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Abstract—An analytical model to calculate the nano-
crystalline silicon (nc-Si) ultra-thin film transistors (UTFT)
surface potential is proposed. This pattern repose on an ultra-
thin channel with a columnar morphology. Our approach is
based on the charge trapping at the grain boundary, the well-
defined charge distribution into the inversion layer, and the
consideration of quantum size effects on dielectric constant and
band gap. Results denote that, the surface potential is associated
to the silicon crystallites size and geometry. The comparison of
our results with existing research model shows a good
agreement between the surface potential shapes, and an
interesting difference in the surface potential variation, caused
essentially by the morphology considered.
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I. INTRODUCTION

The evolution in materials and process fabrjegtion
technologies is posing new challenges in
nanoelectronics and optoelectronics. The drivin
evolution is the silicon ultra-thin film techngl

151\

The production of the nc-Si thin films been under
development since a few years ago. N&Si is™ compromise
solution between amorphous silico&—Si) and poly-
crystalline silicon (poly-Si). Thy r@r ms are promising
material for the fabrication of Sj FT [1-4], due to its

1 obility when compared

better electrical stability and
with its amorphous counte which can be found in a
i07s [5, 6]. However, the nano-

variety of electronic

structural properties Q ilms are important issues for this
tion of nc-Si structure for circuit

% important for electrical and electronic

of the device.

in this area is more condensed on the current-

volta nships, so, several authors have made a
consids study concerning the surface potential for poly-
SiTFTs [7-11]. However, a few researches has focused on the

study of the nc-Si TFTs electrical characteristics. L.F. Mao
[12] has studied the impact of quantum size effects on the
dielectric constant and the band gap on the surface potential
of nc-Si TFTs, without considering the channel morphology.
Experimental researches have been focused on ultra-thin
silicon films in order to determine the crystallites shapes [13].
It has clearly found that the crystallites morphology is
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columnar, i.e. the columns were q:&@lel to the growth

direction.

The purpose of this work i
order to define the surface
considering a columnar

ose a new approach in
analytlcal calculation, by
ites structure, defined by an

accurate crystallites size! eometry.
FXCE POTENTIAL MODEL
We prese 1 an UTFT channel three-dimensional
description a columnar morphology characterized by
nanomet tallites sizes, i.e. crystallites diameter. We
consiger sﬂlcon nanocrystallites as a set of grains,

sep d®from each other’s by an amorphous region (grain

ry).
&We assume that in the inversion layer (represented by the

rk region into the channel), the grain boundary adjacent
electrons are trapped therein, which causes the depletion
region formation. Then, by applying Gauss’s theorem to the
depletion region, the following equation can be derived from
the quasi-2D Poisson’s equation [14-18]:

X([

y
oy (x,)
Egi J‘de + Cox l:Vgs
0

0

¥y~ w00 |

=qN,Xqy (1)

where y(x,y) is the electrostatic potential, V', is the gate-
source voltage, V4, is the flatband voltage, N, is the p-type
channel doping concentration, X, is the grain depletion
charge depth, C

where 7,

is the gate oxide capacitance (&, /., )

is the gate oxide thickness, and ¢, and &g are
the permittivity of silicon-oxide and silicon, respectively. We
assume that the electrostatic potential has a parabolic

distribution with x-axis. Therefore:

X
y(x,y) =y(0,y) 1—2 : 2)
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Replacing (2) into (1), differentiating both sides with
respect to y, and with some algebraic manipulations, (1)
becomes:

%y (0,y) [ 3C,,
P b w(0,y)

3C
_ ox (Vgs
EsiXa

The grain depletion charge depth X, can be determined

39N, 3)

Vg |+
)
€si
from the 1D Poisson’s equation. It is expressed as:

0.5

2&¢;
X, = Si¥s0 @)
gN,

where v g is the potential at (0,0), given by [14, 19]:

kT
¥so =—In

n;

+Ei_Ev_ZO (5)
q

where E; is the intrinsic level, E, is the valence level, n;
is the intrinsic concentration and y, is determined from the

following expression:

2
2
q°N, | Lg D &
E, - y0 - S |INP+
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Grain
boundary
Film
Burried oxide 5
Figure 1.
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2
2
N
NgEg exp _Z_(;_q—aT £ =N,Lg, (6)
E;, 2egEp| 2
where E, is the band gap, N DD is the deep donors states

density, E} is the tail donors states level, N5 is the tail

represents the gmi\@xeter.

