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Thin-film transistorg TFTs) made of transparent channel semiconductors such as ZnO are of great
technological importance because their insensitivity to visible light makes device structures simple.
In fact, there have been several demonstrations of ZnO TFTs achieving reasonably good field effect
mobilities of 1-10 crV's, but the overall performance of ZnO TFTs has not been satisfactory,
probably due to the presence of dense grain boundaries. We modeled grain boundaries in ZnO TFTs
and performed simulation of a ZnO TFT by using a two-dimensional device simulator in order to
determine the grain boundary effects on device performance. Polycrystalline ZnO TFT modeling
was started by considering a single grain boundary in the middle of the TFT channel, formulated
with a Gaussian defect distribution localized in the grain boundary. A double Schottky barrier was
formed in the grain boundary, and its barrier height was analyzed as a function of defect density and
gate bhias. The simulation was extended to TFTs with many grain boundaries to quantitatively
analyze the potential profiles that developed along the channel. One of the main differences between
a polycrystalline ZnO TFT and a polycrystalline Si TFT is that the much smaller nanoscaled grains
in a polycrystalline ZnO TFT induces a strong overlap of the double Schottky barriers with a higher
activation energy in the crystallite and a lower barrier potential in the grain boundary at subthreshold
or off-state region of its transfer characteristics. Through the simulation, we were able to estimate
the density of total trap states localized in the grain boundaries for polycrystalline ZnO TFT by
determining the apparent mobility and grain size in the device.20©3 American Institute of
Physics. [DOI: 10.1063/1.1628834

I. INTRODUCTION device structure, dimensions, process temperature, and mate-

7nO has become an attractive wide band aa Semiconr_iaI:s set compatible with those of aSi TFT. In terms of
gap re, Which is higher than that of a& Si TFT (~1 cnf/V's),

ductor since the demonstration of ultraviolet laser action ag] forman fa7n0 TFT | ficientl d for or
room temperaturé:® Due to its transparency, ZnO would be . € pertormance of a s sufticiently good for prac
tical application. However, further study is needed to eluci-

of great importance as an active channel layer for the reala e th terial chemist d devi hvsics | der t
ization of a transparent thin-film transistofBFTs). Substi- ate the material chemistry and device physics in order 1o

tuting TFTs made of amorphous Si-Si) or polycrystalline overcome drawbacks such as wide subthreshold characteris-

Si (poly-Si) that are currently used in active-matrix liquid- tIcS and imperfect channel saturation. _ _
crystal displays(AMLCDs) with transparent znO TFTs _ |ransparent and conducting polycrystaliine ZnO thin
would enable improvement in the opening of pixels, result-IIMS With a (0001 oriented texture can be deposited on
ing in a reduction in power consumption and avoidance c)g_lass or flexible plastic substrates using pulge laser deposi-
complicated device processing. There have been several e§on a @ lower substrate temperatuf50 °Q” than that
perimental studies on ZnO TF1s8 and the authors have (300°O used for deposition 0&-Si in commercial AML-
previously demonstrated a reasonably high field effect moCDS. These films are composed of nanocrystals with grain

bility («eg) of 7 cn/V's in a ZnO TFT(Ref. § that has size ranging frqm 50to 1OQ nm and consequen_tly have dense

grain boundariesGBs). This dense GB formation has the

advantage of developing a semi-insulating film due to over-

?Electronic mail: fhossain@imr.tohoku.ac.jp lapping depletion regions, which we will demonstrate in this

Y0On leave from: Department of Innovative and Engineered Materials,Tokyo(,:u.tide GBs in ZnO generally contain a wide distribution of
Institute of Technology, Yokohama 226-8502, Japan. ’ 210\hi . .

9Also at: Research Institute of Electrical Communication, Tohoku Univer—deep'Ievel traps; \_Nh'Ch are Cons'dere_d t'O be the main con-
sity, Sendai 980-8577, Japan. straints for such improper characteristic performances of
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ZnO TFTs. We have found that device simulation is the fun- Width, W=25 um
damental tool for analyzing the activities of trap states in ?’L=5““’";
GBs and their effects on TFT performance. Consequently, we ’ :

will be able to understand the key factors to improve the i {1}«Zn0
performance of ZnO-based TFTs. To the best of our knowl- gy 039 SizNg( &, =7.55)

edge, there is no report on the effect of GBs and their defect M ( Gate Insulator )
distribution along the band gap on the performance of ZnO- Gate

based TFTs. Herein, we report the results of two-dimensional — 10um ——>

(ZD) dthlfle simulation of a ZnO TFT using an Atlas device FIG. 1. Schematic cross-section structure of a ZnO TFT for 2D device
simulator. ) _ simulation.

