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Abstract

ITI-V nanowire transistors are compelling for high performance applications. The
higher carrier mobility compared to Si enables high current at low operating volt-
ages. The nanowire structure facilitates multiple gate configurations such as tri-
gate or gate-all-around geometries, which has improved electrostatics compared to
planar devices.

In this thesis the performance limit of a tri-gate nanowire MOSFET has been
explored. Performance metrics such as g,,, g4 and fr has been investigated with
the help of a 1D non-parabolic ballistic transistor model. The non-parabolicity
factor « is found from k-p theory and helps to more accurately predict the behavior
of electrons which are far from the bulk band edge in an effective mass model. The
ballistic current is calculated from a top of the barrier model and the charges in
the channel are evaluated by integration of the density of states (DOS) multiplied
by the Fermi-Dirac distribution. An attempt to approximate this calculation by
shifting the Fermi level and take advantage of the fact that that the Fermi-Dirac
distribution is a step function at 0 K is presented. Trans-capacitances such as Cy,
and Cyq are evaluated and discussed for different approximations of the potential
along the channel. Their dependence on dimensions such as nanowire width and
gate length are also discussed. The model predicts non zero intrinsic capacitances
even at zero gate bias because of charges present in the channel which are not a
part of the current but has an influence on the capacitances. Finally the model is
compared to some experimental data of a lateral InGaAs nanowire MOSFET.
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Popularvetenskaplig Sammanfattning

Prestandautvecklingen av integrerade kretsar de senaste 40 aren kan framst tillskri-
vas nedskalningen av transistorer. Transistorn &r det grundliggande byggblocket
i all dagens elektronik. Transistorn fungerar som ett elektriskt reld som anvinds
for att styra strommar. Transistorn bestar framst utav tre stycken elektroder som
kallas gate, source och drain. Mellan source och drain finns dér en kanal vars
resistans kan styras utav den spadnning som laggs pa gate-elektroden. P& detta
sitt kan strommen genom transistorn styras till att vara av eller pa.

Nedskalning till nanoskala av dessa transistorer féorbéattrar manga av dess egen-
skaper, sa som lidgre energiférbrukning, anvindning vid hogre frekvenser och har
dven gjort det mojligt att integrera miljardtals transistorer pa ett och samma
chip i till exempel en processor (CPU). Traditionellt sett har transistorer byggts
utav kisel som har manga bra egenskaper for d&ndamalet men idag hindras fort-
satt nedskalning av fysikaliska begrénsningar hos materialet. Mycket forskning
inriktar sig darfor pa utveckling av transistor utav andra material, ett av dessa
materialen &r I11-V halvledare, till exempel InAs eller InGaAs. Dessa material har
egenskaper som kan leda till snabbare transistorer och ldgre energiférbrukning.
ITI-V halvledare kan anvéndas for att bygga sa kallade nanotradar som bara &r
ett tiotal nanometer i diameter. Geometrin av dessa strukturer gor det relativt
latt att bygga komponenter déar gate-kontakten paverkar kanalen fran flera sidor,
vilket forbattrar transistorns egenskaper. Nar dessa nanotradstransistorer skalas
ner till valdigt korta gate-langder férvintas transportmekanismen att bli sa kallad
ballistisk, vilket innebér att elektronerna inte sprids utav potentialen fran atom-
erna i kanalen, utan passerar rakt forbi. Detta &r en idealistisk bild som sétter en
6vre gréins for hur bra egenskaper transistorn kan ha.

I det hér projektet har den maximala prestandan hos nanotradstransistorer un-
dersokts med hjilp av fysikaliska och ballistiska modeller och simuleringar. Pre-
standan har understkts beroende pa olika dimensioner av nanotraden. Kapaci-
tanser som har stor inverkan pa hur snabb transistorn &r, har utvirderats med
hjélp av olika modeller. Simuleringsresultaten jamfors ocksa mot uppmitt data
for att kunna avgora modellens tillforlitlighet. Modeller som beskriver hur nan-
otradstransistorer fungerar ar en viktig del i den fortsatta utvecklingen av dessa
komponenter.
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Chapter ]_

Introduction

The device component that can be found in nearly every electrical circuit is the
transistor, or more specifically the Metal Oxide Semiconductor Field Effect Tran-
sistor. The MOSFET is used in many different electronic applications, such as
signal and power amplification in analog circuits or as a current switch in digi-
tal circuits performing logic operations. Traditionally the MOSFET is built as a
planar structure with silicon as the semiconductor, as in figure 1.1. The device