Under the following boundarles conditions:

w(0,0) =ygo and (&
the solution of (3) repres @ electrostatic potential at the
grain boundary. It can b@essed as:

(Oy)—Vb\x'h qNXd [1/130 Vs +

%
N, X 3C
* + Ia2d | ooeh —Ox yl|. (D
Cox gSle

donors states density, and L,

We suppose that at the strong inversion and under the
charge trapping at the grain boundary, we have a lateral
depletion y, along the y-axis as illustrated in Fig. 1. Then,

(7) yields to:

Right, nc-Si TFT ultra-thin channel columnar morphology. Left, channel grain cross section at the strong inversion..
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gNqXq
Vs = Vgs - Vfb - - +| ¥so — Vgs‘ +
COX

0.5

N, X 3C

Vi + 224 fcosh ox |, (8)
Cox gSiXd

This equation shows the surface potential 15 at the grain
boundary.

Because of the nanometric size of the silicon crystallites
forming the channel, the quantum effect must be considered.
In low scale, electron-hole pair is confined, this causes the
apparition of quantum effects on dielectric constant, &

given by [20, 21]:

nc—=Si »

10.4
Epc-si (Lg) =1+ 37 )
1+ 1538
107 L,
The nano-electronic structures have an extremely

dependence onto the crystallites size. They can be determined
as a function of grain size as follows [22, 23]:

3.4382 1.1483

+ 7
9
(10 Lg) (mng)

These both quantum effects, can be Kl into (8)
through the potential /g, . So, substltutlng% d (10) into

(6), we get:

AE,(Lg) =

34382
ZONg —NgEg exp
10 L,
n 1.37
K N, Np 1.38
1+ X
10° L,
-1
I 2
1.
14| 128 +104 | || +NTET x
10°L 2

g
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1.37

1+104 +

g Q (11)
"o

o depends strongly on the b @ltum effects on

dielectric constant and band 1t be determined by
solvmg (11).

It is obvious that there i 1 ytical solution for (11).
To solve this equation, Q tive method has been used.

The y solution can be uted into (5). Considering (10),

we obtain the ne‘\@ sxpression:

Eg 34382
2q 2q(109 Lg)
1.1483 70

— a2,
2q(109LgJ

Finally, by replacing (12) into (8), and for y,; = L, /2

we obtain:
N, X E
y/S:VgS—Vfb—“—d+ le =4
’ Cox q n; 2q
3482 LSS 20y Ly
9 o V4
24(10 ng Zq(IO ng
0.5
05 1.37
N X 3C
atd | ospd| 22ox 1+ 1.38 x
ox 4X4 10° L,
-0.5
1.37
1.
1+ 938 104 Ly (13)
10 Lg
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This final expression shows a new analytical surface
potential as a function of the grain diameter, i.e. the surface
potential for an UTFT with a nanocrystalline silicon structure
described as a range of columnar nanocrystals, separated by
amorphous grain boundaries regions. Note that X,

mentioned into (13) becomes:

-1

1.37
x, = 1] 2|4 138 14104 +
9
q | Ny 10° L,
0.5
1.37
N E
(138 KT In| —% |+ —= 4
10° L, nio) 2
0.5
3.4382 1.1483
-xo0 | -4

+
2(10° L 9 ?
g ) 210°L,

III.  RESULTS AND DISCUSSIONS

We present in Fig. 2 the surface potential variation Ver@

crystallites sizes. The surface potential increases rapidjggwvith
a linear form from a crystallite size ~1 nm and a
maximum value at ~1 V for a crystallite size ~ rom
this crystallite size, the surface potgntg creases
exponentially and tends to stabilize from%s allite size
~40 nm.