There have been many experimental and theoretical
studies on poly-Si TFTs and some works on GB modeling
and simulation?~**Three basic propertigée., a wide band o _ o
gap, small grain size, and possible existence of deep-levénentally optimized dimensiohdchannel length. =5 um,
trap states in GBs make these low temperature-depositedcnannel widthW=25um, active channel layer thickness
ZnO films qualitatively different from conventional poly-Si tzno=100nm, and gate insulator thickneigg,= 350 nm) of
thin films. The main differences between ZnO-based TFT® TFT structure is used for 2D device simulation as sche-
modeling and the poly-Si TFT modeling af® in a nano- matically showr] in Fig. 1 to'achieve.the. best TFT perfor-
crystalline ZnO thin film, the developed depletion regionsMance as required for practical application. Except for the
around closely spaced GBs overlap to make potential prof”egno channel, all material sets and dimensions are identical

in the film that are different from those of a microcrystalline {0 those in thea-Si TFT, which is used in commercial AM-
poly-Si thin film and(ii) due to the wide band gap of ZnO LCDs. All necessary material constants of ZnO have been

and possible existence of deep-level traps in GBs, the Ggollected from different sourcs *except for two constants
potential barrier height modulation with gate bias for zno(E1 andE;) related to the Gaussian distribution of the de-
TFTs is different from that of poly-Si TFTs. In the process of fé€ts in the GB as enumerated in Table . The value& of
development of poly-Si TFTs, many efforts have been mad@nd E_2 are as;umed material constants, to be used through-
to prevent the formation of GBs in the channel, since GBs ofUt this modeling. All energy levels defined in Table I, can be
even low density result in large variations in device perfor-9raphically represented by an energy level diagram including
mance depending on the number and location of GBs in th@ GB energy band bending profile as illustrated in Fig. 2, and
channel. The GBs are so uniformly distributed in a zZnO-re referenced to the valence band eige-0. Hence, the
based TFT that it may be possible to overcome the probler?B €nergy barrier can be defined agV,=Ecqp—E.
even with the presence of GBs, if the characteristics of GBS~ Fvgb~ E, and the conduction activation energy away from
can be controlled through an understanding of their physicdi’® GB (in flatband regionis represented agV,=E.—E;
properties and by appropriate chemical modification of them@ clarified in Fig. 2, wheré&gp, E, andE,qp, are maxi-

In our model, the defects in the crystallite and ZnO-gatg™um conduction band energy in the GB, minimum conduc-
insulator interface are assumed to segregate to the GBs; i.dlon band edge energy in crystallite, and maximum valence
all of the defects are localized in GBs. This assumptiorf@nd energy in the GB, respectively. The gate insulator
makes our model for GBs in a ZnO thin film equivalent to SiNa iS @ default material in the simulator with given per-
GBs in a ZnO varistor. Spectroscopic analyses of zndMtivity €=7.55. _
varistor€1020.213nd znO bulk crystaf have revealed that Qt_her _materlal parameters for a polycrystalglme Zn0 as
trap levels are located as deep states with ambiguous discretgecified in Table Il[i.e., donor densityNy(cm™), grain
energy levels. Therefore, it is reasonable to assume here thil£€ |o(#m), and total areal trap state density in GB
there is a wide distribution of defect states in the GB with aN: (M )], are considered as variables to analyze the device
peak density at the midgap. Here, our discussion will focugharacteristics. The variation & is analogous to the gen-
on the developed potential profile in the active channel layefration of carriers by doping, which is subsequently equiva-
of a ZnO TFT and the effects of potential profile on its prOIO_Ient to the accumulation or depletion of carriers through the
erties, which will reflect the real microscopic view of znO @pplication of gate voltage in the ZnO-basedhannel TFTs.

thin film while the TFT is in operational mode. Using our 'N€ variation ofly andN; correspond to the deposition con-
model, we are also able to estimate the unknown trap stafdition of ZnO films and its imperfections, respectively.

densities in GBs by comparing the calculated field effect ~ 1h€ polycrystalline ZnO thin film is defined by introduc-
mobility g and grain size 4 with the experimentally ob- ing equally spaced GBs parallel to the ZnO film thickness

tained values of them. and perpendicular to the direction of carrier propagation
from source to drair(see Fig. 1. The GB is modeled as a
1I. SIMULATION METHODOLOGY AND MATERIAL thin |ayer(i.e., a few atomic IayebﬁaVing defect states with
PARAMETERS Gaussian distribution &%
In the device simulatdt the semiconductor parameters ~ Nga(E) =N exp{ —[(E1a— E)/Ezal?}, (1)
are defaulted for silicon. We need to specify the required N-«(E)=N 2
=Nigexp—[(E—Eqg)/E , 2
parameters of ZnO, an active channel layer material, in a gd( E)=Nig exp~[( 10)/Ezql} @
TFT structure for a ZnO-based TFT simulation. An experi- Ng(E)=Nga(E)+Ngq(E), 3
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TABLE I. Collected and assumed material parameteomstants of ZnO for 2D device simulation.

Material constants for ZnO Valuginit) Author

Band gapE4(300K) (E.—E,) 3.4(eV) Ohtomoet al?

Effective mass of an electron in the conduction bamg, 0.318n, Rodeet al®

Effective mass of a hole in the valence bang, 0.5mg Medelunget al®

Dielectric constantes 8.12 Rodeet al®

Hall mobility, uy 150 (cn?/V s) Hagemarket al.
and Ohtomcet al®®

Electron affinity,{(E,.c— E¢) 4.29(eV) Sundaranet alf

Work function, ¢¢(E,ac— Es) 4.45(eV) Sundararet al!

