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Abstract— The electrical characteristics of ultrathin-body SOI
CMOSFETs are intensively investigated. It is demonstrated that
electron mobility increases as SOI thickness decreases, when SOI
thickness, Tgq, is in the range from 3.5 nm to 4.5 nm. On the
other hand, hole mobility decreases monotonically as Tgq;
decreases. In addition, it is demonstrated that, when SOI
thickness is thinner than 4 nm, slight (even atomic-level) SOI
thickness fluctuations have a significant impact on threshold
voltage, gate-channel capacitance, and carrier mobility of
ultrathin-body CMOSFETs.
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1. INTRODUCTION

Ultrathin body (UTB) SOI MOSFETs are promising
candidates for a sub-30-nm MOSFET structure. In order to
utilize the UTB MOSFETsS in the deep-sub-20-nm regime, the
realization of sub-5-nm SOI films is essential. Although much
theoretical work has been done on the electrical characteristics
of UTB MOSFETs [1-4], there are only a few experimental
works [5-13]. Therefore, the electrical characteristics of UTB
MOSFETs have not been fully understood yet.

In this report, the electrical characteristics of UTB
CMOSFETs with SOI thickness, Tsop, ranging from 2.3 nm to
13 nm are intensively investigated. As a result, it is shown that
electron mobility of UTB MOSFETs with Tgsg; of greater than
6 nm shows no Tgo; dependence at low temperatures [14],
indicating that the room-temperature mobility degradation in
UTB MOSFETs with Tgo; of less than 20 nm is mainly due to
the phonon scattering. It is demonstrated for the first time that
electron mobility increases as Tso; decreases, when Ty is in
the range from 3.5 nm to 4.5 nm [15]. It is also demonstrated
that, when Tgqy is thinner than 4 nm, slight (even atomic-level)
SOI thickness fluctuations have a significant impact on
threshold voltage, gate-channel capacitance, and carrier
mobility of UTB CMOSFETs [15]. In addition, the relevance
of a new type of scattering mechanism, that is, SOI-thickness-
fluctuation- induced scattering is pointed out and
experimentally verified [15].

II. DEVICE STRUCTURE

Ultrathin-body (UTB) CMOSFETSs with thick source and
drain regions were fabricated using UNIBOND wafers with
10Qcm p-type 200-nm Si film over 400-nm buried oxide (Fig.
1). Fig. 2 shows a TEM image of a fabricated SOI channel,
indicating the successful fabrication of ultrathin, 2.4-nm-thick
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Fig.1. Schematic of fabricated SOI CMOSFETs. The channel
of both n- and p-MOSFETs is p-type 10Qcm SOI, and its
thickness is varied from 2.3 nm to 13 nm.
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Fig.2. TEM image of
fabricated SOI channel.
Successful fabrication of
ultrathin (2.4nm) SOI
channel is confirmed.
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Fig. 3: Raman spectra of ultrathin SOI
films. Raman spectrum of bulk Si is
also indicated as a reference. The
spectrum of the ultrathin SOI films is
similar to that of bulk Si, showing that
there is no significant residual stress in

ultrathin SOI films.

SOI channel. The SOI channels were left undoped for both n-
and p-MOSFETs.

Since residual stress in the channel of MOSFETSs strongly
affects carrier mobility, residual stress in the ultrathin SOI
channel should be evaluated. Raman spectra of ultrathin (5-nm
and 7-nm) SOI layers were taken, utilizing slanting-polish-
from-backside and laser-illumination-through-buried-oxide
techniques. The schematic of the prepared sample is shown in
the inset of Fig. 3. As shown in Fig, 3, the Raman spectra of
ultrathin SOI films are almost the same as the Raman spectrum
of bulk Si, indicating that there is no significant residual stress
in the ultrathin SOI films.
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M. Tso; DETERMINATION

In order to investigate the Tgo; dependence of UTB
CMOSFET characteristics, it is essential to precisely determine
the thickness of SOI channel. Therefore, the relative
comparison of SOI thickness is firstly performed using the
substrate-bias-induced Vy, shifts. Since the effect of substrate
bias on the Vy, shift is less in thinner body CMOSFETs,
smaller Vy, shift corresponds to thinner Tso;. Fig. 4 depicts the
measured relationship between Vy’s and Vy, shifts in UTB
CMOSFETs. The Vy, increase in thinner Tsg; in both n- and p-
MOSFETs suggests that the subband energy level increase is
due to quantum-mechanical confinement effects in ultrathin
SOI channel. The universal relationship between Vy’s and Vy,
shifts confirms that the variation of UTB CMOSFET
characteristics is dominated by Tso; variation and that the
variations of other device parameters, such as gate-oxide
thickness, buried-oxide thickness, and substrate impurity
concentration, are sufficiently suppressed and have negligible
effects on UTB CMOSFET characteristics.