Gate

p-type silicon substrate

Figure 1.1: Schematic of a typical planar n-channel MOSFET, built
on a p-type silicon substrate with n+ doped regions as source
and drain.

consists of three contacts named gate, source and drain. The current through
the channel between source and drain is modulated by the potential on the gate.
The gate is electrically isolated from the channel by an insulator, often an oxide.
The gate is therefore capacitively coupled to the semiconductor channel, and the
amount of charge carriers in the channel can thus be controlled by the voltage
applied to the gate contact. The channel can be in three different regimes de-
pending on the gate potential, called accumulation, depletion and inversion. In
accumulation the majority charge carriers are attracted to the semiconductor sur-
face, close to the interface with the oxide. In depletion the amount of these carriers
are instead vastly reduced. When the gate bias is above the threshold voltage Vr,
minority charge carriers are generated and the channel is inverted, hence inver-
sion is obtained. The amount of charge carriers available in the channel relates to
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the conductivity which is modulated by changing the height of an energy barrier
between the source and the drain. In a n-channel device, when the gate volt-
age is above the threshold voltage, the channel is inverted and electrons can pass
trough from the source to the drain. When the gate voltage is below the threshold
voltage, the energy barrier is very high and the current is close to zero. A well
designed MOSFET has a high enough energy barrier so the device can be turned
off. The off state leakage current between the source and the drain is important
to minimize, especially in digital circuits where the number of transistor on the
chip is very large. A well designed MOSFET should also have a good gate design
which effectively can lower the energy barrier and turn the device on, with a low
voltage swing. This is important to be able to operate the device at small supply
voltages, which is correlated with the power dissipation of the transistor. The gate
leakage current from the gate to the channel should also be minimized by using
appropriately thick oxide.

The performance of a MOSFET can generally be improved by decreasing the
distance between the source and the drain areas, in other word decreasing the
gate length. At very small gate lengths, the close proximity between the source
and the drain limits the ability of the gate to modulate the potential in the chan-
nel. These structures become susceptible to short-channel effects, such as Drain
Induced Barrier Lowering (DIBL) and threshold voltage roll-off. By instead adopt-
ing a tri-gate structure where the gate contacts the channel from three sides, the
short-channel effect are suppressed because of the better electrostatic control of
the channel. This enables more aggressive gate length scaling which can lead to
devices operating at very high frequencies.

The last 40 years the the development and performance improvement of the
MOSFET has been the main focus of the semiconductor industry. This can mainly
be attributed to the downscaling of the silicon MOSFETs. A shorter gate length
enables the use of higher operating frequencies but also increases power density.
The performance of today’s digital circuits are not gated by the transistor speed
but rather the power dissipation of the chip [1]. A lower supply voltage drasti-
cally decreases the power dissipation but at the same time the on-currents of the
transistor degrades. By using a material in the channel with higher carrier mo-
bility such as III-V semiconductors this issue may be solved. The high mobility
of these materials enables a reduction in supply voltage without a loss of perfor-
mance compared to the silicon channel device. For very scaled transistors where
the transport is close to fully ballistic, the high carrier mobility is translated to
high source-side carrier injection velocity [1]. For devices where the mean free path
of the carriers is longer than the channel, the transport is expected to be ballistic
or at least close to it [2]. In fully ballistic transport, the carriers do not scatter
inside the channel, compared to diffusive transport, where scattering occurs. This
means that the carriers will not change their velocity inside the channel, making
the injection velocity an important parameter [3].

The inherent shape of nanowires, coupled with the possibility to mix multiple
elements from semiconductors in group III and V, makes nanowires a compelling
system for designing high performance MOSFETs. However, this does not come
without issues, at short gate lengths thin nanowires are required to suppress the
short-channel effects. Usually, shrinking the nanowires degrades the mobility and
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the mean free path. This sets a high demand on the quality of the oxide and the
interface between the oxide and the channel [4].

In this thesis, a ballistic model is used to investigate the performance limits
of a tri-gate nanowire MOSFET structure. Metrics such as g,,, g4 and fr will
be evaluated, but the focus is on the trans-capacitances Cys and Cyq which has
a strong influence on the speed of the transistor. The amount of charges in the
channel will be calculated with different approximations of the potential along
the channel. The simulated capacitances are compared to measured data in order
to evaluate the model. These kind simulations are an important part for further
development and understanding of how the capacitances in 1D nanostructures
behave. Accurate device models are critical for optimizing nanowire MOSFET
fabrication and designs.

