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The relevance of the theoretical Suzuki’'s model of surface state density to determine the surface
states distribution at the active layer/silicon dioxide interfaces is carried out in polycrystalline
silicon thin film transistors (TFTs) issued from two different crystallization technologies of the
active layer: furnace solid phase crystallized (FSPC) and laser solid phase crystallized (LSPC)
TFTs. The experimental validation of this model is demonstrated using the field effect
conductance method. Results show that distribution is higher for the FSPC TFTs in relationship
with the process crystallization of the active layer. In addition, it is shown that theoretical surface
state model allows discriminating dangling bonds states and tail states distributions and acts as

relevant model to qualify the surface of thin film material.
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. INTRODUCTION

Since the earlier of the 90s, applications basealentronic components manufactured from
thin-film semiconductors is widely spread, in pautar for visualization systems [1,2], and more
recently for electronics systems on flexible sudiss [3-5]. These semiconductors have poorer
properties than those of bulk materials, becausthaif disordered structure, or because of the
appearance of defects induced by their specifis (m&chanical stress...) [6]. The performances of
the corresponding applications are strongly relatethe thin film transistor (TFT), basic active
component constituting the electronic of the syst&he development of TFTs based electronics
requires relevant diagnostic tools to assess el@ctproperties of the systems, both strongly eelat
to the active layer/gate insulator interface antivadayer qualities of the transistor. In this way
several methods of electrical characterization saliy TFT manufacturing technologies were
developed, in particular for the widely used sitidhin film technology still acting as reference.

Electrical behaviour of thin film silicon layer different from single bulk silicon due to higher
defect density originating from polycrystalline wtture. In this case, the electronic transport is
strongly affected by the carriers trapping effexftthese defects [7]. Two main causes of defe@s ar
usually invoked: dangling bonds and strained baratsesponding to deep and shallow level trap
states distributed into the band gap respectivélyo types of numerical models for state
distributions are then considered: Gaussian digiobh with a maximum around midgap and
exponential band tailing corresponding to danglingnds and strained bonds type defects
respectively [8-10]. The corresponding states gnéeligtributions are representative of the crystal
quality of the material. In this way, many studlesve been devoted to the determination of the
density of states (DOS) into the layer and surfstede density (A energy distributions used as
diagnostic tools. Methods based on capacitancstirety, conductance activation energy and low
frequency noise measurements exist to determinge testributions [9] [11-13]. However, few

methods allow the discrimination of the deep lestate energy distribution from the high level one
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as hyperfine diagnostic tools. Characterization pofycrystalline silicon (poly-Si) and active
layer/SiQ interface qualities are fundamental for the wellerstanding of electrical properties of

poly-Si thin film based MOS devices.

In this study, active layer/SiOnterface quality in poly-Si thin film transistois characterized by
the determination of the densities of defect staigs the bandgap using Suzuki’'s theory model
[14]. This theory reports on two models for the determnimeof the density of states distribution for
defects located into the active layer (DOS) anthatinterface (g respectively. In this theory
DOS and Ngs calculations are based on the surface potent@ridence with the gate voltage and
on the conductance of the TFT. DOS is classically eommonly determined following Suzuki's
theory, and thus refers to the active layer mormpdwland crystal qualityi€¢ defects responsible of
carriers trapping) [15]. However, to our knowledggsexperimental determination has never been
conducted following Suzuki’s theory, because irs ttése the surface potential with gate voltage
dependence specifically requires C-V charactesstiodeed, C-V measurements are difficult to
implement for polycrystalline silicon TFTs, espdlgidbecause of the high defect density into the
insulator and at the insulator/active layer inteefaTo overcome this drawback, temperature
measurements of the field effect conductance has biestly used as alternative approach fgg N
determination according Suzuki model. Followingstimethod, our analysis reports on the first
experimental validation of the determination of #tate distribution at the surface of the poly-Si
thin films based on Suzuki's theoretical surfacetest model, and discrimination of the nature of