Next, in order to determine the actual SOI thickness,
several TEM images are obtained, and the relationship between
the Tgor’s and Vy, shifts is empirically determined (Fig. 5). As a
result, Tsor’s are now precisely estimated from the substrate-
bias-induced Vy, shift.
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Fig.4. Threshold voltage shift versus threshold voltage of
UTB CMOSFETs.
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Fig.5. Threshold voltage shift versus SOI thickness

measured by TEM.

IV. MOBILITY CHARACTERISTICS

First, the electrical characteristics of UTB nMOSFETSs with
Tso; of greater than 8 nm are investigated. Fig. 6 shows
effective electron mobility U versus effective field, £,
characteristics of UTB MOSFETs at room temperature. The
mobility of a 68-nm SOI MOSFET almost coincides with the
bulk universal mobility. This SOI MOS-FET is therefore
referred to as a bulk-like SOl MOSFET in the following part of
this article. The decrease of . with a decrease in Tgop is
observed, which quantitatively agrees with the previously
reported results [3,4].

In order to investigate the physical origin of g
degradation, the U.gE.r characteristics were measured over
wide temperature ranges in relatively thicker UTB SOI
MOSFETs, whose SOI channel thickness in the range from 7
nm to 13 nm. As shown in Fig. 7, the difference of the mobility
between the UTB MOSFETs and the bulk-like SOI-MOSFET
becomes large in low E,; regions as temperature decreases.
However, at temperatures lower than 100K, the electron
mobility of 8.7-nm and 12.4-nm UTB MOSFETs, whose
mobility is lower than bulk-MOSFET mobility at room
temperature, coincides with that of thick, bulk-like SOI-
MOSFET, as shown in Fig. 8. This result indicates that, in
UTB MOSFETs with Tgo; of greater than 8 nm, 1) SOI
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Fig. 6. Effective electron mobility versus transverse
effective field of ultrathin body (UTB) SOI MOSFETs
for various SOI thickness. The electron mobility of UTB
MOSFETs decreases with a decrease in the SOI thickness.
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Fig. 7. Effective electron mobility of ultrathin
(Tgor=8.7nm) and thick (Tso=68nm) SOI MOSFETs as
a function of transverse effective field for various
temperatures (100K ~ 300K). The mobility of the 8.7-nm
UTB MOSFETs is less than that of the 68-nm, bulk-like
SOI MOSFET.
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Fig. 8. Effective electron mobility of 8.7-nm, 12.4-nm, and
68-nm SOI MOSFETs as a function of transverse effective
field at the temperatures of 25K and 50K. The mobility of the
8.7-nm and 12.4-nm SOI MOSFETs coincides with that of
the 68-nm, bulk-like SOl MOSFET.

thickness of UTB MOSFETs is so uniform that there is no
scattering center resulting from thickness fluctuations and that
2) the effect of Coulomb scattering and roughness scattering on
the electron mobility in UTB MOSFETs with Tgo; of greater
than 8 nm is basically the same as that in bulk MOSFETs, at
least at low temperatures. These results indicate that room-
temperature mobility degradation in UTB MOSFETs is mainly
caused by phonon scattering.

Next, the characteristics of UTB CMOSFETSs with Tgo; of
less than 8 nm are investigated. Fig. 9 shows the hole mobility,
W, versus effective field, E., characteristics for various Tgo;’s.
In the whole E. regions, hole mobility decreases as Tgo
decreases. Although the increase of hole mobility in Ty
thinner than 5 nm was previously reported, no theoretical
explanation for the hole mobility enhancement in thinner Tgo;
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Fig.9. Hole mobility versus effective filed for various Tge;’s
at 300 K.
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Fig.10. T5o; dependence of hole mobility at 300 K. The hole
mobility decreases monotonically as Tso; decreases.
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has been made. Our results (Fig. 10) show the clear monotonic
decrease of W, with a decrease of Tspo;. The decrease of hole
mobility in thinner Tgo; can be attributed to the increase of
phonon scattering, because phonon scattering increases as Tso;
decreases.