1.1 Performance Metrics

Different metrics which are used to compare the performance of MOSFETs are
introduced in this section. These metrics are important to able to build accu-
rate device models, and to understand the device performance and its use when
implemented in an integrated circuit.

The threshold voltage Vr, is the minimum voltage needed on the gate contact
to achieve inversion of the channel and turn the transistor on. The transistor is
off when Vgs < Vr.

The transconductance g,,, is defined as the rate of change of drain current
with respect to the gate voltage,

_ bIp
Im = Vs

This relates to how effectively the gate voltage modulates the energy barrier inside
the channel. The transconductance also sets the gain of the device. The output
conductance gg4, is instead the rate of change of the drain current but with respect
to the drain voltage,

_ dlp

~ 6Vps

It is generally favorable to keep the output conductance minimized. The intrinsic
voltage gain is defined as A, = gm/ga-

The transition frequency fr, is the maximum frequency of the input signal,
where the device still has current gain. The transition frequency for a well design
device with low g4 and low access resistance R; and Ry is,

gd

fr~—9m
271'(098 + Ogd)
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Chapter 2

Model Description

2.1 Introduction

The wave function for electrons in a semiconductor with an effective mass descrip-
tion is obtained by solving the Schrédinger equation.

h2

—5 = VPU() + U)¥(r) = E¥(r) (2.1)

Consider a 1D semiconductor wire where the electrons are confined in the x-
and y-direction but are free to move in the z-direction. The wave function of these
electrons is found by solving equation 2.1 by separation of variables [5]. If the
potential energy U(r) is constant the solutions are plane waves.

U(r) = @(2,) () = B(z,y) —m=e* (2.2)

1
VL.
The parameter L, is the normalization length. With the confining potential as a
square well with infinite height,

O(x,y) = VViWy sin (TIL;:) sin (?3:) (2.3)

The expression above leads to the kinetic energy of carriers E has a parabolic
relation to the wave vector k.

hk?

T ome

However, for electrons confined in a narrow channel by a large barrier height,

it is required to include the effects of non-parabolic bands. For high applied fields

or for very high carrier densities the electron energies may be far from the bulk

band edge and the parabolic band description does not provide sufficient accuracy
[6] [8]-

The 3D non-parabolic E — k dispersion is

(2.4)

k2

E(l1+aF) = Y




6 Model Description

where « is the non-parabolicity factor which can be found from k - p theory to be

[6]

*

1 m*\ 2
z—l——), 2.6
@ Eg< mo ( )

where E, is the direct bandgap. Following [7], for a nanowire with a hard wall

quantization in the x- and y-direction, the electron wave function is required to be

zero at the edges. For these boundary conditions we need k, = i+ and k, = 37
x y

where W, and W, is the width in their respective direction and n and m is the
indexes of the 1D sub-bands. Equation 2.5 can then be solved for the sub-band
energies at k, = 0.

En,m = (’Yn,m - 1)/20( (27)

20h%72 | n2 m2 /
Yn,m = 1+ m* [VV% + VVg] = 1+ 40[E£,m (28)

where EJ | is the sub-band energies in the parabolic bands. Comparing equation
2.7 and 2.8 with equation 2.5 we find that each sub-band has their respective
effective sub-band mass

with

*

mn,m = m*'yn,m (29)

and an effective sub-band non-parabolicity factor

Qpm = < (210)

n,m

Introducing non-parabolicity in the description of the bands increases the effective
sub-band mass with energy but the non-parabolicity factor decreases with higher
energy sub-bands.

The 1D density of states (DOS) per unit energy and length for each non-
parabolic band [7] is

Dyp(E) = S2my (14 20, mE) 2.11)
A /B + anmE) '

where the energy F is given with respect to the sub-band minimum F,, ,,. This
reduces to 1D DOS with parabolic bands if o = 0.

The density of states multiplied by the probability that a state is occupied
gives the carrier density. The probability that a state is occupied is described by
the Fermi-Dirac distribution

1
HEEr) = G momet 11 (2.12)
and the total electron line density is given by
ni(Ep) = Z/ Dip(E — (Ey+ Enm))f(E, Ep)dE. (2.13)

n,m Y Eo+En,m
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Source o . Drain
E Ballistic Device _
'FS Erp

Figure 2.1: Sketch of a ballistic device with source and drain con-
tacts which act as thermal equilibrium electron resevoirs.

