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FINFET—A Self-Aligned Double-Gate MOSFET
Scalable to 20 nm

Digh Hisamotg Member, IEEEWen-Chin Lee, Jakub Kedzierski, Hideki Takeuchi, Kazuya Asdtember, IEEE
Charles Kuo, Erik Anderson, Tsu-Jae King, Jeffrey Bokor, Fellow, IE&t Chenming Hu, Fellow, IEEE

Abstract—MOSFETSs with gate length down to 17 nm are re-
ported. To suppress the short channel effect, a novel self-aligned
double-gate MOSFET, FinFET, is proposed. By using boron-doped source
Sio.4Gey ¢ as a gate material, the desired threshold voltage was
achieved for the ultrathin body device. The quasiplanar nature of
this new variant of the vertical double-gate MOSFETSs can be fab-
ricated relatively easily using the conventional planar MOSFET
process technologies.

Index Terms—Fully depleted SOI, MOSFET, poly SiGe, short-
channel effect.
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|. INTRODUCTION \‘\\\\\\\\\\ bunedoxdelsy A

O DEVELOP sub-50-nm MOSFETSs, the double-gate
structure has been widely studied. This is becau§i- 1. FIinFET typical layout and schematic cross sectional structures.

for conventional bulk MOSFETSs, the high concentration
punch-through stopper>(0*® c¢m~3) is indispensable but IIl. DEVICE FABRICATION
results in severe drivability and leakage degradation. For theThe device structure of the FinFET is shown in Fig. 1. As
double-gate SOI-MOSFETs, the gates control the energy| TA, the channel was formed on the side “vertical” surface
barrier between the source and drain effectively. Therefore, thethe Si-fin, and the current flows in parallel to the wafer sur-
short channel effects can be suppressed without increasingfiftg. The device used the elevated S/D process first applied on
channel impurity concentration [1]-[5]. DELTA [11]. The heart of the FinFET is a thinyl0 nm) Si

However, former studies found that the ultrathin body devicgif, which serves as body of the MOSFET. A heavily-doped
have peculiar problems, such as parasitic resistance or thresh@)f/-Si film wraps around the fin and makes electrical contact
voltage controllability [6]-[8]. Furthermore, the complexity ofio the vertical faces of the fin. The poly-Si film greatly reduces
the fabrication process has been a severe problem of double-gaées/D series resistance and provide a convenient means for
structures. This is because the Si-planar technology is not siékal interconnect and making connections to the metal. A gap
able to form the gate-channel-gate stacked structure that f§etched through the poly-Si film to separate the source and
double-gate device demands. New ideas are sorely needed.drain. The width of this gap, further reduced by the dielectric

In view of the above problems, we recently proposed a n&§acers determines the gate length. The channel width is basi-
self-aligned double-gate MOSFET structure. Based on thally twice the fin height (plus the fin width). The conducting
DELTA structure [10], after reduction of the vertical featurghannel is wrapped around the surface of the fin. Hence the
height, the gate-channel-gate stacked structure is realized lyathe—FinFET. Because the S/D and gate are much thicker
quasi planar technology. In this paper, the fabrication procegsller) than the fin, the device structure is quasiplanar.
and the device characteristics in the sub-50 nm gate-lengtiFig. 2 shows the process flow and Fig. 3 shows the SEM pic-
region are presented. We demonstrate the feasibility of the nges at two fabrication step 2 and step 4. The starting material is
device structure named FinFET. a SOl wafer with a 400-nm thick buried oxide layer and 50-nm

thick silicon film. The measured standard deviation of the sil-
icon film thickness is around 20 A. Although the silicon film

_ _ , _ thickness determines the channel width, the variation is accept-
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Fig. 2. FinFET fabrication process flow. Fig. 3. (a) Cross-sectional SEM picture of 15-nm Si vertical fin. The height

is 50 nm. (b) Top view of channel region after spacer etching. The spacer gap
. . . between source and drain is 50 nm.
SiO; layer as a hard etching mask, the SOI layer is etched. The

Siis exposed only at the sides of the Si-fin as shown in Fig. 2(1). 50

Fig. 4 shows the fabricated Si-fin width versus the design size ask
with the EB dose as a parameter. Fine Si-fins down to 20 nm are B EB dose
obtained. The final Si-fin{10 nm) width are smaller than the £ 40p @Clem?)
value in Fig. 4 because of thinning during later dry etching and fg 35t 100
gate oxidation processes. 2 300
In-situ phosphorus-doped-amorphous Si (for S/D pads) is de- = a5k
posited at 480°C. To suppress the native oxide growth on the 2 :
Si-fin side surfaces, the wafers are loaded at 3D0After -Si £ 0¢
deposition, SiQ is deposited at 450C. The process temper- & 15
atures are low enough to suppress impurity diffusion into the 10 O S U P T T
Si-fin. The cross sectional SEM picture of Fig. 3(a) shows that 20 30 40 50 60 70 80 90 100

