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Abstract—Vertical MOSFETs built on the sidewalls of dry
etched silicon pillars and with ion implanted source/drain are
CMOS compatible and simple to fabricate but require high
body doping concentration in order to suppress short channel
effects. The incorporation of an oxide layer (called dielectric
pocket) between drain and body suppresses short channel ef-
fects and allows the threshold voltage and the performance of
the devices to be optimised. In this paper we propose a novel,
CMOS compatible and high throughput dielectric pocket fab-
rication process. A thin undoped amorphous silicon layer is
deposited in order to connect the drain and the channel of
the MOSFET around the perimeter of the dielectric pocket.
This amorphous silicon layer and the underlying silicon sub-
strate are then anisotropically dry etched to fabricate the ver-
tical channel of the device. This concept will allow integration
of sub-100nm vertical MOSFETs in CMOS technologies with
relaxed lithography rules (eg 0.35µm technology). SEM cross
sections of optimised active pillars demonstrate the feasibil-
ity of this approach. Furthermore we demonstrate the role of
the polysilicon drain in suppressing Transient Enhanced Dif-
fusion and controlling the channel length of the devices.

I. I NTRODUCTION

The International Technology Roadmap for Semicon-
ductors includes double and surround gate vertical MOS-
FETs (VMOSFETs) as one of the possible alternatives
to extend CMOS technology to and beyond the 45nm
node [1]. This approach has several advantages. First, the
gate length is controlled by non-lithographic methods, al-
lowing ultra-short channels with relaxed lithography rules
and lower processing costs. Second, surround gate or dou-
ble gate structures allow more channel width and drive cur-
rent per unit of silicon area. Third, the channel length is
decoupled from the packing density, which makes VMOS-
FETs suitable for DRAM and Low Leakage applications.
A common method to fabricate VMOSFETs is to dry
etch silicon pillars and then define the channel length by
source/drain ion implantation [2] (see figure 1A). This ap-
proach provides high throughput and is CMOS compatible
but does not feature shallow source/drain extensions, pock-
ets or threshold voltage adjustment. This enhances the short
channel effects (SCEs) of the devices, giving rise to DIBL,
subthreshold current degradation and bulk punchthrough.
A high dose body ion implantation is required to counter-
act these effects, leading to several drawbacks, such as un-
acceptable threshold voltage values, increase of body fac-
tor, junction capacitance and junction leakage current. In

the meantime, avalanche breakdown at the source/substrate
junction and parasitic bipolar effects degrade the perfor-
mance of the devices (see figure 1A). A possible solution
is thin channel, fully depleted double gate VMOSFETs, but
this approach requires aggressive electron beam lithogra-
phy [3] or challenging processing [4, 5]. Another promising
approach features an ultrathin vertical channel on the side-
wall of an oxide pillar, achieving fully depleted operation
without requiring expensive lithography techniques but at
the expense of CMOS compatibility [6].
A new solution to the drawbacks of VMOSFETs is the in-
corporation of an oxide dielectric pocket (DP) between the
drain and the body of the device (see figure 1B), as has
been proposed and evaluated by numerical simulations by
Donaghy et al. [7, 8]. This concept incorporated a thin sil-
icon channel grown by epitaxy on the sidewalls of a pil-
lar etched in a silicon-oxide-polySi stack. Unfortunately
epitaxial growth is expensive, reduces throughput and is
hardly CMOS compatible. In this paper we describe and
demonstrate a novel concept for integration of DP in verti-
cal MOSFETs with a CMOS compatible, low cost and high
throughput fabrication process, which does not involve epi-
taxial growth or challenging lithography.
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Fig. 1. Comparison of schematic cross-sections of vertical nMOSFETs
with ion implanted source and drain: conventional structure (figure A) and
device incorporating a DP (figure B).

II. T HE CONCEPT OF DIELECTRIC POCKET

The introduction of a DP between HDD and body was
first proposed as an alternative to pocket ion implantation
in order to suppress SCEs in conventional lateral MOS-
FETs [9]. This approach, though, increases considerably
cost and complexity of the conventional CMOS fabrica-
tion process as it requires careful tuning of buried spacers
overetch followed by selective epitaxial growth of source
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Fig. 2. Drain/channel junction of a VMOSFET incorporating DP and of
a conventional VMOSFET; the figure shows the gate-controlled and the
drain-controlled depletion regions in the body, assuming on-state opera-
tion (VD > 0 and VG >Vt); the regions represented correspond to the
dotted lines in figure 1

and drain.
In VMOSFET technology the introduction of a pocket

between drain and body is considerably simpler because
the oxide pocket and the polySi drain of the device are
deposited before pillar dry etch (see figure 1B). Figure 2
shows how the DP suppresses the SCEs. In conventional
VMOSFETs [2] the absence of both source/drain exten-
sions and pocket ion implantation leads to performance
degradation when the channel length is scaled down. In
the center of the transistor pillar the body potential is com-
pletely independent of the gate bias, thus giving rise to
bulk punchthrough. On the contrary in the new structure
the DP insulates the body of the device from the drain ex-
cept for the contact region between DP and gate oxide (see
figure 2). The drain outdiffusion suppresses the SCEs in
the same way as shallow drain extensions in planar MOS-
FETs. In this way it is possible to tune the threshold voltage
by reducing the body doping concentration without trigger-
ing SCEs and the other performance degradation factors
described in the introduction. The DP moreover reduces
significantly the area of the drain/body p-n junction (see
figure 1).
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Fig. 3. Process flow of the novel fabrication process of VMOSFETs
incorporating a DP.

