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Abstract— We found that field-effect mobility, which had been
widely used in the evaluation of the mobility of an amorphous
indium-gallium-zinc oxide (a-IGZO) thin-film transistor (TFT)
failed to describe the effect of mobility on propagation delay (¢pp)
in an a-IGZO TFT-based circuit, and also proposed an extraction
technique for the fpp-correlated mobility (ysp,) considering both
the subgap density-of-states and the voltage-dependent charge
density. It is verified that the proposed pusp, is the best correlated
with the measured fpp in IGZO TFT-based inverters other than
various mobilities in the literature. Our results have revealed
that it is possible to predict fpp only with the measured
current-voltage characteristic of the a-IGZO TFT without
measuring tpp in IGZO-based circuits.

Index Terms— Amorphous indium-gallium-zinc
oxide (a-IGZO), mobility, propagation delay, subgap
density-of-states (DOSs), thin-film transistors (TFTs).

I. INTRODUCTION

MORPHOUS indium-gallium-zinc oxide (a-IGZO) has

been a representative and promising material as an active
layer of thin-film transistor (TFT) for potential applications
in oxide-semiconductor-based high-frame-rate large-area
displays, flexible, transparent, mobile displays, and logic/
memory circuitry, because it has a high carrier mobility,
large-area uniformity, good transparency in visible light,
a low OFF-current, cost-effectiveness of the fabrication
process, and compatibility with a low-temperature process as
well a solution process [1]-[3]. In real applications, the circuit
performance is influenced mainly by the carrier mobility of
the TFT as long as there is either a maintaining operating
voltage or a load capacitance. Therefore, most of the
material- or fabrication-aspect studies have primarily
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Fig. 1. Schematics of (a) a-IGZO TFT with the inverted staggered
bottom-gate structure and (b) enhancement load-type a-IGZO TFT-based
inverter.

contributed to improving the carrier mobility with the belief
that the propagation delay (tpp) of circuits is inversely
proportional to the carrier mobility. However, field-effect
mobility (upg), which is widely used as the practically
extracted carrier mobility, has seldom been correlated with
the fpp measured in a-IGZO TFT-based circuits. The mobility-
based assessment for circuit performance would evoke a huge
error unless the extracted mobility is inversely proportional
to a real tpp, which is the main motive of our work.

In this paper, we propose a practical method for extracting
the circuit propagation delay-correlated mobility (us,) from
electrical characteristics of a-IGZO TFTs with the detailed
procedure of parameter extracting. It was found the uy,, the
backbone of which originated from the charge-based mobility,
is best correlated with the measured tpp other than various
mobilities that have been in the literature, such as urg and the
average mobility (savg). In comparison with upg and gtayg, our
results reveal that such a good correlation of 4, With fpp is
ascribed to two reasons. First, the density-of-states (DOSs) and
the carrier density, the latter of which is modulated by the gate
voltage, are considered in extracting usp,. The other reason
is that the subthreshold and above-threshold characteristics,
which are essentially important in the operation of
IGZO TFT-based circuitry, can be befittingly combined with
each other.

II. INVERTER INTEGRATION

Three inverters with individually different geometries and
fabrication processes were integrated on glass wafers. They
were based on a-IGZO TFTs with inverted staggered
bottom-gate structures, as shown in Fig. 1(a). The enhance-
ment load-type inverter consists of two a-IGZO TFTs,
as shown in Fig. 1(b).
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TABLE I
CHARACTERISTIC PARAMETERS AND SYMBOLS

Common parameter Symbol Value Unit
Dielectric constant of a-IGZO £1GZ0 11.5

Bulk-Fermi potential ) 0.3 \%
Gate-to-S/D overlap length Lov 10 pum
Thickness of gate insulator Tox 100 nm
Sample A parameter Symbol Value Unit
Width for the driver TFT Woriver 270 pum
Width for the load TFT Wioad 70 pum
Length for the driver/load TFT L 10 pum
Thickness of a-IGZO thin film Tigzo 40 nm
Oxide capacitance Cox 37.4 nF/cm?
Conduction band mobility MBand 13.2 cm?/Ves
Effective DOS in conduction band Nc 2.5x10'8  pF/em?
Threshold voltage V't -1.98 \%

