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Abstract

The topic of this project is the analysis of the subthreshold current in thin sil-
icon Double Gate (DG) MOSFETS, with a particular focus on observing the
so-called effective band gap widening effect using electrical measurements.
DG MOSFETs with a very thin silicon layer are expected to be promising
candidates for the next generation CMOS technology: moving from single
to double gate gives better control over the channel region, which improves
the short channel performance and gives rise to an ideal subthreshold slope.
As for the drain current, the charge carriers have to traverse an energy bar-
rier when flowing from source to drain. For low gate bias, the height of
the barrier is mainly determined by the band gap, making particularly the
subtreshold current suitable for observing changes in the effective band gap.
As the silicon layer thickness (i.e. the channel region) is shrunk to values
below about 15nm, quantum mechanical effects are expected to show up
in the device characteristics. One of those effects is the widening of the
effective band gap, which originates from splitting of both the conduction
and valence band into subbands, due to confinement of the charge carriers
in the very thin silicon layer between the Si/SiOy interfaces.

The effective band gap widening effect is investigated using temperature
dependent IV and C'V measurements. Essentially, both measurements rely
on the strong temperature dependence of diffusion, which constitutes the
dominant part of carrier transport in the subthreshold regime. Generally
speaking, by comparing the characteristics of a device with a ‘thick’ silicon
layer to the characteristics of a thin device (i.e. in which carrier confinement
is important), the effective band gap widening effect should become appar-
ent.

The results obtained from the I'V measurements indicate that an increase
in effective band gap occurs for decreasing silicon layer thickness. For a de-
tailed quantitative analysis however, the measurements should be repeated
on a larger number of devices, with thinner layers, fabricated in a more ac-
curate process.

The CV measurements show that the device behavior in depletion and weak
inversion is dominated by the implanted p™ and n™ regions adjacent to the
intrinsic channel, being more pronounced for shorter devices. This should
be investigated further with additional simulations, particularly concerning
the temperature dependence.
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Chapter 1

Introduction

This report has been written in conclusion to a masters’ project in the Semi-
conductor Components group at the University of Twente. The topic of this
project is the analysis of the subthreshold current in thin silicon Double
Gate (DG) MOSFETS, with a particular focus on measuring the so-called
effective band gap widening effect. This report reflects the work which has
been done during this project, offering a concise yet complete overview of
the measurements and the theoretical background.

DG MOSFETSs with a (very) thin silicon layer are expected to be promising
candidates for the next generation CMOS technology: moving from single to
double gate gives better control over the channel region, which improves the
short channel performance and gives rise to an ideal subthreshold slope. A
schematic cross-section of a DG device is depicted in figure[l.1(a), in which
z is the direction perpendicular to the gates (which are along the z-axis).
The silicon thickness is denoted with tg;; z ranges from —tg;/2 to tgi/2, with
z = 0 located midway the silicon film. In fact, the device to be investi-
gated is not fully symmetric, but a Silicon-On-Insulator (SOI) based device
of which the behavior equals the ‘ideal’ DG behavior under circumstances
to be discussed later on.

The corresponding band diagram is given in figure[1.1(b). It is clearly visible
that the charge carriers (in this case electrons) have to traverse an energy
barrier when flowing from source to drain. The height of this barrier depends
on the band gap, i.e. the difference between the conduction and valence band
edge, and the gate-source voltage (Vgs). Note that when Vg is increased
up to or above the threshold voltage (Viy), the barrier will gradually de-
crease. Since this project aims at investigating the band gap, particularly
the subthreshold region (Vgs < Vi) will be of interest. Hence, given a low
Vas, the band gap mainly determines the height of the barrier which the
charge carriers have to cross.

Furthermore, as the device thickness is shrunk to values below about 10 nm,
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Figure 1.1: Definition of the references

quantum mechanical effects are expected to show up in the device charac-
teristics, among which the so-called band gap widening effect. This effect
originates from splitting of both the conduction and valence band into sub-
bands, due to structural confinement as a result of the small dimension in
the quantization direction z. The emerging subbands give rise to an effec-
tive band gap which is larger than the band gap in a bulk semiconductor.
Because the confinement of the charge carriers is stronger as the semicon-
ductor film thickness decreases, the band gap widening effect is expected to
be more pronounced for thinner semiconductor films.

In order to investigate the effective band gap widening effect, SOI DG de-
vices with very thin layers will be studied. The project focusses on the
subthreshold current since particularly in this region changes in the effec-
tive band gap can be observed.

Outline This report is organized as follows: after this introductory chap-
ter the results of the literature survey will be presented, starting with the
semi-classical subthreshold current model. As we are dealing with very thin
SOI layers, quantum mechanical effects are likely to occur, which will be
discussed in the subsequent section. The last part of chapter 2 concerns
the theoretical principles behind the effective band gap extraction. In fact,
the band gap widening effect is investigated using DC IV and CV mea-
surements, both having the temperature as parameter. After having dis-
cussed the essential theory, the results of the measurements will be shown
in chapter [3. In order to conclude this report, an overview of the findings
and conclusions is presented in chapter |4l Some additional material can be
found in the appendix.



Chapter 2

Theory

The first part of this chapter mainly deals with the results of the initial
literature survey, i.e. the comparison of two commonly used approaches to
describe the subthreshold current in symmetric Double-Gate (DG) devices:
the semi-classical model by Y. Taur [1] and the quantum-mechanical ap-
proach according to G. Baccarani [2] and D. Munteanu [3]. Actually, these
models can be used to describe the full range of operating regimes, but this
thesis concentrates on the subthreshold region and in particular the diffusive
part of the subthreshold current for which the drain-source voltage (Vpg) is
only a few tens of mV.

The outline of this chapter is as follows: first the semi-classical method
will be described briefly. This involves a few assumptions which hold in
our region of interest, being below the threshold voltage (Viy), in which
the subthreshold current originates from diffusion of charge carriers in the
channel. In the next section the quantum-mechanical model will be intro-
duced, starting from a rather general solution of the Schrodinger equation.
This gives a mathematical description of electron confinement in very thin
silicon layers. After having described the two approaches, the third section
eventually deals with the comparison of the subthreshold current or, to be
more precise, the charge in the channel, to which the subthreshold current
is proportional. This comparison will be carried out with the silicon film
thickness as parameter. In fact, as the thickness is scaled down, the dif-
ferences between the semi-classical and the quantum mechanical model are
expected to increase. This effect originates from the fact that quantum me-
chanical effects are more pronounced for thinner films, as will be explained
in section 2.2. Literature suggests [1] that quantum mechanical effects are
noticeable in devices with a film thickness less than 5 nm, resulting in a sig-
nificant discrepancy between the classical and quantum mechanical model.
As mentioned before, the devices used in this project are SOI based MOS-
FETs operated in DG mode rather than fully symmetric DG devices. So an
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additional model which proved to describe correctly the subthreshold cur-
rent in SOT devices will be discussed briefly in section[2.4] Finally, the last
section concerns the effective band gap widening effect.

2.1 The semi-classical method

This section deals with the semi-classical method to calculate the inversion
charge and the subthreshold current. The theory is based on [1] and assumes
a fully symmetric DG device. The DG structure in combination with a thin
silicon layer allows (in theory) for setting the threshold voltage by choosing
a gate-material with an appropriate work function, which is assumed to be
poly-crystalline silicon, thereby reducing the need for dopants in the silicon
body (i.e. the channel region). Therefore in the following a lightly doped or
even undoped body is assumed, which means that hardly any accumulated
charge is present when the device is off. One can state that the amount of
depletion charge can be neglected in the subthreshold region. Furthermore,
as the body of the DG structure is very thin (i.e. tg; <15nm) the channel
will enter (weak) inversion as a whole, provided that the gate voltage is
low (i.e. below threshold). This effect is called volume inversion [4] and
it basically means that the charge is uniformly distributed throughout the
thickness (z) of the semiconductor film. However, as the gate voltage is
increased up to or above the threshold voltage, the uniform inversion layer
will gradually split and ultimately two separate channels will emerge along
both Si/SiOs-interfaces.

