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ABSTRACT

We anallyze the performance of a recently reported Ge/Si core/shell nanowire transistor using a semiclassical, ballistic transport model and

an sp3d®s* tight-binding treatment of the electronic structure. Comparison of the measured performance of the device with the effects of
series resistance removed to the simulated result assuming ballistic transport shows that the experimental device operates between 60 and

85% of the ballistic limit. For this ~ ~15 nm diameter Ge nanowire, we also find that 14 —18 modes are occupied at room temperature under
ON-current conditions with  Ion/lore = 100. To observe true one-dimensional transportina ~ [11000Ge nanowire transistor, the nanowire diameter
would have to be less than about 5 nm. The methodology described here should prove useful for analyzing and comparing on a common

basis nanowire transistors of various materials and structures.

Semiconducting nanowire transistors are attracting attention We analyze the performance of a NWFET by comparing
due to their potential applications such as electrdnicand the measured current vs voltage-¥) characteristics to a
biomolecule detectiof? Promising device performance has theoretical model of a ballistic nanowire MOSFET. This
recently been reported foriand Gé nanowire field-effect  semiclassical, top-of-the-barrier model requires as inputs the
transistors (NWFETS). High hole/electron mobilities, large electronic structure of the nanowire and the gate and drain
ON-currents, largdon/lorr ratios, and good subthreshold  capacitance® To obtain the bandstructure of the Ge
swings have been reporté&>°® These device performance nanowire, we assume an unrelaxed nanowire atomic geom-
metrics provide important measures of progress as deviceetry with bulk atomic positions and construct the Hamiltonian

fabrication technologies are being refined, but it is still 4 the nanowire unit cell using the orthogonal-basiiég
unclear how measured results compare against theoreticalight-binding method developed for bulk electronic struc-

expectations, how to compare the results from different y, 011 Each atom is modeled using 10 orbitals per atom per

experiments, and how to assess nanowire transistor perfor'spin (20 orbitals per atom total). The parameters in this tight-

mance against that of state-of-the-art silicon metal oxide bindi . . .
. L inding model were fit by a genetic algorithm to reproduce
semiconductor FETs (MOSFETS). Mobility is commonly the band gap and the electron/hole-effective masses in the

used as a device metric, but it is not a well-defined concept _. 1 : o
) different valleyst! The simulated nanowire is assumed to
at the nanoscale, and its relevance to nanoscale MOSFETs . = . . .
e infinitely long, and the nanowire surface is taken to be

is unclear. It is more appropriate to compare a nanoscale . . .
bprop b passivated by hydrogen atoms, which are treated numerically

MOSFET against its ballistic limit. In this letter, we do so , hvd o del of the swbridized
by analyzing the performance of a recently reported Ge/Si using a hydrogen termination model of the’ $ybridize

) > e .
core/shell NWFET. interface atom&? This techmque has been reported to
successfully remove all the interface states from the band
* Corresponding author. E-mail: elelg@nus.edu.sg. gap?? Although no relaxation or strain effects are included,
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C; =Cg+ Cp + Cs (1c)

The gate insulator capacitance is the most critical param-
eter in this model. The maximum capacitance would be
achieved in a cylindrical gate geometry, as shown in Figure
2a. For top-gated devices, however, a half-cylinder geometry
as shown in Figure 2b may be a closer approximation to the
actual structure. We used the finite element package,
FEMLAB, to compute the theoretical capacitance for such
2 T T a structure. In practice, the actual capacitance may be difficult
(C) to estimate because of uncertainties in film thicknesses and
in the geometry of the gate stack. Measurement of the actual
gate capacitance on the specific device being analyzed would
be the best procedure, but such measurements are difficult.
(Very recently similar measurements on a carbon nanotube

transistor have been report& Accordingly, we will con-
| Bulk 0.664ev =~ T sider both the cylindrical and half-cylindrical geometries in
0.5 . . the analysis that follows. The uncertainty in gate capacitance
. is one of the most significant contributions to the error bars
Diameter [nm] for our analysis.

