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In this work, we report a mapping of charge transport in silicon nanocrygtalS) embedded in

SiO, dielectric films with electrostatic force microscopy. The charge diffusion from charged
nc-Si to neighboring uncharged nc-Si in the Si@atrix is found to be the dominant mechanism

for the decay of the trapped charge in the nc-Si. The trapped charge and the charge decay have
been determined quantitatively from the electrical force measurement. An increase in the area
of the charge cloud due to the charge diffusion has been observed clearly. In addition, the
blockage and acceleration of charge diffusion by the neighboring charges with the same and
opposite charge sign6.e., positive or negative respectively, have been observed.2004
American Institute of Physic$DOI: 10.1063/1.1801675

Research on silicon dioxide embedded with siliconSiO, thin films on Si substraje EFM studies were per-
nanocrystalgnc-Si has been carried out intensively over the formed at room temperature under ambient conditions in air
past decade due to the potential applications of nc-Si invith a Veeco/Digital Instrument Dimension 3000 Scanning
memory devices as well as optoelectronic devicddo en-  Probe Microscope.
able SiQ with embedded nc-Si to work as a nonvolatile To visualize charging effect of nc-Si embedded in 5i0O
memory device, understanding the charge transport in ththe total force acting on the EFM tip due to the Coulomb
material system is indeed important. By using the conductivénteraction between the sample surface and the tip is mea-
atomic force microscope methddocalized charging effect sured with the EFM. During the EFM imaging, the tip is
in nc-Si has been shown to exhibit good charge retention. Oacanned over the sample surface with a constant height.
the other hand, the charging of Co nanoclusters and silvéfrom the two-dimensiondRD) image of EFM, the quantity
nanocrystals has been characterized recently with electr®f stored charge in nc-Si can be estimated based on the force
static force microscopyEFM).>® With the EFM technique, arising from the Coulomb interactions between the charge of
information of electrical properties can be obtained with nathe sample and the charge on the tip. For the samples used in
nometer resolution and the distribution of charges trapped ithis study, nc-Si distributed from the surface to a depth of
the nanocrystals embedded in the thin film can be mapped 20 nm with the peak concentration at a depth~df0 nm.
based on the total electrostatic potential of the cantilevefhe nc-Si distribution can be represented with a nc-Si sur-
tip.”® This is very useful to the study of the charge dissipa-face layer in the Si@film, and the surface layer thickness is
tion of nc-Si embedded in SiQielectric films. In this letter, ~20 nm, which is much smaller than the Sifdm thickness
it is shown that the dominant charge decay mechanism duf750 nm. Therefore, based on the formula of force given in
ing discharging of nc-Si is the diffusion of charges from aRefs. 5 and 8, the total electrostatic force on the tip can be
charged nc-Si to the surrounding uncharged nc-Si. This phewritten as
nomenon has been clearly observed with noncontact EFM ’ 5
mode in this study. F2)= 1 (‘%AV . dQv  dQ )

SiO, films were thermally grown to 750 nm on N-type d\2\ 2 e 28%A)’
(100) oriented Si wafers in dry oxygen at 950°C. The silicon z+ :
wafers were phosphorous-doped with a concentration of 2
% 10 cmi 3. Si* ions with a dose of % 108 cm2 were then  Wherez is the distance between the tip and the samplis,
implanted to the Si@thin films at 10 keV. The peak con- the SiG film thickness.e is dielectric constant of SIDQ is
centration was found at a depth of about 10 nm as obtainetl€ charges trapped in the nc-8ijs the area of the charged
from the secondary ion-mass spectroscopy measuremeriggion, andV is the EFM dc bias. The measurement of force
Thermal annealing was carried out at 1000°C indxhbient is based on the shift in the tip cantilever resonance frequency
for 1 h to induce nc-Si formation. The back sides of waferswith respect to its nominal frequency. _
were coated with a layer of aluminum with the thickness of ~ This shift is related to the Coulomb force gradient de-
about 1um after removing the back side oxide. Finally, tected by the EFM tip and can be written'&s
metal alloy process was conducted at 425°C jashbient

) . 2kAf  0F(2)
to form ohmic contacts. For comparison, one quarter of each —— = ——= 2)
of the wafers was not implanted with*Sons(i.e., only pure fo 9z

whereAf is the shift of resonance frequendy,is the nomi-
¥Electronic mail: echentp@ntu.edu.sg nal frequency, and is the cantilever spring constant esti-
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FIG. 1. EFM images(a) Uncharged nc-Si samplé)) nc-Si sample charged
at +4 V; (c) nc-Si sample charged at —4 V; aqd) SiO, sample(i.e., with-
out nc-S) charged at +4 V.

mated from the lever geometry. The total chaf@es then
estimated with the above equations.
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Initial After 7mins

FIG. 3. Increase of the area of the charge cloud due to charge diffusion.

observed in the EFM image diffuses over time, as shown in
Fig. 2, indicating dissipation of the injected charge. After a
long time, the contrast disappears indicating that the trapped
charge decays to the background level. The dissipation of the
trapped charges is actually due to the diffusion of the trapped
charges to the neighboring uncharged nc-Si in the surround-
ing area. The charge diffusion leads to the increase in the
area of the charge cloudle., the area of the charged spot
together with the reduction in the brightnéss darknespgof

the charged spot. One typical example is shown in Fig. 3.
The increase of the area of the bright sgelectron trapping

Figure 1 shows the comparison of 2D EFM images ofcan be clearly seen in this figure.

