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of silicon nanocrystals

R. Krishnan®
Department of Electrical and Computer Engineering, University of Rochester, Rochester, New York 14627

Q. Xie, J. Kulik, X. D. Wang, and S. Lu
Process and Materials Characterization Laboratory, APRDL, SPS, Motorola, Arizona 85284

M. Molinari
Department of Electrical and Computer Engineering, University of Rochester, Rochester, New York 14627

Y. Gao
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627

T. D. Krauss
Department of Chemistry, University of Rochester, Rochester, New York 14627

P. M. Fauchet
Department of Electrical and Computer Engineering, University of Rochester, Rochester, New York 14627

(Received 14 January 2004; accepted 29 March 2004

The effect of oxidation on charge transport and retention within a sheet of s{8ipnanocrystals

was investigated with an electrostatic force microscope. Single layers of nanocrystals with smooth
and abrupt Si/Si@interfaces were prepared by thermal crystallization of thin amorphous Si layers,
followed by an oxidation treatment for isolating the nanocrystals. Controlled amounts of charge
were injected into the nanocrystals and their in-plane diffusion was monitored in real time. Rapid
transport of the injected charge occurred for the nonoxidized nanocrystals. Oxidation of the
nanocrystal layer resulted in suppression of lateral transport. The nanocrystals oxidized for 30 min
retained the injected charge in a well-defined, localized region with retention times of the order of
several days. These long-term charge retention characteristics indicate that nanocrystals prepared by
this process could be attractive candidates for nonvolatile memory application200®American
Institute of Physics.[DOI: 10.1063/1.1751632

I. INTRODUCTION techniques produce nanocrystals with a very broad size dis-
S tribution (20% to 40% deviation from average siznd poor
Over the past deca@e, .S.'“C.QB') nanocrystals hgve gen- patial controP The ion implantation process also damages
erated tremendous scientific interest due to their potennag1 . . . .
e interface between crystalline silicoe-8i) and amor-

applications in optical and electronic devices. In memory r(ljous SiQ(a-Si0,) and generates defects in the oxide

cells, Si nanocrystals can serve as charge storage nodes feﬁ%rough which the injected charge leaks and drains the

offer several benefits in comparison to continuous polysili- I° Due to th imitati al
con layers: Various studies have shown that although then_wemr:)ry cell. bue OI esde imitations, P;réochreyél\jSmergo-
nanocrystal memory cells are extremely promising in termd!€S have not yet replaced conventiona and are

of low power consumption, scalability, and endurance tomostly restricted to applications such as dynamic random

write-erase cycles, they have inferior charge retention cha@Ccess memories where benefits associated with using nanoc-

acteristics in comparison to the 10 year requirement of comtyStals far outweigh the requirements for having perfect
mercial flash electrically erasable programmable read OnNjﬁonvolatility.7 If alternative processes or structures with su-
memory (EEPROM.~2 To make these devices truly non- Perior charge storage characteristics were developed, they
volatile with long charge retention and low refresh times, thewould have a significant impact in the realization of nonvola-
nanocrystals must be electrically isolated. Furthermore, thefjle nanocrystal memories.
should be located at a fixed depth and have a narrow size Tsybeskovwet al'® and Gromet al.™* reported fabrication
distribution in order to avoid fluctuations in the charging of Si nanocrystals sandwiched between nanometer thick lay-
voltage? ers of a-Si0, by thermal crystallization of
None of the currently used nanocrystal fabrication tech-a-SiO,/amorphous Sig- Si)/a-SiO, multilayers. This fabri-
nologies can fulfill all these criteria. For example, the mostcation methodology produces nanocrystals with well con-
commonly adopted methods are implantation of Si intotrolled sizes in the verticalgrowth) direction, is completely
Si0,>® and annealing of Si(x<2) films.” Both of these compatible with existing microelectronic processes, and al-
lows for precise positioning of the nanocrystal layers. How-
aAuthor to whom correspondence should be addressed; electronic maifVEr; & drawback of this teChnique is that the lateral isolation
rishi@ece.rochester.edu. of the nanocrystals is poor with many of them touching each
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other'?3|n this work, we used a low temperature oxidation
treatment for isolating the nanocrystals and studied the re-
sulting electrical isolation with mesoscopic lateral transport
measurements. These measurements were performed on
singlelayers of nanocrystals and differ from previous works @& — s Venarge
that have almost exclusively focused on vertical nanocrystals
transportt*~16 We expect the experiments and results pre-
sented here will be useful not only for nonvolatile memories
but also for other applications where Si nanocrystals are en-
visioned to play an important role such as single electron
transistor’ '8 and lasers? Bl