Flat band voltage V¥B -2.61 \'%
Effective charge density (sub-V1) Nefit 1.94x10'  cm?
Effective characteristic energy (sub-Vr)  kTetr1 0.0412 eV
Effective charge density (above-Vr1) Nef2 2.54x10'8  ¢m?
Effective characteristic energy (above-V1) kTef2 0.0260 eV
Sample B parameter Symbol Value Unit
Width for driver TFT Woriver 250 pum
Width for load TFT Wioad 50 um
Length for the driver/load TFT L 30 um
Thickness of a-IGZO thin film Tigzo 50 nm
Gate oxide capacitance per unit area Cox 43.07 nF/cm?
Conduction band mobility MBand 14.8 cm?/Ves
Effective DOS in conduction band Nc 4x10'8 pF/cm?
Threshold voltage Vr 0.82 A%

Flat band voltage V¥B -1.20 A%
Effective charge density (sub-V71 ) Nefit 1.79x10'8  cm?
Effective characteristic energy (sub-Vr)  kTetr1 0.0655 eV
Effective charge density (above-Vt) Nett2 6.19x10'%  cm™
Effective characteristic energy (above-Vr) kTemn 0.0323 eV
Sample C parameter Symbol Value Unit
Width for driver TFT Whriver 250 pum
Width for load TFT Wioad 50 pum
Length for the driver/load TFT L 5 pum
Thickness of a-IGZO thin film Tigzo 50 nm
Oxide capacitance Cox 34.53 nF/cm?
Conduction band mobility UBand 16.6 cm?/Ves
Effective DOS in conduction band Nc 4.81x10'®  pF/em?
Threshold voltage Vr -1.70 \%

Flat band voltage VeB -3.45 A%
Effective charge density (sub-V71) Nefri 1.50x10'8  ¢m
Effective characteristic energy (sub-V1)  kTefr1 0.0630 eV
Effective charge density (above-V') Nett2 6.40x10'8  cm
Effective characteristic energy (above-Vr) kTemn 0.0295 eV

The details of the fabrication process, such as the cation
composition, the condition of gate insulator deposition, and
the degree of oxygen deficiency of IGZO, were different from
one another among three inverters, although their standard
fabrication procedures were consistent with those discussed
in [4]. The influence of the process on the device char-
acteristic was fully reflected into our study using process-
controlled parameters shown in Table I. Three inverters
(Sample A, B, and C) made it possible to compare the
measured fpp with the variations of both the TFT mobility
and the load capacitance.

The geometrical parameters were summarized in Table 1.
The gate-to-source/drain overlap length (Loy) and the
thickness of gate oxide insulator (Tpx) are the same with
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Fig. 2. Measured (a) Ips—Vgs characteristics at Vpg = 3.1 V and
(b) Ips—Vps characteristics at Vgg = 15 V in driver TFTs. (¢) Vin—VouTt
VTCs at Vpp = 15 V. (d) ViN—Vour transient responses at Viy = 0~15 V
with 7 =1 ms, t, =1 us, tf= 1 ps, and duty = 50%, which were measured
in IGZO inverters. For all the figures, the lines are the calculated ones using
the model in [4].

one another, i.e., Loy = 10 ym and Tox = 100 nm.
The channel length (L), the channel width of load/driver
TFT (Wiroad/ Whriver), the thickness of a-IGZO thin-
film (Tigzo), and the threshold voltage (Vr) are as follows:
) L = 10 um, Wroad/Wprivee @= 70/270 pum,
Ticzo = 40 nm, and V7 = —198 V (Sample A);
2) L =30 um, Wroad/ Woriver = 50/250 um, Tigzo = 50 nm,
and Vr = 0.82 V (Sample B); and 3) L = 5 um,
Weoad/ Woriver = 50/250 um, Tigzo = 50 nm, and
Vr = —1.70 V (Sample C), respectively.

