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Low-Temperature Transport Characteristics and
Quantum-Confinement Effects in Gate-All-Around
Si-Nanowire N-MOSFET

Subhash C. Rustagi, N. Singh, Y. F. Lim, G. Zhang, S. Wang, G. Q. Lo, N. Balasubramanian, and D.-L. Kwong

Abstract—Gate-all-around n-MOSFETs with Si-nanowire
(~7 nm) as the channel body are fabricated and characterized
for their low-temperature behavior (~5 K to 295 K). Ins-Vgs
characteristics at low Vps (~50 mV) exhibit a decrease in
current with decreasing temperature in strong inversion up to
about ~200 K. However, at high Vpg, drain current reverts
to typical temperature behavior, i.e., Ips increases with the
reducing temperature due to the increase in phonon-limited
mobility (zpn). It is inferred that, at low Vpg, the enhancement
in ppn at a reduced temperature could be possibly masked by
the intersubband scattering on account of subband splitting
due to quantum-confinement effects as indicated by subband
calculations for nanowire structures.

Index Terms—Carrier transport, gate all around, low tempera-
ture, MOSFET, silicon nanowire (SiNW).

I. INTRODUCTION

ILICON nanowires (SiNWs) are attractive for many nano-
electronic applications, including those as channel bodies
in field-effect-transistors (FETs) [1]-[5]. Several approaches
including bottom—up approaches [6]-[8] and top—down ap-
proaches [2]-[4], [9] have been reported for realization of
nanowire-based devices. As these nonplanar device architec-
tures tend to emerge for CMOS and other novel applications,
comprehensive assessment of carrier transport mechanisms as-
sumes importance. These devices provide a unique opportunity
to probe the quantum mechanical effects on carrier transport in
low dimensions. Oscillations in Ipg and mobility at very low
Vbs (0.2 mV) and low temperature for trigated FETs with fin
width x height ~ 45 x 82 nm? have been reported [10], [11].
This letter reports the low-temperature device behavior of
~7-nm-thick SINW channel MOSFETs with fully surrounding
poly-Si gates prepared by a top—down approach. Devices are
characterized in the temperature range of 5 K-295 K, and
effects of subband splitting are evidenced even at higher gate
and drain bias levels and higher temperature than hitherto
reported. Inferences are drawn with the help of simple subband
calculations based on the solution of Schrodinger’s equation
and effective mass density of states (DOS) in the subbands.
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II. DEVICE FABRICATION AND CHARACTERIZATION

Starting with 8” (100) SOI substrate with top Si (p-type,
~10" cm~3) thickness of ~200 nm, Si-fins of width
~40-50 nm with different lengths (300-1000 nm, and results
for 300 nm are reported in this letter) were patterned and
etched down to buried oxide. The wafers were then oxidized
in dry O at 875 °C for 4 h, resulting in two Si-cores (wires)
[4], [9]—one at the bottom and the other close to the top of
the fin. The top wire was removed during dry etch (C4Fg)
of oxide over source/drain (S/D) areas, and bottom wire was
released from the oxide by wet etch in 1:25 diluted hydro-
flouric acid. The wafers were oxidized to grow 4-nm-thick
SiO4 as gate dielectric in dry Oy at 800 °C. It was followed
by deposition of ~130 nm «-Si and by gate pattern transfer,
As-implant (4 x 10" cm~2/30 keV) doping of S/D and «a-Si
gate, dopant activation (950 °C/15 min), standard metal contact
formation, and sintering.

For low-temperature characterization, the devices were
bonded onto a thermally conductive ceramic chip carrier which
was then plugged into a holder that was lowered into a He-
cooled Janis Research cryostat that can cool down to ~4 K.
Lakeshore-340 temperature controller was used to stabilize the
temperature at various chosen values. HP 4156A parameter
analyzer was used for all dc characterizations.

