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Abstract—Application of double gate or surround-gate vertical implanted vertical MOSFETs are the preferred manufacturing
metal oxide semiconductor field effect transistors (MOSFETSs) is method since they are CMOS compatible, and surround gate
hindered by the parasitic overlap capacitance associated with their ion-implanted vertical transistors were recently fabricated by

layout, which is considerably larger than for a lateral MOSFET on hulzet al. [6]. O tion t d it it )
the same technology node. A simple self-aligned process has beer$C ulzet al. [6]. One option to reduce parasitic capacitance in

developed to reduce the parasitic overlap capacitance in vertical these transistors is enhanced oxidation on the planar surfaces
MOSFETs using nitride spacers on the sidewalls of the trench or by amorphising a superficial layer by a high dose implant
pillar and a local oxidation. This will resultin an oxide layeronall  [11]. In this paper a simple method is proposed to reduce
exposed planar surfaces, but no oxide layer on the protected ver- the parasitic capacitance, and especially the gate to bottom

tical channel area of the pillar. The encroachment of the oxide on h Lo .
the side of the pillar is studied by transmission electron microscopy electrode capacitance in ion implanted vertical MOSFETs. The

(TEM) which is used to calibrate the nitride viscosity in the process idea is tested by means of transmission electron microscopy
simulations. Surround gate vertical transistors incorporating the (TEM), current-voltage '—V') measurements, simulations,
spacer oxidation have been fabricated, and these transistors show and fabrication of surround gate vertical MOSFETS.

the integrity of the process and excellent subthreshold slope and

drive current. The reduction in intrinsic capacitance is calculated

to be a factor of three. Pillar capacitors with a more advanced Il. SPACERLOCAL OXIDATION

process have been fabricated and the total measured capacitance
is reduced by a factor of five compared with structures without the A+ Process

spacer oxidation. Device simulations confirm the measured reduc- Fig. 1(a) shows a schematic of a surround gate ion-implanted
tion in capacitance. vertical MOSFET. The parasitic capacitance is associated with
Index Terms—OCOS oxidation, parasitic capacitance, sur- the gate track in the active area (gate to bottom) and with the
round-gate, vertical MOSFETs. gate to top capacitances on the top and on the side of the pillar.

spacer or fillet local oxidation (FILOX) is a self-aligned process

|. INTRODUCTION to grow a thin second field oxide in the active area without ox-

HIN body double-gate devices are promising for scalinidi.zmg. the sidewalls of the pillars (the use_of a second field

ide in lateral MOSFETs has been described by Eaal.

. complementery metal OX|d_e semmpnductor .(CMO 2]). Unlike a lithography defined oxide, the FILOX process
devices into the nanoscale regime. Vertical transistors cgn ; .
S L oes not need to take into account any alignment tolerance and
easily incorporate double or surround gates, enabling increase )
) . . . ! cah hence be grown much closer to the channel area. By using an
packing density at a defined lithographical node as comparé ; T :
X : oxide thickness much smaller than for a standard field isolation,
to standard CMOS transistors [1]-[10]. A disadvantage of the L ; o .
t%gd s beak formation is suppressed while the parasitic capaci-

vertical MOSFET is the large overlap capacitance of the ga,[ . S . i
with drain, source and body regions and the reduction of thig °€ IS reduced significantly. Fig. 2 shows a scr_\ematlc of the
' cess steps of the FILOX process. After the pillar or trench

. : : . {
capacitance is a recurring theme in recent research. Gate O)QFS% of the vertical MOSFET, a thin stress relief oxide is grown

formation before selective epitaxial growth has been used in o . . .
o . " .. over the structure. A nitride layer is deposited over the pillar by
epitaxial vertical MOSFETS to reduce the parasitic capacitan . o ; .
X . chemical vapor deposition (CVD) and anisotropically etched to

