Modeling of current-voltage characteristics for double-gate a-IGZO TFTs and its

application to AMLCDs
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of double-gate (DG) a-IGZO TFTs, when the top- and bottom-gate electrodes are connected together

(synchronized), were developed. From these equations, it is found that synchronized DG a-IGZO TFTs
can be considered as conventional TFTs with a modified gate capacitance and threshold voltage. The
developed models were compared with the top or bottom gate only bias conditions. The validity of
the models is discussed by using the extracted TFT parameters for DG coplanar homojunction TFTs.
Lastly, the new pixel circuit and layout based on a synchronized DG a-IGZO TFT is introduced.
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1 Introduction

There has been increased interest in adapting amorphous-
indium—gallium-zinc—oxide (a-IGZO) thin-film transistors
(TFTs) as a next-generation TFT technology for active-matrix
flat-panel displ'axys.l’2 The a-IGZO TFTs have a field-effect
mobility (1) ranging from 8 to 20 cm?2/V-sec, a subthreshold
swing (SS) below 200 mV/dec, a threshold voltage (Vrp) of
about 0 V, and an off-current below 1 x 1012 A.3 Thus far,
much of the research efforts have been focused on improv-
ing the a-IGZO material properties as well as the gate-
dielectric interface.? It is important to keep in mind, how-
ever, that the electrical performance of TFTs is also influ-
enced by the device structure.

A double-gate (DG) a-IGZO TFT structure has both a
bottom-gate (BG) and a top-gate (TG) electrode that can be
biased differently.5-8 Tt is well known that the electrical per-
formance of DG TFTs is improved in comparison to single
bottom-gate TFTs because a larger portion of the channel
area is controlled by an additional top-gate electrode. Fur-
thermore, it is found that DG a-IGZO TFT has a higher
stability under light illumination. To understand the opera-
tion principle of a DG a-IGZO TFT, a mathematical analysis
based on device physics is needed. Abe et. al. described the
mathematical analysis of a DG a-IGZO TFT for the condi-
tion when either TG or BG is biased at a constant value and
concluded that the DG TFTs with a constant BG or TG bias
have an electrical performance comparable (or even worse
in the saturation region) to the conventional single-gate
TFT.Y To take advantage of the DG TFT, both TG and BG
should be tied together (synchronized). In this paper, we
present an extension of Abe’s previous work. We analyzed
the DG a-IGZO TFT’ characteristics under synchronized
bias conditions. In the latter part of this paper, the TFT
parameters of the DG a-IGZO coplanar homojunction TFT
are extracted and compared with the developed analytical

model. In addition, a new pixel circuit based on a synchro-
nized DG a-IGZO TFT is introduced for active-matrix lig-
uid-crystal-display (AMLCD) application.

2 Double-gate TFT modeling

Figures 1 and 2 show a schematic cross section of a DG TFT
with a channel length L and channel thickness t;. The
mathematical derivation is based on the following assump-
tions: (i) Constant Mobility: The mobility is constant during
TFT operations; (ii) Gradual Channel: The voltages vary
gradually along the channel from the source to the drain;
(iii) Two-Dimension: The TFT is two-dimensional. The TFT
does not have the channel width (W) dependency; (iv) DC
Measurements: The bias voltage or current can be changed
only after the TFT is under equilibrium states; and (v) Long
Channel: There is no interaction between the source/drain
electrodes. The above assumptions might not be always ade-
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FIGURE 1 — Schematic cross section of a DG TFT (y direction).
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FIGURE 2 — Schematic cross section of a DG TFT and space-charge
distribution (x direction).

quate for the field-effect transistors (FETs), such as a-IGZO
TFTs. However, we believe that the model using these
assumptions can successfully explain the electrical charac-
teristics of conventional TFT, such as field-effect mobility
(u), threshold voltage (Vryy), and subthreshold swing (SS).
The similar assumptions are also employed in the SPICE
Level 1 model for the FETs. 10