For studying the nanocrystal isolation, controlled FiG 1. Electrical schematic of the EFM setup during charge injection.
amounts of charge were injected within a small circular disk
and the subsequent charge diffusion was monitored. The
charge was injected in the nanocrystals with an extremely
sharp, conductive probg&adius of curvature17 nm and

PyIr Coated Tip

=-37V

; ) - X quency of~65 KHz and spring constant2.0 N/m were
imaged with an electrostatic force microscdi#M). A 30 ;sed. The nanocrystal samples were heated at 450 °C in high
min oxidation treatment resulted in an effective electncalvaCuum to remove any moisture adsorbed within the films

isolation of the nanocrystals and the injected charge was reg,q immediately introduced into a,Nburged EFM enclo-

tained within the originally charged nanocrystals. In the non- ;e Al subsequent experiments involving charging of

oxidized naqocrysta!s, a significant electrical cross ta”‘nanocrystals and imaging of the stored charges were con-
caused a rapid diffusion of charges and a pronounced expagy,cted within this enclosure. For charging the nanocrystals,

sion in the charged area. Complementary measurements ifje following protocol was adopted: After disabling the slow
volving transmission electron microscogyEM), annular and fast scan axes, the oscillating cantilevéee rms

dark field scanning transmission electron microscopyamp"tude:().S V) was lowered until the tip was 4 nm above
(ADFSTEM), and x-ray photoelectron spectroscof¥PS (o sample surface and a negative b fge —3.7V)

were performed on these samples to determine the size of the < then applied to it for 30 s with the sample stage
nanocrystals, their separation, and the stoichiometry of SiO unded(Fig. 1).

ro
resulting from the oxidation treatments. We observed tha? After charging the nanocrystals, EFM images were ac-
thermal oxidation resulted in oxygen ¢Jdiffusing through guired in a two-pass procedu®?! In the first pass, a line

Fhe ngnocrystal layer, reactipg with the grain boundaries and.an of the sample topography was obtained during normal
isolating the nanocrystals with SjO tapping mode imaging with no bias applied to the tip. In the
second pass, the tip was lifted 20 nm above the sample sur-
face, an ac bias\(,c=Vg sinwt; Vy~0.2V, ©=400 H2 su-
perimposed on a dc bia¥/.~—0.7V=0.01V) applied to

Si wafers(4 in. diameter, phosphorus doped, and resisit and the lifted tip rescanned above the line traced in the first
tivity ~0.05 Q2 cm) were cleaned using standard cleaningpass. The magnitude of the dc bias was chosen so as to null
processes. The wafers were immersed in a 100:1 hydroflumut the contact potential difference between the tip and
ric acid bath for 60 s to strip off the native oxide and the baresample(AppendiX. As the tip moves along the nanocrystals
wafers were thermally oxidized in a furnace tube under dryat a fixed height, it responds to the presence of electrostatic
O, flow to grow 25 nm thicka-SiO,. The oxidized wafers forces created by the charge on the nanocrystals, its image
were introduced into a sputtering tool and a thiSi layer  and charge induced on the tip by the ac bias. The Coulomb
was grown by radio-frequency magnetron sputtering of arforce resulting from these charges causes a resonant fre-
undopedc-Si target. Without breaking vacuyra 2 nmthick ~ quency shift in the cantilever oscillation that modulatesat
a-SiO, layer was deposited on top of thasSi layer to form  These shiftsAv(w) were recorded with a lock in amplifier
an (@-Si0O,/a-Sil/a-Si0O,) sandwich structure. Si nanocrys- and used for quantifying the charge in the nanocrystals.
tals were formed by thermally treating this sandwich struc-  For each set of images, the/(w) values were obtained
ture with a rapid thermal anne@50 °C, 30 $followed by a by taking a line section through the center of the charged
10 min equilibrium furnace anneal at 1050 °C ip &imbient.  region. The temporal evolution of thAr(w) signal was
Separate wafers with nanocrystals were then oxidized in drynonitored by continuously acquiring EFM images over a
0O, at 750 °C(1 atm for 0, 15, and 30 min and analyzed by surface area encircling the charged region. The average time
atomic force microscopyAFM), TEM, XPS, and EFM. For to acquire a complete image was 6 m@b6x256 pixels,
ADFSTEM, two period nanocrystal layers sandwiched be-scan rate=1.3 Hz. Each sample was investigated with a new
tweena-SiO, were prepared following identical deposition tip, but for a given sample, the same tip was used for both
and annealing conditions and were oxidized in dry &  charging and imaging. The integrity of the tip was confirmed
750°C(1 atm for 0 and 30 min. at the end of the experiments with independent scanning