Figure 1. (a and b) Electronic structure of tiz= 5 and 15 nm The Poisson’s potentialdscy is equal toUg(N — No),
[100cylindrical Ge nanowire, respectively. (c) Band gép as whereUg = ¢/Cs is the single electron charging enerdyg,
fun(_:tion of diameter fo_r a cyIindricaﬂll_(]ZIG_e-nanowire where andN are the number of mobile carriers at the top of the
Eo is taken at thel-point of the 1D Brillouin zone. When the o e ot equilibrium and under applied bias, respectively,
diameter of the nanowire is less than 5 nm, the band gap shows a . . .
significant increase. and Cy is the total capacitance. The carrier density,

moreover, can be directly computed from the previously
| determinedE—k relations,

Energy [eV]

sp3dSs*

Eg atr[eV]

that the electronic properties of the nanowire should be wel
described by this tight-binding approach.

Parts a and b of Figure 1 display the computed band N = J‘“’ ﬂ‘[f(E(k) + Uy — EQ) +f(E(K) +
structure for 5 and 15 nm diamet@)([11000Ge nanowires. o
Because of quantum confinement, the direct band gap at the User — B + aVp)] (2)
T'-point (projection ofL valley of bulk Ge bandstructure) of
the nanowire is larger than the indirect band gap of bulk Ge where f(E) is the Fermi function andes is the chemical
and increases as the diameter of nanowire decreases, agotential in the source region. Iteration betwé¢and Us
shown in Figure 1c. A similar phenomenon in Si nanowires is repeated until the self-consistency reaches convergence.
has been theoretically predicted by different studtésThe The NW MOSFET current is then evaluated using the
results shown in Figure 1c indicate that, in order to see semiclassical transport equation in the ballistic limit:
significant quantum confinement effects, the diameter of the
nanowire should be smaller than about 5 nm. 20 oo

To simulate the ballisticl—V characteristics of NW I= quuscde[f(E —EBE) —fE-Es+awp)l (3)
MOSFETs, a semiclassical top-of-the-barrier MOSFET

model was usetf In this model, a simplified three-dimen-  \jore details of this model can be found in refs 10 and 17.
sional self-consistent electrostatic model including quantum Using the techniques described above, we analyzed the
capacitance effects is coupled with a ballistic treatment of performance of a recently reported Ge/Si core/shell nanowire
hole transport. Three-dimensional electrostatics is describedreT 1 The nominal diameter of the Ge corels= 14.7 +
by a simple capacitance mod€IThe capacitors represent 2 nm, and the axial crystallographic direction of the nanowire
the electrostatic coupling of the gatéd), drain Cp), and  js along1100 The gate insulator consists of a layer of HfO
source terminals(s) to the top of the potential barrier at deposited by atomic layer deposition, a Sitive oxide
the source end of the channel. These capacitors control thQayer, and the depleted silicon shell layer. Any doping of
subthreshold swings, of the transistor and the drain-induced the silicon shell layer would simply shift the threshold
barrier lowering (DIBL) according to voltage of the device, but threshold voltage differences are
removed by the analysis procedure. The thickness of each
Co _ 2.3gT/q insulator shell in this simulated device is taken to be 4 nm,
C_z -~ s (1a) 1 nm, and 1.7 nm for Hf@(x = 23), SiQ (x = 3.9), and Si
C, 2.3,/ (k = 11.9) shell, respectively, as determined from the
b DIBL (1b) fabrication process. The nanowire sits on a 50 nm thick layer
Cs S of SiO, on top of an n-type silicon wafer doped with
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10 o=

resistivity less than 0.0082cm. Using these numbers, we

obtain a gate insulator capacitance as €.€¢ < 10.7 pF/

cm. The device to be analyzed has a channel length of 190__ 4 F===5===

nm. For details of the fabrication process and device E.

structure, see ref 1. )
Because of uncertainties in threshold voltage caused by—D 10°

charge at the dielectric/semiconductor interface and the work

functions of different gate electrodes, it is not advisable to

compare —V characteristics of devices directly. It is prefer-

able to comparédon Vs lon/lorr at a fixed drain voltagé?

