Measurements and modeling of mobility in ultra-thin SOI
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ABSTRACT

We present a study of the effective mobility (pery)
of ultra-thin SOI n-MOSFETSs for both single and dou-
ble gate operation. Electron mobility was measured for

gilicon thickness 7Te:. down to annroximatelv 5 nm us
SHICON TNIcKness ig; aown 1o approximatery o nm us

ing a special test structure able to circumvent parasitic
resistance effects. At small inversion density, N;j,, the

mobility is clearly reduced for decreasing Ts;, due to
enhanced phnnnn gr‘attpring in the thin quantum well.

However, for double gate operation, DG, we found an
improvement in the effective mobility when compared

with single gate, SG, operation.

Keywords: SOI, mobility, ultra-thin SOI, fully de-
pleted, quantization.

1 INTRODUCTION

Fully depleted SOI MOSFET have been indicated
as the selected choice for the scaling of CMOS below
the 50 nm node [1]. Modeling of FD-SOI transistors
poses considerable challenges, due to the complex be-
havior of the depleted body and due to the carrier trans-
port in the thin silicon layer with two oxide interfaces.
Moreover, for silicon thickness below 15 nm quantum
confinement effects are affecting not only the transistor
threshold value [2] but also the carrier transport itself
[3]. In this work we present experimental data on the
inversion-layer mobility in silicon layers in the 5-50nm
range. The mobility curves in the single-gate opera-
tion mode at high inversion concentrations are shown
to agree with bulk results, so that conventional mobil-
ity models can be employed. For thin silicon layers, a
mobility degradation is observed at low inversion densi-
ties. However, a mobility enhancement is found for DG
operation.

2 DEVICE FABRICATION

Device processing started with Unibond SOI wafers
produced by the Smart Cut process and featuring a
200 nm (100) Si film over 400 nm buried oxide. The Si
film was thinned down to 9, 13, 20, and 60 nm nominal
thickness through a series of oxidations at 1000°C fol-
lowed by etching of the sacrificial oxide. Typical thick-
ness control was 2 nm across the wafer that is about 25%
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Figure 1: Schematic top-view of the MOSFETs used for
fefs measurements. Vg and Vp were measured at the
voltage probes and used to determine the exact intrinsic
drain to source voltage Vlgzgt) = (L/Lgrr) % (Vg — VL)
independent of possible series resistances.

variation of Tg; for the thinnest SOI, still acceptable for
our study because per; and Ts; were accurately mea-
sured on the same device. Local oxidation (LOCOS)
tailored to consume the entire Si film, provided lateral
isolation. After LOCOS, simplified processing of NMOS
and PMOS devices was adopted: transistor channels
were left undoped (p-type 10 Ohm-cm resistivity), there
was no LDD implant and no spacer formation. The en-
ergies of the S/D implants were adjusted to the different
Ts; values. Gate oxide thickness T,, was 4.5 nm.

3 MEASUREMENTS TECHNIQUES

Fig. 1 shows a schematic top-view of the specially
designed MOSFETs used for p.;; measurements. The
structure 1s symmetrical with respect to the channel
length direction and two pairs of voltage probes allow
us to measure Vg and Vp within the channel. Mobility
is calculated as pepp = (L/W) x (g((;m)/quv) where
g™ = [Ips/ VYT with VY = (L/Lrr)x (VR—Vi).
(Vp — Vs) was adjusted to maintain Vl(,zgt) ~ 10mV for
all measurements. We verified that the measurement
results are unaffected by either switching the two pairs
of probes or by contacting both pairs at once. As a
result, although devices showed high source/drain re-
sistance Rgp, due to the absence of elevated contact



structures, this four-probes measurement technique is
unaffected by Rgp.