Fig. 11 shows the electron mobility, ., verses Ecg
characteristics for various Tgg;’s. Although, at E. lower than
0.1MV/cm, electron mobility decreases with a decrease of Ty,
an enhancement of electron mobility with a decrease of Tgqy is
observed at E. of around 0.3 MV/cm. Fig. 12 shows the Tgo;
dependence of L. at the E. of 0.3 MV/cm. It should be noted
that, when Tgg is in a range from 3.5 nm to 4.5 nm, electron
mobility increases as Tgo; decreases. The increase of |, with a
decrease of Tsg; in Tspp ranging from 3 nm to 5 nm has been
theoretically predicted [3,4]. The good agreement of SOI
thickness range, where mobility increase is observable,
between the present experimental work and theoretical work
[3,4] suggests that the enhancement is due to subband level
modulation by quantum-mechanical confinement effects in
ultrathin SOI film, as suggested in the theoretical work, though
the observed mobility enhancement is smaller than
theoretically predicted enhancement.

V.  EFFECT OF 8Tgo; ON C-V AND I-V CHARACTERISTICS

In order to clarify the reason for the smaller electron
mobility enhancement than the predicted one, C-V and I-V
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Fig.11. Electron mobility versus effective field for

various Tso;’s at 300 K. Electron mobility increase in
thinner Ty is observed at E. of around 0.3 MV/cm.
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Fig.12. Tgo; dependence of electron mobility at 300 K.
Electron mob1 ity increases as Tso; decreases, when
Tsor is in a range from 3.5nm to 4.5 nm.
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characteristics of UTB CMOSFETs are thoroughly compared
with self-consistent calculation results of Schrédinger and
Poisson equations. In order to examine the influence of Tgo; on
C,. with higher sensitivity, the derivative of C,. with respect to
V,, that is, dCo/dV,, is utilized. Fig. 13 shows Tgo; dependence
of dCy/dV,. As shown in the figure, the increase of theoretical
dC,/dV, with a decrease of T is clearly observed, which is
due to the quantum-mechanical confinement effects of carriers
in ultrathin SOI. However, when Tgo; is thinner than 4 nm,
experimental dC,/dV, decreases with a decrease of Tgo;.

Fig. 14 shows the Tgo; dependence of Vy’s of UTB
nMOSFETs. Although the experimental Vy,’s agree well with
theoretical ones when Tgq; is greater than 4 nm, additional Vy,
increase is observed in Tgo; of less than 4 nm. Fig. 15 shows
Va’s of UTB pMOSFETS as a function of Tgo;. Additional Vy,
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Fig.13. SOI thickness dependence of dC,./dV, at C

of 150pF. Experimental and theoretical (sel%
consistent calculation) results are shown. Deviation
from theoretical curve (degradation of dC,/dV,) is
clearly observed in Tsop thinner than approximately
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Fig.14. Tso; dependence of nMOS Vy,. Additional
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-11-

Potential barrier due to larger
quantum confinement effect

sot It

Interface roughness
Thickness fluctuation

Electrons

(b) 0.15F T T T T
S o1 B
2
[$)
L 0.05F b
< Thermal Energy
- Ml )
0 2 4

6 8 10
Tsor [nm]

Fig.16. (a) Si/SiO, interface roughness induces SOI
thickness fluctuations. (b) Variation of conduction band
energy level due to SOI thickness fluctuation. The interface
roughness of +latomic-layer per Si/SiO, interface is
assumed. (c) Schematics of Ec variation effects.

increase compared to the theoretical one is also observed.