The evolution of the numerical sol %o of (11) (Fig.

2) shows a strong decay from .5@0 0.3 eV, when the
crystallites size increases in the ~1 nm to ~7 nm, due

to the influence of the quant ts on dielectric constant
and band gap [20-23]. E c@crystallite size of ~7 nm
(quantum effects dis ce), o tends to take a quasi-
constant values. N\

According to Q the solutions y( of (11) depend

clearly on the antum effects on dielectric constant and
band gap, s®t ese quantum effects have the same strong
variatj crystallites sizes ranging from 1 nm to 7 nm.
i.e. a [ge gecrease for the quantum effect on band gap, from
5.5eV to¥.5 eV, and large increase for the quantum effect on
dielectric constant, from 5.1 to 10.7. For crystallite sizes
larger than 7 nm, both quantum effects on dielectric constant
and band bap reach to stabilize at ~11.2 and ~1.2 eV respect-
tively. Therefore, we have a quasi-constant values attributed
to both effects for the crystallite sizes larger than ~7 nm.
The influence of the both quantum size effects for the
crystallite sizes less than ~7 nm is very important. This
influence affects significantly the surface potential.
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For crystallite sizes larger than ~7 nm, the surface
potential values decrease slightly into an exponential. Indeed,

the term COSh(\/3C0x/4€ncSiXdng in the surface

potential expression, becomes dominant.

We compare in Fig. 4(a) our model results with those
obtained by L.F. Mao [12]. The model described by L.F. Mao
repose onto the consideration of the quantum size effects for
a nc-Si TFT, but do not specify the channel morpjaglogy, it
gives a vague description concerning the cha e%cture,
which is mentioned to be silicon nanocrystalsﬂ& ated by
the very thin amorphous grain boundaries. ¢

We present into Fig. 4(b) our model@n spect to Mao
model with different surface potenti order to show
the shape comparison. For crystal{ge siAs ranging from 1 nm
to 7 nm, we have a clear differe 0.6 V for a crystallite

size of 1 nm, which tends to a um surface potential dif-
ference of ~1.18 V at the 55@ ue corresponding to a crys-
1 Q . I
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Figure 2. Surface potential and y(, solution as function grain size.
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IV. CONCLUSION

In this work, we have presented an analytical method to
calculate the nc-Si UTFT surface potential, by assuming a
well-defined channel morphology with a nanometer crys-
tallites size and a columnar crystallites geometry. Results
show the effect of the crystallinity in terms of crystallites size
and shape on the surface potential. Thus, the quantum effects
have a considerable impact on the surface potential especially

metry on the surface potential variation has beew ch§arN high-
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Figure 3. Both quantum size effects on dielectiy c& and band gap.
Figure 4. Surface potential versus grain si Qison with L.F. Mao
model, (a) same axis an b@rent axis.

tallites size of ~7 nm. A slig nce in the slope is noted
in the same range, due to th tum effects combined with
the solutions y, a: f@ yperbolic cosine. From the
crystallites size lar

light exponential
variation rang

~7 nm, we obtain via our model a

ith respect to the surface potential
ifference highlights the impact of the

y on the surface potential expressed by the

Cox /4&pc—5iXqLg ) , and shows clearly that

the channel morphology strongly affects the nc-Si UTFT
surface potential.

Basing on these results, we can confirm that our model,
which repose on a well-defined channel structure, presents an
advantage with respect to L.F. Mao model.
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for small crystallites size. The effect of the crystai];'tes geo-

lighted, especially for silicon crystallites larger t
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7 nm.
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Abstract-The objective of this work is to study and analyze the properties of the thin films ilicon

heavily doped with boron, with phosphorus or not doped, deposited by low pressure c

cpl vapour

deposition (LPCVD) from silane (SiH,) and doping gas (BCl;, PH;) on oxidized n®& monosilicon

substrate, of <111> or <100> orientation. One uses in the analysis of the structur

perties of these

deposits, the X-rays diffraction (XRD) and scanning electron microscopy (SEM).

