AlP | e ™

Ge nanocrystals in SiO 2 films
Takamitsu Kobayashi, Toshiaki Endoh, Hisashi Fukuda, Shigeru Nomura, Akira Sakai, and Yuji Ueda

Citation: Applied Physics Letters 71, 1195 (1997); doi: 10.1063/1.119623

View online: http://dx.doi.org/10.1063/1.119623

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/71/9?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Capacitance switching in SiO 2 thin film embedded with Ge nanocrystals caused by ultraviolet illumination
Appl. Phys. Lett. 95, 091111 (2009); 10.1063/1.3224191

Ge nanocrystals in lanthanide-based Lu 2 O 3 high- k dielectric for nonvolatile memory applications
J. Appl. Phys. 102, 094307 (2007); 10.1063/1.2803883

Large capacitance-voltage hysteresis loops in SiO 2 films containing Ge nanocrystals produced by ion
implantation and annealing
Appl. Phys. Lett. 88, 071916 (2006); 10.1063/1.2175495

Introduction of Si/SiO 2 interface states by annealing Ge -implanted films
J. Appl. Phys. 96, 4308 (2004); 10.1063/1.1790579

Physical and electrical properties of Ge-implanted SiO 2 films
J. Appl. Phys. 90, 3524 (2001); 10.1063/1.1399024

SUBSCRIBE TO



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-37/1978199800/x01/AIP-PT/APL_ArticleDL_111914/PT_SubscriptionAd_1640x440.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Takamitsu+Kobayashi&option1=author
http://scitation.aip.org/search?value1=Toshiaki+Endoh&option1=author
http://scitation.aip.org/search?value1=Hisashi+Fukuda&option1=author
http://scitation.aip.org/search?value1=Shigeru+Nomura&option1=author
http://scitation.aip.org/search?value1=Akira+Sakai&option1=author
http://scitation.aip.org/search?value1=Yuji+Ueda&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.119623
http://scitation.aip.org/content/aip/journal/apl/71/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/95/9/10.1063/1.3224191?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/9/10.1063/1.2803883?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/7/10.1063/1.2175495?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/7/10.1063/1.2175495?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/8/10.1063/1.1790579?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/90/7/10.1063/1.1399024?ver=pdfcov

Ge nanocrystals in SiIO 5 films

Takamitsu Kobayashi, Toshiaki Endoh, Hisashi Fukuda,? Shigeru Nomura, Akira Sakai,
and Yuji Ueda

Department of Electrical and Electronic Engineering, Faculty of Engineering, Muroran Institute

of Technology, 27-1 Mizumoto, Muroran, Hokkaido 050, Japan

(Received 29 April 1997; accepted for publication 26 June 1997

SiO,/Ge nanocrystal/SiOstructures have been fabricated by deposition of Ge film on a I8i@r

and subsequent oxidation of the structure at a temperature between 800 °C and 1000 °C. Secondary
ion mass spectrometry results indicate that the Ge precipitates into the bullaSédensity of

1x 10 cm 2. Raman spectra show a sharp peak at 300%cfar the nanocrystallized Ge. The
nanocrystal diameter is determined to be 5 nm on average. In the metal—insulator—silicon structure,
electron storage occurs in the SilGe/SiQ potential well via electron tunneling into the oxide film.
Capacitance-voltage measurements indicate that flatband voNaggg ghifts to 0.91 V after the
electron injection. Th&/ g shift is attributed to the charge storing for a single electron per potential
well. © 1997 American Institute of Physid$s0003-695(97)01035-§