Donor level,E.—Eg4 30 (meV) Look et al9

Energy level of peak trap state density in GB 1.7 (eV)"

El[(Ecgb7 Evgb)/z]

Characteristic decay energy of Gaussian distributifyn, 0.25(eV)"

aSee Ref. 23.

PSee Ref. 24.

‘See Ref. 25.

dSee Refs. 26 and 27.

®References 26 and 27 reported the Hall mobilities for single crystal ZnO are 100 and 200screspectively,
and we use an average value of 150°8fs in our modeling.

See Ref. 28.

9See Ref. 29.

"Assumed material constants for ZnO related to the Gaussian defect distribution in the GB.

where subscriptg, a, andd stand for Gaussian distribution, but are neutral when occupiedOn the other hand, an
acceptor-like states, and donor-like states, respectivelyacceptor-like trap is negatively charged and therefore can
Ng(E) and E are the density of the defect states and itsonly emit an electron(i.e., acceptor-like traps are negative
corresponding trap energy inside the band gap, respectivelwhen occupied, but are neutral when unoccupigtie cap-

N, E;, andE, stand for the total density of the trap states,ture and emissionprocesses are handled by the simulator
its peak energy, and its characteristic decay energy, respeasing Shockley—Read—Hall recombination motelThe
tively. Furthermore, the region between two GBsystallite  trapping model described earlier is elaborately analyzed by
and ZnO-SjN, interface is assumed to be completely Simmons and Tayldf and reported in Wernest al 33 for an
defect-free. This means, we assume all the defect states ameype semiconductor. Therefore, the negative and positive
localized in the GBs. For a minimum médtsize of 10 nm  charges in the GB created by trap states are determined by
(Ref. 12, an areal interface trap density, for example,the following probability equations:

10 cm™2 along the GB, is equivalent to the volume density .
of 10t’cm™2 in the GB region. We assume an idealized situ- na:f cNga(E)f(E)d E, %)
ation that the distribution of both acceptor-like and donor- Ey

like defects are the same within the energy gap, Ng,,

EC
:Ntd:Ntv Ela: Eld:Elv and EZa:EZd:EZ' In the nd:J Ngd(E)[l_f(E)]dE, (5)
simulator, it is assigned that a donor-like trap is positively B
charged and therefore can onbapture an electron(i.e., 1
donor-like traps are positive when unoccupied of an electron, f(E)= T+ exd (E—En)/kT]’ (6)

wheref(E) is the occupation probability of defect statés,

Vacuum Level is the equilibrium Fermi levek is the Boltzmann’s constant,

1 Evac T is the lattice temperature, amg andny are the occupied
acceptor-like trap state density and unoccupied donor-like
¢ % £ trap state density in the GB, respectively. The valueTpf
! g, ¥ q;: cgh considered in this model, is 300 K, i.e., all calculations are
o I — E, performed at room temperature. Hence, the Poisson’s equa-

TABLE Il. Used material parameter&variables of ZnO for 2D device

simulation.
Material variables for ZnO Symbolginits) Values

GB Donor density Ng(cm 3  5.0x10%-1.0x 10"
Grain size lg (um) 0.2-1.0

FIG. 2. Energy band diagram for all defined energy levels corresponding tdotal areal trap state density in GB N, (cm™2) 5.0x 10'-1.0x 10
Table | in the presence of a grain boundary. All energy levels are referencethoth donor-like and acceptor-like

to the minimum energy levelt, =0 and the maximum energy levEl,,..
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tion to determine the potential profiles along the ZnO chan- )
nel in the defect-free crystallite regions and in the GB re- Drain
gions are ZnO |

GB Depleti ;
-Lnin- ylon regiong e

ZnO

2 _ _N+
ﬂ:_Q(n P—Ng) @

NG €s

and 3F | P 205<E &

1N =5.0x10"(cm2)
1} ool 12 30 -

. + _ _ _ 8
respectlvgly, where, p, Nd_, and n=na—ng are the elec N (E) (cm™2 eV-)
tron density, the hole density, the ionized shallow donor den- 0 , g
4 02 0 02 04 06

sity, and the net negative charge in the GB, respectively. This -0.6
net negative charge, depletes neighboring electrons of GB
and causes exposure of the ionized shallow dond§s
which in turn results in a band bending around the GB. Con-
sequently, a double Schottky barrier is formed at electrostatic
and thermal equilibrium. This double Schottky barrier is the
main obstacle for the carriers to transport through the poly-
crystalline ZnO channel. Two different transport mechanisms
are utilized for the GB and for the defect-free crystallite re-
gions Wlthom any approximation in the d?V'C‘? simulator: theFIG. 3. Energy band bending model of a SGB with Gaussian defect distri-
thermionic emission process and drift-diffusion process ar@ution inside the band gap of ZnO, assuming total areal trap state density
used for carrier transport over the GB potential barrier andocalized at the GBN,=5.0x 10" cm 2, its peak trap density energy level
for defect-free crystallite, respectively. E,;=1.7 eV, and its characteristic decay enekp=0.25eV.
All the physical events described earlier for TFT actions
can be numerically analyzed by the device simulator using