[1]. A vertical replacement gate reduces the capacitance in . ) . )
expose the stress relief oxide on the horizontal surfaces, while

a vertical MOSFET defined by solid-state diffusion [5]. Ior]eaving nitride spacers on the sidewalls of the trench or pillar. A
subsequent local oxidation will result in the growth of an oxide
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Fig. 3. TEM (110) cross-section of the FILOX process directly after the
oxidation (see text for details).

of a pillar capacitor just after the spacer oxidation. The original

(b) pillar height before oxidation was derived from profilometer

. . . C i.peasurements and its height of 215 nm is shown as a dashed
Fig. 1. (a) Schematic cross-section of a typical ion implanted vertical ~ . L . .
MOSFET with surround gate contacted at one side. Parasitic capacitances 4K@ in the figure. It can be seen that the nitride spacer is slightly
from the gate track on the bottom electrode and the gate overlapping the tper etched by 25 nm with regard to the original pillar height.
electrode due to the alignment tolerance. (b) A similar vertical MOSFET Wlﬂl}he figure shows clearly the influence of the FILOX oxidation
FILOX process. . . . . -
on the oxide thickness. The FILOX oxidation consumes silicon

and it thickness away from the side wall is 40 nm in agreement

silicon nitride layer with expectations. At the bottom of the pillar the nitride spacer

protects the Si channel very well against oxide encroachment
and no birds beak is visible. The oxide thickness below the
nitride spacer is identical to the 5 nm of the stress relief oxide
that has been grown before deposition of the nitride layer.
However, at the top of the pillar significant oxide encroachment
has caused an increase of the oxide thickness on the sidewall
extending almost to the bottom of the pillar.

2) Process SimulationsTo investigate the oxide encroach-
ment, the spacer local oxidation process was simulated using
Silvaco’s package “ATHENA.” The oxidation process took
place at 1000°C which is a high enough temperature to
allow viscous flow of the oxide, and this flag was switched
¢) on in the simulations. The software also takes into account

that the oxide is expected to grow faster in the vertidd)
Fig. 2. Principle of the spacer local oxidation (FILOX) process. A nitridglane than in the horizontdll00) plane of the wafer. Recent
layer is deposited over the pillar (a) and subsequently anisotropically etchetht@asurements in the context of vertical MOSFETs show an
e e o eon precess sl ol e XSfbrease in oxidation rate of a factor of 1.4 [14]. However,
using the default parameters or alternative parameters [15], [16]
N ) ) _ for the oxide and nitride viscosity, the experimental results in
the parasitic capacitance by a factor proportional to the ratio ©fy 3 could not be reproduced. Both sets of parameters result
the gate oxide and the FILOX oxide as is shown in Fig. 1(b}, 3 similar encroachment of the oxide at the top of the pillar
The method is hence a simple maskless process to stronglyd€-on the hottom. By reducing the nitride viscosity slightly,
duce the parasitic capacitance of a vertical MOSFET [13].  he experimental results could be reproduced, as displayed in
i Fig. 4. The effect of the nitride viscosity on the oxide thickness
B. Oxide Encroachment is displayed in Fig. 5. These results can be understood by

1) Transmission Electron Microscopy (TEMTYest struc- realizing that the thickness of the nitride spacer perpendicular
tures for the spacer local oxidation were fabricated by reactitethe oxide-nitride interface is much larger at the bottom of the
ion etching of Si pillars. A 5 nm stress relief oxide wagillar than at the top of the pillar. When the nitride viscosity is
grown by thermal oxidation, followed by a 70 nms8i, layer reduced to allow oxidation at the interface, the oxidation will
deposited by CVD over the pillar and trenches. This nitridia the first instance only happen at the top of the pillar where
layer was etched anisotropically in Cklfo leave spacers onit is easier for the oxide to bend the nitride spacer. Only when
the sidewall. The spacer local oxidation (FILOX) was a 40 nitme nitride viscosity is reduced further, does a birds beak also
wet oxide grown at 1000C. Fig. 3 shows a TEM micrograph appear at the bottom of the pillar. The experimental results

/sﬂlcon nitride fillets

b)
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Fig. 4. Cross section of the FILOX process as simulated by Silvaco software
package Athena using the viscous flow model and oxide and nitride viscosity
of 2 x 10'*® g/cm-s and 1.6« 10'° g/cm-s at 1000 C, respectively.

