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Abstract: It is known from many published data on amorphous or polycrystalline silicon and on
metal oxides based Thin Film Transistors (TFTs) that their electrical parameters improve when
decreasing the thickness of the channel layer. The origin of this improvement is discussed here
through electrostatic arguments only. In particular, it is shown that the behavior of the subthreshold
swing with the thickness does not depend on the type of materials. The material and its electrical
defects determine only the importance of the improvement but not the trend towards better electrical
parameters. Meanwhile, in general, the electrical stability under gate stress enhances too. The
improved stability is explained by the reduced electronic charge inside the channel layer, leading to
a lower injection of electrons in the gate insulator.

Keywords: thin film transistor; channel layer; gate insulator; crystallinity; electrical stability

1. Introduction

A Thin Film Transistor (TFT) is a stack of insulator and semiconductor thin films.
The channel layer of these transistors is a thin semiconductor film that is deposited at low
temperature. The electrical quality of this film has a direct consequence on the performance
of the TFT. When a semiconducting film is directly deposited, it is not single crystalline. It
can be amorphous or nano-micro-poly crystalline depending on the technique used and
the deposition conditions. Such a non-single crystalline structure leads to the presence
of numerous permitted energy states for electrons in the energy forbidden bandgap. The
electrical conduction of the film is lowered in consequence. Remarkable efforts are made
to improve the quality of the material. However, whatever the improvements, it will not
remain a single crystalline and will still contain electrically active defects. Considering this
limit in the improvement of the electrical quality of the material, we need to explore other
ways to improve the electrical parameters of the transistor. As described in this report,
such a way consists of decreasing the thickness of the channel layer, mimicking what
has already been performed in old works on SOI FETs [1–4]. Indeed, in both TFTs and
SOI-FETs, the interfaces between the channel layer and the gate insulator, as well as
between the channel layer and the substrate, are so close that they induce a potential
interaction in-between.

In fact, improving the transistor’s parameters by decreasing the thickness of the chan-
nel layer is not specific to SOI FETs but seems a universal rule, as observed in other transis-
tors based on different materials (Polysilicon [5,6], hydrogenated amorphous silicon [7],
different metal-oxides, such as InZnO [8], InGaZnO [9], InSnZnO [10], and InGaSnO [11]).

In this work, after demonstrating the effect of the channel layer’s thickness through
the example of as-deposited crystalline (or micro-poly crystalline) silicon based TFTs, the
improvement is explained by means of electrostatic arguments only, independent of the
type of material.
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Moreover, we show that the electrical stability of the TFTs’ electrical characteristics
when these transistors are submitted to high gate voltage is improved when the thickness
of the channel diminishes. This improvement occurs under the condition in which the
physical structure of the channel material does not alter during the application of the gate
voltage, meaning that no electrically active defect is created during the process.

2. As-Deposited Micro-Poly Crystalline Silicon Based TFTs as an Example of the Effect
of Channel Layer Thickness Variation
2.1. Process

As-deposited micro-poly crystalline silicon films, deposited at 165 ◦C by PECVD
using highly diluted in hydrogen–argon silane, are used as the channel layer and doped
source, and the drain contacts. The structure of as-deposited crystalline silicon is micro-poly
crystalline. It was previously shown [12] that adding argon in the usual silane–hydrogen
mixture leads to good improvement in the crystalline volume in the silicon film. For
example, the addition of argon allows the crystalline volume to increase from 24% to 58%
for 20 nm thick films. Arsine is added to the previous gas mixture during the deposition of
the doped silicon film. A high electrical conductivity of the doped silicon layer is obtained
when using arsenic as a dopant. Its value is 5 S/cm at normal temperature.

After the successive deposition of an undoped channel layer and a doped layer, this
last layer is SF6 plasma etched to define the source and drain regions. Then, silicon nitride
film with a thickness of 300 nm is deposited at 150 ◦C by PECVD. It will act as a gate
insulator. After SF6 plasma etching of the insulating layer, an aluminum layer is deposited
and etched to form a source, a gate and a drain contacts. Post-metallization annealing is
performed at 180 ◦C in an atmosphere of forming gas. The maximum temperature used in
the process is 180 ◦C. It is reached during the last step of the process. The process leads to
the TFT structure shown in Figure 1. More details on the process can be found in [13].
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Figure 1. N-type Top-Gate Top-Contacts as-deposited crystalline silicon TFTs.