PV _d(n—p-Ng)  an,

NG €s €s

8

—~
>

)

~

= =

5o % 1.54
g

(=}

83

A

Charge density, p (cm™2) 5

Distance from GB, x (um)

the following required equations: lll. RESULTS AND DISCUSSION
n=N.exg — (E.— E;)/kT], (9) A. Single grain boundary modeling
A single grain boundarySGB) structure of ZnO, setup
P=N, exp —(E;—E,)/KT], (100 with materials constants taken from Table [, is modeled in
+_ B Fig. 3 and can be treated asmitype bicrystal. A 1-nm-thick
Na = Na( 1AL+ exd (B~ Ea)/KT}), (D layer is considered as a GB introducing a Gaussian defect
J=qnuE+qDVn, (12) distribution using Eqs(1)—(3). To sir_nplify the mode_l, we
assumeE;=1.7eV, E,=0.25¢eV, using the same distribu-
, N aVp tion for both acceptor-like and donor-like defects. Developed
Jgp=AT N—Cex T kT | 13 distributed potentiaM(x) and corresponding electron con-

centrationn(x) are described as a function of distance

whereN; and N, are the effective density of stat¢éBO9 from the GB to space charge regions as
for electrons in the conduction band and the effective DOS x|
for holes in the va_lence band gnd E4 are the shallow V(X)=V, ex% _ _) (14)
donor density and its corresponding energy leveand Jy, A
are the electron current densities in the crystallite and in the
GB. u, E, Vn, D, andA are the electron mobility, the effec- n(x)=n ex;{ -
tive electric field, the electron concentration gradient, the dif-
fusion coefficient for electron, and the electron Richardsorwhere\ is the characteristic decay length of distributed po-
constant, respectively. Equatiof® and(10) are the carrier tential for gradual depletion amlis the free carrier concen-
density equations for electrons and holes, respectively. Equaration at thermal equilibrium in the crystallite regions. The
tion (11) is the occupation probability equation for shallow values of A rangesL <\<W,, whereL, is the Debye
donors. Equationgl?) and(13) are the carrier current den- length andWj is the depletion width, which are usually ex-
sity equations describing the drift-diffusion process in thepressed by the equations
;:é)é;t:t(lzltlit\(leeghd the thermionic emission process in the GB, Ly=(ekT/g?n) 12 and Wy=(eVy /qn)¥2 (16)

Subsequent equations to describe the device characterigespectively, where is the permittivity of ZnO. The net
tics will be based on the earlier basic equations, which camreal negative chargg (cm™2) at the GB can be estimated
also be efficiently handled by the device simulator withoutusing abrupt depletion approximation and charge neutrality
any approximations. condition,n,;=2\N; (Ref. 34. For a single GB case, grain

: (15
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111
Drain / Source

1=—]  Zn0
SisN, &

1.6 v Gate
14 .Ndzl-o(’;olfli,(°m'3)§ ] (a)
> =u € 0.5 T v o 4 v T - |
< 1.2 d - o
= 10 2 N,=5.0x10" (cm2)
g f xS 0.4 I (z=100nm) -
= 0.8' - » /
§ g —oe
© 0.6p E g 0.3 000004
'*E 04 o 2 0l ré *-0-0—0-o- .
g o2k i = II (z= 50 nm)
m p =1
0.0 N IR a STy o § 01
10'° 10'! 10'? 10! & ook
Total trap state density, N, (cm™2) 0 2 4 8 10

6
Gate voltage, Vg (V)

(b)

— 0‘6- hd 1 J b  J - ] bd L} b
2
= 0.5
o 04
FIG. 4. Change in potential barrier heighif of a SGB with the total areal g
trap state densitiN, for a fixed donor densitNy=1.0x10*cm™2 and 5 03
donor levelEy=0.03 eV. The schematics of the three band bending profiles f 02
(@, (b), and(c) are drawn corresponding to three different points of the ~§ '
V,—N; plot. The dotted line is given by Eq17), where all the traps are 5 0.1
occupied as shown ifa). °
S 1 X 1] - S S PR W E—— |
0 20 40 60 80 100

Distance along ZnO thickness, z (nm)
sizelq is large compared to the abrupt depletion length
and all the trap states are occupiet%£N,), because the FIG. 5. Change in the potential barriéy in a SGB(a) with gate voltage/

. . . . at three locations along the ZnO thickné¢sst the ZnO-SjN, interface, II:
Fermi level is above the all trap Ieve(lslg. 3)' In this case, at the middle of the ZnO film, and llI: at the surface of the ZnO filin)

t_he elec_trons are depleted partially _and the d_eve|0ped POteRpong the ZnoO thickness for three different gate bias conditidfys=Q, 5,
tial barrierV, follows a square relationship witN, (cm™2) and 10 \j.