When the analysis is restricted to the ‘volume inversion’ region, there will
be no sheet charge at or close to the Si/SiOs-interfaces across which voltage
drops. Instead, the uniform charge distribution in the (ultra) thin film
results in a constant potential along the z-direction (i.e. the silicon layer).
Note however that when Vg is very close to the threshold voltage, the
inversion charge density close to the gates will be slightly higher than in the
center of the film (i.e. z = 0). As a result, a small voltage will drop across
the inversion charge, giving a symmetric potential along z with a minimum
at z = 0 (assuming a symmetric device). Nevertheless, when Vag < Vip, the
voltage drop across the inversion charge is negligible due to the uniformly
distributed charge throughout the channel. Hence, the potential at the
silicon surface g1, i.e. at z = +tgi/2, will be approximately equal to the
potential at z = 0 and is directly proportional to Vgg. This translates into

Ys(Vas) = —Ad¢i + Vas (2.1)

with A¢; the work function difference between the gate and the intrinsic
silicon layer. Note that the above equation assumes the potential to be
constant in the transport direction, so the widely used ‘gradual channel
approximation’ is assumed to hold. Otherwise, a 2D Poisson equation should
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be solved which relates the potential profile to the charge distribution.
The charge density p. depends on ¥y via

Pcl = Nj €xXp <%> (2.2)

with ‘q’ the elementary charge, ‘k’ Boltzmann’s constant, 1" the temper-
ature and n; the intrinsic carrier concentration. Equation (2.2) employs
Boltzmann’s approximation, which is applicable for diffusion currents. The
intrinsic carrier concentration is given by

E
ni = v/np = / NcNy exp <—ﬁ>
2
([ KT\3 3/2 3/2 Eg
_<W> Vol exp | =g

N¢ and Ny are the effective Density of States (DoS) in the bulk conduction
and valence band respectively; E, is the band gap, and m, and m, denote
the bulk effective mass of electrons and holes respectively. Integrating the
charge density over the film thickness, which is just multiplying with tg; in
case of a uniform charge distribution, and multiplying with the elementary
charge gives the total charge per unit area

(2.3)

Qe,cl(Vas) = —q - tsi - pa(Vas) (2.4)

Below threshold the current mainly originates from diffusion, so only the
diffusive part of the Drift-Diffusion equation [5] will be taken into account.
After incorporating the device geometry and assuming an NMOS device, the
following equation for the drain-source current per unit width (W) results:

pn KT

qVbs
Insa = oo 1—exp [ - LDS 2,
DS,cl oL Qe,c1(Vas) [ exp < T ﬂ (2.5)

in which p, is the electron mobility and L the length of the channel. Equa-
tion (2.5)) is clearly directly proportional to the total inversion charge, so in
the following usually the charge density will be considered, given a constant
Vbs. This allows for a geometry and mobility independent comparison with
values given in literature.

2.2 The quantum mechanical approach

After having described the semi-classical method, which was rather straight-
forward given the above simplifications, this section will deal with the slightly
more involved quantum mechanical (QM) approach.

The same assumptions hold as described above, being a very low net doping
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(Na — Np = 0) and Vg < Viy,. For completeness equation is restated
below

Us(Vas) = —Adi + Vas (2.6)

However, confinement of the charge carriers (in this analysis only electrons,
see also section [2.4) in the very thin silicon layer will result in splitting of
the conduction band into multiple subbands. This means that in the con-
duction band ‘forbidden’ zones will appear, in which no electron can reside.
This originates from the rearrangement of the allowed energies into so-called
ladders of energy subbands, depending on the location of the energy minima
(called walleys) in the 3D (bulk) silicon crystal and the orientation of the
gates (i.e. the quantization direction z). The emerging of the subbands (and
the gaps in between) results in a reduced DoS compared to bulk silicon, in
which the conduction band consists of a virtually infinite number of energy
levels. So, in order to relate the gate voltage to the inversion charge density,
the charge distribution should be calculated taking into account the allowed
subbands. Since quantum confinement has been dealt with extensively in
literature [6][7][8] only the most essential steps will be mentioned here. The
band structure will be calculated using the commonly employed Effective
Mass Approximation (EMA). This model assumes a parabolic energy dis-
persion, which actually is a valid assumption only close to the band edges.
However, this analysis focusses on the subthreshold current meaning that
the charge carriers only occupy energy levels close to the band edges. Hence,
it is legitimate to use the EMA.

The confinement of the electrons in the silicon layer can be regarded as a
potential well, with barriers formed by the Si/SiO interfaces. Initially, the
height of these barriers is assumed to be infinite.

2.2.1 Infinite Si/SiO, barrier

The energy dispersion of an electron in the quantization direction (z) is
given by the solutions of the Schrodinger equation:

R d?
with & the reduced Plank’s constant and m;, the electron effective quan-
tization mass for valley k, in which several quantum mechanical effects are
incorporated. The absolute value of the wave function ¥ gives for each sub-
band n the probability of an electron residing at a specific position along
the z direction, according to

W(z) = \/gisin [%T <z + %)} (2.8)
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Furthermore, the minima (lowest energies) for each subband n in valley k
are given by the eigenvalues Fy , of eq. (2.7), and can be calculated with

Exn i <7m>2 (2.9)

N 2m:7k tsi

Summing the probability functions over all valleys k£ and subbands n gives
the following charge density:

Bin + By —kTIn §¥ qvs(Vas)
pam(2) =Y D W (2)[*Neexp <_ ST <T>
k n

(2.10)

with

N mg kKT
k= TR

(2.11)

in which mfi’k denotes the DoS effective mass for valley k. Actually, eq. (2.10)
is just eq. (2.2) with the ‘classic’ n; replaced by the quantum mechanical in-
trinsic inversion charge. The latter depends strongly on the silicon film
thickness via eq. (2.8) and eq. (2.9)), in contrast to the the classical inversion
charge density. Equation (2.10) depends on the gate voltage via 1s(Vias)
since the potential along the z direction controls the occupation of the sub-
bands. Integration of the charge density along the z direction gives the total
inversion charge and, incorporating the device geometry, the current:

Qe,qm(VGS) = / qu(z)dz

<tgi>
N
- Bicn + By — kT g avs(Vas)
o Z Z Nk exp | — okT €xp T
kE n
(2.12)
I _ pnkT 4Vbs

pS.am = g1 Qeqm(Vas) (1 —exp | ===~ (2.13)

Note that this analysis assumes that only electron confinement occurs, as
already mentioned before. Hence the reference is the intrinsic Fermi level
Ey1, which is equal to Ey/2 4+ kT/2 - In (Ny/N¢). Furthermore, the energy
minima Ey , calculated in [2] and [3] should be divided by two, as eq.
shows.
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2.2.2 Finite Si/SiO5 barrier

The previous calculation of the inversion charge density imposed closed
boundary conditions for solving the Schrodinger equation, basically meaning
that no charge could penetrate through the Si/SiO9 barrier into the oxide.
Hence, the integral over the wave function |¥(z)|? in the silicon film (see
eq. (2.12)) is just equal to one, as the probability that an electron will enter
the oxide is zero. Assuming, however, confinement in a potential well with
infinite barriers could be questionable in reality. On the other hand, this
project mainly focusses on the subthreshold current with low drain and gate
voltages, hence the charge carriers are very unlikely to reach high energies.
To verify this assumption the charge distribution will be calculated using a
barrier of 3eV, which is a realistic value for the Si/SiO; interface. As in the
previous section, only the most essential steps will be mentioned, but the
original and more elaborate derivation of the equations for motion between
two finite potential barriers can be found in [9].

The slightly rewritten Schrodinger equation for motion within the poten-
tial well with finite barrier Vj is given by

42w 2m,
A TRUE =0 &= X (Vo + Ein) (2.14)

Outside the well (i.e. |z| > a = tg;/2) the wave function will decrease
exponentially with «, according to

d2w

_2my | Byl
dz2 a

() =P =0 =

(2.15)
Because the wave function should be continuous both in itself and in its first
derivative, one could equivalently require that the logarithmic derivative of
the wave function be continuous. This results in the following equation for
the even symmetry solutions (eigenvalues) at the Si/SiOg interface:

* 2
Y 62 2mz,kvba
tan(l-@a) = E = (/{7)2 -1 52 = T (216)
The odd symmetry minima can be found by solving
32
cotan(ka) = — (ha)? ~ 1 (2.17)

Once the minima FEy , of the subbands are known, the wave functions can
be calculated. The wave function within the silicon film can be written as

Isi .
Ugi(z) = a% sin (/{z + n77r) (2.18)
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with k as defined above and « a normalization constant, calculated from the
requirement that the total probability of an electron being at any position
along the z direction equals one, as given below.

o0

/mfﬁn\?(z)dz 1 (2.19)

—0o0

Hence, Vg, in eq. (2.19) is the total wave function, consisting of Wg; and
the exponentially decaying parts in the top and bottom oxide. These are
denoted with Wy ¢ and Wy 1, respectively, and are given by

Woxp(2) = Ui (553) - exp <—7 [—z - %D
= Wg; (552) - exp (7 [z + %D (2.20)

Replacing ¥(z) and Ey, in eq. (2.10) by Wg,(2) and the eigenvalues cal-
culated with finite barrier respectively, the charge distribution within the
finite potential well is obtained.