2.2  Semiclassical Ballistic Current

It is assumed that strong scattering occurs in the source and drain contacts which
maintains thermal equilibrium, and the contacts acts as perfect absorbers of elec-
trons, see figure 2.1. Both the source and the drain injects a flux of electrons
into the device, some electrons reflects from the potential barrier in the device
and the rest enters the device and experience no scattering until they reach the
opposite contact. Tunneling and quantum reflections are ignored and the electrons
are treated as semiclassical particles.

Figure 2.2: The E — k dispersion at the top of the barrier shown to-
gether with the source and drain Fermi levels. All the positive
k-states (circles) are occupied according to the source Fermi
level and all the negative k-states (squares) are occupied ac-
cording to the drain Fermi-level.

The probability that a k-state is occupied is given by an equilibrium Fermi
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function [5], the system has two Fermi levels, one according to the source contact
and one according to the drain contact. The energy at the top of the barrier is
FEy. Because no scattering occurs, an electron can not change direction inside the
device. This means that all the positive k-states with energy above Ey must have
been occupied by injection from the source. Following the same argument, all the
negative k-states with energy above Ey must have been occupied by injection from
the drain side. For k-states with less energy that Ey both positive and negative k-
states are occupied, because the electrons can be reflected by the potential barrier.
These electrons will not contribute to the current through the device but they will
be important for the behavior of the capacitances. The position at the top of the
barrier is simple because all positive k-states are filled by injection from the source
and all negative k-states are filled by injection from the drain, see figure 2.2.

By using the top of the barrier model, the semiclassical current can be calcu-
lated. Starting by computing the electrostatic potential at the top of the barrier
[5].
onr(Ers) +nr(Erp)

QOins

The parameters ag, as and ap are coefficients that model the short channel
effects, C;,s is the insulator capacitance and EFrg and Egrp are the source and
drain Fermi levels respectively. The density of the electrons injected from the
source is half the electron line density (equation 2.13), because only the positive
k-states are occupied. The same argument is used for the electrons injected from
the drain, where only the negative k-states are occupied. The insulator capacitance
is modeled by,

Ey = —q(agVe +asVs +apVp) +¢ (2.14)

o NFinseins o 5/4€ins 5/4€ins
In (1+FMST£S) In (1—1—%) In (1—!—%)’

ins

(2.15)

which is an expression fitted (with fitting parameters N and Fj,s) to a numerically
calculated solution to the Laplace equation [9]. The parameter €;, is the dielectric
constant of the insulator, T;,s is the thickness of the insulator, W and Hg are
the width and height of semiconductor channel respectively. Finally the ballistic
current can be calculated by

Eps—Enm—Eg Eps—aVp—En,m—Eg
In(1+e kpT —In|1+e kpT . (2.16)

2.3 Trans-Capacitances

Ip = qu;lBT Z

n,m

The objective here is to calculate the number of electrons inside the channel and
evaluate how this number changes with applied voltage at different contacts. The
definition of trans-capacitances is

_ 9@
= o7

0Q
v,

Cii Ci; = (2.17)
where @ is the charge, V is the voltage, ¢ and j are indexes for the different

contacts (source, drain or gate). As a first approximation a constant potential
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along the channel is assumed. The total channel charge is then simply obtained
by multiplying the charge at the top of the barrier with the gate length. A better
approximation of the potential, 1(z) along the channel is obtained by using a
simplification of the analytic model in [10]

n by sinh[kq (Lg — 2)] + ¢1 sinh[k; 2]

v(z) = Vo sinh[k: L]

(2.18)

where L, is the length of the channel under the gate and z is the position along
the channel. With Vg, as the built in voltage we have

b1 =Vs+ Vg — Vg

(2.19)
c1=Vp+ Ve — Vg

The parameter k; can be found from 1/)\ where A is the natural length scale of a
tri-gate MOSFET [11]

1
Arg = 5 > (2.20)
S N (%)
(AFD(TS:HS)) Apc(Ts=Ws)
with
Ts sTins
Arp = | = | T, 4+ 255ins (2.21)
2 €ins
and
T, T;
Ao = | 5 <TS + 46"”””) (2.22)
€ins

Equation 2.20 is combination of the expression for the scaling length of a MOSFET
with one gate and MOSFET with two gates. When the width and the height of
the channel is comparable in size, both the vertical and horizontal electric fields
will influence the channel simultaneously. An example of the potential shape along
the channel can be seen in figure 2.3.