To generate such a curve from measurements or theoretica

calculations, the supply voltag¥pp, is first specified. For

this analysis, we tak&pp = 1 V. From the measured or

calculated drain current as function \g&s for Vps = Vo, 100
we extracton Vs lon/lorr by defining a “window”Vpp volts

wide and superimposing it on tHe-V characteristic. We 801
then read oy from the left side of the window ani@grfrom [

the right side. By sweeping the window across the entire —— 60

|-V characteristic, we produce a plot kfy vs lon/lorr 3
Figure 3a shows the experimentally measured (symbols) =z 40}

IpsvsVgatVp =1, 0.1, and 0.01 V. The subthreshold swing —

atVp = 1 V is 100 mV/decade. The DIBL is obtained as 20}

150 mV/V from the horizontal displacement in thig = 1

and 0.1 V curves alp = 0.1 uA. The series resistance of 0 . .

this device can be obtained from tbgperimental g vs Vg 10" 10° 10°
characteristic at a low drain bias ¥, = 100 or 10 mV. lon/lorr

The inset of Figure 3a shows the measured device resistance,
Rsp = AVpg/Alps, as a function of-Vg for Vp = 0.1 V and Figure 3. (a) Experimental measurements (symbols) dflad]
10 mV. The saturation value dRsp = 5.6 kQ appears Si/Ge core/shell nanowire MOSFETps as a function oVg at Vp

' _ _ . o . =1, 0.1, and 0.01 V. The vertical dashed lines show thg V
betweenVG_ =0 tc_) Ve=-1V and IS th_e senes reS|st.ance window used to obtain the dependencédafon lon/lorrin Figure
of .the device. This parameter is use_d in the calculations 0 31, On the basis of the datad§ = 1 V, S= 100 mV/decade can
adjust the voltage drop from the drain to the source as well be determined. Using the data ¥ = 0.1 and 0.01 V, the

as from the gate to the source, although the channel is stilldependence dRsp onVp can be calculated (inset). The flat region
assumed ballisticity. of Rsp can be attributed to the series resistancé/gt 0, Rsp =

. : . 5.6 KQ). The solid line shows the simulated transfer characteristics
Figure 3a also shows the comparison of the device transferof a 13 nm Ge nanowire MOSFET with a half-cylindrical gate. (b)

characteristics between the experimental data (symbols) ofsimylated ON-current véon/loee for a 1100Ge NW MOSFET

this Ge/Si core/shell FET and the simulated ballistic results with Rsp = 5.6 KQ in comparison with experimental data
(solid line) of a 13 nm diameter Ge nanowire MOSFET with (triangles). Solid and dashed lines present the simulated ballistic
a half-cylindrical gate. The Fermi level at equilibrium is set results withD = 17 nm andCs = 10.7 pF/cm, and = 13 nm

to 1.1 V below the top of the valence band of the nanowire. andCe = 6.9 pF/cm, respectively.

The experimental data is slightly larger than the theoretical, device performance and reduce the currents in realistic
ballistic calculations below the threshold because the tun- devices.

neling currents are not included in the semiclassical, ballistic  The ambipolar behavior displayed in Figure 3a raises the
transport model. At the device's ON-state, however, the possibility that this device is a Schottky barrier FET. The
simulation results are larger than the experimental measure-top-of-the-barrier models we use to analyze the data assume
ments, which we attribute to the inelastic scattering processesMOSFET-type operation in which the source can supply any
in the device. The scattering processes will degrade thecurrent that the gate demands. Using an approach proposed
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by J. Appenzeller et al2*°we estimate that the barrier height 100 — .

. . . . -w—cylindrical gate capacitor
of this device is only 30 meV, which may be small enough goll —e—half-cylindrical gate capacitor 4
to ensure MOSFET-type operation.

Figure 3b compares the simulatkg vs lon/l orr for two g 8o T
ballistic Ge NW MOSFETs with a series resistance of 5.6 — 20 |
KQ as compared to the experimental measurements (tri- Fol
angles). Because of uncertainties of the experimental device - 60 )
structure, two cases were considered. The solid line presents 50 4
the maximum estimated ballistie-V of a Ge NW MOSFET (a)
with a perfectly cylindrical gateGgs = 10.7 pF/cm) and the 40 5 10 15
largest estimated diameter wifh = 17 nm, whereas the Diameter [nm]
dashed line presents the minimum possible ballisti¥’ of 10
a Ge NW MOSFET with half-cylindrical metal gat€f = $
6.9 pF/cm) and the smallest possible diameter With 13 R
nm. Our analysis shows that this nanowire transistor operates £
between 60 and 85% of the ballistic limit lafw/l orr = 100. o) 6
Even with the most conservative assumption of a cylindrical O 4
gate, the device appears to operate rather close to the ballistic 'g
limit, while the more reasonable assumption of a half- 3 2
cylindrical gate suggests that this device operates at its o

