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Amorphous InGaZnO Thin-Film Transistors—Part I:
Complete Extraction of Density of States Over the
Full Subband-Gap Energy Range
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Abstract—A combination of the multifrequency C-V and the
generation-recombination current spectroscopy is proposed for
a complete extraction of density of states (DOS) in amorphous
InGaZnO thin-film transistors (a-IGZO TFTs) over the full sub-
band-gap energy range (Ey < FE < E() including the interface
trap density between the gate oxide and the a-IGZO active layer.
In particular, our result on the separate extraction of acceptor-
and donor-like DOS is noticeable for a systematic design of amor-
phous oxide semiconductor TFTs because the former determines
their dc characteristics and the latter does their threshold voltage
(V) instability under practical operation conditions. The pro-
posed approach can be used to optimize the fabrication process
of thin-film materials with high mobility and stability for mass-
production-level amorphous oxide semiconductor TFTs.

Index Terms—Amorphous InGaZnO (a-IGZO), density of
states (DOS), full subband gap, thin-film transistors (TFTs).

1. INTRODUCTION

HE AMORPHOUS InGaZnO thin-film transistor

(a-IGZO TFT) has been recognized as one of promising
candidates substituting hydrogenated amorphous silicon
(a-Si:H), low-temperature polycrystalline silicon, and organic
TFTs as switching/driving devices in active-matrix liquid
crystal displays (AMLCDs) and/or active-matrix organic
light-emitting diode displays (AMOLEDs) because of its
considerable merits in flexibility, visible light transparency,
large-area uniformity of a low temperature sputter-deposited
amorphous material, and high carrier mobility. Moreover, very
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recently, various display backplanes driven by a-IGZO TFTs
have been successfully demonstrated [1]-[3].

However, in spite of various demonstrations, the bias/
temperature/photo-illumination ~ stress-induced instabilities
have emerged as challenging issues for the manufacturability of
a-1GZO TFTs [4], [5]. From these viewpoints, the most critical
issue for a successful mass production through a systematic
design of the amorphous oxide semiconductor (AOS) TFT is
a comprehensive understanding of the density of states (DOS)
over the full subband-gap energy range (Ey < E < F¢).
This is because it determines the long-term instability and
the electrical characteristics. In particular, separate extraction
and discrimination of each component in the subband-gap
acceptor-like DOS near the conduction-band minimum (CBM;
Ec¢) [9a(F)] and the donor-like DOS [¢gp(F)] including one
near the valence-band maximum (VBM; Ev) [grp(F)] and
the other density of shallow donor states very close to CBM
[gov (E)] (as the process-controlled parameters) from electrical
characteristics of n-channel a-IGZO TFTs are very important.
It is because the former determines the dc performance and
the latter does the threshold voltage (V) instability under
practical operation conditions.

To date, various methods for extracting g4 (E) from electri-
cal characteristics have been reported for AOS TFTs. While
Jeon et al. [6] and Park er al. [7] reported the extraction
technique for g4(E) through the optical response of C-V
characteristics in a-IGZO TFTs, Hsieh et al. [8] derived it
by fitting the commercial technology computer-aided-design
(TCAD) tool-based model with measured /-V data. Chen et al.
[9] also extracted g (F) by applying the Meyer—Neldel rule-
based model to the temperature dependence of -V charac-
teristics. More recently, Lee et al. [10] and Bae et al. [11]
proposed the g4 (F) extraction using the frequency dependence
of the measured C'-V" characteristics and the differential ideal-
ity factor, respectively.

We also note that Nomura et al. [12] reported the grp(F)
extracted by using X-ray photoelectron spectroscopy (XPS)
measurement; however, it makes hard to apply their results
to a TFT device itself because they obtained grp(F) from
a thin-film bulk rather than TFTs. In particular, it is also
difficult to expand the extracted grp(F) value to a practical
device model, since the energy level distribution of the ex-
tracted gp (E) value cannot be exactly mapped to the subband-
gap energy level of the a-IGZO active layer in TFT devices.
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and circuits integrated on a glass substrate.

