
characteristics of a trilayer structure device~device A!. It can
be seen that device A exhibits counterclockwise hyster
~;6 V!. Note that all our A devices~25 devices tested!
showed hysteresis larger than 4 V. Wahlet al.6 and Shiet al.7

observed hysteresis of;2–2.5 V ~for a voltage sweep of
25–15 V! for a Si nanocrystal transistor structure with 1
~Ref. 6! and 2.4 nm~Ref. 7! tunnel oxide layers, respectively
Note that the hysteresis width depends on the range of
voltage sweep in theC–V measurements and on the devi
structure.

Figure 1 also shows theC–V curve of another trilayer
structure device~device B! with the middle layer consisting
of 20 nm thick pure sputtered oxide. Counterclockwise h
teresis was also observed but was of smaller width~0.73 V!.
4 © 2002 American Institute of Physics
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Note that a trilayer structure similar to device B, but with
RTA step, showed hysteresis of 1.09 V. This means that
RTA process improved the sputtered oxide’s quality and
duced the trapped charge density in device B from 3
31011 ~as prepared! to 1.9831011 cm22 ~after RTA!. The
pronounced hysteresis exhibited by device A must there
be due to charge storage in the Ge nanocrystals located i
middle layer. Note that Shiet al.7 attributed the memory ef
fects of their metal–oxide–semiconductor memory devi
to charge stored at deep traps in Si nanocrystals. We
presently investigating this as the possible charge sto
mechanism in our devices. The existence of Ge nanocrys
in the middle layer will be discussed further in the transm
sion electron microscope~TEM! results that will be pre-
sented later.

Note that device A also shows a significant positive sh
~;4 V! and aC–V curve with a gentler slope compared
device B. Since the hysteresis width is approximately 6
this means that device A has better charge storage capa
than device B. Ahnet al.8 suggested that, in a system th
contains Si–O–Si and Si–O–Gebonds, the Ge–O bond i
weaker and can be broken easily, leaving a Si–O–dangling
bond structure. We have shown in our previous x-ray pho
electron spectroscopy~XPS! results5 that the 1000 °C an-
nealed sample contained a substantial amount of Gx
bonds. This dangling bond structure can then trap an elec
and become negatively charged. The significant positive s
of theC–V curve of device A may be due to the trapping
electrons by dangling bonds. The gentler slope of theC–V
curve of device A is a result of the large voltage shift induc
by the charge stored in the nanocrystals. This was verified
C–V measurements at different delay times, i.e., to simu
different sweep rates.

Figure 2 shows a TEM micrograph of device A. It can
seen from this micrograph that the middle layer consists
Ge nanocrystals of different sizes. It is interesting to n

FIG. 1. Capacitance vs voltage characteristics of trilayer structure dev
device A@RTO SiO2 (5 nm) – Ge1SiO2 (20 nm) –sputtered SiO2 (50 nm)#
and device B @RTO SiO2 (5 nm) –sputtered SiO2 (20 nm) –sputtered
SiO2 (50 nm)#, and two-layered structure device C @RTO
SiO2 (5 nm) – Ge1SiO2 (20 nm)#.
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that Ge nanocrystals of diameter~d! ;20 nm formed near the
RTO SiO2-sputtered Ge1SiO2 interface and smaller Ge
nanocrystals with d of ;6 nm formed at the RTO
SiO2-sputtered Ge1SiO2 and the sputtered Ge1SiO2-pure
sputtered oxide interfaces. There seem to be more Ge na
rystals near the RTO SiO2-sputtered Ge1SiO2 interface than
near the sputtered Ge1SiO2-pure sputtered oxide interface
The center region of the middle layer contains many few
Ge nanocrystals. Fukudaet al.9 pointed out that, at 1000 °C
Ge can diffuse significantly in oxide. Heiniget al.10 sug-
gested that, since the concentration of Ge dissolved in S2

is lower than the solubility at the Si–SiO2 interface and
higher at the bulk of the oxide, the concentration gradi
can lead to diffusion flux, resulting in an accumulation of G
at the interface. We suggest that when device A was anne
at 1000 °C, significant Ge diffusion towards the two inte
faces took place. The process described by Heiniget al.10

can account for the larger number of Ge nanocrystals n
the two interfaces and the smaller number of Ge nanocrys
in the center region of the middle layer. We are, however,
able to provide a reason presently for the preferential form
tion of big nanocrystals or the higher number of smal
nanocrystals at the RTO SiO2-sputtered Ge1SiO2 interface.

Figure 3 shows a TEM micrograph of a two-layered d
vice ~device C! that consists of a 5 nm RTO SiO2 layer and
a 20 nm Ge1SiO2 layer. The device was rapid thermal a
nealed at 1000 °C for 300 s. It can be seen from this Fig
that Ge nanocrystals are only located at the R
SiO2-sputtered Ge1SiO2 interface. Because this device wa
fabricated without an oxide cap layer, it is reasonable to
pect significant outdiffusion of Ge to occur during RTA
1000 °C.

The C–V characteristic of device C in Fig. 1 exhibit
small hysteresis of,0.5 V. The smaller normalized mini
mum capacitance of device C compared to the other dev
in Fig. 1 is due to a thinner total oxide thickness~25 nm! in

s:
FIG. 2. Transmission electron micrograph of the trilayer structure ra
thermal annealed at 1000 °C for 300 s. The trilayer structure consists
nm of RTO SiO2 , 20 nm of a cosputtered Ge1SiO2 layer, and a 50 nm of
pure sputtered SiO2 ~device A!.
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device C. Since the Ge nanocrystals are much fewer in n
ber in device C, it is reasonable to expect the charge sto
capacity of this device to be more reduced compared to
device A. Note that the leakage current density ranged
tween 1028 and 1029 A cm22 with 3 V applied to the gate
electrode. We feel that this leakage current density is r
tively low for this trilayer structure with a 5 nm RTOlayer.11

We are currently experimenting with devices of different g
ometries, RTA conditions, and Ge concentrations to optim
performance of the device.

In conclusion, we have demonstrated a trilayer struct

FIG. 3. Transmission electron micrograph of the two-layered structure r
thermal annealed at 1000 °C for 300 s. The two-layered structure consis
5 nm of RTO SiO2 and 20 nm of a cosputtered Ge1SiO2 layer ~device C!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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with Ge nanocrystals embedded in the middle SiO2 layer that
has potential for application in memory devices. This laye
formed via cosputtering of a Ge1SiO2 target. The Ge nanoc
rystals were synthesized by the RTA method.
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