III. N OVEL FABRICATION PROCESS OFVMOSFETS

INCORPORATING A DIELECTRIC POCKET
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Fig. 4. SEM cross sections of the active pillar A) after the deposition of
the thin amorphous Si layer (see figure 3c) and B) after channel dry etch
(see figure 3d); the channel anisotropic dry etch was performed in HBr
plasma with electrode power = 60W.

The process flow of the novel fabrication process of
VMOSFETs incorporating a DP is summarised in figure 3.
After body doping and field oxidation (STI or LOCOS), a
thermal oxide/amorphous Si/LTO (Low Temperature Ox-
ide) stack is deposited on the wafer (figure 3a). Then a
hard mask is patterned in the LTO layer. After resist strip
the amorphous Si and thin oxide layers are patterned by
selective Si anisotropic dry etch followed by selective ox-
ide anisotropic dry etch (figure 3b). A short wet etch in
hydrofluoric acid is then performed in order to remove the
native oxide from the pillar sidewall and from the horizon-
tal Si surface. Then an undoped amorphous Si layer is de-
posited in a furnace by LPCVD (Low Pressure Chemical
Vapor Deposition) at 560◦C (figure 3c). It is worth pointing
out that this is a standard, high throughput CMOS process
step performed in a LPCVD furnace. An SEM cross section
of the active transistor pillar at this stage of the fabrication
process is shown in figure 4A. The picture shows that the
drain sidewall is perfectly vertical and that the amorphous
silicon layer is very uniform and conformal. This allows
precise control of the drain contact width between DP and
gate oxide (see figure 2) which depends on the amorphous
layer thickness.
The channel of the device is patterned by anisotropic dry
etch in a HBr plasma (figure 3d). The channel length can
be controlled by timing the dry etch. The electrode power
in the etching chamber determines the energy of the ions
incident on the silicon surface. This sets the etch rate and
the shape of the pillar sidewall. Figure 5 shows that if the
electrode power is too low (30W in figure 5A) the sidewall
is not perfectly vertical, while if it is too high (100W in fig-
ure 5B) the ions are partially reflected by the silicon surface
and thus a notch forms in the sidewall underneath the DP.
An intermediate electrode power (60W in figure 4B) yields
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vertical sidewalls. The double step visible on the pillar side-
wall in figure 4B is due to the wet etch in hydrofluoric acid
performed in order to remove the native oxide before amor-
phous silicon deposition. Due to the low density of the LTO
oxide, its etch rate is higher than that of the thermal dielec-
tric pocket oxide. As a result in our experiment 4nm of
the dielectric pocket and 25nm of the LTO hard mask were
removed during wet etch. This gives rise to a step in the
pillar sidewall after amorphous silicon deposition (see fig-
ure 3c) and to a double step in the drain sidewall after pillar
dry etch (see figure 3d). After channel definition a sacrifi-
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Fig. 5. SEM cross sections of the active pillar after channel anisotropic
dry etch (see figure 3d) with different electrode power (P); P = 30W (figure
A) and P = 100W (figure B).

cial oxide is thermally grown on the pillar sidewall and then
selectively removed by wet etch in hydrofluoric acid in or-
der to eliminate the dry etch damage from the Si surface.
During this step the LTO hard mask is removed from the
top of the pillar. Then, after gate oxidation, a polysilicon
gate is deposited and patterned by dry etch to leave side-
wall spacers (figure 3e). A polySi track overlaps the pillar
to ensure gate connection. The formation of parasitic gate
spacers adjacent to the field oxide can enhance gate para-
sitic capacitance. Nevertheless, if STI (and not LOCOS) is
used for field isolation, this effect can be minimised. More-
over, an extra clearance mask can be used to protect the
active transistor pillar and remove these spacers by selec-
tive polysilicon etch if required. The process is completed
by source/drain ion implantation (figure 3e), activation an-
neal (RTA) and back-end processing (figure 3f).
The process described is fully CMOS compatible. It
does not involve epitaxial growth and thus guarantees high
throughput. It does not require any challenging lithogra-
phy technique or non-standard processing and thus it allows
devices with ultra-short channel length to be integrated in
a technology with more relaxed photolithography, thereby
reducing processing costs. As the thin amorphous Si layer
is deposited before pillar etch (see figure 3c), the channel
is etched directly in the monocrystalline silicon substrate
(see figure 3d), which guarantees a good quality Si/oxide

interface and Si channel. Moreover the performance of the
device can be controlled by varying the thickness of the thin
amorphous silicon layer during LPCVD deposition. In this
way the drain contact width can be optimised, DP and shal-
low drain extensions suppress SCEs and the body doping
concentration can be lowered for Vt adjustment.