2.2. Electrical Characterisation of TFTs Having a Channel Layer with a Different Thickness

The transfer characteristics of n-type TFTs using a 200 nm, 100 nm or 30 nm thick
channel layer are shown in Figure 2. The transfer characteristics are the drain current
versus gate voltage at fixed drain voltage curves. Here, the drain voltage was set at +1 V,
meaning the transistors work in the linear mode. The behavior of the curves as a function
of the channel layer thickness is similar to what we found previously [14], meaning a shift
of the characteristics towards negative voltage values and an increase in the subthreshold
swing when the channel layer is thicker.
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Figure 2. Transfer characteristics of W = 100 µm/L = 20 µm sized transistors with a 30 nm, 100 nm,
200 nm thick channel layer. The thickness of the silicon nitride gate insulator is 300 nm.

Table 1 provides the electrical parameters of these three different channel layer thick-
ness TFTs, deduced from the transfer’s characteristics.

Table 1. Electrical parameters of 3 TFTs with a 30 nm, 100 nm and 200 nm thick channel layer. t is the
thickness of the channel layer. µ is the electron mobility. SS is the subthreshold swing and ION/IOFF

is the ratio of the highest on-current to the lowest off-current. The grain size g of the silicon channel
layer as deduced from Scanning Electron Microscopy observations is given in the last column.

T
(nm)

µ

(cm2/V.s)
SS

(V/dec)
VTH
(V) ION/IOFF

g
(nm)

30 0.41 0.38 6 >107 20
100 0.52 0.9 3.5 106 60
200 0.63 1.92 −1.2 105 70

The electrical parameters, mobility µ, subthreshold swing SS, threshold voltage VTH
and the ratio ION/IOFF, are deduced following their usual definitions in the linear mode.

µ is calculated in the linear mode using the usual equation of the transconductance
gm of a MOSFET:

µ = gm
L
W

1
Cins

1
VDS

(1)

L and W are the length and the width of the channel, respectively. Cins is the capaci-
tance per area unit of the gate insulator. VDS is the applied drain–source voltage. gm is the
maximum slope of the linear plot of the drain current versus the gate voltage curve.

The linear extrapolation on the gate voltage axis of this last curve provides the thresh-
old voltage.

The inverse of the maximum slope of the drain current versus the gate voltage curve
plotted in a semi-logarithmic scheme provides the subthreshold swing SS.

At a higher channel layer thickness, the mobility is higher, and the subthreshold swing
is higher as well, while the threshold voltage is lower. This general trend is similar to what
we can find in many papers on TFTs made with so many different materials, such as Ther-
mally oxidized polysilicon [5] or Solid-Phase Crystallized (SPC) polysilicon [6], amorphous
silicon [7], InZnO [8], Inkjet-printed InGaZnO [9], InSnZnO [10], and InGaSnO [11].

The shift of the threshold voltage towards negative values can be explained by the dif-
ferent crystalline quality of as-deposited micro-poly crystalline silicon films with different
thicknesses. Indeed, the crystalline fraction of as-deposited micro-poly crystalline silicon
films increases continuously from 0 to a thickness of 50 nm. It saturates at 77% for higher
thicknesses (Figure 3) [15]. We can assume that the electrical quality increases along with
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an increase in the crystalline fraction. The increase in electron mobility with the thickness
supports such an assumption. The free electron accumulation under the insulator (in the
channel) when the gate voltage increases becomes easier when the thickness becomes
higher, inducing, then, a decrease in the threshold voltage. Even if this explanation is true,
it cannot explain by itself the larger difference between the threshold voltage of 100 nm and
200 nm thick channel layers as well as between 30 nm and 100 nm thick layers. Indeed, the
crystalline fraction jumps from 50% for 30 nm thick layer to 75% for a 100 nm thick layer;
although it varies only from 75% to 77% for 100 nm to 200 nm layers.
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Figure 3. Crystalline fraction of as-deposited micro-poly crystalline silicon films with different thick-
nesses deposited in our conditions. The fraction is deduced from Raman measurements. Adapted
from [15].

An explanation of the increase in the subthreshold swing when the thickness increases
may invoke the increase in the surface roughness of the channel layer. A higher rough-
ness induces electrically active defects at the interface between the channel layer and
the gate insulator leading to an increase in the swing. Figure 4 shows the images of the
surface of 100 nm thick and 1 µm thick microcrystalline silicon layers, taken by Atomic
Force Microscope (AFM). The surface RMS roughness increases from 0.6 nm to 12 nm.
Such an increase may explain the increase in the subthreshold swing.
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Figure 4. Topography of the surface of 100 nm thick (area 15 µm × 15 µm) and 1 µm thick
(area 30 µm × 30 µm) microcrystalline silicon layers analyzed by Atomic Force Microscopy.