On Operation Region: From Fig. 1, the surface
charge density, Qg, can be written as the sum of bottom and
top surface charge density (Qps and Qsg, respectively)

Qs = Pps +Ors- (1)
From the parallel-plate capacitor model,
Q=CV. (2)

Therefore, the Qg can be written as

Qs =Cp1(Vie = VaTo - V()
+Cr1(Vre = Vrrno — V().

where Cgpj is the capacitances per unit area of the bottom
insulator. V(y) is the channel voltage at the position y, in the
horizontal direction along the channel length from the
source to drain. Vg and Vg correspond to the threshold
voltages of the single-gate TFT only with the bottom elec-
trode and the bias voltage applied on the bottom-gate elec-
trode, respectively. The subscript T is associated with the
top electrode.

The voltage drop dV between y to y + dy is given by
Ref. 11

(3)

dV = Ip dy .
W|Qs|

By integrating Eq. (4) for the entire channel length
(fromy = 0 to L), .l.éJID dy = .I.(;]D VVl.l|Qs|dV> the drain cur-
rent (Ip) of the DG TFT is given by Eq. (5). Over the length

of the channel, the channel voltage varies gradually from the
source voltage V(0) = 0 to the drain voltage V(L) = V.

(4)

AL
PTLCy+Cpy
2
y {C81(Vee = Vero)+Cri(Vec = Vrrmo)} (5)
p
2
{ (Cpy +Crp)Vpy }
X 1—-<1-
Cei(VeG — Verio) + C11(Vre = Vrrno)

Since Vg = Vpg = Vrg, in synchronized DG opera-
tion, Eq. (5) is simplified into Eq. (6).
VA
L Cpy+Cpq
2
“ {(Cy +Crp)Ve = (CorVirno + Cri Vermo )}
2
2
(Cp1 +Crp)Vpy }

X[ 1-<1-
! { (Cp1 +Cpp)Ve = (Cpi Vrao + CriVrrio)

Ip

(6)

For more simplification, we define the double-gate ca-
pacitances per unit area (Cpy) and the threshold voltage of
synchronized DG operation (VpTyy)

Cpr =Cp1 +C11, (7)
CriV4 +Cr V-
— i BTH()C TIVTTHO (8)
DI

Then, Ip can be expressed as
w
Ip =—uC
D=7 Hipr
2 21 (9
X{VG_VDTH} 2Vp _[ Vb ] )
2 Ve=Vpra \ Vo —Vpru

If the TFT is under linear operation region, Viy << Vg —
Vbt the second-order term for Vpy is canceled out. Then,
Eq. (9) can be approximated into

W
Ip =EMCDI(VG —Voru)Vo- (10)

Moreover, when Vp is larger than Vb gat (= Vg —
Vpra), which is derived from Eq. (3) with the channel
pinch-off condition [Qg = 0 and V(L) = Vp], the current
does not increase further (saturated). Hence, the saturation
current is
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w 2
I :EHCDI(VG_VDTH) - (11)

These equations are very similar to equations used for
description of conventional TFT’s electrical properties.12

Subthreshold Region: The current in the subthreshold
region of FETs is described by Eq. (12)13.14

Ip ~H%%teff(l_e_qVD/kBT)eqq)/kBT. (12)

The effective channel thickness (fofr) is defined as the
distance from the channel/insulator interface. kg and T are
the Boltzmann’s constant and the absolute temperature,
respectively. And, ¢ is the potential voltage at the channel
surface. From the definition of subthreshold slope (SS),

-1
Ss(alg_lj _ 13)
Vg

Therefore, it is necessary to find the relationship be-
tween a surface potential (¢) and gate voltage (V) in the subthres-
hold region.