Due to inevitable processing spread associated with
oxidation and etch used to thinning the silicon layer, a
range of final Tg; values was found within each wafer.
Therefore the characterization technique of [4] was em-
ployed to extract an electrical Tlg; on the same device

gtriicture used to measure .. A larce hack-ogate hiag
structure used Lo Ineasure fleryp. A 1arge back-gate blas

(V) was applied to invert the silicon back interface.
Then CV measurements were performed by sweeping
the front gate bias Vg down to negative values to switch
off the front inversion layer. Under these conditions one
can access the back inversion layer through the series of
the front gate oxide and the silicon thin film capacitance

so that the silicon thickness can be easily extracted [5].
For SG operation, N;,, was determined directly

throuch ecate-channel CV measurements [6] at

a fre-
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quency (5kH z) low enough to avoid the influence of the
channel resistance on measured capacitance. When SOI
transistors are biased in DG operation with generic Vrg
and Vpqg values the experimental determination of Ny,
is not straightforward [7]. To this purpose we define
Cra = qONiny/0Vrg and Cpg = qONipy/0Vpa, and
then we can express N;,, as a function of Vpg and Vga
as:

Vrg

CFc;(V, VBc;)dV
(1)
(0)

where Vg is a generic, initial value for the front-gate

voltage and N Z-(,? 2)

Niny = Nz(r?z);(vfg‘(ga VBG) + 1/‘]/(0)
\4

FG

is the corresponding inversion charge

and depends on V}(g and Vpg . From Eq.1 we see that,

for a given Vg, if V}OC; is such that NZ-(,?Z ~ 0, then N,y
can be obtained integrating the C'pg curves similarly to
conventional SG operation mode. Fig.2 reports mea-
sured C'pg versus Vpg characteristics for different Vpe.
At relatively large, negative Vpg the capacitance goes
to zero because Vpg can dismiss the inversion charge
induced by the large, positive Vgg so that the condition
N~ 0 is fulfilled [8].

Following the outlined procedure, the N;,, values
used for pr; extraction were obtained, for each Vag,
integrating the corresponding Cr¢g as indicated in Fig.2
for both the SG and DG case. In order to verify this
procedure, we note that when both Vpg and Vpg are
well above the respective threshold voltages, then Cgg
is expected to equal the back-oxide capacitance Chop =
€ox/Thor and to become independent of Vpg and Vpg.
Fig.?? reports Ny, for Vpg and Vepg well above the
corresponding threshold voltages. The Ny, versus Vg
linearity is virtually perfect and from the slope we can
extract Cgg and hence an effective Tp,,=407nm that is
in close agreement with the nominal 7},,=400nm and
essentially independent of Vg and Vpg.
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Figure 2: Measured Cpg versus Vpg characteristics
for different back-gate voltages Vpe=0, 57 and 102V.
The dashed arrows indicate the integrals performed to
calculate Njp, in either SG or DG operation mode.
T51:9.4nm.
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Figure 3: Measured Ny, versus Vpg for different Vpg.
Niny 1s a linear function of Vgg when Vpg and Veg
are above the respective threshold voltages. From the
slope of the interpolating straight line we extract a Cge
corresponding to an effective Tpo, of 407nm, i.e. very
close to the nominal T}, =400nm value.

4 DOUBLE vs. SINGLE GATE MOBILITY

Fig. 4 shows measured SG electron ;¢ for different
Ts; compared with data for bulk MOS [6] and previously
reported SOI measurements [9], [10]. At high Niny, fess
is largely insensitive to Ts;, consistent with pery of low-
doped bulk MOSFETSs (filled circles) and it is remark-
ably larger than in heavily doped bulk devices (filled
squares) due to the lower effective field in SOI devices.
At relatively low Njp,, however, p.rys is clearly reduced
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Figure 4: Measured room temperature electron mobility
versus inversion charge density N;,, for different Ts; and
SG operation.

for Ts; below 10nm and our data for T's; = Snm are in
very close agreement with those shown in [10]. On the
contrary, mobility data reported by Choi et al. [9] are
significantly lower than ours, possibly indicating a poor
quality of the silicon layer [9]. The decrease of mobility
at low Njp, for thin silicon film was predicted by Gamiz
et al. as a consequence of the increase in phonon scat-
tering caused by electron confinement in the very thin
silicon films [11].