Even if previous explanations of the shift in the threshold voltage along with the
change in the swing may be applied, at least to some extent, to the case of present as-
deposited crystalline silicon TFTs, their extension to TFTs or MOSFETs based on many other
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materials is questionable. The crystalline quality and the roughness of single crystalline
silicon do not change with the layer’s thickness.

The correct explanation cannot involve the type of material as the behavior is general.
Whatever the material, the threshold voltage and the subthreshold swing decrease when
the thickness of the channel layer decreases.

Previously [16], by using a model based on Silvaco software tools, particularly
Athena [17] and Atlas [18], we showed the same behavior of the threshold voltage and sub-
threshold swing as a function of the thickness of the channel layer using only electrostatic
arguments. Figure 5 shows these behaviors, as given by this model, for single crystalline
silicon based TFTs.
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Figure 5. Threshold voltage and subthreshold swing as a function of the thickness of the single
crystalline silicon TFTs, as deduced from the Silvaco model.

The same behaviors were found in a simulation of SOI-MOSFETs [4], considering
a high thick back insulator as a substrate and a weakly doped silicon channel layer. These
conditions are fulfilled in the present case of as-deposited silicon TFTs using glass as
a substrate and un-doped silicon as a channel layer.

If we consider a silicon channel with a disordered structure, containing electrically
active defects (distribution of energy states in the forbidden gap), the same behavior of
the subthreshold swing is found (Figure 6). The subthreshold swing decreases when the
thickness of the channel layer decreases.
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Figure 6. Dependence of the subthreshold swing on the channel layer thickness when the channel
material has no defect (single crystalline silicon) or contains defects (silicon with disordered structure).
The values are calculated using Silvaco software modeling and the subthreshold slope is defined as
previously. The curves were obtained in the linear regime with +1 V drain voltage.

Figure 6 shows that the variation is much more important when the material contains
a high content of defects. Thus, as known for single crystalline silicon MOS-FETs or SOI-
FETs, the decrease in the channel layer’s thickness is advantageous for the subthreshold
swing. The present study shows the higher benefit when doing the same for disordered



Electronics 2023, 12, 2694 6 of 12

material based transistors. The more the material is defected, the more the reduction in
the channel layer thickness is beneficial. The effect of the decrease in the channel layer
thickness is more spectacular for the defected material-based TFTs.

This benefit can only be explained by the more and more important role of the lateral
electrical field (between the source and the channel) when the thickness decreases.

The lateral electrical field is shown in Figure 7 through the profile of the potential. This
potential is calculated just under the insulator–channel layer interface along the channel
between the source and the drain.
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Figure 7. Silvaco software modeling of the profile of the potential under the insulator–channel layer
interface for the 3 values of the channel layer thickness used in the experimental results. Either the
channel material has no defect (single crystalline silicon) (left curve) or contains defects (silicon with
disordered structure) (right curve). The curves were obtained with neither an applied gate voltage
nor a drain voltage.

The variation of the potential is much more important close to the source–channel
layer and drain–channel layer interfaces, meaning a more important field effect at these
interfaces. At these interfaces, the variation of the potential is more important when the
thickness of the channel layer decreases for both single and disordered materials. For single
crystalline materials, the variation is important whatever the channel’s thickness. In the
case of a disordered material, the profile of the potential is nearly flat, meaning no field, with
a thickness of 200 nm. It increases near the interfaces, a little bit with a 100 nm thickness
and frankly (by a factor of 104) with a 30 nm thickness. Comparatively, the potential at the
source–channel interface increases by a factor of four only in the case of single crystalline.
This means that the electrical field between the source and the channel layer becomes very
important only with a 30 nm thick channel layer in the case of disordered material. At
higher thickness, it is screened by the defects.

The behavior of the free electron concentration between the source and drain (Figure 8)
follows that of the potential. In a single crystalline channel, whatever its thickness, free
electrons are present in the channel near the source and the drain even if no voltage
is applied. In a disordered channel, free electrons are present near the source and the
drain only at a very low channel thickness. Nearly no free electrons are present when the
channel’s thickness is high. This profile shows how the channel forms with ease in a single
crystalline material whatever the thickness. The channel’s formation is easier when the
thickness decreases. In a disordered material, the channel’s formation is very difficult when
the thickness is high. It becomes easy only at thicknesses lower than 30 nm.
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Figure 8. Simulated profile of the free electron concentration under the insulator–channel layer
interface for 3 values of the channel layer’s thickness when using a single crystalline silicon (without
defects) channel or a disordered structure silicon (with defects) channel. The curves were obtained
with neither an applied gate voltage nor a drain voltage.

