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Abstract—In this paper, we compare measurements of the
conduction-band (CB) offset in [110]- and [010]-oriented narrow
n-type FinFETs with a model taking into account both strain and
quantum confinement. We estimate the complete strain tensor
for the scarce strain measurement points available with finite-
element-method simulations of the thermal expansion effect. We
found an inhomogeneous compressive strain that increases for
smaller fin widths. The experimental CB offset is extracted from
temperature-dependent transfer characteristics. The results show
a lowering of the CB edge up to 40 meV for fin widths down
to 5 nm. These experimental observations compare well with
the model, and hence, the band offset can be explained by both
quantum confinement and strain.

Index Terms—Double-gate FETSs, leakage current, quantum
wells, semiconductor device measurement, strain, stress, thermal
expansion.

I. INTRODUCTION

NE of the reasons that multiple-gate architectures, such

as the fin-shaped field-effect transistor (FinFET), are be-
coming the standard in integrated circuits [1] is their improved
electrostatic behavior. The multiple gates result in an enhanced
control of the charge in the channel. When designed properly,
the gate can deplete the entire silicon (Si) fin. This enables
volume inversion, where the inversion layer extends throughout
the entire body, resulting in a steeper subthreshold swing (SS)
compared with a single-gate bulk metal-oxide semiconductor
FET (MOSFET) [2] with equal channel length. Strained Si
layers have been incorporated into the MOSFET to increase
both carrier mobility and injection velocity [3]-[6]. The strain is
generally not uniformly distributed throughout the semiconduc-
tor. Process simulations have revealed that the strain depends
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Fig. 1. Schematic view of the [110] FinFETs and the orientation of the fins on
the Si wafer. The 65-nm-high fin is on top of a 145-nm-thick BOX layer. The
orientation of the device coordinate system [z1, 22, 23] is shown relative to the
crystal coordinate system [z, y, z]. wg is the fin width.

on the fin dimensions and penetrates a certain depth into the Si
[7]. Holographic interferometry measurements [8] also indicate
that the strain depends on the fin width. Hence, we expect
that the amount of strain depends on the device geometry.
Strain implies deformation of the crystal lattice and so results
in an offset of the conduction-band (CB) valleys [9]. For very
small dimensioned FinFETs, the CB splits into discrete energy
levels, the so-called subbands. This effect is termed quantum
confinement (QC) and appears as an upward shift in the CB
levels and a downward shift of the valence-band levels.

In this paper, we aim to measure the CB offset for very
narrow n-type Si FinFETs. Since both QC and strain have an
influence on the CB offset, we estimate the strain values for
various fin dimensions. In the following sections, we present
simulations to interpret the strain measurements, a theory to
explain the CB offset, the measurement methodology, the ex-
perimental results, and finally, the conclusions.

II. STRAIN MODELING

Fig. 1 shows a schematic representation of the FinFET. The
fin has source and drain connections, and the channel region is
surrounded by the dielectric and the gate. The crystal [z, y, 2]
and device [x1, 22, 23] coordinate systems are also shown. We
investigated two differently oriented FinFETs. The first has a
[110] channel transport direction and (110)-oriented sidewalls.
The second has [010] as transport direction and (100)-oriented
sidewalls. The Si fin is covered by a stack of silicon dioxide
(SiO2) and high-£ hafnium silicate (HfSiO). The exact compo-
sition is Hfyy 4Sig.6O. On top of these dielectrics, the titanium
nitride (TiN) and poly silicon (Poly-Si) gate layers have been
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TABLE 1
MECHANICAL PARAMETERS OF THE ISOTROPIC MATERIALS, ¢ IS THE
THICKNESS, c IS THE STIFFNESS, p IS THE POISSON RATIO, CTE IS THE
TEMPERATURE EXPANSION COEFFICIENT, AND €};,,, IS THE ELASTIC
LiMmIT. HfSiO Is NOT A THOROUGHLY INVESTIGATED MATERIAL, AND AS
A RESULT, SOME PARAMETERS HAD TO BE TAKEN FROM REFERENCES
WITH COMPARABLE MATERIALS. IN [12], THE DATA
WERE INTERPOLATED FROM COMPARABLE COMPOUNDS. IN [13],
p WAS CALCULATED AND MEASURED FOR HfSiOy4. IN [14],
THE CTE WAS MEASURED FOR HfSiO4

t c p CTE €lim

[nm] [GPa]  [] [107%/K] [%]
Poly-Si 100 160 [15] 022 [16] 6.4 [15] 2 [16]
TiN 7 640 [17] 0.25 [17] 9.4 [8] 5 [18]
HfSiO 1.7 110[12] 02[13] 3.6[14] -
Si0, 1 57[19] 0.20 [19] 0.6 [20] 2 [21]
Si 65 169 3.5 [15] 3 [22]

deposited. During the front-end-of-line device integration of
the FinFETs used in this work [10], the gate undergoes heat
treatments as high as 1370 K, inducing the plastic relaxation of
the Si channel and the TiN gate. Upon cooling, a stress field
is built up in the channel due to the large difference in the
coefficient of thermal expansion (CTE) of Si and TiN.

