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Probing electron charging in nanocrystalline Si dots using Kelvin
probe force microscopy
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By using Kelvin probe force microscopy, we investigate the contact potential diffef@Rig) of
nanocrystalline siliconnc-Si) dots with various sizes before and after the dots charging. Few
electrons are injected into the nc-Si dots using the atomic force microscope tip. Aremarkable change
in the dot potential is observed under the normal ambient conditions. Since the change in the dot
potential represents the charging energy of the nc-Si dots, the number of electrons stored in the
individual dots can be estimated by comparing the calculated charging energy and the measured
CPD change caused by charging. We demonstrate that charge quanta are indeed injected and directly
detected by this method by analyzing the dot diameter dependence of the CPD change for each
dot. © 2004 American Institute of Physid®Ol: 10.1063/1.1804250

The continuous evolution of modern electronics acceler- dc . 5
ates aggressive miniaturization of silicon device structures FzE[Aq"(Vdc‘LVac sin(wt))]%, D)
towards the decananometer regime. Plasma decomposition of
SiH, was proven to be a reliable method of forming nano-wherez is the tip-to-sample distanc€, the capacitanceA®
crystalline silicon(nc-Sj) dots with the size down to a few the contact potential differen¢€PD) between the tip mate-
nanometers, and it has attracted great interest from the stand@l and the sample material, aiy. andV,. are the dc and

points of their unique properties of charge storhgmid  ac components of the applied voltage, respectively. Due to
electron emissioh,and photoluminescence. the applied ac voltage, the cantilever no longer vibrates me-

An efficient tool capable of resolving the nanometer-chanically, but electrically. The electrostatic force can be de-
scale local properties has been aspired for investigating th‘éompo_SeOI into three frequency-dependspectra) forces as
nc-Si-dot-based devices thoroughly. Although the convenfollows:
tional I-V and C-V characterization methods provide a vast

amount of information, these methods lack the ability of dis- ~ F=FactF,+Fa,, (2
criminating structural and material properties on a nanometef;nere three spectral force components atalcand 2o are
scale. On the other hand, scanning probe micros¢Spyv) iven as

techniques, which are supposed to give the best approach o

study nanostructures, facilitate the lateral and vertical reso- 19C V2

lutions of 0.1 and 0.01 nm, respectively, by scanning a sharp  F .= ——{(Aq> = Vg2 + —ac} , (3)
tip across a sample surface. Furthermore, the Kelvin probe Jz 2

force microscopy(KFM) is preferred among the various
types of SPM techniques when we need to observe the sur- c
face potential or work-function profiles. Since the first at- F,=——VacSin(wt)(Vyg.— AdD), (4)
tempt was reported by Nonnemacteiral,’ the KFM has oz
been used widely for investigating metal thin filh&semi-
conductor® and nanoparticles. _1aC

The operating principle of the KFM is setting off the Fow=———V2. coq20t). (5)
electrostatic forces between the tip and the sample by apply- 4 9z
ing a feedback potential. When two materials with different  The amplitude of cantilever vibration at a frequensy
work functions are electrically connected, electrons moveyill be directly proportional to the spectral component of the
from the material with a low work function to that with a force at the frequency if w equals the resonance frequency
high one, since the work function reflects how strongly theof the cantilever. Furthermore, if thé,. equals the CPD,
electrons are bound in each material. This electron transfexd, the force aiw would then be nullified. Recording the dc
gives rise to an electric field between the tip and the samplgoltage with scanning the entire sample area therefore en-
and, therefore, an electrostatic force in between. Since thables mapping the surface potential of the sample on the
atomic force microscope basically measures forces, a feedvranometer scale.
back circuit can provide a certain voltage in order to cancel  For preparing the dilute and isolated nc-Si dots suitable
this force, which is given b’g? for our present study, a thin Sjdayer was first grown using

chemical oxidation of KHSO,/H,0, on a p-type (100) Si

YElectronic mail: masalem@diana.pe.titech.ac.jp substrate, and nc-Si dots about 2—8 nm in diameter were then

PAuthor to whom correspondence should be addressed; electronic maip_ieposited SUbsequently with plasma dpcomposition of, SiH
soda@pe.titech.ac.jp described in detail elsewhettAr and SiH, gases were ex-
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FIG. 1. Simultaneoua) topographic andb) potential KFM images for the ~ FIG. 2. Simultaneouga) topographic andb) potential KFM images for the
nc-Si dots before charging. nc-Si dots after charging.