In Fig. 2, applying Gauss’s laws to the surface 1 (D)
and 2 (@) yields the following equations:

esEs = Cp1Veox —qNBssds. (14)
—&sEs = Cr1Vrox —gNTssOT, (15)

where Nggg is bottom surface trap states in the unit of eV-1-
em~2 and ¢p is the potential voltage at the bottom chan-
nel/insulator interface. Vpox is the potential difference
across the bottom-gate insulator. Vgox = (Vg — Vprp) — 0B,
where Vgpp is the flat-band voltage of the bottom-gate elec-
trode. Again, the subscript T is associated with the top elec-
trode. & is the permittivity of a-IGZO semiconductor. From
Egs. (14) and (15), we can derive the equation of a charge
balance >Q = 0:

CeiVeox —qNpssdp +Cr1Vrox —¢N1ssdr =0. (16)

In synchronized bias condition, Vg = Vg = Vg and
we assume that same gate material is used for the top- and
bottom-gate electrodes (Vpg = Vrrp = Vppp). Thus, Eq.
(16) is rewritten as

(Cp1 +gNgss)0p +(Cry +gN1ss o
= (Cp1 +C) (Vi = Vig)-

As a next step, the difference of electric potential is

(17)

expressed as the integral of the electric field E(x) = -dop(x)/dx,
thus
Op — 01 = Eqt
_ Cr1(Ve = Vi) = (Crr + gN1s5 )01 , (18)

s*

€

By equating, Eq. (17) into Eq. (18), two relations for
op and ¢t are given, where Cpss = g - Npss and Cs = g4/t

[1+ s Ve
Cpi(Cry +Cs +Crss)

{ B +Cass (Cr1 +Crss)Cs }B (19)
CBI(CTI +Cg +Crss)

{ C1iCs }V
FB>
1(Cry +Cs +Crgs)

( CTI(CBI +Cs + CBSS)]VG
CpiCs

_ {CTI +Crss (Cp1 +Cass )(Cr1 +Cs +Crss)
Cpi CpiCs

Cri(Cpr+Cq+C
+{1+ 11(Cp1 +Cs BSS)}VFB-
CpiCs

}¢T (20)

If the current mainly flows near the bottom interface,
Ip is given by

I ~ ”%kBTTtBeff (1-em /BT et/ (21)

where tg_¢ff is the effective channel thickness for the bot-
tom channel. From the definition of SS [Eq. (13)] and Eq.

(21),
g5 = al()glo ID - _ 1 BID -
aVG ID ln 10 aVG
-1
ot
_| 1 Beff 1 L4 g (22)
h'l 10 BVC tB_eff kBT BVG
-1
g \dVg
By substituting Eq. (19) into Eq. (22), SS is obtained.
SS~In 10~kB—T
q

(23)

« (Cp1 +Cpss)(Cpy +Cs +Crgs) +(Crp +Crss ) Cs
Cp1(Cry +Cs +Crgs)+CriCs

Then, if Cg is larger than the other capacitances,
Cs>> Crr, Cpr, Crss, CBss,

kgT [(CDI +Cpss +CTSS)]
q
_ n10- 8T [1+ Css * Crss j
q Cpr
The a-IGZO TFT used in this work has Cg = 295,
CTI = 9.5, CBI = 17.7 and CTSS = CBSS =9 nF/cn]2. From

these values, we can conclude that the above assumption is
reasonable.

SS~1Inl10-

C
DI (24)
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Similarly, when I'y mainly flows near the top interface,
the current is given by

W kyT

o~ thT,eff(l—e_qV”/kBT)eqq)T/kBT (25)

and

-1

aV,
1 \% (26)
~In10-XeT [1+ Css + Crss j
q Cp1

Therefore, the SS of DG TFTs, when Vg = Vg =
Vg, can be expressed by

SS:SO[1+MJ. (27)
Cpi

The value of Sg = In 10-kpT/q is about 60 mV at room
temperature. If SS and Cpy are known, the Npgg and Ntgg
values can be calculated from Eq. (27).