We investigated the plastic relaxation of the gate stack and
the subsequent stress build-up by implementing a multiphysics
3-D finite-element-method (FEM) simulation [11] of the ther-
mal expansion. We simulated the structure as shown in Fig. 1.
To manage the computational load of the model, we assumed
the following. We neglected the Si substrate below the BOX
and applied fixed boundaries to the bottom of the BOX layer
to mimic the stiff Si substrate. We verified that the results are
essentially insensitive to variations of the BOX thickness, and
thus, simulating the complete substrate is not imperative. We
simulated various degrees of corner rounding and found that
this hardly affects the final result and that rounding can be
neglected. The fins always form a group of five parallel fins,
with a pitch of 200 nm. This can be simplified by simulating
only one of the five fins and applying symmetric boundary
conditions to the sides. The step coverage of the Poly-Si has not
been taken into account; however, we verified that the results
are insensitive to thickness variations, suggesting that the step
coverage is not relevant. To mimic the behavior of the relatively
large and, hence, stiff source/drain connections, the Si fin was
simulated 100 nm longer than the region overlapped by the
gate and symmetric boundary conditions were applied to the
source/drain sides. All other boundaries were free to move.

The parameters for the FEM simulations are summarized in
Table I. An anisotropic model was used for the Si fin, while the
other materials were modeled isotropically. Since HfSiO is a
relatively unknown material, its properties are not determined
with good precision. Furthermore, the literature references for
the mechanical properties are obtained from bulk test structures,
whereas our structures are in the nanometer scale, and hence,
the properties may differ. The induced strain depends strongly,
but not exclusively, on the CTE. For example, a material with
low stiffness is easier to deform and, thus, will receive a higher
strain. In Fig. 2, the simulated strain for a 10-nm-wide fin is
shown, indicating that the strain is not uniform in the Si fin.
First, the BOX is not a stressor; hence, the bottom of the fin
receives a lower strain. Second, the gate deforms the fin surface
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Fig. 2. Cross-sectional views of the fin in plane with the device coordinate
system [z1, 22, 23] through the center of the FinFET in Fig. 1, showing the
simulated strain at room temperature for a 10-nm-wide fin. Note that the device
coordinate axes are indicated.

in plane with the dielectric. At the top, this is perpendicular
to the z-axis, and thus, the top of the Si fin receives a lower
strain €,,. Third, the dielectric layers surrounding the Si fin,
being SiO, and HfSiO, have a relatively low stiffness (see
Table I); therefore, they deform much more than the Si fin under
stress. This explains the high strain levels in the dielectric. From
holographic interferometry measurements [8], we expected a
strain along the z-axis of €,, = —0.8%, which is, in fact,
comparable with the volume average of the simulated strain.

In the simulation, elastic deformation, i.e., a linear relation
between the stress and strain, has been assumed. This holds
as long as the strain is well below the elastic limit of the
materials. These limits are shown in Table I. To our knowledge,
the elastic limit for HfSiO has not yet been published. For the
other materials, we found maximum strain levels well below
this limit. In this paper, we aim to model the band offset as
a function of the strain and fin dimensions. The simulations
show a slightly nonuniform strain. We calculated the resultant
nonuniform current and found a 1% change in the current ratio
between a thick and narrow fin. This effect can be neglected,
and uniform strain can be assumed. Hence, in the remainder
of this paper, when we mention strain, we refer to the average
strain in the Si fin surrounded by the gate. As mentioned before,
the strain is a result of a difference between the CTEs of
materials. Hence, it can be insightful to simulate the strain
as a function of the temperature. This is shown in Fig. 3(a).
The figure also shows the electrical measurement temperature
range, revealing that the strain varies with temperature in our
experiments. Nevertheless, this 0.1% change is small compared
with the overall strain of —0.6%. Also, the fin-width depen-
dence of the strain, after the cool-down step inducing strain,
has been investigated, as shown in Fig. 3(b).

The simulated strain is in the same order as the holographic
measurements [8] but shows weaker fin-width dependence.
Therefore, we use these results only to estimate nonmeasured
strain components and the strain for other fin widths. Extra-
polating the strain in Fig. 3(b) for infinite fin widths results in
close-to-zero strain. On the other hand, zero fin width should
give a certain maximum. This behavior can be fitted well
with an exponential function. In our previous work [23], we
assumed a linear dependence; however, a linear function cannot
fit the behavior for infinitely small or large fin widths. The
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Fig. 3.