2.3 Comparison classic and QM model

In this section the charge distribution and total inversion charge resulting
from the calculations in the previous sections will be discussed. The charge
distribution along the z-direction is depicted in figure [2.1, comparing the
classical model with the quantum mechanical approach. The latter has been
calculated using an infinite barrier and a 3eV barrier. Furthermore, the
charge density is normalized on the silicon film thickness. In the remainder
silicon (100) is assumed, with the quantization direction z along the [001]
axis.

2.3.1 Charge distribution

Figure 2.1 clearly shows that according to the classical model the charge
distribution is independent of the silicon film thickness. One should assure,
however, that tg; is thin enough for the assumption of volume inversion to
hold (i.e. one uniformly distributed channel). In contrast to the constant
classical charge distribution, the quantum mechanical approach predicts a
maximum at the center of the channel, the magnitude of which depends on
tsi: the inversion charge density is inversely proportional to the silicon film
thickness, up to approximately 15 nm. This can be explained as follows: the
minima of the subbands go up in energy as tg; decreases (see also eq. (2.9)).
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Hence less electrons will occupy a given subband, as they need more energy
to enter that particular subband. This will result in a reduction of the inver-
sion charge density. Above tg; = 15nm however, the subbands have merged
into one quasi-continuous conduction band, making the effect of structural
quantum confinement negligible. Furthermore, the figure shows that for
tsi = 15nm the maximum in the charge density flattens, and one would
expect that eventually the total integrated charge density (hence the total
inversion charge) will equal the total inversion charge given by the classical
model. This, however, appears to be strongly dependent on the values of
N¢ and Ny used in eq. (2.3).

As for the influence of the barrier height, we can conclude that compared to
the total inversion charge, the amount of charge which penetrates into the
oxide is negligible. Much more apparent however, is the effect of the minima
of the subbands moving downward in energy due to the finite barrier height:
the difference in maximum charge density as calculated with either an infi-
nite or a finite (here 3eV) barrier ranges from almost zero for tg; = 15nm
via 15% for tg; = 5nm up to approximately 50% when tg; equals 2nm.

2.3.2 Inversion charge

The next figure shows the total inversion charge as function of the gate
voltage for several silicon thicknesses. Hence the total charge is the integral
over the charge distribution within the channel region as shown in figure 2.1.
Obviously the exponential dependence of the total inversion charge on the
gate voltage gives a straight line on logarithmic scale. Furthermore, the fig-
ure shows that the classical and quantum-mechanical model almost coincide
when the silicon film is relatively thick (> 10nm). For the thinnest layer
however, the difference in total charge between the classical and quantum-
mechanical model is more than one order of magnitude. Moreover it ap-
pears that the influence of the potential barrier height is appreciable for the
thinnest film. This was already observed in the previous figure, though the
effect of the barrier height is less when the total charge is taken into account,
rather than only the maximum at the center of the channel.

In short, one could state that the influence of the silicon layer thickness
through quantum-mechanical effects (here electron confinement) is most pro-
nounced for very thin layers, below approximately 5nm. Furthermore, the
influence of the potential barrier height is only significant for the thinnest
layers (around 2-3nm). Since the thickness of the devices used in this
project is above 4nm, an infinite barrier will be assumed in the remain-
der of this report. The resulting analytical equations for the energy states
greatly simplify the calculations, yet giving a sufficiently accurate descrip-
tion of quantum confinement in the devices used in this project.

11
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Figure 2.2: QM and classical inversion charge density for tg; 2, 5 and 10 nm.

2.4 Subthreshold current model SOI based devices

As already mentioned before, the devices used in this project are SOI based
MOSFETSs, rather than fully symmetric DG devices. This means that the
‘backgate’ of the SOI devices controls the inversion charge in the channel
through a relatively thick Buried Oxide (BOX) layer, while the ‘front’ di-
electric is only tens of the BOX layer thickness. Hence, the models discussed
previously are not fully applicable to SOI devices posing the demand for a
model which incorporates the asymmetric SOI geometry appropriately.
The model suitable for describing the subthreshold current in asymmetric
SOI devices is derived and presented in [10], so only the resulting equations
and conclusions will be mentioned below.

The inversion charge density for either an NMOS (lower sign) or PMOS
device (upper sign) is given by

o (7) — o (74
YsB — Ysa

Qi =xq-tgi-ni-ur- (2.21)

with the thermal voltage ur = kT'/q, and 1gq and ¢sp the surface potential
at the front and back gate respectively. In fact, these potentials depend on
the geometry (tox and tg;), the work function differences and the gate volt-

12
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ages. However, in case of 1) either a fully symmetric DG device or an SOI
based device in which the front gate oxide is much thinner than the thick-
ness of the BOX layer, and 2) equally biased front and back gate, eq.
reduces to the expression in eq. (2.4). For single gate (SG) operation (i.e.
front and back gate biased differently) one should employ eq. (2.21), which
comprises the effect of the unequal gate potentials. Furthermore, in ab-
sence of quantum confinement (hence relatively thick Si layers) n; equals
the definition in eq. (2.2). In order to incorporate quantum confinement,
the product tg; - n; should be replaced by the following expression for the
quantum mechanical charge distribution:

KT . Frnc
N; = (W) \/;;mdkﬁcexp <— T )x
SO sy exp (2 ) exp (- £,
Lk PA™kr P\ 7okr

Note that in eq. besides the electron confinement (see eq. ) also
hole confinement is taken into account. This can be explained by noting
that the motion of the holes as well as the electrons is confined between the
front and back oxide. Hence, the confining potential can be described by
a squared potential well rather than the approximately triangular shaped
potential distribution which confines either the electrons or the holes in n
or p type inversion layers in conventional bulk MOS devices. As a result
of confinement in the very thin silicon layer between the two oxide barri-
ers, a DG device will exhibit quantization in both the conduction and the
valence band. In fact, the silicon layer thickness below which quantum con-
finement becomes apparent will be higher than the value mentioned in the
previous section, due to the combination of electron and hole confinement
(tsi ~ 15nm). It is important to note that quantum confinement effectively
results in a widening of the band gap, which will be explained in more detail
in the next section.

Furthermore, the front gate oxide in the devices to be investigated is much
thinner than the thickness of the BOX layer, hence the devices will nearly
behave as symmetric DG devices. So, in the remainder of this report equa-
tions (2.4) and (2.22) will be employed to compare the experimental data
with the theoretical values.

(2.22)

2.5 Effective band gap extraction
After having introduced the equations for the inversion charge density ei-

ther with or without quantum confinement, this section will deal with the
theoretical background of the effective band gap extraction. Ultimately, the

13
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aim is to observe the effective band gap widening effect by means of elec-
trical measurements. The analysis starts with the discussion of the DC IV
measurements, followed by the C'V measurements.

2.5.1 DC IV measurements

In order to observe the effective band gap widening effect, the drain current
is to be measured for devices with different layer thicknesses. As stated in
section 2.4] hole and electron confinement is expected to occur in devices
with a very thin silicon layer (i.e. tg; below 15nm), resulting in splitting of
the conduction and valence band into subbands: gaps or ‘forbidden’ zones
will emerge and the edge of the conduction (valence) band will move to a
higher (lower) energy. Since particularly in the subthreshold region only the
highest valence subband and the lowest conduction subband are most likely
to be occupied, the ‘energy offsets’ of the first valence and conduction sub-
band introduced by the quantization will give rise to a wider effective band
gap compared to the band gap in devices in which no quantum confinement
occurs (thicker layers, or bulk silicon). So, in short, depending on the Si
layer thickness effective band gap widening will be noticeable.

By taking the ratio of the measured drain currents at equal gate voltage
for two devices with different layer thicknesses, the following expression is
obtained:

Lof = Tinicke Penick (1) Qi thick (tsis T') (2.23)

Iinin — ponin(T) Qi thin (tsi, T)

with u(7') the temperature dependent mobility, and @; the amount of inver-
sion charge. Depending on tg;, Q; can be replaced by eq. (2.21) or eq. (2.4)
in presence or absence of quantum confinement respectively. If we now as-
sume that at least in the thinnest layer quantum confinement occurs, then
the wider effective band gap of the thinnest device will give rise to an expo-
nential temperature dependence of I, according to

Tinick ~ {u(T)g(T, tsi) Fonick . exp (AEg,eff) (2.24)
Iinin — {p(T)9(T' ts1) Fenin kT

Irat =

in which ¢(7T',tgi) is a function incorporating the effective density of states.
A few remarks should be made regarding the temperature dependence of the
above equation. First of all, the inversion charge concentration depends on
the temperature either via n; in eq. (2.2) (classical model) or Ny in eq. (2.10)
(QM approach). Furthermore, the band gap itself is also temperature de-
pendent, as commonly described by the following semi-empirical equation

aT?