The transfer characteristic of the drain-to-source
dc current (Ips) versus gate-to-source voltage (Vgs)
[symbol in Fig. 2(a)] and the output characteristic of the Ipg
versus drain-to-source voltage (Vpg) [symbol in Fig. 2(b)]
were measured in IGZO driver TFTs. The voltage transfer
curves (VTCs) [symbol in Fig. 2(c)] were also measured
in IGZO inverters using the Agilent 4156C semiconductor
parameter analyzer. Transient response of the output
voltage of an inverter was measured with the oscilloscope
[symbol in Fig. 2(d)]. The capacitance—voltage (C-V)
characteristics were measured using Agilent 4294 A precision
impedance analyzer (not shown here). All measurements were
performed at room temperature and under a dark ambient
condition. The output voltage of inverter (Voyt) was toggled
between the maximum (Vpmax) and the minimum value of
Vout (VmiNn) when the input voltage of inverter (Vin) was
toggled between O and 15 V with the period (T) = 1 ms,
the rising and falling time (#- and 77) = 1 us, duty = 50%,
and the power supply voltage Vpp = 15 V. Then, the
VMax/ VMIN was measured to be 12.82/1.51 V (Sample A),
10.98/1.18 V (Sample B), and 12.91/2.09 V (Sample C),
respectively. In addition, the average output voltage Vmip was
defined as Vmip = (VmMax + VMiN)/2 and the fpp was
measured with the definition of pp = (tpuL + pLH)/2,
where the fpy (fpLy) was the delay time during the transition
between Vymax(Vmin) and Vyp. Finally, the measured
tpp was 8.07 us (Sample A), 24.14 us (Sample B),
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TABLE II
EXTRACTED MOBILITIES AND MEASURED fppg TAKEN
FROM THREE KINDS OF INVERTERS

Vv / Vmax /
Havg

Hpp MrE

Sample ID Vi

ampre [cm¥Vs]  [em¥Vs]  [em¥Vs] e
Sample A 9.80 132 895 7.17/1282/151
Sample B 10.08 14.8 954  6.08/10.98/1.18
Sample C 1230 16.6 958 7.50/12.91/2.09
Sample ID CLoad [PF] teu [ps] teru [ps] tep [ps]
Sample A 323 1.95 14.19 8.07
Sample B 295 5.61 42.67 24.14
Sample C 217 0.63 4.80 271

and 2.71 us (Sample C), respectively. The measured Vmip,
VMAaX, VMIN, fPD, fpHL, and fpLy of three inverters were
abridged in Table II.

IIT. MOBILITY MODEL

The proposed mobility model is established on the charge-
based mobility ucp = uBand X Ofree/(Qfree + Qloc) [5], [6]
with #pang = conduction band mobility, Qf.e = the charge
density per unit area by free carriers, and Qjo = the localized
charge density per unit area. The gs(FE), i.e., the subgap
DOS near the conduction band minimum (E¢), consists of
the acceptor-like tail state [gTa (E)] and the acceptor-like deep
state [gpa(E)], and the energy distributions of which can be
modeled as follows:

8A(E) = gpa(E) + g1a(E)

E—Ec
= Npa X exp T
DA

E—Ec -3 yv-1
+ N1A X €xp [cmeV™]. (1)
kTt
Here, Qfree and Qjoc can be calculated as
Ofree(x)

x=Tigzo
=&m@@»=9/ Hiree (X)dx

x=Tigz _ _
:q/x 620 Ne x exp (6](¢(X) k¢TFo VCH)) i @
Qloc(x)
x=Ticzo
— O =q [ muctr)dx
_, /x—TIGZO Nta -7 - kT exp (q(gb(x) — dro — VCH)) dx

sin(z T/ Tta) kTt
3)

where ¢ is the elementary charge, x is a location along the
vertical direction from the a-IGZO/gate insulator interface,
niee 1S the free carrier density, N¢ is the effective DOS
in conduction band, ¢(x) is the electric potential along the
x-direction, ¢rg is the bulk-Fermi potential, Vcy is a channel
potential varied along the channel length direction at a
fixed Vps (i.e., the potential difference describing the electron
quasi-Fermi level Eg, lowered by ¢gVcy due to applied Vps),
k is the Boltzmann constant, 7 is an absolute temperature,
and njoc is the localized state density.
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The charge density p(x) can be approximated as

q(¢p(x) — Vcu — ¢F0))
kTeffl ’
for Vpg < Vgs < V7

q(¢p(x) — Vcu — ¢Fo))

p(x) = —q X Netfi CXP(

— —g x N,
p(x) g X Nefi2 exp ( Ko

for Vgs > Vr (4)

where Negr1 and kTeg; are the effective state density and
effective characteristic energy which are dominated in the
subthreshold (Vg < Vgs < Vr) region with Vg being the
flat-band voltage. Then, Negr; and kT can be calculated
directly from the DOS parameters [7] as