Meanwhile, Godo et al. [13] and Fung et al. [14] extracted
grp(E) and gov(F) by fitting the TCAD simulation results
with measured /-V data and also showed their subgap-DOS-
based AOS TFT model. However, most of the parameters were
employed from literatures, and the uniqueness of the extracted
DOS parameters was not guaranteed. More recently, Bae et al.
[15] have demonstrated the extraction technique for grp(F)
from the measured generation—recombination (G—R) current.
However, the interface states between the gate oxide and the
a-IGZO active layer were excluded in calculating the G-R
current, although the interface trap density is an important
parameter in the long-term reliability and the performance of
TFTs [16].

Consequently, there has been no report on extracting DOS
over the full subband-gap energy range from the electrical char-
acteristics of AOS TFTs, particularly under a single framework,
even with disentangling the interface trap density [Dj(E)]
from the AOS thin-film bulk DOS [¢(F)]. Motivated by these
backgrounds, in this paper, both g4 (FE) and gp(FE) of a-IGZO
TFTs are completely extracted over the full subband-gap energy
range with including the Dji(FE) between the gate dielectric
and the a-IGZO active layer. As a novel method for sepa-
rately extracting and identifying ga(FE), gp(E), and D;(FE)
from one another, a combinatory technique of multifrequency
C-V spectroscopy [10] and G-R current spectroscopy [15] is
demonstrated with the /-V model based on the DOS-based
amorphous oxide TFT Simulator (DeAOTS) [17].

Compared with [10], [15], and [17], Dit(E), as well as
ga(F) and gp(FE), is extracted and identified under a single
framework. First of all, a 1-D field solver, as well as the
Ips(Vas, Vps) model in [17], is modified and improved.
Second, the G-R rate via interface traps is additionally in-
corporated into the Ig_g(Ve, Vp) model in [15]. Finally, the
approach solving I¢_r(Vg, Vp) jointly with Ips(Vas, Vps)
is proposed by using a consistent g4 (E)/D;i(E) — ¢(x) re-
lationship, where ¢(z) is the electrostatic potential across the
thin-film depth direction x. Compared with [15], it makes the
accuracy and the credibility of extracted grp(E) and gov (E)
significantly improved because they are extracted by using
Ips(Vas, Vps) over a wide range of Vg and Vpg, as well
as I_r(Va, Vp), while in [15], they were extracted only from
Ie-r(Va,Vp).

II. DEVICE STRUCTURE AND FABRICATION PROCESS

A schematic illustration of the integrated a-IGZO TFT with
a bottom-gate etch stopper structure is shown in Fig. 1 with a

(a) Schematic illustration of integrated a-IGZO TFT with the commonly used inverted staggered bottom-gate structure. (b) Photograph of a-IGZO TFTs

photograph of a-IGZO TFTs and circuits integrated on a glass
substrate. Prior to the device fabrication, the substrates were
chemically cleaned using aqueous mixtures of HoSO4-H205
and then rinsed with deionized water. The bottom-gate and
top contact structured TFTs were fabricated using the standard
semiconductor processes. The RF sputter-deposited Mo was
used as the gate electrode and patterned through dry etching. A
400-nm-thick SiN,/50-nm-thick SiO,, bilayer was used as the
gate insulator and was deposited through the plasma-enhanced
chemical vapor deposition (PECVD) at 370 °C. For the a-IGZO
(In:Ga:Zn = 2:2:1) active thin-film layer deposition, IGZO
targets were prepared by conventional solid-state sintering. The
50-nm-thick IGZO active thin film was deposited by the dc
sputtering at room temperature in a gas mixture of Ar/Os =
35/63 (at sccm) and patterned by the wet etch process with a
diluted HF. During the sputtering, the chamber pressure was
maintained at 5 mtorr and the dc power at 80 W. Then, the
50-nm-thick etch stopper SiO,, layer was deposited by PECVD
and patterned by dry etching. For the formation of source/drain
(S/D) electrodes, Mo was dc sputter deposited and then pat-
terned by a dry etching. Subsequently, the passivation layers
(100-nm-thick SiO, and 100-nm-thick SiN,) were deposited
by PECVD at 280 °C. Finally, fabricated TFTs were annealed
at 250 °C for 1 h in the furnace.