35
. m top encroachment Fig. 6. TEM cross section of the FILOX process with 40 nm nitride spacer
' ; ; . |obottom encroachment and 120 nm filox oxide. A clear dislocation is visible at the bottom of the corner
N7+ H T where the stresses are highest. No such dislocations where found in similar
EE % % f% structures with a 40 nm FILOX oxide.
—25
£ : ! | | R
@ 20 & modated by the visco-elastic flow of the Si@therwise plastic
g B * deformation with accompanying dislocations will occur [17].
;;—: 15 ‘¥ I Because the size of the pillars and trenches is only:in5this
3 % b * condition applies to both the top and the bottom of the wafer.
e o - -
S 10 T g This will degrade device performance significantly. The wafers
@T % ‘% % % with a thick 120 nm FILOX oxide showed a large number of
5 % % line defects on top of the silicon pillars making an angle of 55
with the direction of the (110) cross section. This corresponds
0 \ " ‘ to dislocations along th@11) direction. Fig. 6 is a TEM micro-
1.0E+14 1.0E+15 10E+16  1.0B417 1.0E+18 graph of a corner of a pillar with a 120 nm thick FILOX oxide
nitride viscosity [glcm-s] and shows a dislocation at the edge of the pillar. Unlike the thin

Fig. 5. Oxide encroachment on top and bottom of the pillar as a function and straigh{211) dislocations on the top, this dislocation is not
nitride viscosity, measured gt= 0.06 pm andz = 0.0965 pm, with oxide along a crystallographic direction (it even bends slightly).
viscosity of2>_< 10'® g/cm-s. The experimental points are_plotted as diamonds at The wafers with thin FILOX oxide (40 nm) show considerabl
nitride viscosity of 1.2x 10'¢ g/cm-s. The default simulation values are plotted y
as triangles. less defects on top of the pillar and no dislocation were visible in
the channel area or near the edge of the pillar. Since dislocations
correspond almost exactly with the maximum achievab&e nucleated at the interface of the oxide and silicon, the shear
difference in encroachment between the top and bottom oxidgress in the FILOX oxide is a good predictor of the dislocations
The oxide encroachment at the top of the pillar is not as detitrthe silicon. A2-D stress modelin Athena[15] shows significant
mental as one may expect because the top of the pillar will cdewer shear stress in the pillars with the thinner oxide thickness as
respond to the implanted source in a vertical transistor. In tlssshownin Fig. 7. This is in qualitative agreement with the TEM
next section, it will be shown that the encroachment can evgraphs and simulations by Matsumetal.[18]. It can hence be
be used to our advantage to reduce the parasitic capacitancecbacluded that to reduce the bird’s beak and the stress itis benefi-
tween gate and top electrode on the side of the pillar. cialto choose the FILOX oxide as thin as compatible with a large
reduction in parasitic capacitance.
C. Stress

The other major concern of a LOCOS oxidation near the IIl. DEVICE CHARACTERIZATION
channel area is the stress induced in the Silicon during the oxi- i
dation. We used TEM to analyze test wafers with FILOX oxigé- Vertical MOSFETs
thickness. Near the active area and channel area, the volume eXouble gate and surround gate vertical NMOS transistors
pansion of a two-dimensional (2-D) oxidation must be acconmcorporating the FILOX process were fabricated using stan-
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ewne. Meon.