During the past few years, a considerable amount of at.460. The depth profile of Ge in the Sifim was evaluated
tention has been focused on the strong photoluminescengg secondary ion mass spectrometBIMS) using G as a
(PL) in the visible wavelength range from nanostructuresprimary ion at 8 keV. Raman spectra were obtained using the
made of group IV elements, such as porous'Sgi>4and  496.5 nm line of an Af laser as the excitation source. A
Ge’~’ nanocrystals prepared by various methods. To obtaiooled photomultimeter tube and photon counting electron-
three dimensionally confirmed systems, several groups haves interfaced to a microcomputer were used to collect and
experimented with various technigues, for exampleanalyze the data. For electrical measurements, aluminium
pyrolysis®® cosputtering; > pulsed-laser ablatiolf, spark  (Al) gate electrode€).1 mmd) were deposited after etching
processing? and ion implantatiot* For the Ge nanocrys- away of the SiQ on the wafer backside. An automatic semi-
tals, most reports of visible PL from low-dimensional struc-conductor parameter analyzer was used in the capacitance-
tures have involved Ge nanocrystals embedded in,.S1®@  Voltage (C-V) measurements of the metal—insulator—
our knowledge, although the optical properties of these nangs€miconductofMIS) structures.
structures have been extensively investigated, there are few Typical SIMS depth profiles of Ge in the Sid@lims are
studies on their electrical properties. Recent reports hay@hown in Fig. 1. The Ge depth profiles seemed to be strongly
been focused on room-temperature observation of negativéePendent on the oxidation temperature. For the oxidation at
differential conductance in a structure consisting of a800 °C, Ge remains at the surface of the oxide with a small
SIC/Si/SICS or SiO, /SISO matrix. For the SIQ/Si/SIO, hump in the_z bulk oxide. In contrast, Ge near the surfage of
system, the anomalous steps in the current-voltdge/J the oxide disappears upon oxidation at 1000 °C. In addition,

characteristics have been describéd the maximum concentration of Ge X210 atoms/cm) is
In this study, we fabricated Ge nanocrystals embedded

in a SiQ, matrix, and evaluated the crystallinity, distribution 107

and electrical properties of the Sife nanocrystal/Si© _510 S so. 1 si

structure. The Ge crystals of nanometer size were obtained - 41\._, -

using the conventional silicon fabrication process which is
the primary process of the integrated circuit industry.

In the growth of the Ge nanocrystals in the $ifdm,
4-nm-thick tunnel Si@film was first grown on g-type 1-2
Q) cm Si (100 substrate in a dry oxygen D ambient at
900 °C for 5 min. Then, 10-nm-thick Ge film was deposited
on the tunnel oxide using electron-beam evaporation at a
substrate temperature of 60 °C and a base pressure of 2
X107 Torr. The Ge layer was then annealed a temperature
between 800 and 1000 °Crfd h in a dry Q ambient. It is
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Ge concentration (atoms/cm®)

10%F

believed that due to the rapid diffusion of, @nolecules C 10"} T80Tl T=1000T
through the Ge grain boundaries, the Ge became crystallized E :

and embedded in the SjQ@luring high temperature oxida-

tion. The total film thickness of the SiQayer was 20 nm, 10 102030 40 50 0 10 20 30 40 50
determined by ellipsometry with a fixed refractive index of depth (nm) depth (nm)

FIG. 1. The depth profiles of Ge in Sj@ilms after oxidation at 800 and
3E|ectronic mail: fukuda@waspet.cc.muroran-it.ac.jp 1000 °C.
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FIG. 3. Capacitance-voltage curves for the initial state and after electrons at
Ninj=2.4x10"%cn? were injected.
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ported elsewhere in the previous literattf&’

The multiple confinement of free carriers in quantum
wells has led to several significant observations of physical
phenomena and demonstrations of the usefulness of in elec-