the 15-nm width and 50-nm height of a Si-fin, which is covered
by phosphorus-doped Si.
Using EB lithography, the S/D pads with a narrow gapig. 4. Relationship between design Si-fin width practical size with EB dose
in between them are delineated. The Si@nd amorphous as @ parameter.
Si layers are etched and the gap between the S/D pads is
formed [Fig. 2(3)]. While the cover layer protects the Si-finsufficient over etching of Si@while the cover layer protects
the amorphous Si is completely removed from the side of titee Si-fin. The Si surface is exposed on the sides of the Si-fin
Si-fin. The amorphous Si in contact to with the Si-fin at its sidagain [Fig. 2(4)]. During this over etching, Si©n the S/D pads
surfaces becomes the impurity diffusion source that forms thad the buried oxide are etched. By measuring the buried oxide
transistor S/D later. Fig. 5 shows the simulated current densihjckness, we confirmed the amount of the etched,Sithe
distribution in the Si-fin and pad region of FINFET. By usindgop-view SEM picture of Fig. 3(b) shows a 15-nm thin Si fin lo-
the two-dimensional (2-D) device simulator, the behavior afated in a 50-nm gap between the light oxide spaces. This gap
electrons and holes was calculated. The current density contdatermines the gate length. A brief summary of the typical sizes:
shows that the current quickly spreads into the pads. THIB0 nm gap between the S/D pads, 40 nm spacer length, and 20
suggests that the parasitic resistance is reduced. nm gate length. From the top-view SEM picture at this process
CVD Si0;, is deposited to make spacers around the S/D pagsep, the gate length and Si-fin width are measured and they are
The height of the Si fin is 50 nm, and the total S/D pads thickhe values reported in this paper. Because 1:20 HF and 7 sec dip
ness is 400 nm. Making use of the difference in the heights, tiseused to clean the Si surface before gate oxidation, the gate
SiO, spacer on the sides of the Si-fin is completely removed ligngth is slightly &1 nm) larger than the measured gap width.

Design fin width (nm)
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Fig. 5. Simulated current density contours in the poly-Si S/D pads. The fast 2 10 ::
spread of the current indicate effective reduction of the series resistance. 8 1012 §
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Also, the gate oxidation should thin the Si-fin width slightly. 1 0 1 2
Notice that the channel width of the devices is twice the height Vgs (V)

of the Si-fins or approximately 100 nm.
By oxidizing the Si surface, gate oxide as thin as 2.5 nm . 6. Device characteristics of FinFET with 30-nm gate length and 20-nm
grown. Because the area of Si-fin side surface is too small, wa" Width: (&) k=Va. and (b) k=Ve..
use dummy wafers to measure the oxide thickness with ellip- 106 -
sometry. During gate oxidation, the amorphous Si of the S/D __ Sofin width
pads is crystallized. Also, phosphorus diffuses from the S/D 107 L o Fomm
pads into the Si-fin and forms the S/D extensions under the oxide
spacers. Then, boron-doped, $G&).¢ is deposited at 473C
as the gate material. Because the source and drain extension is
already formed and covered by thick Si@yer, no high tem-
perature steps are required after gate deposition. Therefore, the
structure is suitable to use with new higlgate dielectric and 10710
metal gates that are not compatible with each other under high )
temperature. 1ot
After delineating the gate electrode [Fig. 2(5)], the probing
windows are etched through the oxide. We directly probe on the
poly-Si and poly-SiGe pads, with no metallization used in thisg. 7. Drain bias dependence of subthreshold current for gate length
experiment. The total parasitic resistance due to probing is aboug0 nm with the Si-fin width as a parameter,, are chosen so that

108 1

10°

Drain current (A)

Vds (V)

30000 Iys ~1078,1079,1071° and10~-1t AatVy, = 0.05 V.
IIl. EXPERIMENTAL RESULTS AND DISCUSSION than the gate length may be sufficiently small to suppress
DIBL.