Nta -7 - kT

———————— kT = kT 5
ST/ To) effl TA (5)

Netr1 =
because a total charge in the subthreshold region is dominated
by the charge localized in gta(E). On the other hand,
Netiz and kT are the effective state density and
effective characteristic energy which are dominated in the
above-threshold (Vgs > Vr) condition. They can be extracted
from fitting the measured current—voltage (/—V) curves with
the calculated ones as discussed in Section IV. The effective

charge-based mobility fieff = fBand X Ofree/(OQfree + Oloc)
can be then derived as [4]

Uett (¢ (x))

0 X
= ,Ueff(Neffi, kTetri) = MBand X free(¢( )

e16zo0Eiczo (¢ (x))
A} x exp[Bfq($(x) — ¢ro — Ven) ]

B} x /261620 Nefiik Tefti X exp (—q(qb(x)z;?epf%—vm))
(6)

= MBand X

ar = NeveiGzo B*:(l ! )

" 2NewikTemr; ! KT~ 2kTem;
andi=1or2 (7)

where ¢1Gz0 is the dielectric constant of a-IGZO and Ejgzo is
the vertical electric field in the a-IGZO film. The lumped .,
i.e., LEFF, can be then modeled with substituting ¢ (x) by ¢s
and replacing Vcyg by Vps, respectively, as shown in

HEFF(VGS, Vs, Netti, kTefri)
_ y A} x exp[Bq(¢s — ¢ro — Vps)]
A (Q(¢S*¢FO*VDS))

B} x /2e1620 Neftik Tetti % exp

ZkTefﬂ
(8)
VGs
2 Netti k Tofsi
_ VFB+¢S+ 1GZO {Vefti K Leffi
Cox
CI(¢S_¢FO—VDS):| .
Xexp , i=1or2 9)
[ 2k Tetri
where ¢g is the surface potential, ie., ¢(x = 0).
Finally, the fpp-correlated mobility uz, can be

derived by combining the wugpr in subthreshold region,
i.e., uprr(Netf1, kTefr1), and the wugpr in above-threshold
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region, i.e., uEFr (Nefr2, kTef2) as

twn(Vas, Vbs)
= [(uerr(VGs, VDs, Nett1, kTes1)) ™"
+ (uerr(Vas, Vbs, Neti2, kTegr2)) 177,

In our case, we found that the n = 1 is the best way
to reproduce the universal relation of unp, o 1/tpp for
representative kinds of IGZO TFTs (shown in Fig. 5).
It suggests that a radical transition of mobility between the
subthreshold and above-threshold regions can be contrarily
harmful to reproduce either the measured -V or fpp
of IGZO TFTs. It may be because a-IGZO TFT has an
inferior ON—OFF switching characteristic to that of a single-
crystalline silicon transistor. The n would be practically a
fitting parameter that should be modulated according to the
device parameters, such as Vpp and DOS, as well as the
operation temperature.

(10)

IV. PARAMETER EXTRACTION

Fig. 3 shows the procedure extracting parameters that are
used in calculating the proposed u s (10).

First of all, Vgg was extracted as the Vgs value
where the Ips(Vgs) prominently rose in the transfer
characteristic [Fig. 3(a)], whereas upang was set as the
maximum value of upg(Vgs)(=gm(Vags)/[Cox(W/L)Vps] at
Vps = 0.1 V) [Fig. 3(b)] (the limitation of upg(Vgs) will
be discussed later). The following is the supporting basis for
the procedure of determining upand. In IGZO TFT, the Fermi
energy level Ef gets closer to Ec as Vgs increases. Once
the Er goes above the Ec, the carrier mobility begins to
be strongly influenced by potential barriers that are randomly
distributed around the conduction bandedge [8]-[10]; it would
cause degradation of the mobility when Efp rises above
the Ec. Therefore, we assumed the condition of the maximum
value of measured upg(Vgs) corresponds to the condition
of Er(Vgs) = Ec.