involved defects is originally shown using this rebd



[I. EXPERIMENTAL DETAILS

TFTs used in this study are fabricated by a lowperature £ 600°C) four masks process, and
are fabricated on glass substrate covered with @, &yer. Active layer is made of non-
intentionally doped amorphous silicon (as-Si) dépdsby LPCVD (low chemical vapor pressure
deposition). Gate insulator is made of silicon diex layer deposited by CVD process at
atmospheric pressure. Source/Drain regions aré ioullPCVD highly in-situ doped as-Si layer
using phosphine gas. Source and drain electrodesnade of thermally evaporated aluminium.
Active layer thickness is 150nm, gate insulatdt@®nm and 70nm thick for FSPC and LSPC TFTs

respectively

TFTs are issued from two different crystallizatteechniques of the active layer: Furnace Solid
Phase Crystallized (FSPC) poly-Si TFTs and Laséid &hase Crystallized (LSPC) poly-Si TFTSs.
For FSPC TFTs, a thermal annealing in nitrogen antlensures crystallization of the as-Si active
layer, and for LSPC TFTs an additional SPC theramalealing of the active layer is carried out by
an Argon laser beam. In addition, for FSPC TFTsnok§ Source/Drain are built in one
amorphous silicon layer with two differently dopstéck regions (the lower part stating as active
layer is undoped, and the upper part is highly doge source /drain regions). For LPC TFTs two
amorphous silicon layers are deposited (a undopedas active layer and a second one highly
doped as source/drain regions). More details atbeufabrication process of the TFTs are reported

in the ref [13].

The static I-V electrical characteristics of thevides are collected at room temperature using an
Agilent B1500A semiconductor parameter analysemgerature measurements were carried out
from 300 to 400K using a temperature controlledenafobe system [16].

Figure 1 shows transfer characteristics plottedamilog scale for FSPC and LSPC TFTs

operating the in linear mode, representative ofartban ten of each type of tested devices. The
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LSPC TFTs exhibits better electrical performancdse on-state current is higher, the threshold
voltage (M) is lower and the switching properties (subtrhoddtslope S) are better:ty = 6.3V

and

S = 1.4V/dec for FSPC TFTs¥ = 2.4V and S = 0.4V/dec for LSPC TFTs. In additione can
remark that no significant gate voltage shift o tlhansfer characteristics is observed, and that
improvement of the electrical properties in LSPCT$ks mainly related to the subthreshold slope

due to improvement of the interface quality.

[1l. MODEL OF INTERFACE STATE DISTRIBUTION

There are two main complementary approaches basednalytical methods [12,14%r
temperature measurements of the current [8] prelyoastablished to qualify active layer by
determination of the DOS and thed\h amorphous or polycrystalline silicon TFTs. Taéesethods
are based on the analysis of the field-effect cotahce, and it has been usually admitted that it is
sensitive enough to account for the effect of iheos film morphology.

Following Suzuki's theory [14], the calculationsanainly focused on the distribution of states
density into the active layer [15, 17], but theedstination of surface state density in relation to
surface quality of material has never been experatly studied. However, the induced surface

charge density, €3 at localized interface traps is given by [14]:

= &5_5 q‘/ls_ _£OX — —
st(‘/js) dedG dsi [EXDF ]Zl d (VGS VFB lﬂs)

OX (l)

where ¥s refers to the potential at the SISi interface, @ is the conductance at the flatband

voltage (i.e¥s=0), &s; the dielectric constant of the silicaiyx the dielectric constant of the oxide,



dox the thickness of the gate oxidg; the active layer thicknessg¥ythe flatband voltage, 3 the
gate bias, k the Boltzman constant, T the temperatnd q the elementary electrical charge.

The induced charge trapped at the interface isngye

st ((//S):—q NSS(E)dE (2)

J‘EF0+CI¢/5

FO

where Nss stands for the energy distribution of surfaceestnsity, ko = Ecpuiy— Er, with E- the
equilibrium fermi level position anddmuiythe conduction band energy. Therefore, the suistate

density is deduced from [14]:

190 () 3
q o(aw,) ©

Ngs (Ero + o) O
A calculation of Qsgiven by (1) is firstly needed for the determinatof Nss This approach is
based on the use of the experimental variatioiseo€onductance G with the gate voltags;,\and
the knowledge of the dependence of the surfacenpat&’s with Vgs. Two approaches have been
previously developed. In the first one [14], itératprocess withPs(i) = W4(i-1) + d¥s is used to
numerically approximate the relatiols = f(Vgg). In this case the increment &fs can be

theoretically determined from C-V characteristibst difficult to plot for polycristalline silicon

based MOS capacitor. In the second method [8]exiperimental measurements of the drain current

with temperature are exploited: the deduced aativa¢nergy, E makes it possible to stats

dependence ongéfollowing (see fig. 2):

(0 7/8 O EFO - Ea (VGS) (4)



with Egp the activation energy fordé = Vg (corresponding to the minimum of the drain curreint

the transfer characteristics).