III. RESULTS AND DISCUSSION

At room temperature, the devices have high normalized
ON-current (Ips at Vpg = Vgg = 1.2 V) of ~0.68 mA/um
(normalized to wire thickness of ~7 nm, as shown in the
inset of Fig. 1), Vg ~ 0.2 V, and subthreshold swing (SS) of
~68 mV/dec. Low drain-induced barrier lowering (DIBL) of
~10 mV/V is obtained, with Ionx/Iorr > 10° and low gate
leakage of ~2-5 pA at room temperature. These results are
similar to those reported on nanowire omega-gated FETs by
Yang et al. [2] (e.g., body of ~10 nm, SS of ~75 mV/dec, and
DIBL of ~80 mV/V) and more recently by Suk et al. [3] on
~10-nm twin wires (e.g., ~70 mV/dec and ~20 mV/V).

When the temperature is reduced, interesting results are ob-
served. Fig. 1(a) shows the measured Ips—Vgg characteristics
with Vpg = 50 mV at different temperatures in both linear and
log scales to delineate the subthreshold and strong inversion
regions. Similar to the low-temperature effect in bulk devices
in the subthreshold region [12], Ipg reduces as temperature
decreases on account of increase in Vry. However, even in
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Fig. 1. (a) Measured Ipgs—Vggs characteristics of ~7-nm triangular SINW
n-FET with effective gate length of ~300 nm at different temperatures (5 K,
37 K, 77 K, 137 K, 200 K, and 295 K) at Vpg = 50 mV. (b) Simulated
Ips—Vgs characteristics of the nanowire n-FET at different temperatures
using MEDICI for cylindrical cross section for a 300-nm-long device with
7-nm diameter at 40 K, 77 K, 137 K, 200 K, and 295 K. The inset shows the
TEM micrograph of the nanowire channel cross section along with gate oxide.

the strong inversion, the current remains lower at lower tem-
peratures than that at higher temperature, as can be seen from
the linear scale. This is contrary to the intuitive expectation,
since the increase in mobility (upn) from reduced phonon
scattering would be expected to enhance the current at lower
temperatures which is supported by MEDICI computation of
the Ips—Vgs characteristics at Vpg = 50 mV using cylindrical
coordinates [13] shown in Fig. 1(b). Modified local DOS model
for inversion channel, Lombardi’s mobility model, and incom-
plete ionization to account for carrier freeze-out have been
used. These simulated characteristics show a behavior similar
to that of bulk MOSFET. Subband splitting is not captured
in MEDICI simulations, and therefore, we speculate that, in
strong inversion, the measured lower values of the linear region
current at low temperatures in nanowire MOSFET are due to
intersubband scattering on account of quantum-confinement
effects.

To explore the quantum-confinement effects, we consider the
Schrodinger’s equation in cylindrical coordinates [14].
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Fig. 2. (a) Discrete energy levels for different diameters of the nanowire from
solution of Schrodinger’s equation. (b) Effective mass DOS in the nanowire
with 7-nm diameter. The total carrier concentration as obtained from the
integration of the product of Fermi-Dirac distribution function and DOS as
a function of Fermi level is also plotted at 10 K and 300 K.
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where “m” is the angular quantization index arising due to
cylindrical symmetry. Equation (1) has a solution in terms of
Bessel’s function of the first kind with energy Eigenvalues
given by

h? 9
7 Amn- (2)

Em n = 5_ - 9
8mm*rg

s

Here, A, is the n*® root of m™-order Bessel’s function.
Fig. 2(a) shows the discrete energy levels E,, , for different
diameters of the nanowires, clearly showing the increase in
separation of energy levels with decrease in the diameter. We
observe that the discrete energy levels differ by as much as
50 meV for a nanowire of ~7-nm diameter. Similar results are
reported in [15]-[17].