IV. POLYSILICON DRAIN
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Fig. 6. Test structures fabricated in order to compare As diffusion with
(figure A) and without (figure B) polySi cap layer.
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Fig. 7. SIMS profile for evaluation of As diffusion induced by RTA
anneal in a test structure with polySi drain layer on top of monocrystalline
silicon grown by epitaxy (figure 6A); the arrows indicate As outdiffusion
from the buried layer for an anneal at 1050◦C for 60 seconds.

In a vertical MOSFET incorporating dielectric pocket the
drain electrode is made of polySi instead of single crystal
Si as in conventional VMOSFETs (see figure 1). In the
process flow described above the drain is doped by As ion
implantation. In order to evaluate the suitability of this ap-
proach we compared test structures with and without polySi
drain, as shown in figure 6. After buried layer ion im-
plantation in a Si substrate and recrystallisation anneal, a
monocrystalline Si layer was grown by epitaxy. Then in
a process split (see figure 6A) a 180nm thick polySi layer
was deposited in a furnace by LPCVD, while in the other
case (see figure 6B) the epitaxial Si layer was left uncapped.
This was followed by As ion implantation (4×1015cm−2,
50keV) and RTA anneal. Figures 7 and 8 show the As pro-
file before RTA (labeled ”as implanted”) and after anneals
with different conditions.
In the polySi layer, arsenic diffusion can be explained by a
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Fig. 8. SIMS profile for evaluation of As diffusion induced by RTA
anneal in monocrystalline silicon grown by epitaxy without polySi cap
(figure 6B); the arrows indicate As outdiffusion from the buried layer for
an anneal at 1050◦C for 60 seconds.

grain-boundary diffusion model. Impurity atoms that dif-
fuse inside each crystallite have diffusivities comparable
to those found in single crystal silicon. On the contrary,
the diffusivity of impurity atoms that diffuse along grain
boundaries can be up to 100 times larger than in a sin-
gle crystal lattice [10]. As a consequence the RTA anneal
is enough to diffuse the impurities throughout the polySi
layer. When they reach the polySi/Si interface, the As dif-
fusion coefficient drops dramatically. This results in a steep
p-n junction for a 20 sec anneal at 1050◦C (see figure 7).
Another advantage of this approach is that it allows the
position of the drain-body junction to be accurately con-
trolled. A drawback of the conventional VMOSFET archi-
tecture [2] is that, while the bottom source/body junction
is self-aligned to the gate spacer, the position of the top
drain/body junction is influenced both by the ion implan-
tation profile and by dopant diffusion after RTA. On the
contrary in a device with polySi drain the position of the
drain/body junction is set by the position of the polySi/Si
interface. The junction depth can then be tuned by choosing
temperature and duration of the RTA and it is independent
of the ion implantation energy.
The introduction of a polySi drain has a fundamental advan-
tage compared to its single crystal counterpart. The drain
ion implantation is performed in the polySi layer, so that the
drain/body junction is formed in undamaged single crystal
silicon. This should improve the quality of the junction in
terms of leakage currents. Moreover, the absence of dam-
age in the silicon substrate reduces transient enhanced dif-
fusion. This is demonstrated by comparing figures 7 and 8.
Assuming a substrate with uniform doping concentration of
1×1018cm−3, figure 7 (see arrows) shows that an anneal of
60 sec at 1050◦C yields an outdiffusion of 25nm from the
ion implanted buried layer if the drain ion implantation is
performed in polySi (see figure 6A). In the same conditions
but with drain ion implantation performed in single crys-
tal Si (figure 6B), dopant outdiffusion from the buried layer
is 55nm (see arrows in figure 8), more that double than in
the polySi-capped structure. This allows better control of
the channel length in sub-50nm VMOSFETs with polySi

drain.

V. CONCLUSIONS

The novel fabrication concept that we have introduced in
this paper is a CMOS compatible process designed to sup-
press short channel effects in ultra-short channel vertical
MOSFETs by incorporating a dielectric pocket. It guar-
antees high throughput and low fabrication costs because
it involves only standard CMOS fabrication process steps
and it does not require epitaxial growth. Moreover, this
novel concept can be implemented without any challenging
lithography and thus it allows RF devices with very short
channel length to be integrated in a technology with re-
laxed design rules (eg 0.35µm technology). In this paper
we have demonstrated its feasibility through SEM cross
sections of the active silicon pillar, which is patterned by
anisotropic dry etch in a HBr plasma. The electrode power
of the anisotropic dry etch is the key parameter to optimise
the shape of the pillar sidewall. The width of the drain con-
tact between the gate oxide and the dielectric pocket is set
by the thickness of the thin amorphous silicon layer and
can be optimised for suppression of short channel effects.
The channel length is controlled with precision thanks to
the polysilicon drain, which moreover provides a steep
drain/body junction profile. Furthermore the polysilicon
drain is efficient in reducing Transient Enhanced Diffusion
of source/drain impurities. This has been demonstrated by
SIMS profiles on test structures.
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