as
2 2

Vo= aN/Besn=an;/Besn. 17 affected parameters in Eq4), (5), (6), and(11). Hence, the
The variation ofVy, as a function ol is a crucial factor to  potential barrier heigh¥/,, attains its maximum value under
limit the carrier transportation, causing a dramatic change ithermal equilibrium conditions. It is worth mentioning that
device performance. Therefore, it is important to explore thehe values ofn,, ny, and Nj depend on the deposition
maximum limit of V, with N, values at the SGB. Figure 4 condition of the ZnO films and the quality of the substrate on
points up the variation o¥,, as a function oilN, for a fixed  which the ZnO films are grown.
donor densityNy=1.0x10'(cm™3) and donor levelE4 To investigate the effect of GBs on TFT properties, it is
=0.03(eV). Below a certain value di,, V, follows Eq. necessary to calculate how the potential barvigrchanges
(17) given by the dotted line because all the trap states aran the GB upon applying gate voltagg,. The top panel of
occupied and the established net negative charge at the GBg. 5 shows a TFT structure with a SGB located at the
(ny) remains equal tN, as illustrated by a schematic band middle of the ZnO layer with a §N, gate insulator. In this
diagram(a). As N, increases, the calculated curigelid line)  case, we use the valuesf in GB andNy for ZnO layer of
starts to deviate from the dotted line at a critical valudNpf ~ 5.0x10cm 2 and 1.0<10%cm 3, respectively. Figure
[b]. At much highem; values, the trap density levels traverse 5(a) shows theVv,—V, curves at three locations in the GB in
up the Fermi level resulting in the creation of unoccupiedthe ZnO thickness =0, 50, and 100 nm At V=0, a
trap states above the Fermi level. The telnis then re- change inV, at three locations is the only effect of band
placed by the ternm; as was described in EqL7). Hence, bending due to the work function difference between ZnO
V, solely depends on the net negative changén the GB.  and Al gate electrode:*® As Vg increases, the carriers are
As the Fermi level impinges deeply into the trap states, asccumulated at ZnO-§, interface ¢=0), andV, de-
indicated by a schematic band diagré&y then, values start  creases rapidly, whereas, at the other two locatia¥s50
to saturate and correspondingly so ddgs Charge neutral- and 100 nmy V,, decreases slowly and becomes independent
ity conditions are reached after a large trade-off between thef V. This is due to the fact that the effective field devel-
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Back channel Ny=10x10"%cm?; N,=1.0x10'% cm™
) GBs
.Dramz N . Source

ZnO|

Conduction band energy, E_ (eV)

20 GB-5;/;=1.0um

/
1.0 aVn E: &

E
0.0% 2 4 3 8 0 7

Conduction band energy, E. (eV)

2 4 6 8 10
Distance along the channel, x ( pm)

Conduction band energy, E_ (eV)

FIG. 7. Potential profile along the surface of the ZnO thin film opposite the
6;3(”17;) Distance fromGB’xmm) source-drain_ electrodes for three diffe_rent grain sigagsgrain sizelg
=1.0um, with the corresponding effective number of GBs=5 (GB-5),
(b) grain sizel;=0.5um, ny=9 (GB-9), and (c) grain sizel;=0.3um,
() Vg=10V ng=16 (GB-16).

whole region of the ZnO film corresponds to the basal flat
1.0 plane. The profile along the direction at the ZnO—-gN,
0.8 interface ¢=0) illustrates the real view of an actual TFT
0.6 channel in presence of a single GB, while the profile along
0.4 the z direction(ZnO thicknesgillustrates the bending profile
from the ZnO-SjN, interface to a backchannel of a TFT.
The illustrations give graphical interpretation of the measure-
ment of an effective channel width along the active layer
thickness. The region at whick',+V, is comparable to
kT/g can be considered as an effective channel depth from
FIG. 6. 3D illustration of_ th(_e calculated ba_nd bending prpfile in a_n_d aroundihe ZnO—SjN4 interface ¢=0). This simple SGB modeling
gh;es\iﬁage\t/:i g':/(? (tg)"l/;'f‘sf\(;f g}:g?c)d{';fgesfé \gf"te bias conditio(as, shows a clear insight into trap activity in the GB for a TFT
operation and redirects us to model the actual TFT consisting
of multiple GBs.

Conduction band energy, E, (eV)

C‘SS

m
> e% Distance from GB, x “L

oped by gate bia®/; does not propagate deeply into the
channel. Figure &) shows the change My along the thick-
ness of the ZnO film at the GB for three gate voltag¥g ( To demonstrate the actual device modeling for the poly-
=0, 5, and 10 V. At V4=0, V,, remains high along the crystalline ZnO TFTs, we simulated the effect of multiple
whole thickness, to make a conduction barrier for the carri-GBs. The model of multiple GBs is shown in Fig. 1 where
ers. AtV,=5 and 10 V,V, significantly decreases at the many GBs(dotted lineg are considered along with a SGB
ZnO-SgN, interface opening up a channel for carrier con-(solid line). We find that the behavior of the GB barrier po-
duction. These are the fundamental mechanisms of a fieltential and band bending profile for multiple GBs are differ-
effect transistor made using a polycrystalline semiconductoent from that of the SGB case. All GBs are placed in such a
We also show a three-dimensiort@D) illustration of a cal- ~ way that they are equally spaced, i.e., the grain kjzever
culated band bending profile in Fig. 6 to visualize the com-the entire ZnO film is a constant. Keeping the trap state
bined effect of Figs. & and 3b). Three parts of Fig. 6 density in all GBs same as in the SGB, the resulting sym-
represent the conduction band profile of the SGB and itsnetric barrier potentials at each GB significantly overlap one
neighboring defect-free crystallite regions at the same timenother, especially, when a conditionlgi 2\ is satisfied.