The degradation of dC,/dV, and the additional Vy, increase
in thinner Tgo; can be understood in terms of SOI thickness
fluctuation, 8Tso;. Since Si/SiO, interface has 1 atomic layer
interface roughness, it is reasonable to assume that SOI has
OTso; of approximately 4 atomic layers (Fig. 16a). Fig. 16b
shows changes in conduction band energy, AEc, induced by 4-
atomic-layer 6Tgoy, as a function of average Tso. When Tgo; is
thinner than 4 nm, AEc exceeds the thermal energy at room
temperature, meaning that potential barriers due to difference
of quantum-mechanical confinement effects from one part to
another are formed in the ultrathin SOI channel (Fig. 16c).
Therefore, in the case of UTB CMOSFETS having SOI
fluctuations, higher gate voltage is necessary to obtain the same
surface carrier concentration than in the case of UTB
MOSFETs having no SOI fluctuation. As a result, Vy, increase
and slow C, rise are observed in UTB MOSFETs with SOI
thickness fluctuations.

VI. EFFECT OF 8Tso; ON MOBILITY CHARACTERISTICS

Next, the effect of SOI-thickness fluctuations on carrier
mobility is discussed. Since the potential barriers shown in Fig.
16b are expected to work as scattering potential for carriers, L.
and W, are expected to decrease as Tso; decreases. In fact, in
GaAs/AlAs quantum wells, scattering by GaAs-width-
fluctuation-induced potential is reported [16]. It is also reported
that the width-fluctuation-limited mobility shows d°
dependence, where d is the GaAs channel width [16,17].

In order to examine whether this type of scattering is
associated or not, U, for various Tgo/’s is measured at low
temperatures, because at low temperature phonon scattering is
suppressed and the effect of thickness-fluctuation-induced
scattering is observable more clearly. Fig. 17 shows Ue-Ecst
characteristics at 25 K, showing monotonic decrease of U, with
a decrease of TSOI Fig. 18 shows the Tso; dependence of L. at
25 K. The TSOI dependence is clearly observed, meaning that
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Fig.18. Tso; dependence of electron mobility at 25 K.
Tsor’ dependence indicates that the dominant scattering
mechanism is Tgo-fluctuation- induced scattering.

in extremely thin SOI film the |, is dominated by scattering
due to 0Tgo-induced potential. Fig. 19 shows the temperature
dependence of . in nMOSFETs with Tgo; of 2.48 nm. The
temperature dependence is qualitatively the same as that of
well-width-fluctuation-limited mobility in quantum wells [16].
Thus, it is concluded that this is the first observation of the
relevance of a new type of scattering mechanism, namely
OTso-induced scattering, peculiar to UTB MOSFETs. Fig. 20
shows the W,-E.s characteristics at 25 K. The rapid decrease of
Uy, in thinner Tgo; suggests that §Tgo-induced scattering is also
influential to pMOSFETs. Fig. 21 shows the W-Eq
characteristics, where 8Tgg-fluctuation-induced scattering is
subtracted using Mathiessen’s rule. The increase of U, with a
decrease of Tgq; is clearly observed in the whole E. region,
when Tgo; changes from 4.08 nm to 3.37 nm. Therefore, it is
concluded that the realization of atomically flat SOI is vital
(Fig. 22), in order to enjoy the full advantages of UTB
CMOSFETs in deep-sub-20-nm regime.

VII. CONCLUSION

The carrier transport mechanism in UTB CMOSFETs with
Tsor ranging from 2.3 nm to 13 nm is investigated. It is
demonstrated, for the first time, that electron mobility increases
as Tgop decreases, when Ty is in the range from 3.5 nm to 4.5
nm, because of subband-energy modulation effects. It is also
demonstrated that, when Tgo is extremely thin (<4nm), slight
(even atomic-level) Tso; fluctuations have a significant impact
on Vi, and C, of UTB CMOSFETS. In addition, 8Tso-induced
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temperature dependence is qualitatively the same as that
of the well-width-fluctuation-limited mobility in
GaAs/AlAs quantum-wells [5].
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scattering, which is a new scattering mechanism to strongly
limit the mobility of UTB MOSFETs with Tgo; of less than
3nm, is observed, for the first time. It should be noted that this
type of scattering also limits the mobility of other thin-channel
MOSFETs, such as FinFETs [18]. It is concluded that the
realization of atomically flat SOI is vital, in order to enjoy the
full advantages of UTB CMOSFETsS, such as electron mobility
enhancement and larger C,, rise, in deep-sub-20-nm regime.
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