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Since the beginning of the integrated circuit (IC) era in 1959, the IC scale expanded from LSI
(large-scale integration), VLSI (very large-scale integration) to ULSI (ultra large-scale integration).

Historically, device scaling shrinking, quantified by Moore’s law, realizes both the cost-down and
enhanced performance. However, with reducing the device size into submicron or deep submicron

region, there are some limitations, such as mobility degradation and flicker noise, we have to
overcome. To breakthrough the limits of semiconductor devices, the purposes of this research are to
indicate the solutions for the high-speed and lower 1/f noise semiconductor devices and elucidate
the physical mechanism. And we will do the prediction of the limits of the devices for future else.

In Chapter 2 the device structures and characteristics of accumulation-mode MOSFETs on
Si(100) are described. The novel CMOS structures consisted of inversion and accumulation
mixed-mode will be shown. The mechanism the device is elucidated. In Cha{pter 3 it is
experimentally shown the characteristics of accumulation-mode FD-SOI fabricated on Si(110)
surface. The behavior and mechanism of accumulation-mode on different silicon surface
orientation are shown. And at last, the predication of the limits of the devices is done and the
optimized device structures for future are designed by device simulation. In Chapter 4 the
characteristics of three-dimensional SOl devices are shown experimentally. And the device
simulation for optimizing the device structures is done. It is shown through whole the thesis that
the high-speed and low 1/f noise of semiconductor devices can be realized by using
accumulation-mode at varied silicon oriented surface and FinFET. And the novel device structures
are agreed with the future semiconductor devices much better than conventional inversion-mode
devices. Finally, the accomplishments of this research will be summarized at Chapter 5.

In Chapter 2, the normally-off accumulation-mode FD-SOI n- and p-MOSFETs, figure 1, are
fabricated successfully on Si(100) surface. It is demonstrated expérimentally that the bulk body
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current is existed at both the n- and p-MOSFETSs fabricated on high doping SOI layer at 2x1017cm-3.
The current drivability increases with increase of the SOI layer doping concentration at
accumulation-mode. The improved current drivability is realized by both the bulk body current
component and the enhanced effective mobility due to the lower effective field at
accumulation-mode is shown at figure 2. The mobility of accumulation-mode devices on low doping
concentration is similar to that of inversion-mode. However, at the accumulation-mode, the
coulomb scattering is much less than that at inversion layer at high doping concentration. And the
mobility degradation caused by phonon scattering dependence of temperature is observed but is
slighter than that at inversion. As the result, the accumulation-mode is able to provide the higher
drain saturation current drivability at high temperature region and shows the better temperature
characteristics compared with conventional inversion-mode. 1/f noise is reduced about one order of
magnitude at both the accumulation-mode n- and p-MOSFETSs, shown at figure 3 and4, on high
doping concentration substrate. It is obviously that 1/f almost has no the dependence of effective
filed but on the operation mode and bulk body current component. At last, the novel CMOS
structures are proposed. The novel CMOS structure with accumulation-mode n-MOSFETs and
inversion-mode p-MOSFETs is proposed for low 1/f noise applications and the novel CMOS
structure with inversion-mode n-MOSFETs and accumulation-mode p-MOSFETs is proposed for

high-speed applications.
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Fig. 1 Schematic of the inversion and accumulation-mode Fig.2 The effective electron mobility for inversion- and

FD-SOI MOSFETS. Accumulation-mode n-MOSFETs.
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In chapter 3, the normally-off accumulation-mode FD-SOI n- and p-MOSFETs are fabricated
successfully on Si(110) surface. The current drivability increases with increase of the SOI layer
doping concentration at accumulation-mode. The improved current drivability is realized by both
the bulk body current component and the enhanced effective mobility due to the lower effective
field at accumulation-mode n-MOSFETs on Si(110) surface. However, the current drivability

improvement of p-MOSFETSs is not observed by acc
dependence of hole mobility on Si(110) surface, sho

umulation-mode due to there is no effective field
wn at figure 5 and 6. 1/f noise is reduced at both

the accumulation-mode n- and p-MOSFETs on high doping concentration substrate with
Nsub=5x1017cm-3, shown at figure 7. At last, the novel CMOS structures are proposed. The novel

CMOS structure with accumulation-mode nMOS a

nd inversion-mode pMOS is the best solution for

devices on (110) surface. The nMOS current drivability is almost as that of conversional
inversion-mode nMOS on Si(100) surface. At the same time the pMOS current drivability is almost

2.5times larger than that of conversional inversion
8.
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Fig.5 The effective electron and hole mobility
dependence of effective field characteristics of

inversion-mode on Si(100) and (110) surface.
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-mode pMOS on Si(100) surface, shown at figure

? 15k (110) n-MOSFETs
E
E1al o
A / {100) p-MOSFETs
F13t ° .
= (100) n-MOSFETs
o
g 12F LIW=10/20m J
3 Tox=7.5nm
c N =2X10"cm®
gMr T, /T, =50100nm
o L
£ o’ (110) p-MOSFETs Vv l=25v
g [V, l=3v 1
= 1 i ) § | N [ |
Z o0 w01 w02 03 04 05 08 07
Power of E

Fig.6 The relation between the multiplication factor of
Jdsatace/ lasatiny and Eesr dependence of mobility. The stronger
Eer dependence of mobility induces the larger

multiplication factor of Igsatace/ Idsatiny.
ax10*

LW=10120um
Tox=7.5nn‘11 N V-Vth=0~1.5V
N, ,=2X10"cm step=0.5V
3x10* T ool Tgox=50/100nm i
r $i(110) p-MOSFETs .
Inversion-mode Si(110) n-MOSFETs
/s Accumulation-mode
Si(100) p-MOSFETs .
a0 ,m(,e rsﬁ posE Si(100) n-MOSFETs |
R ¢ Inversion-mode
2.5 times o
]
1]
4 X -
1x10 Oo
Clll(!‘lllll‘l(lllll!““
225 a0%: 0
2030y B
1ARDRIRERIRNRRNARNERIRIRINIAS, AR
0 IDIDBIRINDRIISIIIDIDIIRIDNDIBNINDIDD S ..[lllll(l(ll|Illllllllllllll|l|(il€‘(((
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0

Drain Voltage, V, (V)

Fig.8 1¢-Vg characteristics for conventional CMOS

on  Si(100) and novel CMOS  with
Accumulation-mode nMOS and Inversion-mode
pMOS on Si(110) surface.



In chapter 4, the normally-off accumulation-mode p-channel FinFETs are fabricated successfully
on Si(100) surface. Figure 9 shows that ideal subthreshold slope characteristics, off-state leakage
current are realized. The transconductance values at accumulation-mode p-channel FInFETs are
improved from 1.8times to 3.5times compared with the accumulation-mode FD-SOI, shown at
figure 10. Figure 11 shows that the current drivability for accumulation-mode p-channel FinFETs
1s improved 2.5times compared with the accumulation-mode FD-SOI. The accumulation-mode
p-channel FinFET with Kx/O2 gate oxide almost not shows the dependence on channel direct with
the ideal S-factor values below 70mV/dec. On the other hand, accumulation-mode p-channel
FinFET with thermal gate oxide shows the dependence on channel direct with the degraded

S-factor values above 80mV/dec, shown at figure 12.
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