The EFM measurements were performed with a Digitalelectron microscopy images or by imaging nanoparticles
Instruments Nanoscope Illa Bioscope AFM. Commerciallywith known sizes and checking for convolution effects or
available metal coated™ Si cantilevers with a resonant fre- imaging artifacts.

Il. EXPERIMENT
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FIG. 3. TEM images of a 30 min oxidized nanocrystal layer showing a
thinner nanocrystal layeia) bright field image andb) high resolution im-
age. Lattice fringes from the nanocrystals are indicated by arrows.

Snm

FIG. 2. TEM images for a nonoxidized nanocrystal layar bright field TEM and is plotted'ln Fig. 4 In the n_onOXIdIZEd_ Iay?r’ the
image andb) high resolution image. Lattice fringes from the nanocrystals @nocrystal layer thickness in the verti¢gtowth) direction
are indicated by arrows. was 5.4 nm:0.2 nm while in the 30 min oxidized layer, the
thickness was reduced to 3 nrf.3 nm. For evaluating the
) separation in the nanocrystal layer, annular dark field scan-
Cross-sectional TEM samples were prepared by conver,ing transmission electron microscogADFSTEM) was
tional tripod polishing, followed by Ar ion milling to.thin used. The image contrast in ADFSTEM is independent of
down the samples to electron transparency. Bright field andjentation of the nanocrystals and originates due to differ-
high resolution lattice imaging were performed with a Phil- oces in atomic number between ($#) and SiQ (average
ips CM200 microscope equipped with a 200 KeV field emit-of 10). |n the images shown in Fig. 5, Si appears with a
ting gun. The ADFSTEM measurements were performedyight contrast whereas Sj@ppears with a dark contrast. In
with 2 0.6 nm diameter electron probe. _ both images, two distinct Si nanocrystal layers can be ob-
~The XPS measurements were obtained with a Surfacgeryed(shown by arrows In comparison to the nonoxidized
Science Instrument SSX-100 equipped with @ monochropgnocrystal layers, significant contrast variations exist within
matic Al Ka source(1486.6 eV. The spectra were collected he 30 min oxidized nanocrystal layers. In the latter, the
with a resolution of 0.7 eV and the base pressure in the XP{anocrystal layers appear more discontinuous, indicating in-
chamber during the analysis W3510_710T0”- The energy creased separation of the nanocrystals. Since this discontinu-
scale in the measurements was calibrated using the binding, js also observed in the bottom nanocrystal layer, it implies
energy of the C 5 peak at 284.5 eV. The spectra are reportetinat oxygen diffused through the top nanocrystal layer. Oxy-
after correcting for an inelastic Shirley-type background.  gen reacts with Si at the lateral boundaries of the nanocrys-
tals, causing the formation of SjGand thus separating the
Ill. RESULTS AND DISCUSSION nanocrystals. For the nonoxidized nanocrystal layer, the