The analysis by XRD shows the influence of the substrate orientation @ing level on the

grains size of the films. From SEM images one can see the effect of deposit con

ns like the temperature

and the substrate nature which acts on the grains size and the crystallig @ d&posited films, because the
particle sizes decrease with the increase in T4 because of the improv. \\ Pthe high crystallinity of the

films with T.

Keywords- Polysilicon; X-ray diffraction; images SEM; grains siz@stallinily.

I. INTRODUCTION

potentialities in microelectronics and photovoltaic
applications. It is obtained by deposition j
layer on the monosilicon substrate op=gNQtler

adapted substrate, at a temperaerally

ranging between 550 and 650°C. structural
properties of the deposits are gigen sWrting from
the analysis by X-rays diffract%xRD) and the
observation by scanni on microscopy
(SEM). These two s of structural
characterization will possible to follow the
evolution of the ¢ e structure of the films
according to t it conditions, the crystalline
orientation of| ms as well as the grains size. It
should be d*hat the samples which are the
object ese characterizations, undergo a
cleaning intended to eliminate the

prelir@
@ ing having grown on the films in contact

e air.

II. PRESENTATION AND
ANALYSIS OF EXPERIMENTAL
RESULTS

A. Characterization by X-rays diffraction
From the results of the X-rays diffraction

(figures 1 to 3), one can say that the grains
composing the polysilicon films, crystallize

ICNCRE 13
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QNN
The research laboratories were interested &preferentially according to the cristallogarphic
these last decades in polycrystalline silicon for int

direction [111] for the films deposited on a
substrate [111], which is in agreement with the
literature [1,2,3]. This observation is made on the
two types of substrates used in this work: oxidized
substrate or not oxidized, and also the doping type
of the polycrystalline silicon layers deposited at
different temperatures. It is the same for the films
deposited on [100] oriented substrate which
crystallize preferentially according to the direction
[100], as reported in the reference [3].

Another interesting aspect of spectra XRD
is the possibility that offers the measurement of
widths at half maximum of peaks to estimate the
grains size thanks to the formula of Scherrer and al.

[1]:

FWHM =

Gcosl

Where [=1.54 A is the wavelength of the

incidental X-rays, G diffracting grains size, @ half
of the angle formed by the rays incident and
diffracted and K a constant equalizes to 0.9.
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Figure 1. Diffraction spectra ot boron doped polysilicon deposited on oxidized substr?e& =570 °C,
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Figure 2. Diffraction spectra of t&&loped polysilicon deposited on not oxidized substrate: (a) T4 = 570
°C, (b) Tg= 555 °C.
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Figure 3. Diffraction spectra of polysilicon deposited on oxidized substrate, (a) undoped deposited at
T4=550, (b) phosphorus doped.
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The determination of the grains sizes
constituting the polycrystalline silicon films from
spectra XRD shows that their size in the case of
doping 9x10* cm™ is about 1.7 nm, while one leads
to 2.8 nm for doping 1. 1x10*' cm™. This result
shows that the grains size is influenced by doping
and increases with the doping concentration. This
confirms the results of other work, which showed
the influence of doping level on the growth of
crystallites. The influence of doping type was also
raised in our work. One observes thus that the
grains size of films doped with boron is higher than
that of grains of films doped with phosphorus. This
is explained by the fact that boron reinforces
germination and crystallization during the
deposition reaction, one can say this impurity tends
to promote the silicon deposition. [4]

B. Characterization of polysilicon films by
scanning electron microscopy (SEM)

In our study, this method was used to make
the topographic images in order to observe the
crystallization state of silicon films doped or not
with boron, after a cleaning, by means of scanning
electron microscope of Philips XL 30 type.