Es =FEgo— T—-l-ﬁ

(2.25)
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2.5 Effective band gap extraction v

with typical values Eyo = 1.125(eV), a = 4.73 - 107* (eV/K) and 3 =
636 (K).

If we now assume that the temperature dependence of i and the density of
states is approximately equal for both devices, equation (2.24) reduces to

Tini ts; . AFE,
Irat — thick o {:ug( Sl)}thlck - exp < g,eff) (226)
Tinin — {19(tsi) binin kT

So, when plotting log(I;at) versus the inverse temperature, one would expect
a linearly increasing curve with slope equal to AFE, ..

2.5.2 CV measurements

Similar to the IV measurements above, C'V measurements could be used
to observe the effective band gap widening effect. In fact, as the current
is related to the charge through (a.o.) the mobility, eq. (2.26) needs only
slight modification, giving

— Qthick {f(tSi)}thiCk. . <%>
e Qthin > {f(tsi) }enin oxp kT (2.27)

with f(tsi), again, a function which incorporates the effective density of
states. Furthermore, note that in subthreshold the charge is directly pro-
portional to the capacitance, as given by

dQe d Vas qnitsi Vas
C (W = — = ——qnjts; — | = — 2.28
(Vas) Wos — s ilsi P < wr ) o P (2.28)

using eq. (2.3).

A second note concerns the parasitic capacitances which could affect the
measurements. In an attempt to eliminate the influence of the parasitics, dif-
ferential measurements will be used: devices with different channel lengths
will be measured for each layer thickness. By plotting the difference and
assuming that for each combination of channel lengths the parasitic ca-
pacitances are equal, the actual intrinsic capacitance Ciy (F/um?) can be
obtained as follows

€ox
C’l = = WLl + Cpar
tox
Cy = Fox | WLy + Cpar
tox
with % = Cint
ox
¢y —
= Chpy = —a 2 2.29
int W(L1 — L2) ( )

By doing so, ideally the effect of the parasitics will be eliminated. Further-
more, as already mentioned in the above, the inversion charge is directly

15



v 2 Theory

proportional to the capacitance. So, by observing the C'(Vgg) characteristic
in the transition region from depletion to inversion, the gate voltage de-
pencence of the charge with the temperature as parameter can be derived.
The effective band gap widening effect should become apparent when this
measurement is carried out for several silicon layer thicknesses.

16



Chapter 3

Results

This chapter deals with the experiments which have been carried out to in-
vestigate the effective band gap widening effect electrically. The discussion
starts with the results of the IV measurements, followed by the CV mea-
surements in section [3.2. Basically, both measurements rely on the strong
temperature dependence of diffusion, which constitutes the dominant part
of carrier transport in the subthreshold regime. Generally speaking, when
the characteristics of a device with a ‘thick’ silicon layer are compared to the
device characteristics of a ‘thin’ layer (i.e. in which carrier confinement is
important), the effective band gap widening effect should become apparent
as was pointed out in the previous chapter.

3.1 1V measurements

The devices used for these experiments are SOI based n-type and p-type
MOSFETS, of which a schematic cross section is shown in figure[3.1.

Fig. depicts a TEM image of the channel-drain transition in an actual
SOI DG NMOS device with a BOX layer thickness of 400nm. The chan-
nel length is fairly large (26 um) to make sure that no short channel effects
occur. Figure[3.2b shows a more detailed TEM image of the center of the
channel for which tg; is 5nmﬁ The DG SOI devices can be operated in
Single Gate (SG) or Double Gate (DG) mode. In SG mode, the front (top)
gate is swept, while the back gate is kept constant at 0V. When the device
operates in DG mode, both the front and back gate are swept simultane-
ously. To denote the difference in subthreshold current, figure [3.3] shows a
typical Ips(Vgs) curve for an n-type device operating in either mode.

Though the difference is modest, the plot clearly shows that operating

'The devices were realized by T. Hoang at MESA+, University of Twente.
The samples were prepared by MASER Engineering using Focused Ion Beam;
TEM analysis was carried out at Philips Research Eindhoven.
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% 3 Results

Figure 3.1: Schematic cross-section SOI DG NMOS

(a) Channel-Drain transition region (b) Detailed image channel area

Figure 3.2: TEM images DG SOI device; ts; 5nm; tgox 400 nm; tox 45 nm.

18



3.1 IV measurements

F | T | T T T T T T
1e-06 NMOS
F g T
1e-07 =
E ox
A VA
1e-08 & DS
e
< 1e-00k
® 3
\D r
i 7
le-10g ____ Single Gate
C 66.2 mV/dec
1e-11
3 ___ Double Gate
C 63.0 mV/dec

IIIIIIL|J IIIIII|,|J IIIII|_L|J IIIII|_L|J IIIIIIL|J IIIIII|,|J 11111

-05 -04 03 -02 -0.1 0.0 0.1 0.2
Vs (V)

Figure 3.3: typical Ipg curve for SG and DG operation mode.
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the device in DG mode results in a slightly steeper subthreshold slope
(63mV/dec) compared to the slope in SG mode (66 mV/dec). This origi-
nates from the fact that in DG mode both the front and back gate control
the charge in the channel, rather than just the front gate when the device is
in SG mode. As a result, by operating the device in DG mode a better con-
trol of the inversion charge, hence the current, is achieved. This reduces the
voltage needed to increase the current with one decade, yielding a steeper
subthreshold slope. Moreover, as was described in [10], when the thickness
of the BOX layer in a DG SOI MOSFET is far thicker than the front gate
oxide, the device will behave as a fully symmetric device. Since tox in the
devices at hand is only approximately one tenth of the BOX layer thickness,
this requisite readily holds thus making the subthreshold slope and tempera-
ture dependent behavior comparable to a fully symmetric device. Therefore,
as for the IV measurements only DG operation will be considered.

3.1.1 Temperature dependence

As already mentioned before, the subthreshold current is strongly tempera-
ture dependent, a fact which can be exploited to extract the effective band
gap. To illustrate the influence of the temperature, a typical set of IV curves
is shown in figures and (PMOS and NMOS respectively) for several
well-defined temperatures ranging from —25°C to 200°C. Three regions can
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Figure 3.4: PMOS Ipg(Vgs) for T'= —25...200°C (solid lines); the dashed
lines have been fit to the ideal subthreshold region to eliminate the influence
of channel resistance on the band gap extraction.
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Figure 3.5: Temperature dependent Ipg(Vis) measurements on the thinnest
NMOS device.

be distinguished in the plots: first the region above threshold in which the
current starts to saturate and the series resistance (i.e. channel resistance)
becomes visible. In this region, the current is limited by Vpg rather than
Vis. Then, entering the subthreshold region (i.e. increasing or decreasing
Vas for PMOS or NMOS resp.), the current clearly depends exponentially
on the gate voltage (hence a straight line on logarithmic scale). This region
will be referred to as the ‘ideal’ subthreshold region. Note however that the
gate voltage at which the transition from above-threshold to sub—threshold
occurs is strongly temperature dependent, making the range in which the
subthreshold is ‘ideal’ fairly large at the lowest temperature whereas only
a very small ideal subthreshold region can be observed at the highest tem-
perature. Later on, values of the drain current are to be plotted versus the
temperature, at a gate voltage being equal for all temperatures. Hence, one
could run into problems when the ideal subthreshold region at the highest
temperature starts beyond the point where the ‘low temperature’ subthresh-
old is already below the noise level (i.e. Ipg < 0.1 pA). In order to overcome
this potential problem, lines have been fit to the ideal subthreshold part,
making extraction of Ipg(7’) over a wider Vgg-range possible. In the last
region, where |Vgs| < 0.5V or Vgg < 0.5V for PMOS and NMOS respec-
tively, an additional effect shows up: the current starts to deviate from
the ideal subthreshold curve. Since this effect is more pronounced for higher
temperatures, it is very likely that the number of thermally generated charge

21



% 3 Results

carriers is higher than the amount of gate induced inversion charge. This
means that for the combination of high temperatures and low gate voltages,
the gate is no longer able to control the total charge in the channel to the
full extent, making the current less dependent on the gate voltage. As a
result, the corresponding subthreshold slope will be weaker.

