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Process Optimization and Downscaling of a

Single Electron Single Dot Memory

Christophe Krzeminski, Xiaohui Tang, Nicolas Reckingendént Bayot, Emmanuel Dubois

Abstract

This paper presents the process optimization of a singtgrele nano-flash electron memory. Self aligned single
dot memory structures have been fabricated using a wet temp$o oxidation of a silicon nano-wires. One of the
main issue was to clarify the process conditions for the donftion. Based on the process modeling, the influence
of various parameters (oxidation temperature, nano-whigps) have been investigated. The necessity of a sharp
compromise between these different parameters to enserprédsence of the memory dot has been established. In
order to propose an aggressive memory cell, the downscefitige device has been carefully studied. Scaling rules
show that the size of the original device could be reduced factr two. This point has been previously confirmed

by the realization of single electron memory devices.

Index Terms

Process modeling, flash memories, non volatile memoriesntgm dot, single-electron device, device scaling,

scaling limits, silicon on insulator technology (SOI).

I. INTRODUCTION

Conventional flash memory devices are believed to be hacdlgBle since the design space vanishes below the 40
nm technology node [1]-[3]. Since a few years, most of tha aeeluction has been achieved by the downscaling of
isolation and interconnection regions [4], [5]. Alternatiand innovative storage structures for nonvolatile méesor
are strongly needed as the number of stored electrons isishgcto dangerous small numbers. Many emerging
research devices are under investigation using a largesitiyef materials and approaches: phase memory changes
[6], polymer memory [7], nanocrystal memory [8]. Among &hase Change nanocrystal Memory (PCM) is how
acknowledged to be the leading candidate [9]. Howeveragilinanocrystal remains an interesting approach due
to a close compatibility with some standard industrial pssc and for 10 nm devices [10]. In this paper, the
fabrication of single electron nanoflash memaories witreaii nanocrystal is under investigation. Numerous studies
have been published on multinanocrystal memories gernkebgtéow-pressure chemical vapor deposition [11], [12]
by implantation and annealing step [13] or by aerosol déjwstechniques [14]. One strong issue faced by the
multi-dots approach is the impact of the dot distributiorcfliations on the electrical properties [15]. A relatively
different approach is followed here since the idea is to ouprand investigate the limits of a single dot memory.

The fabrication of this alternative memory is based on agioal combination of classical microelectronics process
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steps. The main idea is to separate a silicon dot from the ngtamsing anisotropic oxidation. It has already
been shown that pattern dependent oxidation (PADOX) coeldubed to fabricate small silicon single-electron
transistors (SETs) [16]. Self-limited oxidation effectsdastrain have been carefully engineered to generate isilico
nanostructures embedded in silicon dioxide using pattemversion [17]. A different approach has been undertaken
in the present work. The anisotropic character is genensetd) the strong dependence of the oxidation kinetics on
arsenic doping profile [18], [19]. One issue is to improve tinelerstanding of the conditions for the dot formation.
Based on that background, the standard process is first sup@ahan section Il. Process simulation and models
limitations are discussed in section Ill. Section IV reparh the conditions for the dot formation and on the influence

of the oxidation temperature and of the nanowire width. Bexdownscaling is explored in the last section.

Il. DEVICE ARCHITECTURE AND PROCESSING

This section briefly recalls the main process steps sincdailel® overview can be found in reference [20]. The
critical step corresponds to the implantation through a ®iO, film of a high arsenic dose ¢110'°cm?). The
main objective is to create a sharply localized and a veryedaea in the silicon active layer (200 nm thick) of
a SOl wafer. A nitride layer is deposited on the substratbe&m lithography and reactive ion etching are used
to pattern the nanowires. Fig. 1 presents the layout of théceeThe central part of the device consists of a 130
nm by 130 nm square. Two 100 nm wide constrictions are createdder to realize the connection between the
source and drain regions and the central part. The diffedtenénsions are defined so that a dot can be created
in the central part of the device while being separated froengource/drain regions. Finally, a wet oxidation step
is performed in order to create the dot. Fig. 2 shows a SEMagraphy of the central part where a single dot

memory is obtained. A nano-floating gate is clearly obsexedop of the channel.