On the other hand, in order to determine Nc, we
changed the carrier density in thermal equilibrium through
modulating the plasma treatment maintaining the other
process conditions the same with ones when the IGZO
film or TFT was fabricated. Then, the Hall measurement
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was carried out to the each carrier density-modulated
sample in order to get the relation of Hall mobility versus
Hall carrier density, ggan — 7Han [rectangular symbols
in Fig. 3(c)]. The value of Nc was then extracted from
the value of npa) corresponding with the condition of
HUHal(MHan) = MBand [Fig. 3(c)], which is based on the
implication  that the carrier density would be
nfree(Vas) & N¢ when Ep(Vgs) = Ec because the electron
in IGZO TFTs follows the Fermi-Dirac distribution in
nondegenerate semiconductors. Here, it is noteworthy that
Nc is a constant determined by the carrier effective mass.
However, we should also pay meticulous attention to the
relationship between the electron effective mass of 1GZO
and the fabrication process has not been experimentally
and/or systematically analyzed yet. Therefore, we believe
that our approximation is practically useful for assessing the
process-dependent values of N¢c and uBand-

The gate oxide capacitance per unit area (Cpx) was
extracted through the measured C-V characteristic between
two electrodes, i.e., the gate and the source, which is
electrically tied with drain. In specific, the Cox value was
extracted as the value of (Crax — Cmin)/ W L, where Cpax and
Chmin Were the maximum and minimum value of the measured
C-V  characteristic [Fig. 3(d)]. The assumption of
(Cmax — Cmin) = W x L x Cox is very reasonable
because Cpax signifies the conditions in which the channel
of TFT gets fully accumulated, whereas Crj, signifies
the channel of TFT being fully depleted [11]. In addition,
the g4 (E) was extracted from the measured C-V frequency
dependence of a-IGZO TFT [12], and N1 and kT
were determined by (5) using Nta and kTts from the
extracted g4 (E) parameters in (1) [Fig. 3(e)].

The Ips (Vgs, Vps) can be then calculated through
the DOS-based -V model [4]. Therefore, the N,
kTefr2, and ¢po were determined by adjusting them as fitting
parameters with a numerical iteration until the calculated
Ips(Vgs, Vps) and the measured Ips(Vgs, Vps) became
identical [Fig. 3(f)-(i)]. Finally, the extracted model
parameters were summarized in Table 1.

Before embarking on ensuring the relationship between fpp
and the mobility, the x4, and the other mobilities in the
literatures, such as xrg and uayg, were extracted and compared
with one another for each driver TFT in IGZO inverter
(Sample A, B, and C) as a function of Vgg under the same
Vpbs = 0.1 V, as shown in Fig. 4. Here, upg was extracted
from upg = gm/[Cox(W/L) x Vps] and u,yg was determined
by Hoffman’s method [13]. x4, was extracted from (10) and
parameters in Table I. Here, it should be noted in Fig. 4 that
the Vs dependence of i, tFE, and fiayg are deviated from
one another even under the same Vpg = 0.1 V.

In fact, upe(Vgs) overestimates the value of mobility
because of the inherent limitation that upg = gm/
[Cox(W/L) x Vpg] is based on the assumption upg has
a constant value, which is independent of Vgs. Moreover,
urE is calculated from the long-channel MOSFET model [14],
and inappropriate for IGZO TFTs because it cannot fully
reflect the effects of subgap DOS of IGZO upon assessing
the TFT mobility. On the other hand, in terms of vy, it should
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Fig. 4. Experimentally extracted uspp, #FE, and uavg as a function of Vgg
with Vpg = 0.1 V for driver TFT in a-IGZO inverter.

be highlighted that z,y¢ is a more appropriate mobility metric
for general use in quantifying device performance and a
direct, parameter-free assessment of mobility compared with
ucs and ugpp [13].