(a) Simulated strain in a 10-nm-wide fin as a function of the tempe-

TABLE 1I
PARAMETERS USED FOR BAND DEFORMATION CALCULATION FROM [25].
THE QUANTIZATION MASSES [27] mzz 1 ARE EXPRESSED IN THE

ELECTRON REST MASS [mo]
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rature. The collection of points around room temperature show the electrical
measurement range. (b) (Dots) Measured, (black line) simulated, and (gray
lines) fitted dependence of the strain on the fin width after the cool-down step
at room temperature.

holographic interferometry measurements [8] are available only
for two fin widths; however, three are needed to fit an exponen-
tial function. Therefore, we add a third point to the measure-
ments with wg = 1000 nm and ¢,, = 0. To calculate the effect
on band alignment and quantum confinement, the complete
six-component strain tensor is required for all fin widths. To
estimate this tensor, we extract the ratio of the components of
the strain tensor, for instance, €,/ €xy, from the simulations.
These ratios multiplied by the measured and extrapolated data
for €,, give a good approximation for the complete strain tensor
for all considered fin widths. This approach can be justified by
all stress—strain relations being linear. This procedure has been
followed for both [110]- and [010]-oriented fins.

III. BAND OFFSET

It has been reported that the band minima in a semiconductor
depend on strain [9], [24], [25]. Furthermore, for narrow fin
widths, QC needs to be taken into account. With this purpose,
the Si body is viewed as a square energy well and the energy
levels of the subbands for electrons is calculated from the
Schrodinger equation. This is a defendable approximation in
the subthreshold regime that we are mostly interested in (see
Section IV). The offset of the valleys along the z-, y-, and
z-axes is the superposition of the offsets due to strain [26] and
QC [27] and can be written as

Ek,n :Ed(exx+6yy+ezz)+5u€kk+Ez edr+ — 5
K 2mk w2
Qk S
shear __ 6 2 (l)
A. T T g%y

where k = x, y, z is the valley index and n is the subband index.
Z4 and =, are the deformation potentials, and O, 7, and x are
the model parameters from [25], whose numerical values are
summarized in Table II. €y, and €y, are zero; therefore, Ezh,jar is
nonzero for the k = z valley only. Hence, it is not necessary to
show the shear-strain dependence for the other valleys. For the
same reason, the shear-strain dependence of the quantization
effective mass mg, ;. is only shown for the z-valley in the [110]-
oriented fins.
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Fig. 4. Calculated offset of the CB valleys due to strain and QC. (a) For the
[110]-oriented fins and (b) the [010]-oriented fins.

In Fig. 4, the energy offset for the lowest subbands of the
different CB valleys are shown as a function of the fin width.
To ease the comparison with the results presented further in
this paper, the 30-nm fin width is taken as a reference for the
[110]-oriented fins and the 40-nm fin width is taken for the
[010]-oriented fins. The strain leads to a splitting of the CB
valleys. With compressive strain €,,, the z-valleys move down
and the other valleys move up. For [110]-oriented devices, the
strain along the 22- and x1-axes is shear, translating in an equal
offset of both x- and y-valleys. In the [010] channel, instead,
the strain displaces the valleys differently. For both cases, the
strong compressive z-axis strain €,, moves down the z-valley.
Most of the electrons occupy the lowest available energy levels.
Therefore, a measurement of the CB offset effectively probes
the z-valleys.

In a narrow high-aspect-ratio undoped FinFET, the charge
density in subthreshold is fairly uniform in the fin width [28].
The influence of the substrate bias can be neglected as the body
factor [29] is close to 1. The electron gas is nondegenerate, and
hence, the subthreshold current is given by [30]

o tspquy [1 _VDS} [XSi — Gm + VGS}
=N->——|l—exp——|exp | T2
L Ut Ut

kT . Egn
kB Zmd,k [exp—k;’ :| 2
k.n

mh?

where N is the number of parallel fins, kp is the Boltzmann
constant, tg is the fin height, x4 is the electron mobility, xs; is
the Si electron affinity, ¢, is the metal work function, and my
is the density-of-states effective mass. If, as assumed earlier, the
lowest subband, in our case k = z and n = 1, carries most of
the current, then the subthreshold current ratio of devices with
different fin widths yields

Ip

AB 1

1,
meas x e EgT

3)

Nrat =
ref
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Fig. 5. In(Ip) and smoothed derivatives as a function of the gate voltage,

which are necessary to define the subthreshold region of the graph. For con-
venience sake, normalized values are used for the derivatives. § In(Ip)/dVas
peak is located at V3, and 62 In(Ip) /62 Vs has extreme values at V3 and V.

where I,,c.s and I.s are the subthreshold currents obtained
from a measured and a reference device, respectively. The
temperature derivative of 7,4 gives the CB offset between the
thick and thin devices, in our case AE, ;. We assume that xs;,
®m, and € are constant in the measured temperature range.
We expect that the temperature dependence of the low-field
mobility is equal for the measured fin widths [31] and, hence,
does not influence the results. The same holds for the oxide
thickness and the density-of-states effective mass.