SiO, films with and without nc-Si beforéi.e., virgin) and

To study the influence of neighboring charges on the

after charge injection. The charge injection is carried out bycharge decay, we have created one charged spot, two charged
making the EFM tip contact the sample surface and applyingpots with a spacing of 300 nm, and three charged spots on a
a bias to the tip. A low bias of +4 or -4 V is applied on straight line with a spacing of 300 nm. For the cases of two

either the virgin nc-Si sample or the control pure $iO
sample for 10 s. Charge trapping in the dielectric films is
evident from the bright or dark spots in the EFM images. The
EFM images are obtained by applying a bias of -1 V to the
EFM tip and with the noncontact scanning mode. With the
bias of =1 V, a bright spot indicates negative charge trapping
while a dark spot indicates positive charge trapping. For the
virgin nc-Si sample and the control sampglee., pure SiQ
without nc-S), there are no spots observed, indicating no
charge trapping[Fig. 1@ and Xd)]; however, for the
nc-Si samples after the +4 and -4 V bias, dark and bright
spots appear, showing positive and negative charge trap-
ping, respectivelyFigs. 1(a) and 1c)]. As can be seen in
Fig. 1, for the tip radius of 15 nm, the size of the charged
area detected is-250 nm.

To understand the charge transport in nc-Si, charge de-
cay from the dielectric film is monitored with a series of
shapshots of EFM images recorded in real time after constant
voltage injection. The contrast of the bright or dark spots
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FIG. 2. EFM images of decay of charge trapped in nc-Si.

FIG. 4. (a) Blockage of charge diffusion by neighboring charges with the
same charge sign(b) acceleration of charge diffusion by neighboring
charges with the opposite sign; a( decay time as a function of both the
number and charge sign of the neighboring charged spots. “+” represents
positive charge while “~” represents negative charge.
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charged spots, the charge in one spot has the(piggitive or In conclusion, charge transport in nc-Si embedded in
negativg either the same as or opposite to that of anothesSiO, dielectric films can be visualized with EFM. The charge
spot. For the cases of one and three charged spots, each sgiffusion from charged nc-Si to the surrounding neighboring
is negatively charged. Such an arrangement can give us @ncharged nc-Si in the Sinatrix is found to be the domi-
clear picture of the influence of neighboring charges on théyant mechanism for the decay of the trapped charge in the
charge diffusion. To have quantitative information of chargenc-Si. The trapped charge in nc-Si and the charge decay have
decay, we have determined the cha@eavith Eq. (1), and  peen determined quantitatively from the electrical force mea-
the charge decay with time is shown in Fig. 4. surement. An increase in the area of the charge cloud due to
_First, we study the influence of the neighboring chargesne charge diffusion has been observed clearly. In addition,
with the same charge sign by applying -4 V bias for 10 s foryhe piockage and acceleration of charge diffusion by the
each spot to create one to three charged spots, and the reSLHE?ghboring charges with the same and opposite charge

are s_hown in Fig. @&). Note that for th_e negative bias each signs, respectively, have been observed also.
spot is negatively charged. As shown in Figa} the charge
decay for the all cases is found to follow the exponential law,
i.e., Q(t)=Q, exp (-t/7), whereQy is the initial charget is
the time after charge injection, andis the characteristic
decay time. The characteristic decay time is 310, 346 an
656 s for one, two, and three charged spots, respectively. Th
increase in the characteristic decay time With. the_ spot nuij. Garcia, B. Garrido, P. Pellegrino, R. Ferre, J. A. Moreno, J. R. Morante,
ber clearly shows the blockage of charge diffusion by the | payesi  and M. Cazzanelli, Appl. Phys. Leg2, 1595(2003.
neighboring charges with the same sign. In contrast, the’s Tiwari, F. Rana, H. Hanafi, A. Hartstein, E. F. Crabbe, and K. Chan,
neighboring charge with opposite si¢ire., one spot is nega-  Appl. Phys. Lett.68, 1377(1996.

tively charged and the other spot is positively chajgeah ®Y. shi, K. Saito, H. Ishikuro, and T. Hiramoto, J. Appl. Phyg4, 2358
speed up the charge decay, as shown in Rigl. 4o show a (199

clear picture of the effect of charge—charge interaction, the Eé”A' ABp(;)(Ier’P'\}:I)./sL.le;?r;ge;séz?’z(')—lo.]?. Atwater, R. C. Flagan, and L. D.
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