JE,

In this study, calculation of & has been carried out followingdy, = —( jdvGS deduced

GS
from the K = f(Vgs) curves for the FSPC and LSPC TFTs plotted infipgre 3, with d\&s =
50mV. Variation of the conductance is obtained B ® dVes(gw/'Vps) for TFTs operating in the

linear mode.

According to (1) negative values, due to electrareppping at defects, were admitted for
calculations of @ In this study flatband voltage is determined as \tbitage where the drain
current is the minimum, and then calculations vwaengied out with g = - 4V (B = 0.48 eV) and
Veg = - 3V (B0 = 0.52 eV) for the FSPC and LSPC TFTs respectiv&gtivation energy was

determined from the slope of the linear ArrhenilggpEa = f(1/T).

IV. RESULTSAND DISCUSSION

The plots of the calculatedshifor the two types of TFTs are reported in the ffiggd. Values are
consistent with previous results obtained by othnethods [12,13]. In addition, the results show
that surface states distribution is lower for tt&PIC TFTs, more particularly in the lower part af th
bandgap. This tendency is also observed for the @@8ulated by the Suzuki's incremental
method in the core of the poly-Si active layer.(fig (b)) and confirm that. These results agreé wit
the decrease of the electrical performances (hitglreshold voltage and subthreshold slope, lower
On-state current) of the FSPC transistor (se€l)igThis means that the active layer/giGterface
and poly-Si active layer qualities are better tlsatk the beneficial effect of the additional laser

annealing. Indeed, laser annealing has been commgeld to improve the electrical properties of
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TFTs due to a decrease of the defect density heopbly-Si active layer [18-20]. Moreover, it is
noted that the contribution shape of state distidoufor the deep statege(the increase of density
when energy level decreases) is more noticeableS&®C TFT and refers to theoretical Gaussian-
type distribution to model defects, because of evidpresence of dangling bonds (acting as
acceptor like states in our case) at the interfatereen two materials. These observations agree
with a previous work [13] reporting on the deteration by low frequency (1/f) noise
measurements of interface state distribution irsgéhpolycrystalline silicon TFTs. In this study,
noise analysis has been supported by the thearlaotye carrier trapping/detrapping due to defects
located at the interface.

Both interface and bulk states distributions areinigarelated to the spatial distribution of
defects either located at the surface and/or irctine of the polycrystalline silicon layer in retat
to the crystallization process. Indeed, crystdila of a-Si layer starts at the seed nucleatigerla
located in the Sigla-Si layer bottom interface. In this case, grajrewth vertically in a columnar
type structure, resulting to higher defects denitgluding grain boundaries) at the surface of
polycrystalline silicon active layer (see fig. $his grain morphology and structural defects dgnsit
were previously revealed by scanning electron rsmopy study [21].

Based on the results of a previous numerical s{a@y, the deep state distribution could be
related to defects mainly located at grain boumsanf the poly-Si layer located at the active
layer/SiQ gate insulator interface. These grain boundarniesially recognized as places for
dangling bonds, act as traps areas and strongigtdtfie field effect conductance of the transistors
[7]. Therefore, according to the plots reportedthe fig. 4 the SPC laser annealing induces a
significant lowering of the strained bonds typeed#$ density close to the interface. However, the
reduction is not so significant for LSPC TFT. Twaasons could be invoked to explain it. The first
one is because solid phase laser annealing doepresgént a high degree of crystal quality as

