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Probing the size and density of silicon nanocrystals in nanocrystal
memory device applications
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Structural characterization via transmission electron microscopy and atomic force microscopy of
arrays of small Si nanocrystals embedded in,Si@portant to many device applications, is usually
difficult and fails to correctly resolve nanocrystal size and density. We demonstrate that scanning
tunneling microscopySTM) imaging enables a much more accurate measurement of the ensemble
size distribution and array density for small Si nanocrystals in, SéStimated to be 2-3 nm and

4 10%-3x 10" cm?, respectively, in this study. The reflection high energy electron diffraction
pattern further verifies the existence of nanocrystallites in,SiDe present STM results enable
nanocrystal charging characteristics to be more clearly understood: we find the nanocrystal charging
measurements to be consistent with single charge storage on individual Si nanocrystals. Both
electron tunneling and hole tunneling processes are suggested to explain the asymmetric charging/
discharging processes as a function of bias.Z05 American Institute of Physics
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Silicon nanocrystal memoriédave attracted much at- image. Electron diffraction is also unable to confirm the ex-
tention in recent years. To fully exploit their potential advan-istence of a crystalline Si phase in the Sifayer. We at-
tages over conventional floating gate memory, it is essentiatibute this result to the small sizes of nanocrystals and elec-
to control as accurately as possible Si nanocrystal size, depthon scattering by the surrounding amorphous Si@atrix.
distribution, and areal density, as well as nanocrystal surfacBue to smallZ contrast between Si and SiQt is hard to
passivation and oxide defect density in Si@atrix, all in a  detect Si nanocrystals with electron microscopy at sizes of
process compatible with ultra-large-scale integration. Transapproximately 2 nm.
mission electron microscopyfEM) is the most widely used AFM and RHEED were used to characterize samples
tool to characterize nanocrystal size and distribution withetched with buffered hydrofluoric acid approximately half-
high resolutiorf.* and sometimes electron diffraction is usedway through SiQ layer (Fig. 1). The inset shows the
to further substantiate the existence of crystallites. We hav®HEED pattern. The continuous background from amor-
used a combination of contact-mode atomic force microsphous SiQ confirms that etching only happened halfway
copy (AFM) and reflection high energy electron diffraction
(RHEED) to identify the existence of nanocrystals, and used
an ultrahigh vacuum scanning tunneling microscopélV
STM) to estimate nanocrystal size and areal density. Com-
pared with TEM, using RHEED with very small incident
angle enables high sensitivity to nanocrystal structure, and
the resolution of STM is sufficiently high to detect nanom-
eter size crystallites. The charging, discharging, and retention
behaviors of the MOS capacitor nanocrystal memory struc-
tures were investigated by capacitance—volté@eV) mea-
surements. The results obtained from both structural and
electrical characterization are combined for complete analy-
sis of nanocrystal floating gate memory devices made via Si
ion implantation.

The samples investigated consist of 15 nm dry oxide
grown on p-type silicon substratéN,=3x 10'8 cmi3) im-
planted with 5 keV Si ions to a fluence of 1.27
X 10' cm2, The samples were annealed at 1080 °C for 5
min in an atmosphere containing 2%, @ allow formation
of Si nanocrystals. Control samples without implantation
were fabricated with the same structure and treated with the
same condition as samples with nanocrystals. Cross-sectional
high resolution TEM characterization did not clearly reveal

individual Si nanocrystals, although the 15 nm S&nd the oo ' 160 '260 ' '3(')0' 400nm
crystalline phase of th€100) Si substrate are clear in the