as the three gate bias conditions. The Fermi level for thé-igure 7 shows a potential profile of a polycrystalline ZnO

B. Multiple grain boundary modeling
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thin film for three different grain sizes. For all three cases, 20 (a) 200 (b)
the value ofNy and N, are equal to 1.810%%cm 2 and v, ¥ E,
1.0x 10"2cm 2, respectively. In Fig. @), the GBs are iso- F
lated from each other, i.e., the depletion region associated  oofats Ed, WM

) - 0 2x 4 6 8 10 0 2 4 6 8 10
with each GB are not overlapped. Also, the minimum con- Pl

1.0 Vy, E; Er

duction band energfactivation energyin the crystallite re- ' TN |
_ C . ] N;=1.0x10'% cm*2 (©)
mains equal taV,, which is related to the free carrier con- ~ 10 _ )

. . . ) . S LOp lg="0.5um ; GB-9 1
centrationn and effective density of states in the conduction < ]
bandN., and represented as 2208 -

kKT N -E 06k :

Vn—FInF, (18) —g L

y o T“TSAIB 7

when the condmomt(cm‘z)sNd(cm‘3)Ig(cm) is satis- £ 1

fied. In this case, the carrier transport in the film is limited by b 02F /Nt = Ndlg N
the thermionic emission over the GB barrier height. It shows 0.0 . — 3.

the actual view of a microcrystalline thin film, usually ob- 0 2 4 6 8 10

served in a large grain poly-Si thin film. In Fig(hj, GBs are Donor concentration, N, ( X 10'® cm-3)

more closer than that of Fig.(d and the GB depletion re-
gions are overlapped to lift the minimum conduction bandFIG' 8. Plot of the_GB bar_rier height,, vs the donor densitwd_, shgwing
edgeE, up from the equilibrium Fermi leve; resulting in rlo(\)NSVb reaches its maximum value whei=Ngl, for grain sizelg

C - . =0.5um (GB-9) and the GBs potential profiles at two points in regions A
the activation energi,= E.— E; higher than thgV,. Con-  anq B ofv,—N, plot.
sequently, according to E() the concentration of thermally
activated carriers become smaller, and then according to Eg.
(12) more exposure of ionized donor makes the film semi- ]
insulating due the shifts in Fermi level also away from thethin-film change for a fixed number of GBs from source to
donor level E4. This situation is usually observed in the drain to get a transistor action by changing donor concentra-
subthreshold region of transfer characteristics of a TFT. Furlion Nq. This is analogous to the carrier modulation on ap-
ther reduction of grain sizgFig. 7(c)] establishes a condition Plied gate bias in a TFT structure. .
nt(cm‘2)>Nd(cm‘3)lg(cm), results in lifting up theE, Figure E{c)_ shows the donor _concent_ratlcmd depen-
further away from theE;, and then the depletion region dence on barrier potentiad, for a fixed grain sizé, and a
overlaps to spread over the entire film, leading to very highotal trap state densiti\; at the GBs. The barrier height
film resistivity with large thermal activation energy. This "€aches a maximum at a critical donor density N
situation is usually observed in the off-state region of trans-="t/lg- The illustration can be easily divided into two parts
fer characteristics of a TFT. If the situation occurs for a par-A and B), which are separated by a dotted line. The calcu-
ticular small-grain thin-film as in Fig. (@) without applying  'ated potential profiles at two representatg values[(a)
any gate bias, then the positive gate bias is required to erk-0% 10'° and (b) 5.0% 10160”‘73]. are represented in Figs.
hance carriers for operating a TFT. This operational mode of(@) and 8b), respectively. In region A, the depletion regions
TFT is known asaccumulation mode of operatioience, for each GB are overlapped and a h_lgher activation energy
these three parametens, N4, and|, determine the mode E, develops, _and the_ GBs become |solated_ in region B to
(accumulation or depletionof operation of TFTs. On the make the grains partially depleted. The barrier potential for
other hand, the GB barrier heightt, reduces, becausé, is WO regions can be representec’by

defined a4, — E. (Fig. 2, which is the energy difference N2

between the conduction band edge minifain the crystal- v, = 3 g (Nglg=n,) (proportional toNy), (19
lite and the conduction band edge maxifg, in the GB. €s

This depicts a realistic potential profile for a nanocrystalline qntz

thin film and their properties by reducimgor increasing the V,=——-—(Ngl,=n,) (inversely proportional toN).