IIl. PROCESS SIMULATIONS MODELS

Based on process simulation, the aim of this study is tofgléine conditions that lead to dot memory existence.
Two steps have been identified to play a key role: the wet didastep and the lateral overetching effect during
patterning. The first one is critical for the generation anel $eparation of the dot/channel structure. The second
one helps indirectly to achieve the desired pattern coierdhe main objective of this section is to discuss the

limitations of process simulation with these two procegpst

A. Modeling of the oxidation step

To date, the seminal model of Deal and Grove remains the nogsilar approach used in process simulators to

model the oxide growth [21]. The kinetic of oxide growth cam $imply described by the following equation :

t
*/”—A2/4B*1

The oxide thickness( is described by a linear-parabolic relationship as a fomctf the oxidation duratiomn.

X =

2. @

B . :
The term(z) characterizes the growth rate regime:
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B )
X~ =t for t< &
A 4B (2)

whereasB gives the parabolic rate constant that governs the diffuimited regime in the limit of very long

oxidation time :

X ~ VBt for t> 4

3
The diffusivity of the oxidant species and the reaction faiecan directly be deduced from the linear parabolic
constants:
Ny
D=B-

2C*

4
B N
kSz = A O~

where C is the oxidant solubility in the oxide and;Ns the number of oxidant molecules incorporated into a unit
volume of the oxide.

The well-known breakdown of the Deal and Grove model [224}] the ultra-thin regime is not a significant
issue here since only very long wet oxidation are considdfevever, three points have to be carefully addressed
: the mesh refinement, the influence and the diffusion of @&sen the oxidation reaction rate and the global
influence of strain on oxidation.

1) Grid refinement: One critical issue is the mesh refinement since the dot radidsss than 20 nm. The
refinement must be as dense as possible in the region of hjgihgland more relaxed in other parts of the system
(nitride mask, buried oxide). The second aspect is that tliergfinement must be preserved during the simulation
of the oxidation process. One solution to preserve the tyuafi the initial grid during oxidation is to perform
simulation using very small time-steps (less than 1 ms) ageémerate and adapt the grid frequently.

2) Influence of arsenicThe influence of arsenic on the reaction rate is describedhbytheory of Ho and
Plummer [18], [19]. The physical effect behind the oxidatiate enhancement is that the silicon Fermi level is
shifted by doping. The change of the Fermi level enhancextimeentration of vacancy that naturally provides

more reaction sites for the oxidation mechanism. The lile@dation rate in presence of dopants can be expressed

by:

<§)doped: (g)o. [IJFW.(CUfl)} (5)

0
where (%) is the intrinsic linear reaction rate for wet oxidation whicdepends on many other parameters
(temperature, pressure),is an empirical temperature dependent parametercgnid the normalized total vacancy
concentration. Since dopants are assumed to influencetomnbyxidation rate, it should be noticed that the anisotropy

will be maximum in the reaction limited regime (Eq. 2) and ligigle in the diffusion limited regime (Eqg. 3). Fig.
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3 shows the influence of the linear oxidation rate as a funatibthe arsenic concentration predicted by the Ho
and Plummer model [18], [19]. The concentration should e&cgx 10*° at/cn? in order to observe an increase.

Another effect related to arsenic is the thermal diffusioming the oxidation process. A reduction of the initial
arsenic gradient probably takes place during the oxidapimtess. In order to describe the diffusion of arsenic
during this step, a standard five stream model has been uSgdTf2 main issue is to have a correct description
of the amplitude and the shape of the arsenic peak. A coresatrihtion of the arsenic tail and TED (Transient
Enhanced Diffusion) effects is not crucial here.

3) Influence of strain:In our specific case, the presence of arsenic has a major ingpathe reaction rate.
On the other hand, strain are expected to reduce the oxidedte. The presence of a nitride mask on top of the
nanowire and the concave shape of the nanowire generad@s dtiring the oxidation process. In most of process
simulators, stress can be included in the basic Deal andeQrmdel by considering stress dependent parameters.
As proposed by Kao et al. [26], [27] and Sutardja and Oldha8j, [the hydrostatic pressur® is often assumed

to influence the oxidation diffusivity by:

PVd}
kT
D = Dy for P<0 (6)

Dg:DO-exp[— for P>0

On the other hand, a compressive normal stress compondm &ifSiQ interface reduces the oxidation rate:

(E)a — (E) - exp [7 Jnnvk] for onpn <0

A A kT
(g)g = (g) for a,mBZ 0 (7)

wherekp is the Boltzmann constant arid is the oxidation temperature in Kelvill} is the hydrostatic pressure:

1
P = *§(Um+‘7yy) (®)

and o,,,, is the stress normal to the Si/SiOnterface, \; and V; are the corresponding activation volumes. A
viscoelastic approach has been used in order to take intwuatstrain relaxation in the oxide [29]

4) Model limitations: As previously described, dopant diffusion and oxidatiom strongly related in our specific
case. The use of a simulator where all these different moaedsimplemented is required. Moreover, severe
constraints are imposed on the grid refinement. Both DIO$ §8@ TSUPREM4 [31] process simulators have
been used. Relatively close results have been obtained @s fédne kinetics of the dot formation is investigated.
Thank to the DIOS features advanced mesh refinement it hagdossible also to investigate the oxidation of the dot.
In order to access the evolution of the various parametettseofnemory cell, a monitoring tool has been developed
[32]. The main limitation in our study is the description etmechanical strain field in process simulators. Fig. 4
illustrates this point where the strain field in the oxidedajs reported for the simulation of the standard process

described in the previous section. Two contouts {00 Mpa) of the hydrostatic pressure are reported based on

DRAFT



TSUPREM4 simulation. Very large compressive stress leagtsobserved in the vicinity of the dot whereas the
nitride mask is subject to a high tensile stress. As far as pygaach the outside silicon dioxide interface, stress
decreases as the relaxation is much more important. Suehealével of stress at the nanometer scale indicates that
we are too close to the limits for a finite elements simulatitnexpect a correct description of the mechanical stress
around the dot. The use of coupled atomistic/continuousatsotbuld be a solution [33]. The second limitation is
the use of a viscoelastic approach to describe the oxiderdat®mn [29]. It has already been shown by Rafferty
et al. [34] that linear viscous approach strongly overestas the stress generated during cylinder oxidation at low
oxidation temperature and large deformattorin principle, an elastoplastic model would be necessanyroperly
estimate the stress field surrounding the silicon dot for dotdation temperatures [35]. The third limitation is the
modeling of the pile-up of arsenic at the Si/Si@terface [36].Despite these fundamental modeling restrictions,
it will be shown that interesting trends can be extractedeahen the relatively good description of experimental
oxidation kinetics in the presence of arsenic by the cogptihthe Ho and Plummer model [18], [19] and the Deal

and Grove models [21]

B. Modeling of the overetching step

Due to the strong concentration of dopants, it has been wéd@xperimentally that the top of the mesa structure
is overetched during its creation. This overetching effexs been observed and explained by Winters et al. [37].
The concentration of negative etching ions is increasedtdu@e electrostatic interaction between fluorine ions
from the reactive plasma at the surface and the dopant chargke silicon. The increase of the etching rate in the
high doping region leads to a trapezoidal shape for the resature with a neck at the top concentration. This
effect has a major impact experimentally on the final devicecture and facilitates the creation of the dot. The
SEM image (Fig. 5) clearly shows the presence of overetciniriige presence of strong arsenic doping. This effect
must be discussed and incorporated in our two dimensiomallations. An empirical approach has been adopted in
order to match as finely as possible the experimental shage6 Bhows the shape of the mesa-structure matching
the experimental configuration of Fig 5.b). The neck at theiscapproximated by a simple trapezoidal shape. Three
etching steps are used in the process simulator to genéeafelt structure. The nitride mask etching is simulated
by a perfect anisotropic etching. Next 90 nm of the silicoyelaare etched with an angle of 104ith respect to
the horizontal direction to simulate the overetching angl phesence of the neck. Finally, a classical anisotropic
etch with an angle of 60(from the horizontal direction) is performed to match theysh of the mesa-structure at

the bottom. All of this process leads to an accurate shapbeofitesa-structure matching the experimental one.

1A two dimensional implementation of an elastoplatic appho@ very complex and subject to strong numerical issuesoulyh estimation
can be obtained by the application of the Rafferty model 84pur system. Considering a silicon cylinder of 20 nm and @exylinder of
50 nm gives a radial compressive strain component of 1.88 @plaan hydrostatic pressure of 454 Mpa at the SiSi@derface between the
two cylinders
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IV. CONDITIONS OF THE DOT FORMATION

Experimentally, the creation of a silicon dot has alwaysnbeleserved for 80 minutes of wet oxidation at 8G0
Process variations show that the oxidation duration shbeldlefined very finely in order to completely liberate
the dot to avoid a complete consumption by the oxidation raeidm. Based on process simulation, the objective
is therefore to investigate the best process conditionglédrformation. Two parameters have been identified for

their influence on the dot formation: the oxidation tempamatand the nanowire geometry.