O EHT= 506KV SignalA=InLens 16 Nov 2011
e — Mag=20000KX  WD= 36MM  seemsmemmmm 162659

(b)
Figure 4. SEM Observations of the Si-LPCVD
films doped with boron (9x10* cm™): (a) deposited
on oxidized monosilicon, (b) deposited on not
xidized monosilicon.

From figures 4, 5 and 6, one notices that
crystallinity and texture are shown more clearly in
the case of deposited films on not oxidized

ICNCRE ’13
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monosilicon substrate that in case of the deposits on
oxide. On these same figures, one observes also a
reduction in grains size with increasing deposit
temperature, because the grains size of films
illustrated in fig.4 (b) and fig.5 (b) is about 86 nm
for Tq= 555 °C and 78 nm for T4= 570. For the
films in fig. 4 (a) and fig.5 (a) the measured values
are 74 nm and 68 nm, for Tg= 570 °C and T4= 585
°C, respectively.

Signal A= InLens. 16 Nov2011
M2g=20000KX  WD= 31MM  seemsmmn 161630

(b)

Figure 5. SEM Observations of the Si-LPCVD
films boron doped with a doping level about
10*'em-*: (a) deposited on oxidized monosilicon,
(b) deposited on not oxidized monosilicon.

This reduction would be related to an
increase in the rate of nucleation with Ty where the
many and small crystals in the process of growth
would prevent the crystals already existing from
widening. A low temperature of deposit is
synonymous of low nucleation rate and a high
grains size. [4, 5]

EHT = 506KV Signal A = InLens 16 Nov 2011
Mag=20000KX WD = 45MM  weeiowmmie 17:2831

Figure 6. SEM Observation of the undoped
Si-LPCVD film deposited on oxidized substrate.
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The doping level also influences the grains
size since the images show clearly that the grains
underwent an increase. Indeed, their mean size
increases from 68 nm for the doping level 9x10%°
cm” (fig. 4(a)) to 74 nm for a higher concentration
of doping i.e. 1.4x10*' cm™ (fig. 5(a)).

As comparison and to measure the layers
thicknesses, we carried out transverse SEM
observations on the Si-LPCVD films doped with
boron and undoped, and deposited on substrates
oxidized or not. Figures 7 and 8 show the taken
photographs.

Si<111>

1pm EHT= 200kV

Signal A= InLens 22 Now 2011
— Mag= 5000 KX

WD= 32MM  samsmenim 111946

Si<100>

EHT = 200KV
Mag= 4524 KX

Signal A= InLens
WD= 32mm

observatlons of Si-
oron, (a) deposited on
osited on bare substrate.

Figure 7. Transverse
LPCVD films doped
oxidized substr te

g

@ the layers are elaborating at similar deposition
toNgferatures. In addition, one observes an increase
in the grains size as the thickness of the deposited
polysilicon layer increases. These images also
allow wus to determine the polysilicon layer
thickness, which is almost the same one for all the
doped films and which one estimate at
approximately 2000 A, while for the undoped film
it is about 5000 A.
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EM Observations transverse with the Si-

igure
D films, (a) doped film and deposited on
1zed substrate, (b) undoped and deposited on

II1I. CONCLUSION

In this work, we carried out an
experimental study concerning the structural
characterization of the polycrystalline silicon films
doped with boron or phosphorus or undoped,
deposited with low pressure chemical vapour
deposition (LPCVD) on monosilicon substrates
oxidized or not. These characterizations made it
possible to know the crystallographic orientations
and the microstructure, such as the shape and the
grains size, thanks to the use of X-ray diffraction
and SEM observations.

From the results of XRD one can say that
the grains composing the polysilicon films
crystallize  preferentially according to the
crystallographic direction of the substrates, in other
words <111> and <100>. SEM Images, make it
possible to notice that the deposit temperature, the
doping level and the substrate nature (oxidized or
not), act in an appreciable way on crystallinity like
on the grains size. This enables us to say that the
characteristics of these deposits are closely related
to the deposition conditions.
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