In conclusion, the similar trend of the threshold voltage and of the subthreshold
swing with the thickness of the channel’s layer, whatever the type of material, may only
be explained by electrostatic arguments. Involving the specific properties of the material
is not needed to clarify the behavior. A specific material may only need to be involved to
explain the more or less important variation.

3. Electrical Stability of Thin Channel Layer-Based TFTs

After explaining the behavior of the TFT’s electrical parameters as a function of the
channel’s thickness, we focus now on their electrical stability. Generally, if the semicon-
ducting material stays uniform when changing its thickness, TFTs with a thinner channel
layer seem more stable under gate bias stress [19]. Here, we will try to confirm this trend
through the example of previous as-deposited crystalline silicon-based TFTs.

First, we check the stability of an as-deposited crystalline silicon TFT using only one
channel layer thickness, i.e., 100 nm. We will try to explain the possible shift of the transfer
characteristics when a high gate bias is applied. Secondly, this explanation will help us to
understand the possible variation of the shift when using different channel thicknesses.

3.1. Electrical Stability of TFTs with a 100 nm Thick Channel Layer

During electrical stress, the source and drain are short-circuited while a positive gate
voltage is applied for a few hours. The stress is stopped at some time intervals for the
purpose of plotting the transfer characteristics. Figure 9 shows the transfer characteristics
of TFTs submitted to a gate voltage stress of +20 V at normal temperature (fixed at 20 ◦C).
The total duration of the stress is 6 h. The time between the two transfer characteristics is
10 min.

Firstly, the transfer characteristics shift towards a positive gate voltage under stress
with no change in the subthreshold swing. The positive shift is very weak. The total shift
after 6 h is 0.7 V. The shift is quantified by plotting the variation of the threshold voltage
∆VTH = VTH(t) − VTH0 as a function of the stress time t. The ∆VTH(t) curve and its fit by
a stretched exponential function are plotted in Figure 10.
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Figure 9. Transfer characteristics of a 100 nm thick channel layer and a W = 100 µm/L = 20 µm sized
TFT submitted to a gate voltage of +20 V whenever the drain and source are short-circuited. The
curves are plotted every 10 min and the stress is applied at 20 ◦C for 6 h.
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Figure 10. The fit (red line) of the experimental variation of the threshold voltage under the applica-
tion of +20 V gate voltage stress whenever the drain and source are short-circuited at 20 ◦C. The fit
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The stretched exponential function [20] is given by:

∆VT = (VG − VTH0)

{
1 − exp

[
−
(

t
τ

)β
]}

(2)

where VTH0 is the initial threshold voltage and t is the stress time. β et τ are two parameters
that provide the kinetics of the variation.

As described in Ref. [21], this function is a law that explains the relaxation phenomena
in glasses towards some equilibrium state after the application of some constraint. It was
established by considering particles that may diffuse in a medium with some spatially
random distributed states able to capture them [21]. It was used in disordered structures to
describe the time behavior of some parameters, such as the conductivity [22], threshold
voltage of the TFTs [23], and the magnetization [20]. It was linked in amorphous silicon-
based TFTs to the dispersive diffusion coefficient of hydrogen atoms [23]. The dispersion
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comes from the nature of a disordered medium where the trapping sites show a distribution
of the energy states available. The β parameter depends on this distribution and on
the temperature.

As this stretched exponential law is general enough, describing the effect of a stress
in various cases, such as in glasses, in MOFET’s transistors [24], and in un-hydrogenated
polycrystalline silicon TFTs where the diffusion of hydrogen atoms cannot be involved,
could be linked to the disorder that is present in amorphous materials or in crystalline
materials through the disordered regions at the interfaces or the grain boundaries.

We may assume that, inside these disordered regions where the bonds are weak, the
accumulation of electrical charges or the presence of local high electrical fields induce
a change in the constraint state and, particularly, a change in the states of the weakest
bonds. The deformation may diffuse, establishing a new equilibrium, characterized by
a new state distribution.

The disordered structures provide some flexibility for a rearrangement of the bonds
in the material. More generally, the equilibrium of a disordered structure comes from
the electrical charges and states. When these distributions are disrupted, as in the case of
a charge accumulation in TFTs, the structure tends towards a new equilibrium.

The values of the parameters β et τ, providing the kinetics of the variation of the TFT’s
characteristics, are deduced from the previous fit of the variation of the threshold voltage
(Figure 7).

β = 0.3 τ = 4.3 × 108 s

The β value seems very weak. β is related to the Urbach energy that is provided by
the slope of the exponential of the energy states’ density in the valence band tail in any
disordered material (Figure 11).