A. Influence of the oxidation temperature

1) Lifetime of the silicon dot:The most important factor for the reliability of our device the time window
during which the dot is formed but not yet consumed. This pisigoverned by the difference between the oxidation
time to create the dot and that to consume it. Fig. 7 repossetfolution of these parameters as a function of
the oxidation temperature for various thermal budgetstFf all, an hyperbolic decrease ¢~') is observed for
both the creation and consumption time as a function of didatemperature. For example, the creation time
is 160 min. at 750C and reduces to 24 min. at 9UD. This result tells us that the oxidation temperature must
be higher than 75 to keep a reasonable processing time. On the other handsibéen observed that the
difference between the creation time and the consumptiog tianishes rapidly with increasing temperature. At
90C°C, the dot is created and consumed at the same time, thetémecommended wet oxidation temperature
range is [775C-85C°C] in order to ensure the dot existence. The best compromiaeound 800C which ensures
the presence of the dot in the central region and allows thedasumption of silicon in the constriction regions.

The oxidation temperature has also clear impact on the dizeeodot. The evolution of the dot shape as a
function of the oxidation temperature has been simulatad.&reports both the channel and dot cross sections. It
can be observed that the size of the dot is strongly reduceddogasing the temperature. Fig. 8 shows that the dot
maximal half width is about 25 nm at 800 and reduces to less than 5 nm for 860 For a higher temperature
than 900C, no dot is created.

Obviously, the oxidation temperature has a clear impacthan grocess reliability. It directly influences the
oxidation parameters such as the oxidation rate or thengtetaxation mechanism. However, the main striking effect
is the reduction of the arsenic gradient responsible fodtttecreation, which in turn affects the dot formation. The
evolution of the arsenic profile upon annealing in an inerbimce is reported. in Fig. 9 for fixed temperatures and
durations corresponding to the onset of the dot creationptgined from Fig. 7. For temperature below 860the
arsenic profile remains essentially unaffected by therrifalsion. Dopant diffusion becomes significant at 900

with a strong broadening of the arsenic prdfilelt is clear that the broadening and the flattening of theracse

2A relevant comparison can be performed between our simnlaind the experiments on arsenic TED by Solmi et al. [38].ak been
observed that effectively, the maximum does not diffuse5 T and 800C. When the temperature reaches 900a clear reduction of the
maximum level of doping is observed for a 30 min. annealing.

3]t can also be noticed that the Arsenic maximum<(2.02at/cn®) is just below the concentration where the diffusivity dedimally increases

with doping concentration [39].
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profile reduce the anisotropic character of the oxidatiep stnd explains the difficulty to observe the dot creation

at temperatures above 88D

B. Influence of the nanowire width

1) Critical linewidth (experiment) The main objective is to estimate the influence of the narewitial width
(at the top of the mesa-structure) on the dot existence.h#llather process parameters related to the implantation
or the oxidation step are those reported in section Il. Inghresent experimental study, the top linewidth of the
mesa-structure defined by the lithography step varies froth rfim down to 50 nm. Fig. 10 presents some cross
sections after the oxidation step for various linewidth@, (B20 and 200 nm). Precise data about the dot size could
not be estimated from SEM analysis but the nanofloating geteeater is about 20 nm with a significant error
bar [40]. The critical experimental linewidth that ensuties dot existence for this set of experiments is observed
for 120 nm+ 10 nm. The dot is not separated from the channel for a lindatger than 130 nm which is
therefore favorable to generate the source/drain regi@msthe other hand, for a narrower linewidth than 100
nm, no dot is observed from SEM cross section analysis an@dhéiguration seems suitable for the constriction
regions. However, it must be kept in mind that the experimletgichnique used to observe the dot could weaken
the structure since some of the Si@over is removed and that a very small dot could be presentdiubbserved.

2) Critical linewidth (modeling aspects)A theoretical study has been undertaken in order to quaitiiéy
influence of this parameter. The top linewidth of the mesaestire used in simulation varies from 200 nm down
to 50 nm. The overetching effect is taken into account asritestin section 111.B.