3.1.2 Accuracy

After having shown the typical temperature dependence of the subthreshold
current, this section will deal with the accuracy and reproducibility of the
experiments, starting with an overview of the measured devices in table[3.1.
All devices have equal channel lengths, BOX layer thicknesses (400 nm) and
equally thick gate oxide (15nm). To the latter there are two exceptions, be-
ing the devices with silicon film thickness of 5nm and 23 nm, for which 7.y
equals 45 nm. However, this is still much thinner than the BOX layer thick-
ness, so the assumption made in the first part of this chapter still holds.
Furthermore, the silicon thicknesses of these supposedly 5nm and 23 nm
devices have not been determined more accurately yet, which explains the
relatively large uncertainty in tg; for these devices.

tsi (nm) Atgi (nm) PMOS NMOS

273 +0.2 v v
23.0 +2.0 v v
19.1 +0.3 v Vi

9.7 +0.2 v

515  40.25 v

5.0 +2.0 v v

Table 3.1: All SOI DG devices of which the temperature dependent Ing(Vas)
curves have been measured. See also the appendix.

In order to examine the temperature depencence of the subthreshold slope
and its spread across different devices, the slopes in the ‘ideal’ subthresh-
old region have been extracted and depicted in the figures [3.6a and [3.6b.
Ideally, the slopes should be equal for all devices assuming that the silicon
film is at least sufficiently thin for only one channel to exist. The plots
clearly show that indeed the subthreshold slope is linearly proportional to
the temperature, as could be inferred from egs. (2.2) and (2.10). Moreover,
since the subthreshold slope is defined as the voltage which is needed to
increase the current by one decade, generally a low subthreshold slope is
desired. Hence, the lower the subthreshold slope, the higher the ability of
the gate to control the amount of inversion charge in the channel and thus
the current. The clear linear temperature dependence shown in figure (3.6
reveals that, besides the temperature, no significant (physical) side effects
do occur which could deteriorate the device behavior in subthreshold.
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More quantitatively speaking, the devices show a nearly ideal slope: at room
temperature the average slope is -68.5 mV/decade and 62.4 mV/decade for the
PMOS and NMOS devices respectively. Furthermore, the spread through-
out the entire temperature range is 1.2 mV/dec for the PMOS. The NMOS
spread is slightly smaller, £0.6 mV/dec. The larger spread at the highest
temperature is due to the fact that the ideal part of the subthreshold region
is only very small, which makes fitting a line and extracting the correspond-
ing slope slightly less accurate. But in general, the spread is negligibly small,
to within the measurement accuracy.

In short, the above observations suggest that, as for the subthreshold slope,
the devices show a nearly ideal intrinsic behavior with the expected temper-
ature dependence.

As the devices will be measured across different wafers, devices with suppos-
edly equal layer thickness might not exhibit the same behavior. In addition
to this, each wafer consists of several devices with equal layer thickness. So,
in order to get an idea of the process accuracy and to make a reasonable
estimate of the spread which has to be taken into account, all devices were
measured at least at room temperature. The resulting Ipg(Vis) curves are
depicted in figure[3.7 for the PMOS devices with the thickest layer. The fig-
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Figure 3.7: Shift along Vgg, obtained from the thickest DG PMOS device
on different wafers. The layer thickness is determined accurately only for
devices on wafer 2, on which the thickest device is 27.3nm. Detailed infor-
mation on device parameters and wafer numbers can be found in appendix B.
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3.1 IV measurements 4

ure indicates that a reasonable spread across the devices occurs: the slopes
are more or less equal (as described previously) but the curves are shifted
along the Vgg axis. To illustrate this, the Vg ‘offsets’ have been depicted in
figure[3.8] showing a maximum shift of approximately 30 mV. Note that the
measurements are very accurate and reproducible, so the observed spread
surely is a device property, rather than a measurement uncertainty. The

35 -
30 - PMOS
S 25 [ 27.3nm
E 2
T 15 -
(/2]
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5,
0- ‘
< ~ ™
E g E & B

Figure 3.8: Shift in Vg for the thickest PMOS device, for which tg; =
27.3nm on wafer 2.

shift along the Vg axis could originate from a difference in silicon layer
thickness, a difference in stress introduced during the oxidation, or a dif-
ference in work function. As for the first, the exact silicon layer thickness
has only been determined for one single device for each layer thickness on
one wafer (no.2, see also appendix). So, the layer thicknesses on the other
wafers may differ slightly, which could explain the observed Vg shift. In ad-
dition to this, the layer thickness can also vary from device to device on the
same wafer. This is sustained by the plot, which shows that a Vgg shift also
occurs between devices located on the same wafer. However, currently the
layer thicknesses have not been measured for all devices, which makes draw-
ing definite conclusions about the exact origin of the Vg shift not trivial
at all. Especially as there is also a possible work function difference across
the devices, which directly results in a change in the gate voltage needed to
obtain the same level of inversion, according to egs. (2.1) and (2.4).
Moreover, it is very likely that during e.g. the oxidation steps stress is in-
troduced, which locally changes the lattice constant thereby modifying the
band structure. The resulting change in effective band gap leaves the slope
unaffected, but appears as a shift along Vg instead. Consequently this
could contribute to the observed spreading.

Summarizing, one can conclude from the above considerations that in the
extraction of the effective band gap a reasonable error has to be taken into
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account, which amounts to approximately £15mV for the thickest devices.
Likewise, this uncertainty has been calculated for the other devices, the plots
of which can be found in appendix [A.

3.1.3 Effective band gap extraction

Now that an estimate of the measurement and device accuracy is obtained,
this section will finally present the results of the effective band gap extrac-
tion. As already stated in section 2.5 the increase in effective band gap can
be extracted from the slope of I;,t, which is the ratio of the current in a
relatively thick and a thin device. However, before doing that, figure [3.9]is
given to illustrate the temperature dependence of the current. The values of
Ips have been taken at Vgg = 0.7V and correspond to the intersections of
the black dashed line and the Ing(7") curves in the inset (see also fig. [3.4).
The plot clearly demonstrates the truly exponential relation between Ipg
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Figure 3.9: Ipg(T) at Vgs = —0.7V (see inset) for DG PMOS with tg; =
4.9nm. All data points are almost perfectly on the exponential regression
line (dashed line), except for the two outermost points, which show a small
deviation.

and the inverse temperature: on a logarithmic scale the curve is almost
perfectly linear. Similar to the temperature depencence of the slope, one
can conclude that no additional effects show up, thereby suggesting that the
results obtained with this experiment are quite reliable.

In order to extract the increase in effective band gap, I,,¢ has been depicted
for all PMOS devices in figure [3.10. The thickest device serves as the ref-
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erence, because its silicon layer is assumed to be sufficiently thick so that
no quantum confinement, hence no band gap widening, occurs. This plot
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Figure 3.10: Iinick/Ithin (= Irat) vs temperature, for the DG PMOS devices
with the 27.3nm device as reference. Note that I.,; increases for thinner
layers, which is either due to a lower mobility or a reduced DoS. The layer
thickness of the 5nm device is given with £2nm accuracy, and tox of this
device is 45 nm.

deserves a few remarks.

First of all, the figure indicates that in general indeed the slope of It
increases with decreasing layer thickness. Furthermore, the slope of It
is clearly positive for the two thinnest devices, meaning that the effective
band gap widens. However, I, of the 5 nm device is smaller than I, for
the device with 5.15nm layer thickness. This could be explained by recall-
ing that the layer thickness of the 5 nm device is given with +2nm accuracy
which makes the ‘5nm’ label rather misleading. Instead, the supposedly
5nm device will probably be thicker, given the lower I,,; compared to the
5.15 (£0.2) nm device.

