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Introduction: Ultrathin-SOI (UT-SOI) double gate (DG) transistors
have become a focus of greet interest in recent years due to the possihility
of redizing decarnano-scdled FET dructures. There are many dudies
concerning the characteristics of SOI devices from both experimenta and
theoretical points of view. However, there are few reports of agreement
between the results of theoreticd and experimenta studies concerning
UT-SOI capecitor. It is important to reproduce meesured characteridics
with using no fitting parametersby smulation that is correctly based onthe
inherent physcs of UT-SOI layer a the basc ressarch dage of
development. In this paper, we firgly report close agreement between
measured and theoreticd CV curves in different back-gate bias (Vgg)
conditions usng aone-dimensond (1D) high-precison smulator (SOl 1d)
that includes no fitting parameter. It should be noted that SOI1d has dso
been used to reproduce SOI thickness (Tgy) dependence of the threshold
voltage (V)[1]. In addition, we describe the ca culation method of SOI1d,
which has not been published d sewhere.

Quantum confinement effect of UT-SOI layer: Fg. 1
shows schematicdly the quantum confinement effect of UT-SOI structures
and the well-known surface quantization of MOS structures, assuming a
sngle valey condition. The effect opens the same energy gaps among al
the subbands snce the subbands are completely confined within regions of
the same width (Ts), Wheress the surface quantizetion opens narrower
gaps among higher subbands merging to the conduction band. If we use
the Stern-Howard method developed for andyzing the surface
quantization, then the calculated cgpacitance is smdler by 9% than the
measured is Therefore, in order to correctly cdculae CV curve of
UT-SOI, we must teke into account the higher subbands, including
information of valey structures (2-fold and 4-fold dectrons, and light and
heavy holes), and profiles of the band edgesin UT-SOI.

Present calculation: Fig. 2 schemes a measured and calculated
gructureincluding UT-SOI layer, wherein thereisthe Z-axis perpendicular
to the surfece a the center of channd. SOI1d is bascdly a 1D
Poisson-Schrodinger solver dong the Z-axis from the bottom of the
substrate to the top of the gate poly-Si including UT-SOI layer. So, SOI1d
indudes the surface quantization effect of accumulation layers and the
depletion effect in the poly-S. Fig. 3 shows the depletion effect of the
poly-S. There exigts an incomplete depletion layer between the depletion
layer and the bulk poly-S, since the Fermi energy leve (Eg) is higher than
the conduction band edge (E¢). The incomplete depletion layer disappears
in the (non-degenerate) subdrate where Ec>E-. Since the impurity
ionization rate is decreased with the increese of carier densty [2], the
ionization rate is dmogt the unity in the depletion layer, lower in the
incomplete depletion layer, and further lower in the bulk. Since the
band-gap narrowing (BGN) and the ionization rate affects each other, they
ae sdf-condgently cdculaed in SOI1d. Fig. 4 shows the surface
quantization effect of the poly-S accumulation layer. This effect sweeps
out eectrons from the poly-S surface because the poly-S accumulation
layer is too narrow for eectrons to be confined there. The increase of
dengity-of-gtates is however caused by band-bending, resulting in a wesk
accumulation in the surface of poly-S. The poly-S accumulation effect
might be overesimated if the surface quantization of poly-S were
neglected. These phenomena concerning poly-S surface affects V. The
implemented Schrodinger equation invalves 4 branches (2-fold and 4-fold
dectrons, and light and heavy holes) with 20 eigenvaues for each branch.
Each eigenvdue corresponds to subband including two-dimensiond
momentum-space pardld to the slicon and poly-S surfaces. Occupation
rate of each subband is cdculated by usng Fermi-Dirac daistics We
neglect the subbands whose occupation rate is less than 0.1%, with the

result that the number of subbands is & most 3. Incomplete impurity
ionization and BGN [2] is dso taken into account in dl the slicon regions
(including the subgtrate, UT-SOI, and poly-S) by usng Fermi-Dirac
getigtics The ionizetion rate and BGN are sgnificantly overestimated if
the Boltzmann gpproximation is assumed [3]. Direct tunneling is omitted
since both the buried oxide (BOX) and the front gate oxide (FOX) are 0
thick. The gate length is 0 long, s seen in Fig. 2, that 1D andyss can
perform high precise cdculation.

Resaults Fig. 5 shows the cdculaion result of CV curve for
DG-pMOSFET and DG-NMOSFET. It is found that the capecitance is
underestimated if the quantum confinement effect is neglected in UT-SO.
Figs 6, 7 and 8 show extremely good agreement between measured and
cdcuaed CV curves induding back-gate bias dependence for
Ts=3.3nm, 4.6nm and 6.4nm, respectively. It should be noted that the
Vg dependence is necessary to estimate Ty dependence of Vo, [1]. FHg.
9 shows the lowest (single peek) enveope functions of 2-fold and 4-fold
branches by marks when the front gate bias (V) is 0.5V and Vps=0.
Lines depict energy levels The pesks shift to the right-hand Sde where the
conduction band bends, in order to gain kinetic energy. Fig. 10 shows the
second lowest (double peak) enve ope function by lines with marks under
V=05V and Vge=0. Lines without marks depict energy levels The
higher pegk shifts to the left-hand side to loose the kinetic energy. Fig. 11
shows a similar characteridtic in the triple peak envelope function under
V=05V and Vpg=0. There it 4-fold branch because the
corresponding occupation rate is less than 0.1%. The trends described in
Figs 9-11 may affect the digtribution of carrier concentration when the
dectric fidd is grong in the UT-SOI layer. Fg. 12 shows that there are
double pesks in the digribution of carrier concentration in UT-SOI layer
under V=3V and Vge=0. The broad pesk on the left is composed of
higher peeks in the double and triple pesk envelope functions shown in
Figs 10 and 11. The sharp pesk on theright is composed of the Sngle pesk
envelope function shown in Fig. 9. The line shows that if the higher
subbands are neglected, then the left peak disgppears. This may result in
that the center of carrier digtribution (Zcgye) Shifts to the right-hand sde.
Fig. 13 showsthisshift on theleft axis and the capacitance on theright axis
when Tgy is ranging from 2nm to 6nm. When Tgy, is greater than 4nm,
bath the shift and the capacitance are increased if the higher subbands are
neglected. In other words, defining EOT of DG-nMOSFETS as a sum of
the front gate oxide thickness (Trox) and the discrepancy between Zeaye
and the interface with FOX, EOT decreases if the higher subbands are
neglected. Fig. 14 shows Trox dependence of Zcgge- The upper dashed
line depicts the result without the higher subbands The lower sdlid line
depicts the result with the higher subbands The shift of Zcgye due to the
neglecting of the higher subbandsis suppressed by the decrease of Trox. In
addition, Zcgye increases with the decrease of Trox Since the dectric fied
isenhanced inthe UT-SOI layer if Trox isdecreased.

Summary: We performed highly precise caculation of CV curve of
UT-SOI DG-nMOSFETSs and obtained extremely good agreement with
measurement, including the back gate bias dependence. It should be
noteworthy to say that this agreement is achieved by using no fitting
parameter. In addition, we darified the envelope functions from the lowest
to higher subbands, and associated them with the distributions of carrier
concentrations in UT-SOI layer. By this reult, it is found that EOT is
underestimated by the cdculation if the higher subbands are neglected.
Such an error in EOT ishowever suppressed by decreasing Ty and Troy.
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