IV. EXPERIMENTAL TECHNIQUE

The FinFETs were obtained from the NXP-TSMC Research
Center [10]. The temperature-dependent transfer characteristics
were recorded with a Keithley 4200 semiconductor parameter
analyzer and a Cascade probe station.

The temperature dependence of the ratio of the subthreshold
current densities is used to calculate the CB offset [30]. The
obtained results are valid as long as (2) holds, and this can
be verified from the temperature dependence of the extracted
SS, which clearly should be almost the same for the considered
fin widths in the considered temperature range. Moreover, the
devices should not show any short-channel effect, which is, in
fact, the case for the long devices used in the measurements.

For further analysis, it is convenient to have a definition
for the subthreshold region where (2) is valid. Fig. 5 shows
In(Ip). The peak of dIn(Ip)/9OVss at Vs is in the center of the
region. The 9% In(Ip)/0*Vgs maximum at V; gives the start of
the subthreshold region. Equivalently, the minimum indicates
the end at V5. Similar methods have been proposed to obtain the
threshold voltage (Vi) at Vi [32] or to characterize the hump
effect [33]. We define the lower and upper limits of the sub-
threshold region at V5 and Vj, respectively. An exponential
function is fitted to the data in the subthreshold region to
eliminate noise. The slope of the fit gives the average SS. From
the fit, the CB offset was extracted with the method described
in Section III.
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TCAD simulations. (a) For the [110]-oriented fins. For 5-30-nm fin widths,
the SS shows linear temperature dependence and small variation. Hence, the
CB offset can be calculated from the subthreshold characteristics. (b) For the
[010]-oriented fins. Here, the 10—40-nm fin widths show suitable SS.
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Fig. 7. Extracted CB offset compared with the values according to the theory
of the z-valleys obtained from Fig. 4. The open symbols are for 1-pm-long fins.
(a) For the [110]-oriented fins, where also results obtained with Vpg =1V
instead of 25 mV, indicated by Vpg, and results obtained with a smaller
temperature range, from 293 K instead of 233 K indicated by 7', are shown.
Closed symbols are for 10-zm-long fins. (b) For the [110]-oriented fins. Closed
symbols are for 250-nm-long fins.

V. BAND OFFSET RESULTS

The subthreshold region of measured transfer characteristics
was identified using the method shown in Fig. 5. The extracted
values for the SS are shown in Fig. 6. According to (2), the SS
of the considered fin widths should be the same. Clearly, this
is the case for the fin widths shown in the figure. Hence, we
can use 30- and 40-nm-wide fins as reference for the [110] and
[010] orientations, respectively. In addition, the SS extracted
from simulations [34], including band offset due to strain, and
the quantization effects using the density gradient model [35],
[36] are shown. The results are in a good agreement with the
measurements.

We measure a current obtained from an ensemble of elec-
trons, and any extracted parameter thus represents an average
or effective value. Using (3), the band offsets were extracted
and are shown in Fig. 7. The results reveal a lowering of the CB
for smaller fin widths. In addition, for the [110] orientation, we
have data for fin widths below 10 nm, where the CB starts to
shift up. For comparison, the calculated offset of the lowest CB
valleys, in our case, the z-valleys, is also shown. Both theory
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and measurements show the same qualitative dependence on
fin width. Additional measurements were also done with an
alternate temperature range and drain—source bias (Vpg). These
show no qualitative difference. Therefore, the general observa-
tion is that narrowing the fins increases the strain, as predicted
by FEM simulation, and shifts the z-valleys downward. Fin
widths below 10 nm were available for the [110] orientation
only, and here, quantization needs to be taken into account. This
effect counteracts the strain and shifts the Ao valleys upward.

VI. CONCLUSION

In this paper, we have investigated the CB offset in narrow
FinFETs. This offset is partly caused by strain. Using mul-
tiphysics simulations, we estimated the ratio of the different
strain components. Applying this ratio to actual measurements
of the most important strain component yielded insight into the
complete strain tensor. Finally, the strain for different fin widths
was estimated using inter- and extrapolation.

The CB offset was calculated as a function of the fin width
and strain. The obtained results for both [110]- and [010]-
oriented Si fins are well comparable with the measured CB
offsets. The CB offset can be explained by the superposition
of two physical effects: (1) an increase in compressive strain
in the fin height direction for narrower fins moving the CB
z-valleys downward and (2) QC for fin widths below 10 nm,
separating the energy levels available to electrons and moving
the CB valleys upward.
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