Consistently with  uave, our g, (Vgs) reflects  the
Vgs dependence of mobility which is excluded in ufgg.
Moreover, the proposed i, (Vgs) includes the effects of
subgap DOS on the Vgs dependence of mobility as derived
from (6)—(10). For the validity of model parameters shown
in Table I, it is noteworthy that the calculation results
of -V, VTC, and transient characteristics of the IGZO invert-
ers are well matched with the measured results as denoted by
the lines in Fig. 2. Therefore, it can be said that the used
parameters and extraction method are reasonably established
and can precisely describe the characteristics of three inverters.
Noticeably, up(Vaes) provides the physical validity as well
as practical usefulness, which would be verified in Section V
by scrutinizing the relation between p, and the measured
tpp of a-IGZO TFT-based inverters.

V. RESULTS AND DISCUSSION

In order to compare the s, upg, and payg one another
in terms of the universal relation of u o 1/tpp, we correlated
the measured pp to 1/x as follows.

Based on the assumption that both Vpp and Cigaq are the
same, the measured fpp would be inversely proportional to
the extracted mobility. The tpp of sample j (j = A, B, or C),
i.e., tpp,j, was normalized to the fpp of a referential sample,
i.e., tpDref, in order to consider only the u-dependence of tpp,
since the three inverters have different values of Cox, CrLoad,
VMmm, Vr, and W/L. If the Cox, Croad» VMID, V7, and
W/L of sample j are defined as Cox,j, CrLoad,j> VMID, ;>
Vr,j, and (W/L);, respectively, and the Cox, CLoad, VMID,
Vr, and W/L of a referential sample are individually defined
as Cox,ref> CLoad,ref> VMID,ref> VTref, and (W/L)et, the
normalized tpp of sample j (fpp,nor,;) can be calculated as

Croadref  VMIDret  CoOX,j
IPDnor,j = IPD,ref X ,
CLoad, j Vmm,;  Cox,ref
and j = A, B, and C.
(W/L); (Vop — Vr,j)?

(1)

X X 5"
(W/L)ref (VDD - VT,ref)

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 62, NO. 5, MAY 2015

1.2

—Ell—p (prclaposed) I

tPD
| —O— 4
_A_'uavg by Hoffman ___.
(1) Sample A p

1.0 [(2) Sample B (reference)
(3) Sample C

0.9 -

— (3) ________ Line : x=y graph_
0.9 1.0 11 1.2
1 I(lujlluref)

Fig. 5. Plot of #pp nor,j/!PD,ref Versus 1/(u j/uret) for each sample using
three different mobilities.

Then, after correcting the sample-to-sample differences
of Cox, CLoads VMID, Vr, and W/L, i.e., by employ-
ing tpp nor,;, the relation of #pp nor,j/tPD.ref = 1(1;/ret)
should be satisfied if and only if the mobility of sample j (u ;)
is inversely proportional to the fpp of sample j(¢pp,;). Here,
tref is the mobility of a referential sample and the fpp nor,
when j = ref specifically becomes #pp ref. In other words,
!PD,nor,j 1S established for comparing the sample-to-sample
difference of tpp one another only from the perspective of
the sample-to-sample variation of mobility excluding the other
sample-to-sample differences, such as Cox, Croad, VMID> VT,
and W/L.

By taking the Sample B as reference, the relation
of tpp,nor,j/tPDref = 1(uj/pref) was confirmed among
Upps MFE, and paye as shown in Fig. 5. Here, fpp nor,j and
tpp,ref Were taken from the sample-dependent tpp measured
in Table II, and also calculated using (11) and the parameters
in Tables I and II. In addition, x; and urr were taken from
the mobilities measured in Table II.

Fig. 5 shows that among three kinds of mobilities, only
Uy obeys the relationship of 1pp nor, j/tPD,ret = 14/ thref).
It also suggests the p,y fails to quantify the link with carrier
mobility and tpp. We think the reason why the pay, fails to
obey the relation of x o 1/tpp is that the carrier charge in sub-
threshold operation region affects the charging and discharging
operations of IGZO TFT-based circuits. As it is well known,
the uavg is based on the following premise. The TFT should
be operating in the linear operation region, and it should be
in above-threshold region. However, in an actual circuit, the
tpp is determined by the transition between the subthreshold
and above-threshold regions. Such reasons support the need
of alternative mobility metric that can reproduce the com-
bination of subthreshold and above-threshold characteristics.
Undoubtedly, combining the subthreshold and above-threshold
operation regions can be efficiently accomplished by introduc-
ing the ucp, which takes Qfee and Qjoc into account in both
the subthreshold and above-threshold regions.