ballistic limit. 0

To gain further insight into the performance of this device,
we first study the effects of the diameter of the nanowire

and the shape of the gate on device performance. Figure 442igure 4. () lon atlow/lorr = 100 vs the nanowire diameter for

h fixedlon/ - h ire di he different gate shapes. The device performance monotonically
showslon at a fixedlon/lorr = 100 vs the nanowire diameter  jhcreases with the diameter of the nanowire when the diameter of

for two different shapes of the gate. We found that ON- the nanowire is larger than 5 nm. When it is smaller than 5 nm,
current of nanowire MOSFETs monotonically increases with however, the device performance is enhanced due to the light-hole

the diameter of nanowire. This occurs because the subband'€avy-hole splitting caused by the quantum confinement effécts.
separation monotonically increases as the diameter of the(b) Dependence of the number of modes involved in carrier transport

. . . on the gate voltage for the 3 nm (dashed) and 17 nm (solid) diameter
nanowire decreases, and the insulator capacitance alsge nanowires undevps = 1 V. The outside shells, Si, Sicand

monotonically decreases as the nanowire diameter decreasesifO,, remain constant, and the Fermi level is set to 100 meV above
These two effects reduce the number of modes involved into the first valence subband for both cases in this simulation. Compared
carrier transport for the smaller diameter nanowires. When t©© @ large diameter nanowire such as 17 nm diameter one, the small

. i diameter nanowire (3 nm) is relatively feasible to observe true 1D
the diameter of the na.nOWIre IS smaller_than S _nm,_however, transport at room temperature due to the larger subband separation.
the ON-current at a fixedlon/l or Starts increasing instead

of decreasing. This unusual effect is due to the light-hole  device, the maximum and minimum possible number of
heavy-hole splitting? which causes the hole-effective mass gypbands dropping betwedh, and Eis — qVp under ON-
of the first few subbands to become lighter, which enhances ¢yrrent conditions foton/lose = 100 was determined to be
the device performance. Similar phenomena have beenjg modes and 14 modes for the 17 nm diameter nanowire
predicted in ref 13. Finally, by simulating a device with jth a perfectly cylindrical gate and the 13 nm diameter with
different gate capacitance (by changing the gate shape as iy half-cylindrical gate, respectively. The results show that,
Figure 4a or by changing the insulator thickness) for a given aithough conduction in this NWFET is not one-dimensional,
Voo, the number of subbands populated and the ON-currentg rejatively small number of modes carry the current.
with increase withCe. To observe true 1D transport at room temperature, the
Second, the number of modes involved in carrier transport, diameter of Ge nanowire MOSFET should be relatively
i.e., the number of modes betweEg andEis — qVp vs gate small, such as 3 nm as shown in Figure 4b. For a large
bias was studied for two different nanowire diameters. The diameter (17 nm) nanowire MOSFETs, the number of
outside shells, Si, Si§) and HfGQ, remain constant (same populated modes increases quickly as soon as the device turns
geometry as described above), and the Fermi level is set toon. In the 3 nm case, however, the number of populated
100 meV above the first valence subband at equilibrium for modes increases slowly &% increases, which provides a
all cases in this simulation. Figure 4b shows the number of larger voltage margin to observe true 1D single-subband
populated modes V8¢ for a small diameter (3 nm) and a carrier conduction compared with larger diameter nanowires.
large diameter (17 nm) Ge nanowire MOSFET with a Because scattering was not included in our ballistic simula-
perfectly cylindrical gate undévps = 1 V. We found that tions, we expect that more subbands would be populated for
the number of populated modes strongly depends on thea given ON-current in actual devices. On the other hand,
nanowire diameter and decreases as the diameter shrinkshe number of populated modes would be overestimated by
because of the larger subband separation in wires withthe ballistic simulation in the case of a given gate voltage.
smaller diameter. According to the geometry of the measured This occurs because, under modest drain bias in the ballistic
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