3 Comparison with a conventional TFT
model

The equations developed in the previous sections are sum-
marized in Table 1. The equations for a conventional single-
gate TFT and the DG a-IGZO TFT with a single gate being
biased (i.e., either the TG or BG constant bias is applied) are
also tabulated in Table 1. The equation for DG a-IGZO
TFTs with BG bias (Vg = Vg, Vrg = 0) is adapted from
Abe’s work, and the equations for TG bias condition (Vg =
Vra, Vg = 0) can be derived by replacing the subscripts B
and T, which stand for bottom and top gate, respectively.
Table 1 shows that the DG a-IGZO TFTs with a BG or TG

bias have a reduced saturation mobility ugar, reduced satu-
ration voltage Vp sar, and increased SS. The amount of
these changes is related to the ratio between Cpy and Crr.
In contrast, the DG TFTs with synchronized bias (Vg =
Vpe = V) does not suffer from any degradation. More-
over, it is worthy to note that the synchronized DG TFTs can
be considered simply as conventional TFTs with a gate ca-
pacitance of Cpy = Cpp + Cry and a threshold voltage of
Vprh = (Ce1VeTHO + CT1VTTHO)/CDI-

To confirm the validity of the developed models, we
measured the TFT characteristics of the DG coplanar homo-
junction a-IGZO TFTs. The schematic cross section of the
DG a-IGZO TFTs is illustrated in Fig. 3. The TFTs were
fabricated on a Corning 1737 substrate. The Mo layer (100
nm) is sputtered as the gate electrode. An amorphous-sili-
con oxide (a-SiO,) layer of 200-nm thickness is deposited by
PECVD as a bottom-gate insulator. The a-IGZO semicon-
ductor layer (30 nm) and the a-SiO, first passivation layer
(150 nm) were deposited by sputtering. During the deposi-
tion process of the second passivation layer of hydrogenated
amorphous-silicon nitride (a-SiN,:H), the exposed areas of
the a-IGZO layer (not covered with sputtered a-SiOy) were
converted into low-resistance source/drain regions. Lastly,
the 50-nm-thick PECVD a-SiO, is deposited for the third
passivation layer, followed by the formation of 100-nm-thick
Mo source/drain electrodes. More experimental details
about the TFT process can be found in Ref. 15.

The bottom-gate insulator is a 200-nm-thick layer of
silicon oxide and the top-gate insulator is a stacked tri-insu-
lator structure of a-SiO,/a-SiN,/a-SiO,, with a thickness for
each layer of 150/300/50 nm, respectively. The capacitance
of the trilayered structure is calculated using three serially
connected capacitors. The values of Cgy, Cy, and Cg are
17.7, 9.7, and 295 nF/cm?2. The permittivity of 4€, 7€g, and
10gg are used for a-SiO,, a-SiN,, and a-IGZO, respectively,
where g is the permittivity of the air. The channel width/length

TABLE 1 — Summary of different TFT models developed in this work.

Conventional TFT

Double Gate TFT

Single Gate TG (Ve=V16, Vpe=0) BG (Ve=Vpa, Vig=0) SG (Vo=Vae=V1a)
. w w w w
Ip (Lin) TMCG (Vg — Vrg)Vp T.HCTI Vre — V)V T#CBI(VBG — Vers)Vp T“CDI(VG — Vore)Vp
w W pCry W 1Cpy w
i _ 2 el 11 _ 2 e R _ 2 S _ 2
Ip (Sat) ZLHCG (Ve — V) 7T Cr;(Vrg = Vi) 0 G Cpi(Vog — Vorn) T uCp (Vg = Vory)
Cpss + C Cpr+ Cpss + C Cr;i+ Cpss + C Cpss + €
33 S, - (1 n B5S TSS) S, - (1 n BI BSS TSS) S, - (1 5 TI BSS TSS) S, - (1 N BSS TSS)
Ce Cry Cpi Coi
C G
Sat. voltage Ve —Vry TI/CDI (V¢ — Vrra) BI/CDI (Vee — Vara) Ve —Vora
Mob. (Lin.) " H u i
Mob. (Sat.) u u(Cr/Cop) #(Cpi/ Cop) H
Gate Cap. Ce Cry Cpy Cpi(= Cpr + Cqy)
Threshold Cpy Cry CeiVerao + CriVrrao
Voltage Vry Verg = Verao + C_TIVBTHO Very = Veruo + C_BIVTTHO DTH = 4&”
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FIGURE 3 — Schematic cross section of a fabricated DG coplanar homojunction a-IGZO TFT.