Annealing the &-SiO,/a-Si/a-SiO,) sandwich struc-
ture converted the thia-Si layer into a layer composed of
nanocrystalline Si grains. The presence of Si nanocrystals

was confirmed by bright field cross-sectional TEM images - 5:

and high-resolution lattice imagéBig. 2). All the nanocrys- g '5

tals had similar verticalgrowth direction sizes since their % 45

growth was constrained on either end by &&iO, layers. £ '4

The surface morphology of the oxide capped nanocrystal sur- % a5 g

face was measured by AFM before and after the oxidation Y '3 ®
treatments and observed to be extremely flat with an average =

root mean squaréms) roughness of 0.2 nm. Oxidation did 28 (') 1: 2'0 3'0 40

not lead to any noticeable increase in the average rms surface
roughness but led to a reduction in the nanocrystal layer

thickness(Fig. 3): The redUCti(_)n ir_" nar_‘ocrySta| layer thick- FiG. 4. Thickness of Si nanocrystal layer as a function of oxidation time in
ness as a function of the oxidation time was measured byry O, at 750 °C(1 atm).

Oxidation Time (min)
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FIG. 7. (a)—(d) Av(w) images acquired during the second pass of the EFM
measurements for the 30 min oxidized nanocrystal layer. The images shown
in the panels were obtaingd) before charging anth) 0.2 h(12 min), (c) 3

h (180 min, and(d) 24 h (1440 min after charging. The full scale of the
four images is 0.75umx0.75 um. (e)—(g) Av(w) images acquired during

the second pass of the EFM measurements for the 15 min oxidized nano-
crystal layer. The images shown in the panels were obtaiee@.2 h (12
spacing between neighboring nanocrystals is less than 1 nmjn), (f) 4.2 h(252 min, and(g) 18.1 h(1086 min after charging. The full

whereas for the 30 min oxidized nanocrystal layers, it is agcale of the three images is 0.7nx0.75 um. (N)—(j) Au(w) images ac-
quired during the second pass of the EFM measurements for the nonoxi-

Iarge.as 3.6 nm. . dized nanocrystal layer. The images shown in the panels were obtdined
Figure 6 shows XPS spectra obtained from a0.2 h(12 min), (i) 0.3 h(18 min), and(j) 0.8 h(48 min) after charging. The

c-Si/a-SiO, (25 nm)/a-Si (5.4 nm)A-SiO, (2 nm) sand- full scale of the three images is 2/Mx2.0 um.

wich structure oxidized for different durations at 750 °C.

Each spectrum in the figure consists of two characteristic

peaks. The peak located at 103.8 eV is the signature peak fpeak at 103.8 eV increases indicating consumption of Si in

Si bonded to four O atoms (Sipwhereas the peak located the nanocrystal layer and formation of $iOThe SiQ

at 99.3 eV corresponds to a Si atom tetrahedrally bonded tformed during the oxidation process is stoichiometric since

four Si atoms?® Because the nanocrystal layer is separatetho shoulders or peakién the region between 100 and 103

from the substrate by 25 nm thick SiQthe entire signal at  eV) attributable to the presence of Si(x<2) suboxides are

99.3 eV originates from Si in the nanocrystals and the conobserved?

tribution from thec-Si substrate is negligible. With increas- Figure 7a) shows theAr(w) image recorded prior to

ing oxidation duration, the peak at 99.3 eV reduces and theharging the 30 min oxidized nanocrystal layer. Th&w)
image obtained 12 min after charging the nanocrystals is
shown in Fig. Tb) for comparison. The injected charge ap-

FIG. 5. ADFSTEM images of a two period nanocrystal layar nonoxi-
dized and(b) oxidized at 750 °C for 30 min. The nanocrystal layers appear
with a bright contrast.