Using equation 2.13 the electrons injected from the source side with energies
higher than FEj; as function of position z is modeled by

Q=03 [ DB B VDI Ers)iE (229

with AFEg;, = Eo — ¥(z) and ¢ is the elementary charge. The division by two is
because only half of the k-states are occupied (the positive ones). Electrons with
less energy than Fjy does not contribute to the current but is still important for
the capacitance, these are described by

U(2)+En,m+AFEkin

QQ(Z) =q /1/;( \+E DlD(E - En,m - w(Z))f(E,Eps)dE if z < zg
n,m z)+En m

(2.24)
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1) (ev)

Figure 2.3: Sketch of the conduction band edge with Vg = 0...1V
and Vpg = 0.5V for a device with Ly = 30nm. Increased gate
bias pulls down the energy of the top of the barrier.

and Q. = 0 for z > zy where z is the position in the channel where Ej occurs,
see figure 2.4. The total charge from the source side as a function of position is
the sum of the charges with energies higher and lower than FE.

Qs(z) = Qs(2) + Qi(2) (2.25)

The equations for the electrons injected from the drain side are very similar,
the only difference is that the drain Fermi level Erp = Erg — ¢Vp is used,

o0

1
Qu(=) = a3 / Dip(E = Bun —(2)f(E, Erp)dE  (2.26)
nym Y ¥ (2)+En m+AEkin

Y(2)+En,m+AEgin
OES /w( . Dip(E — Epp — () f(E, Erp)dE if = > 2
n,m z)+En,m

2.27
and Q) = 0 for z < zp. The total charge from the drain side as a functi(on o)f
position is
Qp(2) = Qa(z) + Qy(2) (2.28)
To get the total number of electrons which are inside we integrate equation
2.25 and 2.28 over the total gate length as

LEI
QSiotar = /0 Qs(z)dz (2.29)
and .
QDorar = / Qp(z)dz. (2.30)
0

Finally the total charge in the channel is

QGtotal = Qstotal + QDtotal' (2'31)
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Lrs

0 Z0

Figure 2.4: Sketch of the energy band diagram with Vpg >> 0.
The source is at z = 0 and the drain is at z = L,;. The E — k
dispersion shows electrons injected from the source, above Ej
only the positive k-states are occupied and below Ej both nega-
tive and positive k-states are occupied, the negative k-states are
occupied by electrons which has been reflected at the potential
barrier.
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All the trans-capacitances can then be computed by using the definition of trans-
capacitances (equation 2.17).

2.4 Fermi Level Adjustment

Computing the amount of charges with equation 2.29 and 2.30 involves solving
an integral over the 1D DOS multiplied with the Fermi function several times for
each position z along the channel, this is of course a heavy computational tasks
which is time consuming. An attempt to reduce the amount of numerical integrals
that has to be solved will now be discussed.

At T = 0K all states with lower energy than the Fermi level are occupied and
all states with higher energy are empty. So the Fermi function is a step function
at T = OK, this simplifies equation 2.13 for each sub-band

Er V2mf  (L 4200 (B — En )
Enm ﬂ-h\/(E - En,m)(l + anm (E - En,m))

and ny, = 0 for energies above Er. This expression can be solved analytically to
obtain

nLuhﬁ::2iég?ﬁﬁvkEp4—E¢m00;+anmepA—Emm». (2.33)

So in order to take advantage of this analytic expression for 7" > OK, the Fermi
level needs to be adjusted. The source side is used as an example, the adjusted
source Fermi level is obtained by setting the carrier density injected from the source
evaluated from equation 2.13 equal to the injected carrier density according to the
analytic expression in equation 2.33 and solve for Ep

2 2
1 1 1 whnrg

Erse — Epm = — . 2.34

s ’ 2an,m * <205n,m,> * Onom (2\/ 2m*> ( )

The carrier density originating from the source is nyg which is half of the carrier
density from the general expression in equation 2.13 because only the positive k-
states are occupied. When the adjusted Fermi level is known the charges injected
from the source can be calculated as

\/(EFSa - En,'rn - ¢(Z))(1 + a7z,m(EFSa - En,m - ¢(Z)))

2 *
Qu() =gy Y

~\/(Bo + Bun)(1+ o (Bo + Eum)) |- (235)

Similar expressions are used for the charges injected from the drain side, but nyp
is used instead of npg is equation 2.34. Any approximation for charges with energy
less than Ey has not been implemented in this thesis work.
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Simulations & Analysis

3.1 Introduction

In practice a source Fermi level is assumed, then equation 2.13 and 2.14 are solved
by multiple iterations until convergence for a given gate and drain voltage. The
coefficient a, ag and ap that model the short channel effects are obtained from
the rate of change of the energy at the top of the barrier from equation 2.3 at
Ves = Vps = 0.5V. The fitting parameters used to calculate C;, in equation 2.15
are N = 3.05 and Fj,s = 0.95 [9]. When the energy of the top of the barrier Fy
compared to the source Fermi level is known, the drain current is then computed
from equation 2.16. In order to obtain the amount of charges in the channel,
the expression for the potential along the channel in equation 2.3 is fitted so the
maximum potential ¥ (zp) is equal to Ey. Then equation 2.29 is used to compute
the source charges and for the drain charges equation 2.30 is used.