Fig. 7. Calculation of the stress profile in capacitors with the FILOX oxidation

for a 40 nm nitride spacer and 40 nm (left) and 120 nm (right) FILOX oxidd-ig- 8. Top view of a surround-gate ion-implanted vertical NMOS transistor
The light and dark regions indicate large positive and negative tensile stre&f¥gwing the overlap of the gate track with the active area and pillar. The FILOX
respectively. The tensile stress at the Si-Si@erface is considerably larger in 0xide and the gate spacers surrounding the pillar are not visible.

the thicker oxide (2.5 versus 1.5 GPa).

dard processing steps. A00) substrate was implanted with

5 x 10" cm~2 Boron body doping, which results, according
to v/d Pauw measurements, to a doping on the top and bottom
of the pillar of 5 x 10'® cm™2 and 4 x 10" cm3, re-
spectively. This was followed by dry etching of the Si pillars
in HBr to a height of 200 to 300 nm. To define the active
area a local field oxidation (LOCOS) was grown after the
pillar etch. This removes a significant parasitic gate to body
capacitance at the edge of the LOCOS field oxide. A 20 nm
stress relief oxide and a 130 nm nitride layer were deposited
over the pillar and the active area was defined by lithography
followed by a 600 nm LOCOS oxidation. The same nitride
layer was subsequently anisotropically etched to define the
spacers at the sides of the pillar, A 60 nm FILOX oxidé&ig. 9. Field emission SEM cross-section of a surround gate ion-implanted

Fn ertical NMOS transistor with the FILOX process. Both pillar top and bottom
was grown at 1000C. The nitride Spacers were afterward ave a 60 nm thick FILOX oxide as visible under the gate electrode. The

used to protect the channel during the As source and dr@ffarface of the FILOX oxide and BPSG is not discernible. Encroachment of the
implant. The dose of the implant was 6 105 cm~2 and oxide on top is reducing the gate to top electrode parasitic capacitance on the

the energy 120 keV and 50 keV for the wafers with angjde of the pillar. The gate oxide thickness in the channel area is not affected.
without FILOX oxide, respectively. The nitride spacers were
subsequently removed. A 20:1 HF dip etch was applied pocess. The shape of the gate spacer shows a dip on the
remove the stress relief/sacrificial oxide. The overetch hasliottom and a peak on top of the spacer. This is very likely
be limited to ensure that the FILOX oxide is not consumedue to focusing of the etchant during the anisotropic Si pillar
during the etch. A 3 nm gate oxide was grown at 8@ etch and polySilicon gate etch. An identical peak on top of
followed by gate deposition and patterning. The gate wése gate spacer has been found by Scheilzal. [6]. Both
dopedin-situ with 1 x 10?° cm~2 Phosphorus, but could dip and peak were also present in transistors without FILOX.
also have been doped by implantation. By depositing the gdtiee FILOX oxidation has increased the oxide thickness at
after source and drain implant an increase in channel widthtie top and the bottom of the pillar and the encroachment
achieved because the sidewall under the gate track is now pdrthe oxide from the top to the side is visible. At the top
of the channel as well. The increase in the parasitic gatedbthe pillar the FILOX oxide as shown in Fig. 9 does not
bottom capacitance due to this step is prevented by the FIL@Xcroach into the channel, unlike that shown in Fig. 3. The
oxidation. A rapid thermal anneal (RTA) for 10 s at 110D explanation for this result is that the FILOX oxide similar to
activated the dopants. Boron phosphorus silica glass (BP36¢ one shown in Fig. 3 has been partly removed during the
was deposited on 100 nm undoped silicon dioxide (SILOXJF dip after the removal of the nitride spacer and prior to
and contact windows were etched before Al deposition. the gate oxidation and gate spacer deposition and etch. The
photograph of the fabricated surround gate vertical transisemcroachment of the oxide is now limited to the top of the
is shown in Fig. 8. The total channel width of the depictegillar only and does not influence the gate oxide thickness
transistor is 24um. at the channel. The increased oxide thickness on top has
Fig. 9 shows a field emission scanning electron microscopege advantage of reducing the parasitic overlap capacitance
(FESEM) graph of the vertical transistor with the FILOXbetween the gate and the top electrode.
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Fig. 10. Transfer characteristics of a drain on top surround gate ion-implanted
vertical NMOS transistor with the FILOX process. Gate oxide thickness is 3 nm,
channel width is 52¢m and channel length is estimated to be 100 nm. ot —]
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The transistors were characterized using a HP4155A semi-

conductor analyzer and transfer characteristics of a ”ans'%;%r. 11. Cross section of the FILOX process as simulated by Athena for pillars

with FILOX process are shown in Fig. 10. Typical parameith different protection using the calibrated values derived from Fig. 4: (a)
ters with drain on top aré¢; = 1.0V, S = 105 mV/dec, thermal oxide and (b) thermal oxide-nitride-LTO stack. The oxidation at the