Furthermore, I, is essentially constant for the 9.7nm device, except for
the data points at the lowest and highest temperature, which give rise to a
slightly positive overall slope. In addition to this, the ratio of the current
in the 27nm and 19nm device even shows a negative slope, which corre-
sponds to an effective band gap narrowing. However, based on the theory
one would expect either an enlarged band gap or no change in the width of
the band gap at all, rather than a smaller band gap (assuming intrinsic or
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lightly doped devices). Hence, as already pointed out before, in absence of
quantum confinement the offsets of the conduction and valence band vanish,
making the band gap equal to the one in bulk silicon. So, when compar-
ing devices with layer thicknesses above the ‘critical quantum confinement
thickness’ (i.e. ~ 15nm), a possible modulation of the band gap width can
not be attributed to quantum confinement related effects. Instead, as al-
ready discussed in the previous section, the IV measurements across devices
with supposedly equal layer thickness do not fully coincide, but show a sig-
nificant spread along the Vg axis. At this point errors are introduced, since
the Ipg(7T') graphs (figs.3.4/and[3.10) have been obtained at equal gate volt-
age (i.e. —0.7V and —0.35V for PMOS and NMOS devices respectively).
Of course, compensation for the spread among the devices is possible, but
this makes interpretation of the results even more involved since the spread
is in the same order of magnitude as the expected widening of the band gap.
Furthermore, the exact source of the observed spread can only be speculated
about, so the validity of this step might be questionable.

The second note concerns the slight deviation of the data points. Although
the points in e.g. figure (3.9 were virtually all perfectly on a straight line,
as were the Ips(7T') graphs of the other devices (not shown), plotting the
ratio of the currents results in data points which are slightly off the ideal
straight line. Hence, the division operation gives rise to an amplification of
the errors. Similar to the suggestion in the previous note, one could first fit
a line through the single device Ing(T") graphs, and then observe the ratio
of the thus obtained perfectly linear curves. Obviously the resulting I, (7)
curves will be perfectly linear, but the (increase in) band gap is of course
equal to the one obtained with the first method. Nevertheless, extracting
the effective band gap using the first method is preferred, because the un-
certainty in the measurements remains visible.

When the above procedure is repeated for all devices, figure 3.11/is obtained,
showing the effective band gap versus the silicon layer thickness. The change
in effective band gap, AE, ., has been extracted by multiplying the slope
of I ot with 2k/q. Note that in fig. [3.11] the effective band gap is given,
which can be calculated by offsetting the experimental values of AFE, .
with 1.12eV, i.e. the band gap of bulk silicon. The theoretical values are
depicted as well, and have been calculated with equation (2.24) assuming
both hole and electron confinement as given by eq. (2.22). Furthermore,
the error bars along the F, .g axis stem from the Vg shift of Ips(Vgs) as
described previously. Some points have a fairly large uncertainty in tgj, as
those thicknesses have not yet been determined more accurately with TEM
analysis. Moreover, note that as for the extracted effective band gap no
distinction can be made between hole and electron confinement as either
type of confinement occurs in both PMOS and NMOS devices. So, sorting
the data by device type has a practical purpose, rather than a physical rel-
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Figure 3.11: Change in effective band gap, extracted from the slope of I;a¢.

The figure demonstrates that in the PMOS devices with tg; below 10nm
the band gap widens. However, taking into account the fairly large un-
certainty particularly in the vertical direction, interpretation of the results
is restricted to only a rather qualitative analysis. Nevertheless, the gen-
eral trend indicates that the effective band gap is very likely to increase for
decreasing silicon film thickness. Due to the limited number of available de-
vices (see also Appendix B) and in particular the large spreading in AFE, o,
no definite conclusions can be drawn at this regard. Furthermore, the 19 nm
NMOS device exhibits a larger increase in band gap than does the device
with supposed thickness of 5 nm. This issue could be related to stress, which
possibly has been introduced during the oxidation steps in the process. Also,
damage due to the implantation of arsenic could be a possible reason for the
different behavior of the NMOS devices. As shown in the next section, this
is conjecture is sustained by the C'V measurements.

In addition to the results of this work, optical data obtained from [11] are
depicted in the same figure, showing that the increase in effective band gap
observed with the electrical and optical experiments are more or less in
agreement.

Based on the above results one could state that temperature dependent IV
measurements can be used to characterize devices and particularly for ob-
serving quantum mechanical effects such as a widening of the effective band
gap. As the proposed method relies on the comparison of different devices,
the results are inherently prone device spreading due to process variations.
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Hence, in order to experimentally verify the theoretical relation between the
silicon layer thickness and the widening of the effective band gap, devices
fabricated in a more accurate process are required.

3.2 CV measurements

This section will present the results of the C'V measurements. Similar to
the previously described IV measurements, they aim for a comparison of the
electrical characteristics of a ‘thick’ and a thin device, in which the latter is
expected to exhibit a widening of the band gap due to spatial carrier con-
finement. Theoretically, as already pointed out in (2.28), the effective band
gap can be extracted from the strongly temperature dependent subthreshold
slope, i.e. the onset of inversion. In practice however, this procedure is not
that straightforward, so this section mainly deals with the description of the
measurement procedure and the complications involved.

«— Lthin ——

Front gate

Back gate

Figure 3.12: Schematic cross-section PiN diode, showing the (lateral) device
dimensions.

The CV measurements have been carried out on so-called PiN diodes, of
which a schematic cross section is given in fig. These devices consist of
a pt-type and a nt-type region while the actual channel region is (nearly)
intrinsic or, to be more precise, lightly p-type doped. Such a structure allows
for the hole and electron inversion charge to be measured separately. As for
the channel region, devices with a layer thickness (¢gi) of 5nm and 23 nm
are available. Furthermore, all devices have a width of 60 um but there is
a variation in available channel lengths, ranging from approximately 10 up
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to 60 pm. However, as depicted in fig. [3.12, three different lateral device
dimensions have been defined: L,, which is the length of the gate; Ly,
the distance between halfway the slopes of the thinned down regions, and
finally the length of the actual channel region which is denoted with L.
The corresponding values are given in table [3.2.

Lg Lthin Lch Lg — Lch
15 14 10 )

28 24 20 8

35 335 275 7.5

42 44 36 6

56 b4 48 8

62 64 55 7

Table 3.2: Lateral device dimensions in (um) of the available PiN diodes.

The table shows that the length of the transition region from the ‘thinned’
channel to the ‘unthinned’ p™ or n™ region (denoted with Ly — Lgy,) differs
significantly from device to device. As particularly the C'V characteristic of
the channel region is of interest and the transition region is considered as a
parasitic capacitance, ideally devices should be chosen with equal transition
region length, to make the results generally better comparable. In addition
to this, differential C'V measurements will be carried out to eliminate the
influence of parasitics thus obtaining the ‘most’ intrinsic behavior, as was
described in chapter 2. This results in the need for devices with at least
three different channel lengths for each layer thickness. Moreover, the in-
fluence of a possible deviation in the channel length will be less for longer
channels, thereby posing yet another requirement on the selection of devices.
Combining the above considerations, it turns out that the devices with L,
of 20, 27.5 and 48 pum should be used. The slightly shorter transition region
of the 27.5 um device compared to the 20 pm and 48 pym devices could be an
issue, as will be described in the course of this section.

One note concerning the frequency used for the C'V measurement. A series
of test measurements was carried out at different frequencies by means of a
check, but the influence of the frequency on the results was found to be neg-
ligible for frequencies above approximately 10 kHz. In the results presented
in this section the frequency is 100 kHz.

3.2.1 Single CV measurements

The discussion of the C'V measurements starts with figure [3.13| and [3.14,
respectively showing the total capacitance of the above mentioned devices
with tg; = 5nm in case of p-type and n-type inversion. Note that, unlike
the I'V measurements, the presented C'V measurements have been carried
out in SG mode (i.e. front gate sweeping and back gate at 0V). There are

31



3 Results

p-type inversion

A tSi =5nm

fet2 = = mm e L t,=45nm -

L W =60um 1

i 5 ]
c | T=25°C 1
o |

[ - Lp=48um

L, =275um
| - Ly =20um |
- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1e-13 56 1.25 ~1.00 0.75 20.50
VBIAS (V)

Figure 3.13: Single C'V measurement (hole inversion) on PiN diodes with

Lp 20, 27.5 and 48 pm.
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Figure 3.14: Single CV measurement (electron inversion) on PiN diodes

with Lp 20, 27.5 and 48 pm.
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quite a few things to comment on these plots.

First of all, the 27.5 um device shows an electron depletion capacitance which
is systematically lower than the electron depletion capacitance of the 20 and
48 pm device. This difference is also observed in the devices with ts; equal
to 23nm. Despite the fact that the strong inversion capacitance and in
particular the weak inversion region are of greater importance, the observed
difference in depletion capacitance may suggest that not all devices are fully
equal (except for the wanted variations in L¢, and tgj). In fact, as can
be seen in table 3.2, the difference between Ly and Lg, (in the remainder
denoted with Leg) in the 27.5 um device is smaller than Leg in the 20 pm
and 48 pum devices. The resulting shorter transition region of the 27.5 ym
device could explain the observed difference in depletion capacitance, as the
latter is dominated by the highly doped regions. This will be verified with
simulations in section [3.2.3!