From the viewpoint of combining the subthreshold and
above-threshold characteristics, the subgap DOS is very
important because it controls the position of Fermi level,
i.e., the carrier density and distribution under a specific bias
condition, in the subthreshold as well as the above-threshold
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operation regions. Thus, we discovered the ug, is the best
correlated to the circuit delay, and it can be extracted from the
backbone of charge-based mobility along with our proposed
parameter-extraction method and (1)-(10).

Therefore, the unknown fppnor,; can be estimated
from the measured fpp ref, the experimentally extracted
Hipp s @A pp, ; With our method. From our results, it is
verified that the proposed u s, extraction method is suitable for
predicting fpp in high mobility IGZO TFT-based circuits, since
predicting the tpp using the mobility extracted from the /-V
characteristic of TFT without measuring tpp of the inverter is
the main point we are focusing on.

As mentioned in Section IV, the conventional
UFE extraction, i.e., upg = gm/[Cox(W/L) x Vpsl]
which is based on the assumption of Vgs-independent upg
during derivation of g, in the linear region, may cause
critical error in terms of the Vgs-dependence. However, it
has not been significantly problematic in the low mobility
amorphous silicon (a-Si) TFTs, since upang itself is low
and Qjoc > Ofree due to the Ep-pinning by relatively high
subgap DOS and thus, the Vgs-dependent Qjoc(Vgs) behavior
is hard to be prominently observed in the conventional
a-Si TFTs [15]. On the other hand, in cases of the high
mobility amorphous oxide (e.g., a-IGZO) TFTs, Qfree becomes
comparable with Qjoc and even Qfee(Vas) > Qloc(Vas)
becomes the case as Vgs increases, which means that the
Vigs-dependence of upg can be more complicated in a-IGZO
TFT than that of a-Si TFT. Moreover, the Vgs-dependent
O1oc (Vgs) itself become also significant, since the E f-pinning
becomes extremely weak in a-IGZO in comparison with a-Si.
In case of proposed usp, it is well correlated with the actual
measurement value of the circuit fpp because it is based
on a concept reflecting the complicated Vgs-dependence of
DOS-dependent Qfree (Vis) and Qloc(Vas).

The mobility model has been preliminarily derived as a part
of I-V modeling in [4]; however, the model became further
improved by extending it either to subthreshold or to above-
threshold regions, intensively investigating the experimental
mobility extraction technique, and validating the usefulness
of u4p With a special emphasis on its correlation with the #pp
measured in real inverters. In addition, employing the result
of various structure and physical parameters in the three types
of inverters indicates that the x,, would be universally used
in assessing fpp only from the /-V characteristics of a-IGZO
TFTs, which implies that the mobility model we proposed can
minimize the fpp o 1/ relation-aspect errors in real
a-1GZO circuits.

VI. CONCLUSION

We proposed a practical method for extracting the circuit
propagation delay-correlated mobility, i.e., gz, from the
electrical characteristics of a-IGZO TFTs with the detailed
procedure of parameter extracting. The proposed i, was
found to be best correlated with the relation of fpp o 1/u
in IGZO TFT-based inverters, which had various geometrical
and physical model parameters, other than various mobilities
in the literature.
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Our results suggest that a new method for evaluating
mobility is indispensable for the codesign that can link
the integration of IGZO TFT devices and their circuit
applications. From this point of view, combining the
already-existing concept of the charge-based mobility,
UCB = UBand X Ofree/(Ofree + Qloc), and the proposed method,
i.e., considering uBand, Qfree(Vas), and Qioc(Vgs) in both
subthreshold and above-threshold regions and incorporating
the extracted DOS, can be one of promising alternatives for
the tpp-correlated mobility.

Considering that the mobility of IGZO TFT is significantly
affected by the subgap traps in IGZO active film, the proposed
U €Xtraction technique should be utilized as a useful mobil-
ity metric in assessing the performance of IGZO TFT-based
circuitry based upon the device characteristic of an a-IGZO
TFT as well as in efficiently quantifying the influence of the
fabrication process on the performance of circuits consisting
of amorphous oxide TFTs, including a-IGZO TFTs.
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