I = 170 pAl pm, and [ i < 2 pA//Lm atVy, of 1V bottom is identical to that shown in Fig. 4.
andV,, of 3V and 0 V, respectively. These values are com-

parable with transistors that were fabricated without the FILOYacitance than a lateral MOSFET at the same lithography node
process. The FILOX process hence does not alter the transigi@sn at minimum geometry, but this does requires major effort
operation, indicating that the gate oxide is not degraded by tinecontrol and reproducibility of the FILOX oxidation and im-
FILOX oxidation. The transistor characteristics are very similgilant depth on top of the pillar. We do emphasize, however, that
to those published in [6] and are in excellent agreement with d&ee major advantage of vertical MOSFETS is the smaller area
vice simulations based on our process. Although direct probiagd the increased current drive due to smaller channel length at
of the intrinsic capacitance of the transistors is impossible dtig: same lithography node. We recently assessed the parasitic
their small size, calculations based on the electron micrograpbgpacitances and performance potential of a vertical MOSFET
and process and device simulations give an estimate of the @ith FILOX oxide in a circuit environment, showing a signifi-

pected capacitance reduction. Reduction in capacitance takgstly improved performance in speed [10].
place both below the gate track and below the gate spacers and

is strongly dependent on the ratio of the nitride spacer thic|§—
ness to the gate spacer thickness and the lithography node. 1
the transistors discussed above, fabricated with a 200 nm gatén the previous section it has been shown that the oxide en-
spacer and 130 nm nitride spacer, the reduction of the intrinsimachment at the top of the pillar can be beneficial in reducing
capacitance is roughly a factor of 3. By scaling the stress ithe overlap capacitance between source and gate. However, the
lief oxide, nitride spacer thickness and gate spacer thicknessoairce capacitance on the side can also be reduced by over
similar reduction factor can be achieved as well at smaller ditching of the gate spacer, Furthermore, precise control of the
mensions with the FILOX oxide typically 5 to 10 times as thiclgate oxide thickness on the sidewalls is of paramount impor-
as the gate oxide. tance and it is probably required to minimize this encroach-

In the above process the nitride spacers have been usedthtnt. Complete suppression of the FILOX oxide encroachment
align the source and drain implant. In the transistors fabricatatithe top of the pillar can be achieved by depositing a protec-
by Schulzet al. [6], the gate has been patterned before the idive layer on the wafer before the pillar etch. The top of the pillar
implantation of the source and drain. This self aligns the gafs,then protected against oxidation by this layer. The calibrated
but at the same time decreases the width of the channel sipecacess simulations in Fig. 11 in combination with Fig. 4 show
no drain is present below the gate track. It would be possibletttat an oxide protection is insufficient to completely suppress
combine both processes by implanting a low doped drain (LDEhcroachment at the top of the pillar. Complete protection can
aligned to the nitride spacer followed by a high doped draonly be realized when a nitride layer is used to prevent penetra-
(HDD) aligned to the gate spacer. It should be stressed that tlua of the oxidation. In the simulation shown in Fig. 11(b) an
FILOX process can be applied in the same way on a shallamxide/nitride/oxide stack has been used with the bottom oxide
trench isolated (STI) transistor. acting as a stress relief oxide and the top low temperature oxide

A back of the envelop calculation shows that a vertical MO&TO) as a protection during the anisotropic etch of the nitride
with FILOX oxide could have similar or even lower parasitic caspacers.

nCapacitors
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pleted transistors. This encroachment is advantageous for the re-
duction of gate to top electrode capacitance. To control the oxide
encroachment on top of the pillar, the calibrated process simu-
lations show that a nitride layer on top completely suppresses
the encroachment.
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