4800 ——— L pears as a bright contragiositive Ax(w)] in the Av(w) im-
4000 £ 1 age. As per the experimental sign conventions, a positive
3 3000| | (negative Av(w) signal corresponds to the presence of nega-
‘; 2400 tive (positive charges, which implies that the negative tip
] i ] bias resulted in the injection of electrons into the nanocrys-
§ 1600 1 tals. The temporal evolution of the EFM images can be ob-
800l ) served in Figs. (&) and 71d). The intensity ofAv(w)/vg
0 drops slightly from 7.5& 104 to 6.6x10 4, 3.0 h after

102104 106 charge injection and to 5.0410 * after 24.0 h. The full
Binding Energy (¢V) width half maximum (FWHM) remained virtually un-
_ ) _ changed at 62 nh3 nm. The stability of the EFM images
FIG. 6. XPS spectra obtained from a single layer of Si nanocrystal layef, o this duration with small reduction idu(w) signal
capped with 2 nm of Si@and oxidized for different durations. Closed . . .
triangle: Nonoxidized nanocrystal layer; open triangle: 15 min oxidized Strength shows that the injected electrons remained localized

nanocrystal layer; open circle: 30 min oxidized nanocrystal layer. with very slow detrapping kinetics.
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(b)

" culated this way is~371 h(~15.45 days The continuous

el | evolution of theAy(w) FWHM during decay is shown in Fig.

8(b). For both the nonoxidized and 15 min oxidized sample,

. the FWHM of theAw(w) profile continuously increased with

B time, indicating significant lateral transport within the nano-

] crystal layer. On the other hand, for the 30 min oxidized

sample theAv(w) FWHM remained fixed during the entire
duration of the measurement.

10 15 20 25 In all three samples that were studied by EFM, the

Time (Hour) nanoc_rystals were isolated _from_tbeSi su_bstrate by a 25
nm thick thermally grown Si@. Direct vertical transport of

FIG. 8. () Time decay of the\»(w) signal after charge injection. For the 30 charge into the substrate is thus minimal. Lateral movement

min oxidized nanocrystal sample, the decay is nearly exponeriial. of charge along the nanocrystal plane occurs by transport of

FWHM evolution of theA»(w) curves. Open circles: 30 min oxidized nan-
crystal layer; open triangles: 15 min oxidized nanocrystal layer; closed tri-(aleCtronS from one nanocryStal to another. For a transport

angles: nonoxidized nanocrystal layer. The lines are only a guide for the eydrocess dependent on tunneling of electrons from a charged
to an uncharged nanocrystal, the dependence of charge reten-

tion time = on nanocrystal separatidd) is given by*

In comparison, the\#(w) images obtained for the nano- recexy 2d(2maelf2) 2] (1
crystal layer oxidized for 15 min showed a faster reduction
in the signal contrast after chargifigigs. 1e)—7(g)]. In this Here, m is the effective mass of electrons apds the

case, theAv(w)/v, signal strength decreased from 8.40 potential barrier height. This equation predicts thathould
X10 % to 1.77<10 % in 18.1 h (1086 min after charge increase with an increase in nanocrystal separation. Our ob-
injection and was accompanied by a simultaneous increase servation is in qualitative agreement with this expectation.
the FWHM of the Auv(w) profile from 91 to 200 nm. The The lateral charge transport is fastest for the nonoxidized
Av(w) images show a clear spatial expansion, which implieshanocrystal layer containing closely spaced nanocrysthls (
that over time the electrons were transported laterally within<1 nm) and is slowest for the 30 min oxidized nanocrystal
the nanocrystal layer. A similar measurement on the nonoxilayer containing separated nanocrystals<@.6 nm).
dized nanocrystal layer showed that it was very leaky and the  Using a model outlined in the Appendix, the measured
electrons were rapidly removed from the charged nanocrysAv(w) magnitudes are utilized to quantify the amount of
tals. This results in an expansion of the charged area ancharge. For the 30 min oxidized nanocrystal sample, a total
reduction inAv(w) signal strength after charging the nanoc- of 275 electrons is calculated at tinhe-6 min. The charge
rystals[Figs. 1h)—7(j)]. The FWHM increased from 287 to magnitude at subsequent intervals is shown in Fig. 9. After 3
585 nm in 0.8 h(48 min after charging during which the h, the charge magnitude has dropped to 215 electrons and
Av(w)/vy strength decreased from 4:880°° to 8.88 after 24 h to 165 electrons. Thus, only a 40% reduction in the
X108, amount of charge occurs in 24 h. This decay is significantly
To characterize the samples, we define a time constantslower than that reported so far in localized charge retention
as the time over which thA»(w) signal drops to ¥ of its  experiments in Si nanocrystalé?—2’ For example, Boer
maximum value. From the discharge transients shown in Figet al?* and Guillemotet al?® have performed EFM measure-
8(a), it can be noted that=5.66 h for the 15 min oxidized ments on Si nanocrystals prepared by aerosol synthesis and
sample, while for the nonoxidized sampte0.53 h. For the thermal annealing of nonstoichiometric SiOrespectively.
30 min oxidized nanocrystal sample, the{w) signal de- In both their samples the nanocrystals were isolated from the
cayed to only 60% of its original value within the measure-substrate by thick Si©(thickness=25 nm), yet the injected
ment span of 24 h. The d/point is determined by curve charges decayed quickly with retention times lower than 4 h.
fitting the Av(w)/ vy decay curve and the time constant cal- In similar EFM measurements on Si nanocrystals prepared
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by ion-implantatiort, a rapid decay at a rate of 335 dC(z)
electrons/min occurred for an injected charge of 390 Flw)=} (Vact $)Vac—g7—
electrons.
The charge decay curve in Fig. 9 also indicates that there fip
is a permanent loss of electrons from the nanocrystals over +tE; C(Z)Vau?LEi 2 Aijj| [ (A2)

