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Thin SiO, oxides implanted by very-low-enerdgyl keV) Si ions and subsequently annealed are
explored with regards to their potential as active elements of memory devices. Charge storage
effects as a function of Si fluence are investigated through capacitance and channel current
measurements. Capacitance—voltage and source—drain current versus gate voltage characteristics of
devices implanted with a dose ofx110*®cm™2 or lower exhibit clear hysteresis characteristics at

low electric field. The observed fluence dependence of the device electrical properties is interpreted
in terms of the implanted oxide structure. @00 American Institute of Physics.
[S0003-695(100)05447-4

In order to overcome limitations of conventional non- min nitrogen annealing at 950 °C, aiming at the precipitation
volatile and dynamic memory devices, it has recently beemf Si nanocrystals. To investigate the effects of interface
proposed— to use nanocrystals as charge storage elementsaps and defects originating from the nanocrystal fabrication
embedded in the gate oxide of a field-effect transistor angbrocess, aluminum sintering was carried out gadd N,/H,
located in close proximity2—3 nmj to the transistor channel. environment. The devices were characterized through bias
Floating gates consisting of Si or Ge nanocrystals have beesnd frequency dependent capacitance measurements, as well
fabricated through the wuse of various depositionas static and dynamic transistor current measurements.
techniques;? ion implantation and annealirfgor following® The nanocrystal characteristics as a function of the im-
thermal oxidation of Si.,Geg,. The ion implantation tech- plantation dose were deduced from a transmission electron
nique is attractive because of its well-established manufaanicroscopy study combining cross-sectional and associated
turing advantages but faces the major challenge of makinglane-view images ane-diffraction patterns. The major re-
nanocrystals close to the channel without compromising theults are as follows(a) The 5x 10°cm 2 dose leads to very
integrity of the gate oxide and the quality of the $iSi  small ill-defined Si clusters(b) The 1x10**cm 2 dose
interface. For this purposéow-energy Si implantation is a gives rise to a Si-rich band with a thickness of about 3 nm
promising approach. Because of decreasing ion strangle witlocated at 2—3 nm from the SjISi interface; the band is
implantation energy, energies as low as 1 keV are suitableomposed of ill-crystallized quasispherical Si grains, 3—8 nm
for making well-located two-dimension&eD) arrays of Si in size.(c) A 2x10*cm 2 dose or higher leads to well-
nanocrystals at a relatively low dose and at a tunneling discrystallized plateletlike Si graing—15 and 5-20 nm in size
tance from the SiQ¥Si interface’ In order to explore the for the 2 and 5 106 cm 2 cases, respectivelyvith a thick-
potential of this approach for memory applications, metal-ness~4 nm. These large Si nanocrystals are almost in touch
oxide—semiconductofMOS) capacitors anchMOS transis-  with each othefFig. 1(b) and plane-view image®ot shown
tors with 1 keV Si implanted gate oxides are investigated. herg for the full (111) diffraction ring).

Capacitors with 6.%10 “cm 2 gate area and transis- Figure 2 shows high-frequencyHF) capacitance—
tors with a gate length ranging from 2 to 16n and 100um  yoltage (C-V) curves for nonimplanted and Si-implanted
gate width have been fabricated following a process similasjo, gate capacitors under dark conditions swept frert0
to that used for conventional MOS devices. The main new, 110 v and back to-10 V with a voltage step of 0.1 V/s.
element is the introduction of Si with a narrow distribution, o clear hysteresis is found for the >&10'° and 1
peaking at a tunneling distance from the §i6) interface. 1016cm 2 cases and it corresponds to a flatband voltage
For this purpose, Si implantation is carried out into 8-NnM-gpift (AVp) of about 4.6 and 10.0 V, respectively. The hys-
thick thermally grown OX'Sde atan energy of 1 keV and atigregis is attributable to the trapping of electron/holes in the
doses ranging from §10'° to 5x 10'°cm 2 Subsequently, jhsylator during the positive/negative gate voltage sweep.
a 30-nm-thick control oxide is deposited, followed by a 30 Nonimplanted devices do not exhibit any shift in tBe-V
curves, showing that the hysteresis is Si implantation related.
¥Electronic mail: kapetan@imel.demokritos.gr Furthermore, the observation of a large/z at a low-
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FIG. 1. Plane-viewPV) TEM micrographs from samples with a 8-nm-thick T s T g iy
SiO, layer implanted with X 10'® (a) and 5< 10 (b) Si* cm 2 at 1 keV 10 10 10 10 10
and annealed at 950 °C for 30 min. Nanocrystals appear as open entities in Frequency (HZ)