The second issue concerns the weak inversion region, that is the region
in which the capacitance increases with the bias voltage according to an
exponential fashion. The plots clearly show that the curves cross in the weak
inversion region. Moreover, the devices differ in the point at which weak
inversion starts. This could be due to the rather poorly defined transition
in the silicon layer from highly doped n* or p™ region to the actual channel:
it is likely that doping atoms have diffused into the channel region, the
amount and the extent of which may vary from device to device. Hence, the
‘diffusive’ transition from depletion to weak inversion is strongly determined
by the dopant implantations. This could as well explain the fact that the
weak inversion region exhibits a truly exponential behavior in only a very
small range with rather smooth transitions from the exponential part to the
depletion and strong inversion region. As a result of the above observations,
one cannot extract the subthreshold slope without ambiguity.

As a last point of comment on figures [3.13 and [3.14, the capacitance in
strong inversion is considered. The strong inversion capacitance (denoted
with Ciny) consists of a contribution of the channel region, which scales with
Ly, and a parasitic capacitance (Cpay) stemming from the pT-type and n'-
type implanted regions. The resulting strong inversion capacitance can then
be described by

Cinv = inthhW + Cpar (31)

with Ciys the capacitance of the channel region per unit area (recall also
eq. (2.29)) and W the width of the device. In order to determine Cpar, Ciny
has been depicted versus Ly in figure [3.15] for both the hole and electron
inversion.

The plot shows a nicely linear dependence of Ci,, on Lg,, thereby allow-
ing for estimating the parasitic capacitance according to eq. (3.1). Hence,
the parasitic capacitance for hole and electron inversion (Cppar and Cnpar
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Figure 3.15: The hole (Cpiny) and electron (Cnjiny) capacitance in strong
inversion vs Lg,, demonstrating a clearly linear relation between Cj,, and
L. The parasitic capacitances (Cppar and Cnpar for holes and electron
resp.) can be obtained by extrapolating the curves to L¢, = 0pm, giving
Cppar = 0.22pF and Cnpar = 0.10pF.
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3.2 CV measurements 4

resp.) is given by Cpiny and CNiny at Lcy, = 0 pm, being 0.22 pF and 0.10 pF
respectively. Note that the thus obtained values for Cpa, are only those
parts of total parasitic capacitance which are located in the channel region
(i.e. underneath L), probably due to diffusion of implanted impurities into
the channel region; in addition to these contributions, the total parasitic
capacitance consists of the parasitics of the implanted regions. As already
suggested in section 2.5.2/and sustained by the apparent occurrence of par-
asitics in the channel region, differential measurements could help to reduce
the influence of parasitics.

Before discussing the differential measurements, some single C'V measure-
ments at different temperatures are depicted in fig. [3.16. The figure il-
lustrates the temperature dependence of the capacitance measured on the
48 um and 20 pm device. At the highest temperature, the capacitance in
strong inversion increases due to the thermally generated electrons. This ef-
fect was also observed in the I'V measurements (e.g. figure(3.5). As a result,
the ability of the gate to control the charge is reduced, which shows up in
the device characteristics (in the IV and the C'V measurements) as a weaker
subthreshold slope for higher temperatures. Furthermore, the increase in de-
pletion capacitance is higher than the increase of the capacitance in strong
inversion. This can be explained by noting that the highly doped regions,
which dominate the depletion capacitance, exhibit a different temperature
dependence compared to the intrinsic channel region, which determines the
capacitance in strong inversion.

As for the channel length, the plot shows that the longest device is less sen-
sitive to an increase in temperature than is the shortest device. Though the
difference is modest, the longest device shows a smaller increase in strong in-
version capacitance. In addition to this, the longest device generally exhibits
a steeper subthreshold slope, suggesting that the influence of the ‘diffusive’
transition region decreases for increasing channel length. This is confirmed
by the previously described figure Hence, in order to reduce the in-
fluence of the parasitics due to the implanted and diffusive regions, devices
with very long channels should be measured, so as to achieve device behavior
which is as ‘intrinsic’ as possible.

3.2.2 Differential CV measurements

As indicated in the previous section and in eq. (2.29)), differential measure-
ments can be used to minimize the influence of the parasitics. Therefore,
from now on only differential measurements will be considered, with the
48 ym device as reference. Ideally, subtracting the C'V measurements of
two devices with different channel length should result in the C'V character-
istic of the intrinsic region, that is without the parasitics. Such a differential
measurement is shown in figure depicting the hole and electron inver-
sion at room temperature, for the devices with tg; equal to 5 nm and channel
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Figure 3.16: Single CV  measurement (n-type inversion) at
T = —18,0,25,50,75,125 (°C), demonstrating the different tempera-

ture dependence of the implanted regions (dominant in depletion region)

and the intrinsic channel region (dominant in strong inversion).
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lengths equal to 27.5 pm and 20 um. Note that the capacitance is given in
(F/um?), hence normalized on the area (WL¢,). The figure demonstrates
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Figure 3.17: Differential C'V measurement, showing the electron and hole
inversion at room temperature. Leg is given in (um).

that the curves of the two devices nicely coincide when strong inversion is
reached, as one would expect for the normalized capacitance. The difference
in inversion capacitance is less than 1%. Furthermore, the lower depletion
capacitance of the 27.5 um n-type inversion (see fig.[3.14)) clearly results in
a differential depletion capacitance which is far above the depletion capaci-
tances of the other devices, thereby effectively rising the ‘noise floor’. This
means that only a very limited range of the actual subthreshold region can
be used. In addition, the transition from depletion to strong inversion is
quite steep and occurs in a fairly small V4,5 range: subtraction of two ‘sin-
gle’ C'V measurements, both of which show a very steep subthreshold region,
results in a differential C'V' characteristic having only a few data points in
the region of interest. Of course, the resolution of the measurements can
be increased to obtain a higher accuracy in the subthreshold region (which
has been done in the subsequent figures), but fitting a line and extracting
accurately the corresponding subthreshold slope remains quite problematic.

This issue is even more apparent for higher temperatures, as is illustrated in

figure depicting the electron inversion versus gate bias at -18, 25 and
125°C. Clearly, increasing the temperature gives a shift of the C'V curve in
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Figure 3.18: Differential CV measurement (n-type inversion) for T' =
~18,25,125 (°C).

the negative Vyyas direction. The high temperature results in a larger amount
of thermally generated charge (see also figs.[3.16 and 3.5), thereby lowering
the gate voltage at which inversion is reached. Also, a band gap narrowing
due to the high doping level of the regions adjacent to the intrinsic channel
could explain the observed shift in V4,5 because, as was also demonstrated
in fig. [3.16, the implanted regions are very likely to dominate the depletion
and subthreshold region particularly for the shortest devices.

Besides the shift in Vi, figure [3.18] shows that the subthreshold region is
more affected by noise when the temperature is increased, making extrac-
tion of the subthreshold slope less accurate. In addition to this, the slope
varies continuously with the gate voltage, which makes it difficult to define
the actual subthreshold region without ambiguity. These effects can be at-
tributed to the dominant behavior of the highly doped regions as well.

In short, the combination of a rather steep and noisy transition region,
a small range from which the slope could be determined and the strong
temperature dependence of the Vi, shift, drastically reduces the accuracy
of the C'V measurements.

The influence of the silicon layer thickness is depicted in figure(3.19, showing
the differential (n-type) capacitance and the inversion charge for tg; equal
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Figure 3.19: Differential n-type capacitance and inversion charge for tg;
equal to 5nm and 23nm. The solid circles denote the shifted characteristic
of the 5nm device.

to 5nm and 23nm. The shifted curve of the 5nm device appears to coin-
cide completely with the 23 nm curve. Hence, apart from the bias level, no
significant tg; related effects are noticeable. The same holds of course for
the inversion charge density, which has been calculated by integrating the
capacitance. Thus, at a given gate bias, the inversion charge density in the
23nm device is higher than in the 5nm device. This can be explained by
noting that the total inversion charge increases with tg;, as can be seen in
e.g. equation (2.21) and figure 2.2. Likewise, the capacitance in the weak
inversion region depends on nitg; as was described with eq. (2.28).