(W/L) is 60 pm/10 um. A sufficient overlap between top-
and bottom-gate electrodes is used in the TFT layout to
avoid misalignment of the two gates during TFT fabrication.
The gate misalignment could degrade the on-current and
subthreshold slope due to reduced gate controllability.16
However, a too larger overlap to avoid the misalignment
could increase the parasitic capacitance, which will worsen
the TFT dynamic performance.

In the extraction of TFT parameters, SS was defined
as SS = (dlogIp/dVs)™! around a maximum dloglp/dV s
point.17 Since the constant mobility model is assumed in
this work, Vryy and W in the linear region were derived from
a linear fitting to the Ip — Vg curve at Vpp = 0.1V, and those
in the saturation region were derived from a linear fitting to
Ip'? - Vg at Vp = 15 V by using the equations shown in
Table 1. The transfer characteristics (Ip — V) are measured
in Fig. 4 for three different bias conditions and the extracted
device parameters from Fig. 4 are summarized in Table 2.
As shown in Table 1, the mobility in the linear region and
the ugat with the SG bias should be identical for all three
gate-bias conditions while the extracted pugat for TG or BG
being biased are proportionally decreased by the ratio of
Ct1/Cpi or Cp1/Cpr. From the pugat models and the capaci-
tance in Table 1,

C C
Ugar (TG) = =1 = 0351 or pgp (BG) = —BL = 0651, (28)
Cpr Cpr

10° ;'W/L‘(umlu;n) =e0/10 '1
10° |
:
—~ 107 F
<L 3
- r
a 3

— 10—9 5_ J

11 g TG V=V e Vge=0) .!

10 g BG (VG=VBG’ VTG=0) 1

13 g SG (VG=VTG=VBG) !

10 m n 1 N 1 . 1]

-5 0 5 10 15

V. (V)

FIGURE 4 — Transfer characteristics of the DG a-IGZO TFTs for top-gate
(TG), bottom-gate (BG), and synchronized-gate (SG) bias conditions.

From Table 2, we confirmed that the measured Ugat
for TG or BG bias is decreased from p in the linear region
and that the amounts of the decrease are consistent with Eq.
(28). In contrast, in the case of SG bias, the mobility in the
saturation region is comparable to the values in the linear
region. Therefore, the observed mobility degradations for

TABLE 2 — Extracted parameters for DG a-IGZO TFTs under different bias conditions.

TG (V= Vig Vea=0) BG (V5= Vea: Vea=0) SG (Vo= VeaV1a)
lin. sat. lin. sat. lin. sat.
Vi [V] 0.42 -0.31 0.54 0.13 0.55 0.37
u [em®/V-sec] 11.52 3.98 12.82 9.11 13.08 15.07
SS V] 0.290 0.153 0.100
Cs [ancml] Cn=93 Cpr=17.7 Cpr=27.2
Nss [eVﬁlcmfl] 6.0 = 10" 5.4 % 10" 5.8 < 10"
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FIGURE 5 — Output characteristics of the DG a-IGZO TFTs for TG, BG,
and SG bias conditions.

TG and BG bias are mainly due to the applied constant bias
on one gate electrode and their difference disappears when
both top- and bottom-gate electrodes are connected to-
gether.