cited by very high frequencgl44 MH2) plasma, and the size affecteeqoby the existence of any adsorption layers on the
and density of the nc-Si dots were controlled essentially Viasurfac_: : d 2b) sh hei btained after th
the duration and number of the Sildulses. Fl_gures %a) and 2b) show the images o tained after the
Topographic and potential measurements were pert_:hargmg process. As expected, the topographic height did
..~ ~not show any significant change after the charging, since the
KFM measurement system cancels the electrostatic forces
between the tip and the sample as explained earlier. There-
fore, charging the sample has no effect on the sample topog-

sharp (35-nm _radius of curvatujerhodium-coated silicon raphy obtained with the KEM. In that sense, the KFM is
cantilever having the resonance frequency of about 24 KHZjitterent from other noncontact or tapping mode measure-

and the force constant of 1.8 N/m. The area under inveStir'nents, in which the topographic images are indeed affected

gation is IX1 um and scanned at 0.87 Hz, and with the 10y, o ypes of forces, and the charge transferred from tip
V peak-to-peak ac voltage. . _to sample is estimated only in an indirect manner, in which
C_harge_lnj_ectlon into the Si dots was carried out usingy,q topographic height changer apparent heightis ana-
the biased tip in the contact mode. This was done for the dOtE/Zed.lZ,l It is worth mentioning that the potential imaging is
in a particular area selected in the previous scan in the NOMramatically improved in this work compared with those re-
contact mode. After positioning the conducting tip 10 theygteq in the past! where the distinction was unclear be-
targeted point, the tip was biased at -5 V and was then edg€een the potential of dots and that of the substrate. This is
nearer to the surface and kept in contact for 30 s. After thatyripytable to the method that we used for charging the in-
the tip was retracted and grounded, and the subsequent Nogyiqual Si dots using the AFM tip without affecting the
contact mode KFM scan was performed; the change in thgqtential of the substrate overall. The time spent for switch-
measured CPD of the dots upon charging indicates directlg from the contact mode to the noncontact mode, including
the charging energy_added to each dot. It should particqlarlyhe necessary adjustments, was about 5 min. This was fol-
be noted that scanning the sample should not be done in thgyeq by another 5 min to complete the simultaneous topo-
contact mode, as this would move the deposited dots awayraphic and potential scan.
Further details on the charging process using the AFM tip, S 'The change in the dot spatial distribution after the charg-
well as a theoretical model for estimating the charge transing s attributable to the repulsive forces between the charged
ferred, can be found else_whéze. dots. It is interesting to see that larger dots show the higher
Figure 1 shows the simultaneously scanf@dopogra-  potential than that for smaller dots, while the substrate re-
phy and(b) potential images. Note that the lateral dot dimen-mains at almost the same potential of about 300 mV. This
sions are overestimated as the AFM image is given as anifests that only the Si dots were charged and that the
convolution of the sample and tip shap@s-owever, we  KFM facilitates to detect the size dependence of the charge
may obtain the diameter of the individual dots much moreconfined in the nanostructures experimentally.
precisely from the vertical topography data. The dot size was  We can estimate the number of electrons injected into

found to range from about 2-8 nm. Due to atmospheric exeach dot by comparing the measured CPD change with the
posure, we assume that a thin $&hell was grown naturally  charging energy calculated for the Si ddts,

on the silicon dots. However, this oxidation process has been

proven to be self-limiting in thickness rather than con- (ne)?

tinuous® The potential image with high contrast is shownin ~ Ec=-———, (6)
Fig. 1(b), where the clear distinction between the Si dots and
the substrate is seen. In addition, small and large dots amghereE, is the charging energ¥q,=4wed is the dot self-
clearly distinguished in the potential distribution, and we capacitance calculated separately for individual defs,the
found that the larger the dots the lower the CPDs. Despite dielectric constant of silicond is the dot diameter, and is
variety of studies done using the KFM in the past with thethe number of injected electrons. Figure 3 shows the CPD
atomic scale lateral resolutioRd? our present work features changegqsolid circleg caused by the charging process plot-
a direct measurement of the size-dependent potential of thed as a function of the dot diameter. The dot diameter for the

silicon quantum dots, although the obtained CPDs can bandividual dots was estimated from the dot height data in
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® oo by comparing the measured CPD changes as a function of
1 Electron Charging Energy the dot diameter with the charging energy calculated for vari-
1.0-7 ~ - - - 2Eledrons Cherging Eneray, ous numbers of electrons. This method may provide a pow-
1 ~ — — 3 HBjedrons Charging Energy erful tool for investigating local electronic states and trans-
. - port properties in the modern nanoelectronic devices.
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