Fig. 11 presents the simulation of the oxidation step foiowar linewidths (80, 120 and 200 nm) corresponding
to the constriction, central part and source/drain regiespectively. The direct comparison between the simulated
configuration (Fig. 11) and their experimental counterff&g. 10) is of particular interest. It can be noticed thatrth
is a global agreement. Moreover, the triangular shape otlfamnel as well as the dot geometry (shape, position)
is well described. The dot-channel distance is estimatedead5 nm and can be compare to the experimental value
of ~ 40nm in Fig. 11. The main discrepancy is observed for theobotthannel since clearly less oxidation is
predicted*. Fig. 12 presents also a nice results on the dot creationakinsimulation predicts almost exactly the
experimental linewidth where a dot is first observed. Froendimulation point of view, the dot is just separated from
the channel for a 125 nm nanowire linewidth. On the other h#meltheoretical critical range for the dot existence
is clearly much larger 40 nm compared to the experimental dwe possible explanations can be proposed about
this difference. The first one is related to the limits of thperimental technique used to observe the single dot
as discussed just before-mentioned. The other one is defatéthe models limitations discussed in section Ill.A.
Stress levels with decreasing silicon dot size are probabéyestimated which could lead to the underestimation

of wet oxidation kinetics and a larger critical range for that existence. On the other hand with respect to the

4Since the evolution of all the other geometrical parameseesreasonably described, such a large difference coulédsomnably explained
reasonably by the presence experimentally of a thinnerosiliafter etching compare to the configuration of Fig. 5. Tayer plays a major
role as it tends to delay the oxidation of the bottom part ef thannel
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experimental limits, simulation confirms that the silicoot ds completely consumed for a 80 nm wide nanowire

configuration and that self-limited oxidation effects [4f not sufficient to stop the reaction in our present case.
3) Simulation of the dot characteristic®rocess simulation can help to have an estimate of the iariaf the

dot (shape, size, position)and the parameter range tlwt &ir dot formation. The dot generated by our process

has a triangular shape with a dot height often more impottert the dot width. In order to simplify the discussion,

the use of a mean radius which matches as closely as podsibtiot geometry is propos€dThe variation of the

dot properties as a function of the linewidth are reportegl ER. The dot radiusgs; decreases linearly with the

initial linewidth. It can be described by the following rétmship with a small set of parameters:

Tdot = 033(d - dmaz) + Tmaz (nm) (9)

whered is the linewidth, ¢,,. is the critical line for the dot creation (125 nm) anglt,. is the associated maximum
radius (20 nm).

Another interesting parameter is the variation of the ddifimn with the nanowire initial width. In general, the
dot center is located 30 nm below the top silicon surfaceectosthe midpoint between the top surface and the
arsenic profile maximum. It can be observed that the thickméghe oxide separates the dot from the channel
increases as the initial linewidth decreases (Fig. 12). laarly shown in Fig. 14, the dot position approaches 15
nm for a linewidth around 90 nm. This trend can be simply dbsdr by the following linear empirical law as a

function of the difference between the linewidth angd,d = 125 nm :

Tcenter = 0484(d - dmaz) (nm) (10)

This effect can be explained by the fact that, for thinneucttires, the oxidation is more important in the region
of strong arsenic gradient since there is a smaller amoustiliobn to oxidize for the same thermal budget.

Finally, the evolution of the tunnel oxide thickness (the dot-channel distance) is also reported. The tunnel
oxide increases almost linearly with downscaling as thentlaé budget is kept constant and not adjusted for the

critical linewidth study.

tog = 26.59 + 2.616(d — dpay) (nm) (11)

5The mean radius is extracted from the calculation of the ddase defined by the integration of the various finite eletsien
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C. Conclusion

The existence of two critical linewidth (125 nm and 80 nm) foe dot existence has been clearly established
by the process simulation in agreement with the experimérte different structures are correctly described by
process simulation despite the limitations in section Tihe difference (15%) observed on the critical line for
the dot consumption could be explained by the limits of thpegimental technique and also by the limitations
related to strain effects at the nanometer scale, two diibealsarsenic dopant diffusion and segregation. Process
simulation also provides interesting trends for dot geoyneharacteristics. The mean radius of the nanofloating
gate scales down almost linearly with the linewidth. On theeo hand, the dot-channel distance and the dot center
position increases due to a strong oxidation rate at theiotif the nanofloating gate. These variations have been

guantified and empirical variation laws extracted.