3.2 Drain Current and Transconductance

Simulations of the drain current and transconductance for a rectangular InAs
nanowire MOSFET is shown in figure 3.1. The bandgap is £, = 0.36 eV and the
effective mass m* = 0.023mg. Both the width and the height of the wire is 10 nm
and the gate length is L, = 50 nm. The insulator thickness is set to ¢;,s = 3 nm
with a dielectric constant of €;,s = 20. The threshold voltage is adjusted so the
off-current is 100 nApm ™' at Vgg = 0 V. In the g, plot, the onset where new
sub-bands is starting to conduct current can be seen even for this simulation at
T = 300 K. At lower temperatures these features would have been much sharper.
Keep in mind that these are ballistic simulations where all scattering is neglected,
which of course is not true for a real device. But ballistic transport sets an upper
limit on what device performance can be expected from the device.

3.3 Trans-Capacitances
Simulations of Cys for the same InAs nanowire MOSFET, with L, = 30 nm

and Vpg = 0.5 V are shown in figure 3.2. The three different data sets a) - c)
corresponds to different ways to treat the charges and the potential profile inside

13
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Figure 3.1: (a) Simulated ballistic drain current Ip and (b)
transconductance g,, for an InAs nanowire MOSFET with
W, = Hy, = 10 nm. Normalization is done using the total
gated perimeter (W + 2H,).

the channel. The simplest approach is to approximate the potential along the
channel to be constant, this is shown in data set a). Because of the flat potential,
the onset where each sub-band starts to be occupied with electrons can clearly be
seen, and the capacitance follows the 1D DOS.

In data set b) the potential is modeled as in equation 2.3, but excluding the
charges with energy lower than the energy at the top of the barrier, Ey. Now the
bands bend down to lower energies close to the source and drain contacts which
means that the electrons will have a higher velocity, and less charges will be inside
the channel. This gives a decreased capacitance compared to the first data set,
and the features of the DOS are more difficult to resolve.

Finally data set c¢) also includes the electrons which are not a part of the
current, but are still present inside the channel and will influence the capacitance.
These are the electrons with energy lower than Ey. This model gives a higher
capacitance at lower voltages, because charges which are positioned at the source
and drain sides of the channel are still present, even below the threshold voltage.
This means that the device has an intrinsic gate-source capacitance even at zero
gate bias. There is two competing effects which explains the lower capacitance
at higher gate voltages. With increasing gate voltage the energy at the top of
the barrier is lowered and more electrons are injected into the device and filling
more sub-bands. The other effect is that with higher gate voltage the potential
becomes more flat and AE};, is decreased overall which decreases the amount of
charges with energy lower then Ejy. These are competing effects which lower the



Simulations & Analysis 15

capacitance at high gate bias. In this model the amount of the charges with energy
lower than Ej are overestimated because depletion of the source/drain contacts
are not taken into account.

5 x107
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Figure 3.2: Simulated Cy; of an InAs nanowire MOSFET with W, =
H, =10 nm and Ly = 30 nm. The three data sets corresponds
to different models of the potential /charges along the channel.

Simulations of Cy4q for the same device, with the same three data sets can
be seen in figure 3.3. The states with energy higher than E, are not filled by
injection from the drain side until the top of the barrier is close in energy with
drain Fermi level Frp. This happens at approximately Vps + E11 for a device
with zero threshold voltage and good electrostatic behavior. The small negative
capacitance seen in data set a) and b) is because the top of the barrier is slightly
lowered with a small increase in drain voltage. This happens because the amount
of carriers injected from the drain side (negative k-states) decreases, so the amount
of carriers from the source (positive k-states) has to increase to keep the device
charge neutral, due to this the top of the barrier has to be lowered. For gate
voltages above approximately Vpg+ F11 this effect is not seen because the amount
of charges injected from the drain side is much larger.