β is given by the simple ratio: β = kT/kT0 (3)

where kT0 is the Urbach energy. Taking the above value of β, the Urbach energy of the
present as-deposited crystalline silicon used as a channel layer is 84 meV. This value is much
too high, particularly for the present crystalline silicon, which has a crystalline fraction as
high as 75% (Figure 3).
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Figure 11. Density of the energy states in a disordered semiconductor. Defect states are present in the
forbidden gap between the minimum of the extended states’ conduction band EC and the maximum
of the extended states’ valence band EV.

To check on the origin of this weak value of β, one way is to plot the variation ∆VTH
using a logarithmic graph (log(∆VTH) − log(t)) or semi-logarithmic graph (∆VTH − log(t)).
Indeed, the variation ∆VTH coming from charge trapping inside the gate insulator follows
semi-logarithmic law [20], whereas defect creation inside the channel follows logarithmic
law [25,26]. The logarithmic law is only the beginning of the stretched exponential function
at low time values. The variation in the threshold voltage under the application of +20 V
gate voltage for 6 h at 20 ◦C, 35 ◦C and 50 ◦C is plotted in Figure 12a,b using a logarithmic
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or semi-logarithmic graph, respectively. It appears that the curves plotted using a semi-
logarithmic graph are more linear. This means that the variation in threshold voltage is
more due to charge trapping inside the gate insulator than to defect creation in the channel.
The trapping of electrons due to the high positive gate voltage leads to a positive shift in
the transfer characteristics, as experimentally observed. In this case, the calculated weak
value of β has no significance as we are not faced with a state creation. The parallel shift of
the transfer characteristics under stress (no change in the subthreshold swing) was a first
experimental confirmation of the no-trap creation.
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This conclusion is not surprising as the present crystalline silicon is very well crys-
tallized leading to no state creation or, at least, a very weak state creation, which only
very weakly influences the variation in threshold voltage. The most important part of the
variation is due to the charge trapping inside the gate insulator.

3.2. Electrical Stability of TFTs with a Different Thick Channel Layer

Previous studies of the electrical stability were only concerned with one channel
thickness, i.e., 100 nm. What about the TFTs that use other thicknesses? We compare here
the stability of the 30 nm channel layer TFT to previous results.

The same electrical stress as previously used was applied to TFTs with 30 nm and
100 nm thick channel layers. Figure 13 shows the variation in the threshold voltage of these
TFTs under the application of +20 V gate voltage for 4 h, plotted in a logarithmic graph
(log(∆VTH) − log(t)) (a) or a semi-logarithmic graph (∆VTH − log(t)) (b). The variation is
lower when the channel layer’s thickness is lower. The electrical stability improves when
the thickness of the channel layer decreases.
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Figure 13. Variation of the threshold voltage of TFTs with 30 nm and 100 nm thick channel layers
under the application of +20 V gate voltage for 4 h plotted in logarithmic (a) or semi-logarithmic
(b) scales.
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The plots are much more linear when using a semi-logarithmic scale than a logarithmic
one. The semi-logarithmic plots lead us to conclude that the threshold voltage shift is
due to the charge injection inside the gate insulator during the positive gate stress for
both thicknesses.

Therefore, the better stability of the thinner channel layer TFT confirms the general
trend of the stability of TFTs if the structure is stable and does not change sensibly when
the thickness changes. Figure 14 shows the surface of 30 nm and 100 nm thick as-deposited
crystalline silicon as seen from SEM observations. It shows a similar uniform structure
with adjacent grains. Only the grain size increases from 20 nm to 60 nm for the 30 nm and
100 nm thick films, respectively. In this case, and without a state creation during the stress,
the thicker film allows for more electron injection inside the insulator leading to a greater
trapped negative charge inside the insulator and more shift in the gate voltage.
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Figure 14. SEM observation of the surface of 30 nm (a) and 100 nm (b) thick as-deposited crys-
talline silicon layers. The grain size is 20 nm and 60 nm for the 30 nm thick and the 100 nm thick
layers, respectively.

4. Conclusions

The behavior of the electrical parameters of TFTs with the thickness of the channel
layer is explained using only electrostatic arguments without referring to the used semi-
conducting material. Indeed, a general trend is found in the literature irrespective of the
material if only the thickness changes without any other change (no structural variation,
no uniformity change). It is possible to find other variations in the literature, but this is
generally due to a change in uniformity for a very thin layer (a few nanometers) or some
sensible change in the physical structure. The general trend consists of an increase in the
threshold voltage, a decrease in the subthreshold slope, and better stability under gate bias
stress when the thickness of the channel layer decreases.

The shift in the threshold voltage under positive gate bias is attributed mainly to
charge trapping inside the gate insulator.
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