V. DOWNSCALING

One challenge faced by alternative nanometric deviceseis #italability. In addition, aggressive size reduction
would open the perspective to operate close to single electrode of operation. The main objective of this section
is to evaluate the possibility of downscaling this alteivetdevice using the same simulation strategy that was

above detailed.

A. Scaling issues

Downscaling of the standard device by a factor 2 is our targeeé first issue is to adapt our process for the
implementation on a thinner silicon film of 100 nm. The filmdkness reduction mainly impacts the implantation
conditions. The objective is to create a sharp arsenic gnadh a more localized area. First simulations show that
the arsenic peak should not be too close to the silicon stiifaorder to create the dot since oxidation takes also
place under the nitride mask. Therefore, the arsenic maxitnas to be located into the top third of the silicon film
as in the standard configuration. A reduction of the impléotaenergy around 60 keV is therefore recommended.
The scaling of the dose must be investigated but other intggian conditions (tilt angle) could remain unchanged.
The second issue is that in order to be able to form the catistis, the region where the channel will be formed

should be significantly thicker that where the dot will.

B. Linewidth variation

In the downscaling study, the initial configuration shownFigy. 13 has been used. Arsenic implantation has
been performed with the parameters chosen in the previati®sgEnergy 60 keV, Arsenic dose 1e15 atfgmA
nitride film has been deposited on top of the oxide layer. Neretching is considered since the main objective
is to identify the trends. Moreover it will complexity thesdussion of the results. A standard sidewall has been
chosen to define the shape at the bottom of the mesa-structure

An extensive set of simulations has been performed as aifunet the initial linewidth. A low temperature wet

oxidation performed at (80C), the optimal temperature. The final resulting configoradi(Fig. 15) are reported,
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close to the dot creation. First, large configurations (80tan60 nm) have been simulated. From the simulation
standpoint, it clearly appears that downscaling is feasibhe final structure is well organized since the dot is in
the top half of the film and the constriction region in the botthalf of the device. Thinner structures have also
been investigated (from a 50 nm configuration down to 20 nmeyy\surprisingly, the structure dot-channel has

been observed to be scalable down to 20 nm with a dot around &snshown in Fig. 16.

C. Evolution of dimensional properties of the dot

Top Fig. 16 summarizes the evolution of two parameters (ibtentean radius and the thermal budget of the
wet oxidation step)as a function of the nanowire linewidtbr a large configuration of 80 nm, the mean radius
approaches the 10 nm target. As expected, the objectivedieceethe size of the dot by a factor two has been
achieved. The dot radius reduces for narrower configuratitmwn to 5 nm for a 20 nm configuration. This figure
emphasizes the interest of this approach to generate aspeggrum of dot using single parameter variation. The
bottom graph in Fig. 16 shows the evolution of the oxidatimnet at the onset of the dot creation. The various
final structures presented just before obtained by settingokidation duration close to the creation time for each
linewidth. As shown in Fig. 16, the thermal budget downssalenmost linearly with decreasing linewidth. For a
large configuration, the oxidation time is about 80 min. asdelss than 20 min. for the narrowest device. The
impact of dose reduction by a factor 2 has also been evalutelinewidth range for the dot existence is clearly

much sharper indicating that the doping gradient shouldbeoturther reduced.

D. Conclusion

Based on the downscaling study, the fabrication of a sintgetmn memory cell has been achieved with a
reduction by a factor 2 with respect to the original desigd]ipéing kept constant. The silicon film thickness has
been reduced to 100 nm and the implantation energy reduc&8 eV (close to the best theoretical value of
60 keV). The formed dot memory has been observed throughateeand has a diameter of about 5-10 nm. The
downscale device proposed by simulation is the 60 nm corigur of Fig. 15 with a dot size of 10 nm, a gate
oxide of about 20 nm and a tunnel oxide of 15 nm. A preliminaeyide simulation study has shown that the
device can operated for relatively thick oxides (15 nm far tfate oxide and 35 nm the for tunnel oxide) [42]. As
already reported in a previous paper, single hole effecte haen observed by several electrical characterizations
at room temperature in the implementation of the downsceltcd [40]. As the process space allows some process

modifications, more work should be done in order to optimise device space for this device.