(@ and (b). The cross-section image pertains to tf@ case. A high-

resolution PV TEM image of a Si nanocrystal is shown (). The  FIG. 3. Frequency dependence of the capacitance under accumulation con-
e-diffraction pattern(d) pertains to(@) (arrow indicates th¢111} Si ring). ditions for three implantation doses and a reference. Fittings are for the 2
X 10 cm™2 (dashed ling and 5x 10®cm™2 (solid line) cases with indi-

o o catedr values, on the basis of the shown equivalent circuit.
electric field (<2.5 MV/cm) suggests that charge injection

involves direct tunneling. From the above-mentioned find-
ings we conclude that devices implanted with a dose of Inanocrystal layer and the Si substrate in phase with the small
% 10 cm~2 or lower exhibit the function of a memory. One amplitude modulation (25my/ ;). The characteristic time
memory state corresponds to excess electrons in the gag@nstant, for this dynamic hole exchange can be obtamed
oxide and another to excess holes. In contrast, devices iniy consideringr as the only parameter to fit the experimental
planted with a dose of 2 10cm™2 or higher do not exhibit results to the theoretical capacitance derived from the
any memory effect. In this case the HE-V curves are equivalent circuit shown in the inset of Fig. 8, is the
significantly stretched out and the capacitance in the accuSi-nanocrystal/SigYSi-substrate junction capacitand®; is
mulation regime increases with the gate bias. For a bettdhe Si-nanocrystal/deposited oxidé/-poly-Si gate junction
understanding of the HE—V results, the frequency depen- capacitance, an® is the tunneling resistance of the first
dence of the capacitance under accumulation is investigatgtnction (the resistance of the deposited oxide is considered
(Fig. 3. A constant capacitande-60 pP is found for the as infinitg. R is inversely proportional to the transition rate
nonimplanted, and the %10'° and 1x10'® Sicm™2 im-  between a Si nanocrystal and the substrate, and is strongly
planted devices. The observed capacitance corresponds to afiected by the thickness and quality of the injection oxide,
effective SiQ thickness of about 37 nm, a value in agree-as well as by the size of the nanocrystals. Fitted results for
ment with the total oxide thickness of 37 nm, determined the 2 and 5 10'°Sicm™ 2 implanted devices indicate charac-
by transmission electron microscofyEM) analysis. For the teristic times of 5.5 and 1.2s, respectively, for a gate volt-
2 and 5<10'Sicm 2 implanted devices, the capacitance age of—10 V. More negative gate bias leads to shorter char-
shows a strong frequency dependence. At low frequenciegcteristic times, while longer times are observed for a lower
the capacitance saturates at about 75 pF, a value corresporitggative bias. This is because the coupling between the ac-
ing to an effective thickness of 29.5 nfoomparable to the cumulation layer and the Si nanocrystals depends on the
30+1 nm TEM observed thickness for the deposited oxide charge density in the nanocrystals. The charge density is
As the frequency increases, the capacitance becomes lowg@verned by the transition rate between the substrate and the
and asymptotically saturates at values corresponding to amanocrystals, and is affected by the lateral coupling between
effective thickness close to that for the nonimplanted devicethe nanocrystals.
These observations indicate that holes move between the Si- For the 2 and %10% Sicm 2 implanted devices,
where the nanocrystals appear to be coupled latefady,
the layer of nanocrystals is quasicontinugusharge injec-
2 tion through the more conductive paths in the defective oxide
2 leads to a strong charging of the nanocrystals. As the defect
states in the oxide introduced by ion implantation and also
the extent of the lateral coupling between the nanocrystals
are both expected to vary with dose, a lower dose gives rise
to a longer characteristic time, in agreement with our obser-
vations for the 2 and 510cm 2 cases. The very long
characteristic times observed for low implantation doses
(<2x10'*cm?) are due to the improved quality of the ox-
ide and the structural arrangement of the Si material after
—T y y T annealing. The traplike behavior of exces§ &kpected in
12 -8 4 0 4 8 12 the case of % 10'°cm 2 and/or the presence of electronic
Gate Voltage (V) states at the surface of the uncoupled Si gragase of 1
FIG. 2. High-frequencyC—V characteristics for a referen¢eonimplantes < 10'°cm™) lead to an increased charge storage time in the
and Si-implanted SiQgate capacitors at three different doses. oxide and cause the flatband voltage shifts shown in Fig. 2.
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FIG. 5. Logarithmic and linear(iinsey transfer characteristics for 1
X 10'® Sicm 2implanted, H- and N-annealed devices. The gate voltage is

FIG. 4. Source—drain current vs gate voltag#angular signal of nMOS swept continuously from-15 to +15 V.

transistors with a 4um gate length for two Si implantation doses and two
different sweep rategfrequencies The device threshold voltage shift