The charges with energy less than Ej are still present below Vg ~ Vpgs + E11
as seen in data set c¢). This means that the intrinsic gate-drain capacitance is
non-zero at Vgg = 0 V. The capacitance Cyq is overestimated as well because the
source/drain depletion is neglected.

By using the simple expression for the transition frequency fr =~ g, /27(Cys + Cga),
the plot in figure 3.4 is computed. The oscillations seen are originating from the 1D
DOS, with increasing gate voltage more sub-bands become occupied by electrons.
The onset of the sub-bands, where the DOS is high, gives a large peak capacitance,
hence a valley in the transition frequency. At low temperatures, with low distri-
bution of electron energies due to thermal effects, these oscillations would have
been even stronger. In data set a) and b) at voltages below threshold the fr is not
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Figure 3.3: Simulated Cyq of an InAs nanowire MOSFET with W, =
Hy, =10 nm and L, = 30 nm. The three data sets corresponds
to different models of the potential /charges along the channel.

going towards zero because Cys and Cyq are very small. In data set ¢), fr is going
towards zero at low gate voltages. Above threshold both the transconductance
and Cyq = Cys + Cyq are increased and fr is set by the ratio. The charges with
less energy than Ey are important to include in the estimation of the transition
frequency.

3.4 Comparison with Experimental Data

Measured Cy, and Cyq data from [12] is shown in figure 3.5 together with simulated
data. The device consists of 200 Ing g3Gag 37As nanowires with dimensions, W, =
25 nm, Hy; = 11 nm and L, = 32 nm. The bandgap used in the simulations is
E4, =0.75 eV and the effective mass used is m* = 0.041my.

The simulated Cy, seems to agree fairly well with measured data except for
the offset of approximately 5 fF. This is attributed to parasitic capacitances, Cys
present in the device which are not accounted for in the simulations. An increased
drain voltage means less charges injected from the drain, so the total gate charge
has a higher proportion of charges which originates from the source side. The
total gate charge thus has a stronger dependence on the source potential and Cy,
is increased with Vpg. In the simulations, this effect is weaker at low gate voltages
due to competing effect of charges below and above FEj is more in favor of the
charges below Ey because there is very few charges above Ey at low Vpg. As
stated before, the amount of charges below Ej is overestimated because the model
does not take source/drain depletion areas into account.

The simulated Cy4q does not include any parasitic capacitances which are
present in the real device and estimated to be approximately Cyq, = 5 fF. With
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Figure 3.4: Computed fr of an InAs nanowire MOSFET with W, =
H, =10 nm and L, = 30 nm. The three data sets corresponds
to different models of the potential /charges along the channel.

increased drain voltage, the gate voltage where the energy of the top of the barrier
is lower than the drain Fermi level is larger. This gives a lower Cyq for higher drain
voltages for the simulated data. The model greatly overestimated the gate voltage
dependence of Cy,, where as in the real device Cyq is nearly independent of the
gate voltage. This overestimation can most probably be attributed to neglecting
the depletion of the drain. In a real device, not all of the charges in the channel is
balanced by charges on the gate to make the device charge neutral, some of them is
positioned at the source/drain. This will make the band bend at the source/drain
and not all of the applied source/drain potential will shift the potential under the
gate.

In figure 3.6 computed fr is shown versus different amounts of added parasitic
capacitance, Cyq . The carrier ballisticity is a scaling of g,,, so for 50 % carrier
ballisticity, the transconductance is 50 % of the fully ballistic simulation. The
parasitic capacitance has a stronger effect on the transition frequency for a high
degree of ballisticity. Comparing to the measured results of fr = 230 GHz [12]
which is agrees reasonably well with a device with roughly 50 % ballisticity and
Cgg.p = 10 fF.

3.5 Scaling

Transcondcutance at Vgs = Vpg = 0.5V for a InAs MOSFET with W, = Hy, = 10
nm as a function of gate length is displayed in figure 3.7a. At large gate lengths
the gate has good electrostatic control over the channel and g,, is slightly above
6m.S/um. For short gate lengths the short-channel effects are not suppressed and
the device has poor gate control and the g,, suffers as a consequence. To improve
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Figure 3.5: Measured Cys and Cyy data from [12] together
with simulated data for four different drain voltages, Vps =
0.25,0.5,0.75,1 V.
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Figure 3.6: Computed fr at Vgs = Vpg = 0.5 V versus different
amounts of parasitic capacitance, Cyq . The carrier ballisticity
is 100, 75, 50 and 25 %, with fr being higher with a higher
degree of ballisticity.
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the electrostatics and hence the transconductance, the width and the height of the
channel need to be reduced.