: P 8eN 9
number of GBs. Hence, one may recognize the distinguish- s'hd (20)
ing features between a large-grain microcrystalline poly-Si
thin film and small-grain nanocrystalline ZnO thin film for Here, we evaluat¥}, as a function o, copying the varia-
TFT action if these films are used as an active channel layetion of V,, as a function ol in TFT structure because both
in the TFT. Therefore, it is important here to note that theparameters oNy andV, are correlated through the shift of
grain size, donor concentration, and GB trap state densitiéSermi level. Therefore, Figs.(& and 8b) corresponding to
are the important parameters for artype polycrystalline regions A and B represent the potential profiles in the chan-
ZnO thin film. These three parameters self-consistently denel of a TFT at subthreshold or off-state and on-state condi-
termine the properties of a ZnO thin film, which in turn tions, respectively. The analytical solutions of on-state con-
determine the characteristics of a TFT made using the Zn@uctivity or mobility can be obtained for a TFT in presence
thin film. We have already discussed the effect of a GB po-of GBs using the expression of E0) with Egs.(23) and
tential upon changing the trap state density in the SGB cas@4) [see Sec. III D by replacing the donor density, with
(see Sec. lllA. Here we show how the properties of the the gate bias assisted accumulation of free carrier density
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= " E L‘l 0.0 oEr
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(b) 3
o~ b= 04 GB-16;/,=0.3 pm
= Q
10-5 m< © 02 yd
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< 52 T 4 6 3 10
S Né Distance along the channel, x ( pm)
r 9 S
% 10 10 Nl FIG. 10. Potential profile along the ZnO—Rj, interface, when the gate
g 10‘” = bias (V4=5.0V) is above the threshold for three different grain siggs
= g =1.0, 0.5, and 0.3um corresponding to GB-5, GB-9, and GB-16, respec-
.g 10'13 S 54 tively, within the channel length.
5 -15 -g
10 i~
A

= B
S

2 0 2 4 6 8
Gate voltage, Vg V) more enhanced for more GBs. Tl calculated using the
maximum slope for GB-9 and GB-16 are 91 and 63/hs,
FIG. 9. Transfer characteristics of a modeled ZnO T&Twithout any GBs respective|y_ In a similar manner, we can extract the above-

the positive direction of gate voltages. All these effects are

(single crystal ZnO TFY (b) with effective number of GBSGB-9 and

GB-16) within the channel length of the ZnO TFT, threshold mobility for many GBs of nanocrystalline ZnO-

based TFTs.

C. Device characteristics

In light of the earlier modeling and discussions, we haveP- EXtraction of the GB trap state density

simulated the TFT characteristics taking ZnO as an active  As the most prominent part of this article, we propose an
material for single crystalno GB) and polycrystal(with  analytical method to extract the GB trap state density from
GBs) cases for which schematic device structure is given irthe experimentally obtained TFT characteristics. As we are
Fig. 1. Figure 9a) shows the transfer characteristics of aconcerned with the above-threshold mobility, we need to ob-
single crystal ZnO TFT with a constant drain-source voltageserve the actual potential profiles in a channel when the gate
of V4s=10V. A sharp rise of subthreshold slope and abovevoltageV, is applied above the threshold voltagg. Figure
threshold linearity ofy/14— Vg characteristics indicates the 10 elumdates the potential profile at the ZnOzNgi inter-
perfect saturation behavior of ZnO channel. The field effecface, where an accumulation channel is formed for three dif-
mobility uge and the threshold voltag¥y, are calculated ferent grain size1.0, 0.5, and 0.3um) corresponding to
using conventional methods, i.e., from the slope and th&B-5, GB-9, and GB-16, respectively. In all three cases, mo-
x-axis intercept ofy/l4— Vg curve, respectively. The calcu- bile carriers from source to drain will only face small poten-
lated field effect mob|I|ty,uFE is 142 cn?/V's, which is very  tial peaks comparable t%T/q along its direction of propa-
close to our considered materials const&ts0 cnf/Vs) gation. If we apply a low drain-source voltage &fy
listed in Table I. This implies that the device simulator can=0.1V, which is far lower tharv,, almost all the GBs
perfectly characterize the TFT properties, and suggests tha¢main effective within the channel length which we call

our model for device characterization is acceptable. Subséhe linear region. For a relatively highys compared withV,
quently, the GBs are inserted in the ZnO layer as representeor instanceVy=10V andVy,=5 V), a few GBs near the

in Fig. 1 to make it polycrystalline and then the transferdrain end are diminished due to pinch-off, but the remaining
characteristics are obtained for 9 and 16 GBs within theGBs limit the mobility, which we call the saturation region.
channel length of 5um as shown in Fig. ®@). Here, the The simulator can analytically derive the relationship be-
subthreshold slope shows a considerable tailing, and theveen the mobility and the number of GBs assuming no
\/E—Vg curve deviates from a linear relationship above thevoltage drop between each Gi the crystallite. The as-
threshold voltage; additionally, the threshold voltage shifts tassumption here is quite reasonable, because the resistance in
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the crystallite region above the threshold voltage is much o 1
lower than that in the GB region. To establish the relation- 100 Exponential fitting
ship, the following equations are us&cf® =

Current density through the grain boundary barrier is Z
expressed as B, | esox 10 (em?)