In order to proceed with pr; measurements in DG
mode, since in our samples Tp,, is much larger than
Tor (Fig.1), it is necessary to determine, for each Vpq,
the Vg that realizes symmetrical charge profiles in the
halves of the silicon film. To this purpose we used nu-
merical simulations accounting for poly-depletion and
subband quantization [12]. The energy diagrams and
electron concentrations for two DG conditions corre-
sponding to a charge density of Nj,, = 10'? and
10'3em=? are reported in Fig.5 and 6.  (In the DG
mode the indicated N;,, is always one half of the entire
inversion charge.) As can be seen, for Nj,, = 10*2em=2
a volume inversion is found, that is the maximum of
the electron concentration is at the middle of the sili-
con film. For Ts; = 21nm we measured virtually the
same fto7¢ in DG and SG mode, suggesting that for this
Ts; the two inversion layers are only weakly interacting
and essentially represent two channels in parallel [13].
For smaller T&;, instead, Fig. 7 clearly indicates a picsy
improvement in the DG configuration.

5 DISCUSSION

The ptey; improvement in the DG mode is larger at
small N;p, (where perr is mainly limited by phonon
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Figure 5: Simulated potential energy (solid line) and
electron concentration (dashed line) versus the distance
from the front S1-S102 interface in a DG bias condition.
Ninw = 1012em~? indicates one half of the total inver-
sion density. At this N;,, a volume inversion is realized.
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Figure 6: Simulated potential energy (solid line) and
electron concentration (dashed line) versus the distance
from the front Si-SiO2 interface in a DG bias condi-
tion. Njpy = 10em™2 indicates one half of the total
inversion density. At this N;,, two distinct peaks of the
electron concentration

scattering) and increases with decreasing temperature
suggesting a modulation of the phonon scattering rate
[13]. At high Nj,, (where peps is limited by surface
roughness scattering) practically no difference is ob-
served between pory in SG or DG mode. Fig.8 reports
teps for different symmetry conditions where the pa-
rameter Fg 1s calculated by means of simulations as
the ratio between the surface field at front and back-
interface, hence Er=1.0 in the DG condition. When we
move from the front-channel to the back-channel oper-
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Figure 7: Measured mobility versus inversion density in
cither SG or DG mode for Tg;=9.4nm. A clear proys
improvement is observed in the DG mode at low Ny, .
This effect is more pronounced for decreasing tempera-
tures. In DG mode N;,, indicates one half of the total
inversion density.
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Figure 8: Measured mobility at two given inversion den-
sities and different symmetry conditions. E'g 1s the ratio
of the surface field at the front and back-interface. N;,y
is the total inversion density in the FC and BC case
while it 1s one half of the total inversion density in the
DG mode and for £r=0.5 or 2.0. A maximum of p. s
is observed in the DG configuration.

ating mode fto 7 exhibits a maximum in the DG config-
uration. A similar behavior for phonon-limited mobility
in ultra thin SOI MOSFETSs has been recently predicted
by numerical simulations [13].

6 CONCLUSION

Electron mobility of ultra thin SOI transistors op-
erated in single and DG mode has been experimentally
investigated for Tg; down to bnm and temperatures be-
tween 225 and 375K. For T; ~20nm mobility is essen-
tially the same in DG as in SG mode. For thinner silicon
films, however, at small N;,, we observed a clear pyy
improvement in DG mode that increases for decreasing
temperatures. The models for low-field mobility imple-
mented in conventional device simulators do not cor-
rectly account for the dependence on the thickness of
the silicon layer in single and double-gate devices (Figs.
4 and 7; therefore, the development of a new advanced
models for device and circuit simulators is mandatory.
Such a model should explicitly relate the mobility to
the 2-D subband structure in the inversion layer that
is influenced by the silicon thickness due to strong size-
induced confinement.
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