A. Device Characteristics with Sub-30-nm Gate Length The roll-off characteristics of a 20-nm Si-fin width device

The typical current—voltage (I-V) characteristics of a 30-nare shown in Fig. 8}, is defined as the gate voltage when
gate length device are shown in Fig. 6. In spite of the lo, = 1071 A. Good roll-off characteristics are observed for
channel impurity concentration2 (x 10*6cm~32), the sub- the FinFET structure. The characteristics of the smallest device
threshold leakage current is well suppressed. In the saturatfahricated have a gate length of 17 nm. To our knowledge, this is
region, no kink effect due to the floating body effect is obthe smallest gate length ever demonstrated for a MOSFET. The
served. This is as expected for a device having an ultratt®i-fin width is 15 nm, and the channel dopinglig*> cm—2.
floating body. The small saturation current was observed. Wag. 9 shows the characteristics of this device. The subthreshold
considered that the bad Si-Sihterface condition resulted in swing is relatively large due to the short channel effect. How-
the value because sacrificial gate oxidation was not used afeer, in spite of the very low channel concentration, the sub-
the dry etching. To study the DIBL effect, the channel curretiireshold leakage is effectively suppressed. Fig. 10 shows the
dependence on the drain bias is measured for the 30-nm gaibthreshold-swing dependence on the Si-fin width. Because
length device with the Si-fin width as a parameter (Fig.Vg). the thin body of the double-gate device successfully prevents
values are chosen so that bf = 10%%,1071°,1072, and punch-through, the FinFETs show small swings even in 30 nm
1078 A at Vg, = 0.05 V. Device with a larger Si-fin width MOSFETSs.
show a larger rise ofy; or decrease df; with rising Vg, i.e., a In Fig. 11, the transconductan¢€,,,) are plotted with the
stronger DIBL effect. It appears that a Si-fin width just smalleBi-fin width as a parameter. Interestingly,, peaks at 30-nm of
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Fig. 9. Subthreshold leakage for the gate length of 17 nm is low even thou'gzﬁg- 12. Comparison of simulated devi¢e with the measured’;. Si-fin
width is 20 nm, fin height is 50 nm, fin doping i9)*® cm—2, and gate length

the body doping density is onl0*® cm=3.
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Fig. 10. Swing dependence on the Si-fin width and can be quite small. Vgseft (V)

. o ) . . Fig. 13. Effective drain bias and gate bias dependence for gate length of 100
Si-fin width. This is because that while a thinner body increases and Si-fin width of 30 nm.

the parasitic resistance, it also can increase the mobility and

reduce the charge centroid, resulting in an optimum Sifin widil} 5 cesses are not straightforward. FinFET uses SiGe with 60%

or body thickness. Ge mole fraction as a gate material. The advantages of SiGe are
the compatibility with poly-Si gate process and the continuous
variability of the work function controlled with the Ge concen-
To control the threshold voltage of ultrathin SOI-MOSFETgration [13].
the gate work function control is essential. This is because heavyl he work function was confirmed by comparing the threshold
body doping is not compatible with the fully-depleted body desoltage with the simulated; (Fig. 12). The quantum effect was
sign which suppresses the floating body effect, improves miaken into account in the simulations. A uniform channel impu-
bility, and suppresses the dopant fluctuation effect. So far, marity profile was assumed. Because the measured data is almost
kinds of metal gate, such as TiN and Ta [8], [12] have been ratthe middle of the simulatdd’s, the work function of the gate
ported. However, because of the instability of metals, metal gasearound mid-gap.

B. Gate Engineering
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C 1) Self-aligned double-gate effectively suppresses short

channel effects, even with 17-nm gate length.

2) Si.4Gey¢ gate provides a proper threshold voltage for

ultrathin body MOSFET.

3) Gate is self-aligned to the S/D, which is raised to reduce

the parasitic resistance.

This structure uses a S/D first, gate last process flow that may be
needed for future higl-gate dielectric and metal gate. FinFET
can be suitable integration of Si-ULSIs.
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C. Self-Aligned Gate to S/D

The double-gates of the FinFET are self-aligned to each other
and to the S/D. Self-alignment is good for reducing the parasiticl!]
capacitance and resistance and for control of the channel length.
To evaluate the self-alignment process, four terminal “Kelvin- [2]
type” devices as shown in the inset of Fig. 13 are formed. This
is because the direct probing onto the poly-Si pads leads td’!
large asymmetric parasitic resistances. The effective drain biag)
(Vasenr) and the effective gate bid¥ ) are

[5]
Vaset = V2 — V1 6]
Viserr = ‘/g - V.

[7]

We measure the device characteristics at forward and reverse
S/D setting. Fig. 13 shows the relationship betw&gn.s and 8]
Vesest TOr Vgg =010 2.0 V andVy; = 0.5 V. In spite of the rea-
sonable sheet resistance (82 to 14/41) of the S/D pads, large  [9]
bias degradations are observed. This means that the contact ? -
tween the measuring probe and poly-Si pads has a large para-
sitic resistance. However, a good symmetry current drive with
6% difference between forward and reverse operations was ob-1
served, which indicates the good symmetry of the self-aligned
source and drain. [12]

The self-aligned process and the quasiplanar structure of the
FInFETSs are suitable to construct multifin transistor for larger; 3
channel width. This is because the S/D pads directly connect the
adjacent fins. Multiple fin devices are fabricated and presented
as shown in Fig. 14. The five-fin device conducts five times
larger current than the single fin device. Although the channel
width can be varied only by integer number of fins, the discrete
increment is small (0.:m) in our design.

IV. CONCLUSION

A novel self-aligned double-gate SOI structure (FinFET) i
proposed as a nanoCMOS device. In spite of its double-g:
structure, FINFET is close to its root, the conventional MOSF
in terms of layout and fabrication. The result is a quasiplan
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