(AVq) vs frequency oft 15/~ 15V and+10/~10V V triangular signals  interface (case of 1x10'°cm™?), the observed dynamic
is shown in the inset. The drain voltage was fixed at 0.1 V. charge exchange mainly takes place through the nanocrystal
electronic states and the inversion layer. This implies a ther-
The transfer characteristics @fMOS transistors with mal activation process as an electron injected into a nano-
5x10%cm 2 and 1x10* Sicm 2 implanted gate oxides crystal is localized at an interface defect. The suggested
under different gate voltage sweep rates appear in Fig. 4. Th@echanism is supported by our experimental results at low
measurements were performed in a way similar to that ofemperature(77 K), where the threshold voltage shift in-
Ohzoneet al.’” A load resistor R, =100Q) is connected be- creases monotonically as the frequency decreases.
tween the source electrode and ground to monitor the Figure 5 shows the effect of Hannealing treatment on
source—drain currentlps through source voltage V  the logarithmic and lineaiinset of Fig. 5 transfer character-
=1psR.) measurements. Triangular signals 615/—15 V istics of a X 10'® Sicm 2 implanted devicelps— V¢ char-
and +10/—10 V amplitude ¥) were applied to the gate acteristics are substantially improved aftey treatment, re-
electrode for a wide range of frequencies. A strong reductiosulting in a subthreshold swin@$ of 0.32 V/decade and an
of the source—drain current is observed, as the frequency éN-current (oy) of 250 uA, compared to a SS of 0.44
the Vg signal decreases. The magnitude of the source—draid/dec andl oy of 80 uA for Ny-annealed devices. This ob-
current suppression is found to depend on the implantatiogervation suggests that hydrogen passivates silicon-dangling
dose. This effect can be related to the interface traps genebonds at the Si/SiQinterface, thereby reducing the interface
ated by ion implantation. It has been reported that excess $iap density. Moreover, the threshold voltage window is
at the Si/SiQ interface acts as a slow interface trap in ther-larger for the N-annealed devices, indicating that H passi-
mal equilibrium with the Si substrate. The occupancy ofvation also takes place at the Si—nanocrystaljSn@erface.
these traps in the inversion regime results in the accumula- In brief, we have explored the possibility of fabricating
tion of negative charge close to the Si/Silterface. This MOS memory devices through very-low-enerdykeV) Si*
charge accumulation effect reduces the mobile charge defimplantation. Device electrical characteristics correlate
sity in the transistor channel. Figure(ised shows the de- strongly with the spatial arrangement and structural state of
pendence of the threshold voltage shit\(;) on the gate implanted Si as well as with the presence of various defects/
voltage sweep rate. For610*° Sicm 2 implanted devices, traps in the injection oxide and at the Si nanocrystalfSiO
AV+; monotonically increases as the frequency decreasegnd SiQ/Si substrate interfaces. Clear memory characteris-
with a tendency for saturation in thel5 V/—15 V Vg re-  tics are observed for doses less than'®cm 2 and low
gime. In the case of X 10'® Sicm 2 implanted devices and electric fields.
for a +15 V/-15 V Vg signal,AV+ increases continuously
up to 10 Hz and then decreases significantly, approachings. Tiwari, F. Rana, H. Hanafi, A. Hartstein, E. F. Craphed K. Chan,
saturation values lower than that for th&c50'°cm 2 case. ~ ,APPl- Phys. Lett68, 1377(1996. .
For aV signal of +10 V/—10 V, AV, increases up to 1 Hz T5é3|—(|fggg S. Tiwari, and I. Khan, IEEE Trans. Electron DeVviE€s43,
and then slightly decreases, reaching saturation values simy.-c. King, T.-J. King, and C. Hu, Tech. Dig. Int. Electron Devices Meet.
lar to those measured in thel5 V/=15 V Vg regime. The 1998 115(1998. '
decrease of the threshold voltage shift observed for theP: Normand, D. Tsoukalas, E. Kapetanakis, J. A. Van Den Berg, D. G.
6. 2 . . Armour, J. Stoemenos, and C. Vieu, Electrochem. Solid-State 1,688
1x10*%cm 2 case in the low frequency regime can be at- (1998.
tributed to a dynamic charge exchange between the nano@&n. Horiguchi, T. Futatsugi, Y. Nakata, and N. Yokoyama, Jpn. J. Appl.
rystals and the transistor channel during the measurementPhys., Part 86, L1246 (1997.

: SA. Kalnitsky, A. R. Boothroyd, J. P. Ellul, E. H. Poindexter, and P. J.
Because a nanocrystal has a larger capture cross section tha@aplan’ Solid-State Electro83, 523 (1990,

the defects related to the implantatiorficase Of_ 7T. Ohzone, T. Matsuda, and T. Hori, IEEE Trans. Electron Devit®s
5x10%%cm ?) or those located at the nanocrystal—oxide 1374(1996.
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