found near the Si@)Si interface for the 1000 °C annealed tronic and optoelectronic device8—V measurement before
sample. In our experiment, the Ge layer was initially deposang after forward constant voltag¥/{,) stress was used to
ited on a 4-nm-thick Si@layer on a Si substrate, and then jhyestigate charge storage in the Ge nanocrystals. As shown
oxidized at a high temperature. It is interesting that diffusionj, Fig. 3, a positive voltage shift in th€—V curve is ob-
of Ge in the SiQ layers is minimal during the oxidation. geryed upon electron injection Ninj=2-4><1016/0mz with
Moreover, a rapid nucleation of Ge occurs depending on thgppiication of a bias 0¥ ,,= 15 V. No flatband voltage shift
oxidation temperature. In oxidation at 800 °C, which is be'(AVFB) occurs upon electron injection in MIS capacitors
low the melting temperature of G838.3 °Q, the Ge nucle-  yjthout Ge nanocrystal in SO Moreover, no distortion of
ation process is in a period of transition where the Ge rethe C—V curve after the injection due to of interface-trapped
mains near the top oxide layer. With increasing oxidationcharge is observed. The number of electrdNg) that were
temperature, Ge precipitates in the bulk Sl@yer, as shown jnjected into the oxide during stress was calculated by inte-
in Fig. 1. The out-diffusion of Si from the substrate could gration of the injected gate current density, at constant
influence the Ge nucleation and growth processes. It hagyess voltag¥/,,,, over the injection timeA Vg is defined as
been reported that the diffusion of Si atoms from the subtnhe flatband voltage point in th€—V curve measured be-
strate enhances the precipitation of Ge in Stitis known  yyeen the initial state and after the electron injection. After
that Ge oxide is thermodynamically less stable than,3f0  the electron injectionV g shifts to 0.91 V, in a positive
Therefore, it should be easier for Ge than for Si to precipitatgjirection. This means that the negative charge buildup into
in SiO,. However, further investigation on the specific dis- 5j0, occurs due to electron tunneling in electron traps from
tribution of Ge nucleation sites after oxidation is required. the substrate. If the charge buildup is significant, the experi-
We measured Raman spectra for as-deposited and OXinentalC—V curve will be shifted from the ideal theoretical

dized samples to determine the size of the Ge nanocrystal§rve, in which the magnitude @V for a single electron
formed in SiQ. As shown in Fig. 2, the Raman spectrum of per nanocrystal is approximately given?by
the as-deposited sample has a broad peak at around

270 cm'! attributed to the amorphous Ge—Ge mode. The qnwe”( ontwell)
OoX ’

FIG. 2. Raman spectra for Ge layers as-deposited and oxidized at 800 ar{g
1000 °C. The inset shows a Raman spectrum for unstrained Ge sample.

@

crystallization of the amorphous Ge is evidenced by the nar- AVeg=——

ox 2€g;

rowing and disappearance of the broad peak at around
270 cmi't and the onset of the shailp,s phonon peak at wheret,, is the thickness of the oxide under the gag, is
around 300 cm!® for the oxidized samples. In the Raman the linear dimension of the nanocrystal welk are the per-
spectra of the bulk unstrained Ge crystals, the Ge—Ge peak mittivities, g is the magnitude of the electronic charge, and
symmetric and centered at 300.5 chwith a full width at  n,, is the density of the nanocrystals. For the 5-nm-diam Ge
half maximum(FWHM) of 2.7 cm L. The peak intensity ra- nanocrystals located, i.e., a nanocrystal density ®f10'

tio of the unstrained Ge to nanocrystalline Ge in Sitas cm 2 as estimated by SIMS, and an oxide thickness of 20
18:1. With increasing oxidation temperature, a sharp Ramanm, the shift is calculated to be 0.9 V for one electron per
peak with an asymmetric shoulder at the low frequency sid@anocrystal. This value is in good agreement with Ahg-5

is found, as shown in Fig. 2. The average particle size wadetermined from theC—V curves. The Coulomb blockade
determined by use of a model of the Raman line shape offfect can also be very significant at these dimensions. The
semiconductor nanocrystals, in which the half width of theCoulomb charging energg?/2C,,, whereC,, is the nanoc-
maximum peal€ and the peak shitt of the Raman peak are rystal capacitandefor a 5-nm-diam nanocrystal of Ge in
fitted to the data. The size of the Ge nanocrystals embeddesiO, is about 74 meV. Not only is it larger than the thermal
in the SiQ is estimated to be 5 nm on average. The size oknergy, but it also limits additional injection of carriers in to
the Ge nanocrystals is in good agreement with the resultthe nanocrystal.
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