Furthermore, from the SS value in Table 2, we can
calculate the interface trap densities (Ngg), which are sup-
posed not be different for all three bias conditions discussed
in this paper. It is assumed that the BG and TG interface
trap capacitances are the same (Cpgs = Crsg) for conven-
ience; Ngg = N1gs = Nggs. The calculated Ngg is similar for
three bias conditions (not supposed to be different), which
supports the validity of our analytic models. The previously
reported i and Ngg for conventional single gate copla-
nar homojunction a-IGZO TFTs (12.4 cm*V-sec and 7.3 x 1010
eV-Lem=2, respectively)!® were also comparable with our
results. The device structure and fabrication details of the

a-IGZ0o

|

FIGUR roposed AMLCD pixel circuit (top ri
DG a-IGZO TFTs.

single-gate coplanar homojunction a-IGZO TFTs are iden-
tical to the TFTs analyzed in this paper.

Lastly, to verify Vpp gar models, the Iy — Vi charac-
teristics are measured and shown in Fig. 5. If we assume
that the threshold voltages for different gate bias conditions
are similar, Vy gar is mainly related to Cy or Cgy. There-
fore, it is clear that the TFT saturation will take place earlier
in the following sequence: the TG, BG, and SG, respec-
tively, in agreement with Fig. 5. Hence, the proposed ana-
lytic models are in agreement with the measurement
results.

4  Application to AMLCDs

Table 1 implies that DG a-IGZO TFTs with the synchro-
nized bias condition can produce larger current and steeper
subthreshold swing without increasing the channel
width/length ratio (W/L) and/or the quality of the a-IGZO
film. In other words, the same amount of drain current and
sharp ON-OFF switching can be achieved with even
smaller W/L TFTs. This observation can be advantageous in
a pixel circuit designs for future AMLCDs. The future tech-
nology trends of AMLCDs are higher resolution (i.e., ultra-
high definition; 7680 x 4320 pixels), higher pixel density
(over 300 ppi), and refresh rate (240 Hz or higher). To fol-
low these trends, smaller and faster TFTs are required.18 In
this regard, the a-IGZO TFTs are considered as a leading
approach for achieving high pixel density on large panel size
because of its high mo‘bility.19 In addition, we believe that
synchronized DG a-IGZO TFTs are more suitable than
regular a-IGZO TFTs in terms of larger current in the same
W/L and a steeper subthreshold swing.

SCAN——¢—
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DATA

TT™

GND GND

B G Pixel Electrode ~

o il [ I P

glass substrate

ght), layout (left), and vertical cross section (bottom right) based on synchronized
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Figure 6 shows an example of the proposed pixel cir-
cuit with a synchronized DG TFT for AMLCD. In this pixel,
the switching transistor (T'sw) is in the shape of an inverted
staggered structure with an additional gate electrode, the
top gate (TG). Moreover, TG and BG are fully overlapped
and tied together (synchronized) through the sync via. By
introducing an additional gate electrode, the parasitic capaci-
tance between the two gates and the source/drain overlap
could be increased. However, DG TFTs can have a smaller
W for the same amount of drain current. Therefore, a decrease
in device W can possibly cancel out a possible increase in
device capacitance.

5 Summary

The simple analytic models of DG a-IGZO TFTs with syn-
chronized bias conditions are developed and compared with
TG or BG only bias devices. From this work, we can con-
clude that the DG TFTs under the bias condition of V¢ =
Vg = Vg can simply be considered as conventional TFTs
with a gate capacitance of Cpy = Cpy + Cy and a threshold
Voltage of Vbt = (CeiVeTHo + CTIVTTH0)/CpDI1. Further-
more, it is shown that the DG TFTs with TG or BG bias
suffer from mobility and SS degradations. Therefore, two
gate electrodes need to be tied together in order to avoid
such degradations. The developed models are compared
with the measurement results of the DG coplanar homo-
junction a-IGZO TFTs. The congruence between the mod-
els and measurements suggest that the developed models
can successfully explain the electrical behaviors of the DG
a-IGZO TFTs. We believe that DG TFTs are a better choice
than single-gate TFTs for future AMLCDs and suggest a
new pixel circuit based on synchronized DG a-IGZO TFTs.
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