1

Jgo= 0N exp(—qVy /kT)[exp(qAV, /kT)— 1],  (2D) i e N,=1.0x 10:22(cm'2)
wherev,=AT?/qN, is the thermal velocity of the electron = ——N,=1.1x 10 (cm™)
and AV, is the voltage drop across each GB. Equati®h 5 )
replicates Eqs(12) and (13), and thus it includes both the Eo ik Ec’l‘l’e"me"‘a'
drift-diffusion and thermionic emission effects of the trans- ata range
port. If the drain bias is high enough to satigfjV,>kT, 1'0 I-OO
Eq. (22) becomes, Effective number of GBs, ng in the channel

Jgp=quan exp(—qVy /kT)exp(gAVy /KT). 22
go= 4V H=av Jexp( b ) ( ) FIG. 11. Calculated mobilitysee vs effective number of GBsgy plot for

If there areng grain boundaries within the channel length  three different total areal trap state dendity values and the exponential
thenAV,, equalsVys/ng. For a uniform electric field in the extrapolationdEq. (25] up to the experimental data range.
channel, the macroscopisource to drain conductivity is

expressed by based TFT§:>° Low temperature-deposite@50—500 °G

qu,nL nanocrystalline ZnO thin films exhibit GBs ranging in num-

U:ng'-/vds:v—dsexr(_qu/kT)EXp(qus/”ng)- ber from 50 to 100 within the channel length=5 um and
(23 the field effect mobilities ranging from 1 to 10 éid s for a

wide range of gate biases. The crossing arrows in Fig. 11

shows the experimental data ranges. If we compare our ex-
o=qnu*, (24)  perimental data with this graph, it is possible to make a
rough estimation of the GBs total areal trap state demgjty
which is of the order of 1% cm2 for our ZnO-based TFTs.
This value is reasonably realistic, about 1% of the total num-

Equation(23) can be simplified as

whereu* is a reduced effective mobility, which is limited by
the number of GBs\, in the channel and the GB potential

barrierV ber of surface atoms of a ZnO thin film, which is of the order
. vl of 10**cm™2. Therefore, one can use the graph in Fig. 11 as
* T Vs exp(qVas/NgkT)exp( —qVp /KT). (25 a rough estimation of GBs total areal trap state densities of

any ZnO-based TFTs as soon as one knows their coordinate
Note that the term exp{qV,,/kT), associated with each GB, (mopbility as ordinate and effective number of GBs as ab-
is gate biasV, dependent. Above the thresholl{=5V),  scissa points. A recent report of Carciet al.” on rf magne-
V,, reduces becoming comparableki®/q for all GBs inthe  tron sputtered ZnO TFT estimated the total areal trap state
channel(see Fig. 1pand then the contribution of this expo- gensities in GBs ranging from D&102em™2 to 3.0
nential term to control mobility becomes small f8g ranges  x 10'2cm™2 and their estimated field effect mobility is 1.2
5-10 V, where we conventionally calculate the field effectcn?/v s for one of their good TFT. This result is also com-
mobility uee. Another exponential term exgus/ngkT) re-  parable to our simulation result. This re-enforces the consis-
mains effective and controjs* depending on the number of tency between our method of simulation and the experiment
GBs ng in the channel, because it integrates all the smaltgy 7n0-based TFT.
contributions of the term exp(qV,/kT) associated with it as
mentioned earlier. Thugy* in Eqg. (25) represents the field
effect mobility, ure, at the on-state condition of a TFT.
Therefore, it can be stated that the effective number of GBs Device simulation of ZnO TFTs was performed using
inside the channel length limits the field effect mobility of the device simulator. An actual polycrystalline ZnO TFT
the TFTs at its on-state condition. The analytical derivationrmodeling was commenced using a SGB positioned at the
of Eq. (25 implies thatugg decreases exponentially as the middle of the ZnO layer in a TFT structure. A double
number of GBsg increase. Schottky barrier formation in the GB adequately described
Finally, we have calculated the field effect mobility from the nature of potential barrier and the spreading of depletion
the transfer characteristics of our modeled TFT for the effecregion from the GB to the crystallite for a wide range of trap
tive number of GBs in the channel considering three differ-state densities localized in the GB. The SGB model also
ent total areal trap state densitidsin the GBs as illustrated suitably described the change of potential profile in and
in Fig. 11. Five points are actual simulated data points foraround the GB with applied gate electric field, exhibiting
threeN, values. Extensions of these data points are exponerirow effectively the channel is formed across the GB. The
tial extrapolations based on E@®5). It is clearly seen that multiple GB model afterward facilitated the observation of
those five points are sufficient for exponential curve fitting.the real microscopic view of a developed potential profile in
We extend these three curves up to the experimental dathe nanocrystalline ZnO active layer. We thoroughly ex-
range, which are usually extracted from our several ZnOplained the action of a nanocrystalline ZnO TFT using our

IV. CONCLUSION
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