time. Experiments with different tip-sample contact times
and lift heights suggest that direct transfer of electrons fromyvhere ¢ is the contact potential difference between the tip
the nanocrystals into the EFM tip is not a significant lossand the sampleC is the tipsample capacitandg, is the total
path. We suggest two possibilities that could explain the apelectric field acting in the direction, andg;" is the charge
parent loss of electron$l) A small amount of vertical trans- induced on the tip due to a charge located at pairjt) (on
port due to the presence of defects in the oxide @de-  the nanocrystal surface.
combination of electrons with residual positive carriers inthe ~ The first term in Eq.(A2) was nulled out during the
sample. These mechanisms should be clarified with furthegxperiments by setting/y.= — ¢ (in our caseVy.=—0.7V
experiments involving depth analysis of oxide defects and™0.01V)?** For estimating the remaining force terms,
ionic impurities. knowledge of the tip-sample capacitance is required. We fol-
From an extrapolation of the decay curve, we estimatedow the approach cited in Ref. 29 and model the EFM probe
that for the 30 min oxidized sampler(w)/ v, would reduce ~ @s a cone with a sphere on one end and a parallel plate on the
to 1/e of its initial value after 371 K15.45 days This cor- other end. To estimate the electric field and induced charges,
responds to 101 electrons still being present in the originallghe charge distribution on the nanocrystal surface was taken
charged region. The long term localized charge retentioi0 be a two-dimensional gaussian profif@VHM=62 nm
characteristics in the oxidized nanocrystals can be directlymposed on a grid with 5 nm5 nm square pixels. The
attributed to their better encapsulation with Si@nd in-  charge grid was placed at the center of the nanocrystal layer
creased spatial isolation. The long charge retention tim@nd the method of imag&was then used to calculate the
coupled with the benefits of smooth surface morphologycharge induced on the tigi® and its locationz"®.

monodisperse nanocrystal size distribution, low density of _ R

Si/a-SiQ interface defects, and low Si/a-SiGnterface q}"‘}z —qi,jxm, (A3)
roughnesY makes Si nanocrystals prepared by thermal crys-

tallization potential candidates for nonvolatile memory de- _ R?

vices. Z®=7+R- Ri2) (A4)

In these equationsR is the radius of curvature of the spheri-

cal part of the tip. The image charge induced on th8i
This work demonstrates fabrication of single nanocrystakubstrate was also calculated and its influence on the total

sheets containing electrically isolated nanocrystals that caforce was found to be negligible due to the 25 nm thick SiO

be placed at fixed depths. The high quality of isolation islayer separating it from the charges in the nanocrystal layer.

achieved by oxidizing nanocrystal grain boundaries and ef-

fectively e_zn_c_apsulatlng_ the nanocrystal surface with Z_SIO !S. Tiwari, F. Rana, H. Hanafi, A. Hartstein, E. F. Crabbe, and K. Chan,
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