Furthermore, we calculated the total carrier charge in channel
per unit length as

n:/Dwﬁme 3)
E.
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where f(E) is the well-known Fermi-Dirac distribution func-
tion, and D(E) is the effective mass DOS given by

1 2m* 1
D(E) = ) 4
(E) 7Apw VB2 \| E—Ep @)

For ~7-nm-thick nanowires, we have chosen 0.2mg as the
effective mass [18], [19] for DOS calculations, where my is
the rest mass of electron. The DOS and total charge per unit
length are plotted in Fig. 2(b). We plot the carrier charge as a
function of Fermi level, the range of which is decided by Vg
as we did not solve the Poisson’s equation simultaneously with
Schrddinger’s equation. Such an approach is frequently used
in calculating the gate charge in carbon-nanotube FET devices
[20]. Interestingly, the total carrier charge increases monotoni-
cally with the Fermi level at all temperatures. This implies that
the appearance of the valleys in the drain current with increas-
ing gate bias at 5 K and 37 K is mainly due to nonavailability of
allowed states for the carriers to participate in current conduc-
tion until the next subband is brought within the thermal energy
vicinity at that temperature. In other words, the intersubband
scattering [10] is very strong at these temperatures. While the
valleys in the drain current disappear at temperature beyond
77 K, the magnitude of the current increases with temperature
up to 200 K. This can be ascribed to the reduction in inter-
subband scattering with increasing temperature. The decrease
in current with further increase in temperature to 295 K is
due to the diminished value of phonon-limited mobility .
Thus, the impact of the intersubband scattering vis-a-vis fipn
becomes less significant as the temperature increases. It may be
worthwhile to note here that, due to smaller separation between
the energy eigenvalues when the channel cross sections are
wider (~0.15 meV for 45 nm x 82 nm [10]), the intersubband
scattering may not be as significant.

When we plot the total carrier concentration in the cross-
section of the nanowire as a function of Er, the data seem
to vary in somewhat steplike manner due to the fact that
the effective mass DOS increases steeply as the energy level
approaches E,, , eigenvalue. The self-consistent solutions at
room temperature [15]-[17], however, do not show such be-
havior, as the total charge in the nanowire is expected to vary
smoothly with increasing gate voltage. The carriers are able to
occupy higher subbands due to higher values of thermal energy
which broadens the tail in the Fermi-distribution function.

As Vpg increases, the drain current reverts back to the
behavior similar to that of bulk MOSFETs—the lower the
temperature, the higher the Ipg, as shown in Fig. 3. The reduced
impact of the intersubband scattering at higher drain voltages
can be understood by the fact that the electron quasi-Fermi
level in the channel changes at the rates of ~160 ¢V /nm and
~4 mV/nm at Vpg = 50 mV and Vpg = 1.2 V, respectively.
As the higher subbands come in spatial vicinity due to the fast
spatial variation of electron quasi-Fermi levels, the effect of the
intersubband scattering is reduced at higher Vpg, leading to a
qualitatively bulk-type low-temperature behavior. These inves-
tigations indicate that the effect of the intersubband scattering
can be paramount, particularly at low Vpg and low temperature,
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Fig. 3. Measured Ipg—Vas characteristics of ~7-nm triangular SiNW
n-FET with effective gate length of ~300 nm at different temperatures at
Vps =12 Vat5K, 37K, 77 K, 137 K, 200 K, and 295 K.

and should be considered up-front in the analysis, e.g., for
model development.

IV. CONCLUSION

This letter reported the impact of low temperature on
carrier—transport behavior, along with the discussion of
quantum-confinement effects, for GAA n-MOSFETs with
~7-nm wire channel. Ipg in strong inversion region at low Vpg
(£ 50 mV) was found to decrease with decreasing temperature,
whereas at higher Vpg (e.g., 1.2 V), Ipg increased with reduc-
ing temperature. The effect of enhancement of mobility with
decreasing temperature at low Vpg is observable only down to
200 K. This has been speculated to be caused by the quantum-
confinement effects leading to subband splitting, giving rise to
a strong intersubband scattering which, however, diminishes at
higher Vpg.
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