usually provided by others laser liquid crystaffiaa process. In this case, crystallization from
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liquid to solid phase results to higher crystallgyaf the polycrystalline silicon active layer thi
higher grain size and lower intra-grain defecterafe-solidification, leading to better electrical
performances of the TFTs [18-20, 22, 23]. The sdquussible explanation is because at high gate
voltages ie in the strong inversion) conductance of the tistosiis rather controlled by access
resistance related to the active layer/Drain (S®uregion interfaces, and thus responsible of a
higher defect density at shallow energy level oleserin LSPC TFTs. On other hand, for devices
operating from the depleted to inversion modeif the switching region) the conductance is
strongly affected by the trapping effects of cagigat grain boundaries) into the channel region.
This means that the state distribution determinaigsaelevant in the lower part of the bandgap.
These distributions deduced from the theoreticalu®i’s surface model highlight the separated
contributions of the type of defects (see fig. R)ch distribution behavior related to the deepestat
defects for the DOS was not observed in previouk\@#], and neither for our studied TFT (fig. 4.
(b)). This means that model of calculation of DO®ithe bandgap classically used by Suzuki
method is an incomplete view of defects distributad the surface and into the core of the active
layer. Therefore, our results demonstrate thataserfstates model of Suzuki is a relevant and

complementary diagnostic tool for surface charaaéon of thin film material.

V. CONCLUSION

Capacitance voltage measurements on MOS (or MI8icee are commonly used to qualify
surface crystalline materials. However, this mdth® not convenient for disordered materials
because of high defects density at insulator/madtenterface. In this study, surface quality of
polycrystalline silicon thin films is investigateased on the surface state theoretical model of
Suzuki, and using temperature measurements of éfétt conductance. Results show a higher

surface state density for FSPC polycrystallinecsili TFTs. This is explained because the active
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layer of FSPC TFT do not have the same specificatio terms of morphology and crystal quality
because of the crystallization thermal annealing.

Transistors characteristics combined with analgésnergy distribution of defects density based
on the Suzuki's surface states model is anothertaviylly characterize surface of poly-Si layers in
relation to its morphology. This method proposedhis study allows discrimination of the nature
of surface defects involved in trapping of carrieasid can be extendedly used as hyperfine
diagnostic tool in complement of the usual deteation of DOS, for surface characterization of

non crystalline thin layers.
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FIGURE CAPTIONS

Figure 1: Transfer characteristics of FSPC and LSPTs at \bs= 1V (linear mode).

Figure 2: Energy band diagram of a metal/oxide/senductor (MOS) structure with a positive
gate voltage (in accumulation mode), and surfae¢estdensity (R resulting from gaussian

(dangling bonds) and exponential (strained bon@s¢ slistributions

Figure 3: Plots of the activation energy versusgdie voltage for FSPC and LSPC TFTs.

Figure 4: Active layer/silicon dioxide interfaceatds distribution calculated for FSPC and LSPC

TFTs (a) and plots of the corresponding DOS (b)

Figure 5: Schematic cross section views illustgatime columnar type structure of a polycrystalline

silicon layer.

13



Drain current

:I.O-3 E T T T T T T T T T T T T T T

10°F  [——FSPCTFT
N LSPC TFT 7

Gate voltage (V)

Figure 1

14

— T T T T T T
25 -20 -15 -10 -5 0 5 10

15 20

25



Nss(E)

A

/
/ A E .
- _f -E EFO
--------- - —2; Q
ql'IJsI /'/ .
_ semiconductor

oxide
Y X

Figure 2

15



-----LSPC TFT
—— FSPC TFT

PR

/"_——_\
\/’\

©
o

o]

o

< « N —

o o o o
(A3) ABlaua uoneanoy

15 20 25

10

-15  -10

-20

-25

Gate voltage (V)

Figure 3

16



-2 -1
N (cm™eV’)

DOS (cm®eVv?)

107 3 T T T T T T T T T T T T3
] 5 FSPCTFT ]
10"+ o LSPCTFT 4
E — polynomial fit ]
10“—: ]
1074 0
10“—: ]
10" T T T T T T T T T T T T
-0,6 -0,5 -0,4 -0,3 -0,2 -0,1 0,0
E.-E_.(eV)
(a)
10* T T T T T T T T T T T T
5 FSPC TFT 3
o LSPCTFT E
10% polynomial fit 4
10* ]
10% -
10* ]
10% -
10v -
10 T T T T T T T T T T T T —
-0,6 -0,5 -0,4 -0,3 -0,2 -0,1 0,0 0,1
E.-E.(eV)
(b)
Figure 4

17



SiO, gate insulator

Grain

Grain Seed nucleation
boundary amorphous like layer

Glass Substrate

Figure 5

18