V1. CONCLUSION

Important conclusions can be drawn on the two major topicst,khe concept of single silicon dot generated by
oxidation is of interest. It has been shown that a large rariggngle dots can be generated from 20 nm nanometer
down to 5 nm. This method is very complementary to other teghes for which smaller dot are often obtained.

Single dots generated with this technique hold the notdwoptroperty of tight dot size control. The proposed
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flash memory design and the corresponding process open nawegpéves for the integration of this concept in
self-assembled nanowires to generate mass flash memorg dettign of complex device with several single dots
in the central part to fabricate single electron pumps [43].

Secondly, on the process modeling point of view, this stiedgrie example of the interest of process modeling
to speed-up the development of nanodevices. The impact mbug parameters and configurations has been
investigated. Major trends and sharp compromises can terndieted. This work also illustrates the challenges
faced by process simulation. The development of new devieeds the simulation of various coupled phenomenas
(diffusion, oxidation, segregation, strain relaxatioAyomistic simulations are often proposed as an interesting
alternative to simulate the process fabrication of suchogsv But as clearly shown by this study, the main issue is
to tackle the simulation of process fabrication and theradgon of relatively large silicon pattern with nanometri

objects. Improving the limitations of continuous modelsl @®veloping multi-scale approaches remain mandatory.
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Fig. 1. Layout of the nanodevice. In order to generate thecgire made of a single silicon dot in a channel separatedxigiation from the
source/drain contact, different regions have to defined bthagraphy step. The central part of the nanodevice whesimgle memory silicon
dot separated from the channel is implemented is defined hyars area of 130 nfn This central part is connected to thin constriction region
(with less volume to oxidize) promoting the isolation of ttlet from the source/drain regions. Finally, larger souh@@h contact regions are

fabricated in order to control the transport in the chansed&lassical FET.
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Fig. 2. SEM photography of the central part of the nanoflasmaorg.
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Fig. 3. Direct influence of the Arsenic concentration on téduced oxidation linear rate predicted by the Ho and Plunthresry [18], [19].
Above an arsenic concentration of 0at/cn?®, (B/A)%°Ped = (B/A)° whereas an increase by a factor of 7 is observed 2 aficn.
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Fig. 4. The hydrostatic pressure characteristic of thdarsfiald in the oxide generated by the dot formation after thet wxidation step is
reported. Black regions correspond to the two silicon péoitennel and dot). Both the compressive and the tensiljnésébr an hydrostatic
pressure of 700 Mpa have been calculated.
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Fig. 5. Influence of the doping concentration on the shapbefiesa structure. a): The arsenix (D'°cm?, 70 keV) profile gives overetching
at the top of the structure. This leads to a trapezoidal shafea neck. b): The classical trapezoidal shape for undcgiémbn.
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Fig. 6. The simulated counterpart for a 130 nm configuratiime arsenic gradient in the silicon layer is shown.
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Fig. 7. Evolution of the times of oxidation to (1) create antally (2) consume the silicon dot, for the two configuratipas a function of

the oxidation temperature.
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Fig. 8. Evolution of the mesa structure for various oxidattemperatures (860 85(°, 900°). For each temperature, the structure has been
reported just at the oxidation time previously determidaite Fig. 7
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Fig. 9. Evolution of the arsenic profile with different theahbudgets. For each temperature, the oxidation duratisetiso correspond exactly
to dot creation (as reported in figure 7).
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Fig. 10. Cross sections after the oxidation step for (200 120, nm and 80 nm) line widths corresponding to the differeat pf the device.
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Fig. 11.
parameters have been kept constant (oxidation temper@0@C, duration 88 min.) and the linewidth varies from 200 nm dawrb0 nm.
For a linewidth larger than 130 nm, the dot is not liberatemirfrthe channel. A dot is observed for 120 /10 nm.

Some configurations illustrating the critical indth experiments (respectively 180 nm, 120 nm, and 100 ril)the process
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etching has been perform to match the nanowire shape
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Fig. 16. Summary of the parameters evolution in the dowirsgadtudy. a) The dot radius evolution as a function of théidhinanowire
linewidth is presented. b) The oxidation time necessaryréate the silicon dot with decreasing linewidth for the dtmd dose (¥ 10'°
at/cn?) and with a lower dose (6 1014 at/cn?) is reported. It can be observed that the thermal budget sicabes linearly with decreasing
linewidth and that reducing the dose by a factor two is notable because the range for the dot existence is clearlpsh{0-40] nm only.
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