The capacitances Cy and Cyq at Vgg = Vpg = 0.5V for different gate lengths
are shown in 3.7b. At these bias conditions nearly all of the injected charges in the
channel with energy higher than Fj originates from the source side and most of
the charges from the source has energy higher than Fy. With a longer gate length
more of these charges are situated inside the channel, hence the increase of Cys.
The majority of the charges injected from the drain has energy less than FEj, the
amount of these charges are nearly independent of the gate length.
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Figure 3.7: Transconductance (a) and Cys & Cyq (b) at Vs =
Vbs = 0.5 V as a function of Ly for an InAs MOSFET with
dimensions W, = H, = 10 nm.

The transition frequency, fr is shown in figure 3.8 with different amounts of
added parasitic capacitances Cyq , ranging from 0 to 3 fF for a device with 200
nanowires. With no additional parasitic capacitance the gain of a scaled device is
clearly seen. With added parasitic capacitance the improvements from the gate
length scaling are diminished. This happens because the intrinsic capacitances
are approaching the same magnitude or even become smaller than the parasitic
capacitances. For this reason fr is strongly limited by parasitic capacitances at
short gate lengths.

The output conductance gq is presented in figure 3.9. Worse gate control lead
to an increased output conductance at small gate lengths. The electrostatics can
be improved by scaling the width and the height of the nanowire towards smaller
dimensions. The intrinsic gain, g.,/gq at Vs = Vps = 0.5 V is shown in figure
3.10. At small gate lengths the output conductance is approaching the same order
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Figure 3.8: Simulated fr versus L, with different amounts of added
parasitic capacitance, Cyy, = 0,0.5,1,1.5,2,2.5,3 fF for a
device with 200 nanowires. The InAs device dimensions are
Wy =Hz; =10 nm.

as the mutual conductance and the intrinsic gain is small.

3.6 Evaluation of Fermi Level Adjustment Approximation

The gate charges of a InAs MOSFET with Wy = H, = 10 nm and Ly, = 30 nm
has been simulated in to different ways. Data set a) in figure 3.11 is obtained by
regular integration using equation 2.23 and 2.26. Data set b) is from equation
2.35 and the respective expression for the charges injected from the drain. Keep in
mind that the gate charge here is not the total gate charge because the electrons
with energy lower than Ej are not included.

When each higher sub-band starts to be occupied by electrons the approxima-
tion shows some discrepancy. This is because of the singularity in the 1D DOS
at the sub-band edge, this causes the adjusted Fermi level to be set a bit low, so
at other positions z in the channel the amount of charges will be underestimated.
When all charges at every z position is added, the total charge will then be lower
than computed by the integration. This discrepancy is seen at every sub-band
edge. When the source Fermi level is below Ej (at low Vigg) and there is a very
low charge in the channel, the error in the approximation is larger.
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Figure 3.9: Output conductance as a function of Ly(a) and as a
function of nanowire width W (b) at Vgs = Vps = 0.5 V for
an InAs MOSFET.
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H; =10 nm.
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Figure 3.11: Gate charge ), and total gate capacitance Cy, with
Vps = 0.5 V computed by a) regular integration and b) Fermi
level adjustment approximation.



Chapter 4

Conclusion & Outlook

In a ballistic top of the barrier model, even the charges which are not a part of the
current has a large influence on the capacitance behavior of the device. Simplifying
the potential along the channel to be constant works as a first approximation but
does not suffice for more accurate modelling which predicts that Cys and Cyq are
non zero at zero gate bias. The importance to include these charges is further
emphasized by the unrealistic fr at low voltages if they are excluded.

Scaling the gate length and keeping short-channel effects under control by
scaling the width and height of the nanowire is important for designing devices
with large fr. The RF-performance is strongly limited by parasitic capacitances
for short gate lengths when the intrinsic capacitances are becoming very small.
Transistors designed with minimized parasitic capacitances in mind is thus very
important for high speed devices. The Fermi level adjustment approximation has a
reasonable agreement , though it shows some discrepancy close to sub-band edges.

To further improve this model quantum mechanical effects such as tunneling
and the effects of standing electron waves inside the channel should be considered.
Some charges in the channel will be balanced from the source/drain areas and not
by the gate potential, this effects should also be included. Degrading of the gate
control duo traps in the oxide is another effect which has not been explored in this
thesis. An analytic approximation for calculating the amount charges with energy
less than Ej similar to the approximation for charges above Ey done in this thesis
should be explored as well.
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