3.2.3 Simulations

As mentioned previously, the experimental C'V data exhibits only a very
small and noisy region in which the slope is approximately constant, mak-
ing a quantitative interpretation of the results rather inaccurate and demon-
strating a potential band gap widening effect even impossible. So, to find
an adequate explanation for the observed behavior, a comparison with theo-
retical data is appropriate. Section[3.2.1 already suggested that diffusion of
dopant atoms from the highly doped region into the channel region could be
a potential source of non-idealities. Additionally, the heavily doped regions
will most probably differ significantly in temperature dependent behavior
from the intrinsic region. To verify these conjectures, some simulations have
been carried out for devices with and without a diffusive transition region
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from the heavily doped regions to the channel [12]. The results are depicted
in figure 3.20. Although the device geometry is not fully equal to the actual
available devices (10, 30 and 50 um gate length), the simulations are cer-
tainly useful for determining the origin of the measured non-ideal behavior.
Note that the silicon film is relatively thick (20nm), as the simulation only
employs classical models (i.e. no quantum mechanical effects incorporated).
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Figure 3.20: Simulated C'V characteristic (n-type inversion) with and with-
out ‘diffusive’ junctions, clearly showing that the diffused dopants strongly
affect the depletion capacitance. The difference between long devices should
be observed to reduce the influence of the diffusive junctions.

The solid line and open symbols denote the differential characteristics of
the ideal devices with a perfect junction, i.e. an abrupt transition from the
highly doped regions to the intrinsic channel region, whereas the dashed lines
depict the simulation data incorporating diffusive transition regions. The
plot clearly demonstrates that in absence of dopant diffusion into the chan-
nel region the characteristics with unequal effective channel length (Leg)
completely coincide, in contrast to e.g. the curves in fig.[3.18 which do coin-
cide in strong inversion but show a reasonable deviation in the subthreshold
region. Since the simulated devices are fully equal except for the channel
length, the effect of the parasitics is perfectly cancelled thereby obtaining
the capacitance of the intrinsic region only. Obviously, in practice the de-
vices are not perfectly identical but suffer from process variations, which
could explain the observed deviation in the subthreshold region.

Moreover, the simulations reveal that indeed the diffusive transition region
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could be responsible for the scattered points in the depletion region. The
depletion capacitance significantly rises for increasing effective area (WL.g).
This severely limits the range of the subthreshold, and additionally results in
a significant weaker slope: both ideal devices exhibit a slope of 67 mV/dec,
while the 50-30 um and 50-10 pm ‘diffusive’ devices show 77 mV/dec and
96 mV/dec respectively. Hence, to reduce the effect of the highly doped and
diffusive regions as much as possible, devices with very long channels should
be used.

Furthermore, in order to investigate the temperature dependence of the
highly doped regions, additional simulations should be run at different tem-
peratures.

To stress the limited accuracy of the experimental C'V results, the sub-
threshold slopes have been extracted at temperatures ranging from —18°C
up to 125°C (figure 3.21, n-type inversion). After all, the aim was to com-
pare the exponential part of the C'V characteristics for a thick and thin
device as function of the temperature, in order to observe an increase in the
effective band gap. A plot of the slope versus the temperature gives a reason-
able indication of the absolute uncertainty in the measurements (compare
figure [3.6). Unlike the IV measurements, the slopes for the C'V measure-
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Figure 3.21: Subthreshold slope vs the temperature (n-type inversion).
Extracted using Crin = 2.3nF/um? and Cpax = 5.5 nF/um?.

ments cannot be obtained at a gate voltage equal for all devices, due to the
strongly temperature dependent Vj;,s range. By means of a work-around,
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the range in which the slope is extracted has been specified in terms of ca-
pacitance, rather than gate bias, so as to compare the slopes of all devices.
Figure 3.21 readily shows a large spread across the devices, though one can
infer that the slope is linearly proportional to the temperature. However, as
for a quantitative comparison or even extraction of the effective band gap,
the accuracy of these experimental data is clearly not sufficient.

Summarizing the above findings, one could state that the band gap widening
effect cannot be observed based on the currently present experimental C'V
data. The measurements suggest that, particularly for shorter devices, the
highly doped regions and diffusive junctions dominate the device behavior
rather than the intrinsic channel region. This can be observed in the weak
inversion region, which is rather steep and affected by noise. Furthermore,
simulations show that also the high depletion capacitance can be attributed
to the diffusive junctions.

Moreover, the highly doped p™ and n™ regions are very likely to differ in
their temperature dependence from the intrinsic channel, due doping in-
duced band gap narrowing. This is to be confirmed with additional simula-
tions at different temperatures.
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Chapter 4

Conclusions

This project aimed at observing the effective band gap widening effect using
electrical measurements. To this purpose, SOI based n-type and p-type de-
vices are available with several silicon layer thicknesses. By comparing the
temperature dependent characteristics of these devices a widening of the ef-
fective band gap is expected to become apparent, as explained in chapter 2.
The enlargement of the band gap stems from the modification of the band
structure for semiconductor films with thickness less than approximately
15nm due to spatial confinement of the charge carriers. Note that quan-
tization of both the conduction and the valence band occurs, because the
double gate structure results in two confining barriers. In order to inves-
tigate the band gap widening effect, two types of measurements have been
proposed, both of which rely on the comparison of a relatively thick device
and a device of which the silicon layer is sufficiently thin for quantum con-
finement to occur. Furthermore, this project focusses on the subthreshold
current, in which diffusion is the dominant transport mechanism. In the
measurements the temperature is an important parameter, as diffusion is
strongly temperature dependent. The results of the measurements will be
summarized briefly below.

IV measurements Only rather qualitative conclusions can be drawn
based on these results, given the limited accuracy of the process and conse-
quently the unwanted variations among the devices. Nevertheless, keeping
this in mind, the IV measurements on the available devices nicely serve as
a proof of concept, showing that observing the band gap widening effect by
means of this type of electrical measurement is possible. The results indicate
that the effective band gap is likely to increase for decreasing silicon layer
thickness. For a detailed quantitative analysis however, the measurements
should be repeated on devices with thinner layers, fabricated in a more ac-
curate process. Furthermore, a larger number of devices should be measured
to allow for an accurate statistical analysis of the experimental data.
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CV measurements As for observing the effective band gap widening ef-
fect using C'V measurements, the device behavior is dominated by the highly
doped regions adjacent to the channel region. These regions are likely to
have a temperature dependence different from the intrinsic region, caused
by band gap narrowing due to the high doping levels. The influence of the
highly doped regions on the overall device behavior is stronger in devices
with short channels. This suggests that very long channel devices should be
measured to reduce the dominant behavior of the highly doped regions as
much as possible.

Moreover, the experimental data is depicted differentially, which ideally
should eliminate the influence of parasitics and the highly doped regions.
However, this procedure assumes fully identical devices except for the intrin-
sic channel length, for the parasitics to be cancelled perfectly. The obtained
C'V characteristics show a rather steep and noisy subthreshold region with-
out a truly exponential part, in particular for high temperatures. Further-
more, some preliminary simulations indeed point to the diffusive junctions
from the highly doped regions to the intrinsic channel region as a potential
source of the observed non-ideal behavior. As a result, no conclusions can
be drawn with respect to the effective band gap widening effect from the
currently available experimental C'V data. The concept should be investi-
gated further with simulations, particularly focussing on the temperature
dependence.

Recommendations

In general, more devices are needed realized in a more accurate process,
preferably with thinner silicon layers. This allows for a more quantitative
analysis of the band gap widening effect based on the IV measurements
and reduces the dominant behavior of the diffusive junctions which strongly
affects the accuracy of the C'V measurements.

Further, though not mentioned before in this report, the number of properly
functioning n-type devices is considerably lower than the number of working
p-type devices. As this phenomenon occurs in both the DG MOSFETSs and
the PiN diodes, it could be related to crystal damage due to the implantation
of arsenic. Its larger mass compared to boron could explain the difference
between failing n-type and p-type devices. To get an overview of the working
and failing devices, wafer maps have been depicted in appendix B.
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Appendix A

Additional experimental data

Vas shift

In addition to figure [3.8 the measured shift along Vgg for the remaining
devices is depicted in this appendix. The average values were used for the
(vertical) error bars in figure
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Figure A.1: Shift in Vgg across all NMOS devices on 3 wafers
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Appendix B

Overview SOI MOSFET's

In the figures B.1/and [B.2/an overview of the the available devices is given.
The numbering of the devices is shown in the left column and the correspond-
ing thicknesses in the right column. Each square consists of an ‘unthinned’
(150nm) and a ‘thinned’ (ts;) device.

The devices are colored as follows:

grey device not used
yellow device not measured
green device functions properly

red failing device
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Figure B.2: Overview of failing and working PMOS devices.
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