FIG. 1. (a) AFM image (500 nmx 500 nnj of half-etched SiQ film con-
taining Si nanocrystals. Inset shows the corresponding RHEED paftgrn.
dElectronic mail: tfeng@caltech.edu Cross section along the line indicated(a).
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nanocrystal cannot be used to obtain an accurate width or
aspect ratio. Larger area scans of half-etched saifipte
1(b)] indicate surface variation of about 3 nm, and photolu-
minescencéPL) measurements by Biteeat al. give a size
of 3.2 nnt® when compared with calculations by Puzasr
al.** Both are consistent with STM results. It should be noted
the size obtained from PL data may be overestimated due to
the energy transfer from small nanocrystals to large nanoc-
rystals. The areal density of nanocrystals on fully etched
sample is measured to be around 402 cm™2, which is 25
times higher than the result from AFM. Consider the loss of
nanocrystals during etching process, this value is still a lower
bound. Assuming an average nanocrystal size of 2.5 nm, the
calculation using total fluence of implanted ®ns gives an
area density of %10 cm™?, which is an upper bound.
Some Si may be implanted into Si substrate, and there is
also Si loss by defusing into the substrate during high tem-
perature annealing. Even for Si atoms remaining in the, SiO
not all contribute to the formation of nanocrystals. The actual
nanocrystal density should be between these two values. The
i inset of Fig. Za) shows RHEED pattern, in which diffraction
o 5 4 6 g nm spots and Kikuchi lines from single crystal substrate and
_ _ diffraction rings from nanocrystals can be clearly seen, while
FIG. 2. (&) STM topography imagé50 nmx 50 nm of Si nanocrystals on  the pattern of the control sample does not contain diffraction
tsi(')r?l;tl’g:ate' Inset shows the corresponding RHEED patinCross sec- ;0o The clear rings in diffraction pattern of fully etched
g the arrow ir(a). . . .
sample further prove the observed nanoparticles in STM im-
ages are crystalline.
down. Compared with the pattern from a control sample un-  To evaluate the potential applications of such nanocrys-
der exactly the same experimental conditimot shown, it tals in memory device, 800-A-thick gold was deposited with
is different since at least one bright ring can be seen. Aftemechanical masks on top of samples with nanocrystals em-
digitally subtracting the diffraction pattern of the control bedded in 15 nm Si©to form metal-oxide—semiconductor
sample from the diffraction pattern of the half-etched (MOS) structure. Capacitance—voltag@—\V) measurements
sample, more rings could be found. These rings indicate thevere used to analyze charging and discharging phenomena.
existence of Si nanocrystals with random crystalline orientafigure 3a) showsC—V hysteresis curves with various scan
tions. Figure 1a) shows contact mode AFM images with 0.5 ranges of gate bias. In the experiment, MOS devices were
um field of view. Using this result, a nanocrystal areal den-first scanned between -1 and +1(#1 V scan, and no
sity can be estimated to be 6.0 cm2. This is an under-  hysteresis was found, indicating no charging or discharging.
estimated value. Because the tip size is much larger thalhe observed flatband voltage is very close to the theoretical
nanocrystal sizes, the observed “particles” in the images arealue for Au/SiQ/p-Si structure, -0.15 \}? The same
in fact clusters of dozens of nanocrystﬁhyhich is verified  happened for £2 V scan. After that, there is still no hysteresis
by STM measurement on a fully etched sample. With than +3 V scan, but the curve shifts to the left by a small
results from contact-mode AFM and RHEED, the nanocrysamount. This indicates charging of holes into the floating
tal formation in SiQ layer is identified qualitatively. gate, but no erasing at positive voltages. In the subsequent
To evaluate quantitative data like nanocrystal sizes and4 V scan, erasing of holes leads to the appearance of hys-
density, STM is found to be a better tool. Milket al. have  teresis. Due to partial erasing, the right edge of @V
used STM to characterize CdSe and InAs quantum dots oourve is still to the left of initial curves of the +1 V scan and
Au.®’ The STM measurements of Si nanocrystals fabricated2 V scan, until the positive voltage is large enough for
through low pressure chemical vapor deposftiand nano- complete erasing, which happened at 4.5 V. After that, both
crystalline silicon films obtained by boron implantation of hole charging and electron charging of the floating gate can
amorphous Si Iaye?shave also been reported. In our case,be observed, resulting in a wider and wider hysteresis loop.
samples have to be etched with buffered hydrofluoric acid ta'he retention times were obtained with capacitance decay
completely remove Si§) leaving Si nanocrystals terminated measurements at 0 V, after MOS capacitor is charged at +5.5
with hydrogen and adhering directly on the Si substrateand —5.5 V, respectivelyFig. 3b)]. It is within the range
Within several minutes after etching, samples were loadethat capacitance changes about linearly with voltage shift,
into the chamber of an ultrahigh vacuum STM. The vacuumwhich is proportional to areal density of stored charges. So
inside the chamber was kept ax1L.0™°Torr to avoid further  the shift of capacitance can be an indication of charges left in
oxidation of Si. Figure @) shows the resolved Si nanocrys- the floating gate. Logarithmic dependence on time was ob-
tals in a cluster. The lateral dimension of the image is 50 nmserved as has been reporﬂédl’his is also consistent with
The sizes of the particles are quite uniform in this area, witHeakage current decay measurement at 0 V, which shows a
smallest interparticle distances of about 3 fRig. 2(b)]. 1/t dependence on time. The estimated time to lose 30% of
Based on this information, we set an upper bound of nanoholes is about 10h, while it is abot 1 h for electrons.
crystal size to be 3 nm. Because tip convolution effects occur In the experiments, higher voltages are needed to shift

even for a sharp STM tip, the scan profile of an individualthe C—V curve to the right, while the corresponding electron
Downloaded 23 May 2005 to 131.215.237.110. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp




033103-3

(a

Feng et al.

) C-V hysteresis

1.0

0.9

cIC

0.81

Step: 50mV
Delay: 0.5s
1MHz

0.7

5.5V
5.0V
+4.5V
+4.0V
3.0V
2.0V
1.0V

(b)

0.74

0.72+

0.70+

0.68-

0.66 1

Capacitance (nF)

0.64 -

0.62

Capacitance
/ before charging

0
0.71

0.6. t=0

Capacitance (nF)

6 3 0 3 6
V (volts)

/

10 100

Time (s)

Appl. Phys. Lett. 86, 033103 (2005)

For thoseC—-V hysteresis curves shown in Figag the
largest voltage shift is 2 V, corresponding to a charge density
of 4x 102 cmi 2. This value is probably smaller than or at
most equal to the areal density of nancrystals in floating gate,
indicating at most one charge per nancrystal on average.
Adding a second charge is unlikely to happen due to large
Coulomb charging energy for such small nanocrystals. Note
that if the nanocrystal density estimated from AFM image is
applied, an unlikely result of 25 charges per nanocrystal can
be obtained. Obviously, use of AFM or TEM alone may lead
to an inaccurate estimate of nanocrystal array density that is
inconsistent with the observed electrical charging and dis-
charging data. More accurate nanocrystal density and size
measurements made by STM enable the electrical measure-
ments to be more clearly understood.

In conclusion, structural and electrical characterization
of Si nanocrystal memory fabricated by ion-implantation and
annealing were performed. During structure characterization,
contact-mode AFM and RHEED were applied to verify the
existence of nanocrystals inside SiQualitatively. With the
application of ultrahigh vacuum STM on fully etched
sample, nanocrystal size and density were evaluated and
STM is proved to be an effective alternative to TEM to char-
acterize extremely small nanocrystals. In electrical character-
ization, memory effects were evaluated throughV mea-
surements. The asymmetric charging and discharging
processes were explained by the differences between elec-
tron tunneling and hole tunneling. Comparison between flat-
band voltage shift and nanocrystal density indicates no more
than single charge per nanocrystal on average.
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