The fabricated a-IGZO TFT has a gate dielectric thickness
Tox = 258 nm as an equivalent oxide thickness (400/50 nm
of the SiNx /SiOx bilayer), the channel width W = 200 um,
the channel length L = 100 pm, the gate-to-S/D overlap length
Loy = 10 pm, and the thickness of a-IGZO thin-film Tigzo =
50 nm. Typical device parameters were obtained to be the
ON current Ipg = 0.86 [,uA] at Vgs = Vps =10.1 V, Von =
3.05 [V] (Von was defined as Vs where a sharp increase in
Ips occurs), the threshold voltage Vi = 5.3 [V] (defined as
Vas at Ips = 1 nA in the transfer curve), the subthreshold
swing (SS) = 0.84 [V/dec], the field-effect mobility (urg) =
8.1 [cm?/Vs] at Vgs — Vr = 15 V, and the Ion/IoFF ratio =
1.7 x 10°.

III. COMPLETE EXTRACTION OF DOS OVER THE FULL
SUBBAND-GAP ENERGY RANGE

Fig. 2 schematically illustrates the distribution of subband-
gap DOS in AOS thin-film materials. Among subband-gap
DOS parameters of a-IGZO TFTs, g4 (E) has been extracted
without any precondition in its mathematical form and repro-
ducibly fitted very well with the superposition of two expo-
nential formulas [6], [9], [10], which are consistent with cases
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Fig. 2. Schematic illustration of the subband-gap DOS in AOS thin-film
materials. It consists of the acceptor-like DOS g 4 (E) (to be extracted from the
multifrequency C-V spectroscopy in Section III-A), the donor-like tail state
DOS grp (E) (to be extracted from the G-R current (I—r) spectroscopy in
Section ITI-B), and the shallow donor state gov (E) (to be extracted by fitting
all of the calculated Ips—Vas, Ips—Vps, and Ig_ r—V characteristics
with the measured ones, as described in Section III-C). (Inset) Schematic
illustration of the interface trap density Djy (E).

of a-Si:H TFTs [18], [19]. Therefore, the density of acceptor-
like tail states near E¢ [gra(E)] and the density of acceptor-
like deep states [gpa (F)] are mathematically modeled in this
paper as

9a(E) =gpa(E) + gra(E)

E—FE
:NDA X exp <kﬂ_";(>

E—EC> 0

+ NTA X exp (kﬂ_‘TA

where gra(F) is known to originate from the disorder of
metal cation s-bands, namely, In-O-metal bonding angle vari-
ation, and denotes the degree of strong dispersion of electronic
structures near Ec [20]-[22]. Meanwhile, the physical origin
of gpa(F) has not been clarified yet and has been thought
to be related with the weakly bonded oxygen [23]. Although
the ga(E) values extracted in previous works [6]-[10] are
slightly different from one another depending on the process
and/or the structure of TFTs, the density of acceptor-like tail
states (at F = Ec) Nta = 10'% ~ 10" [cm™3eV~!] and the
characteristic energy of acceptor-like tail states 7y = 0.01 ~
0.13 [eV] are relatively lower than those of a-Si:H TFTs
(Nta = 10*! [em~3eV~!] for a-Si:H [18]).

On the other hand, grp(E) is closely related to the photo-
electric stress-induced instability, and gov (F) works as donors
for free carriers. They may be mathematically modeled after
[13], [18], and [19] as

gp(E) =grp(E) + gov(F)

By - F
:NTD X exXp (I;/;TTD)

Eov — E\*
kTov
where grp (F) originates from the oxygen p-band disorder and
the deep donor level by oxygen vacancy (Vo) defects having
the inward relaxation with neighboring metal atoms followed

by the large vacancy size and reflects the degree of strongly
localized states near 'y, namely, a weak dispersion of holes. In

+ Nov X exp 2)
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addition, gov (F) originates from the shallow donor states due
to Vo defects having the outward relaxation with neighboring
metal atoms followed by a small vacancy size [20]-[22].

In addition, the interface trap density Dj(F) at the interface
between the AOS thin-film bulk and the gate insulator can be
described as

Dit(E) = Dyya(E) + Ditp(E)

E — Ec
= INjtA X exXp ﬁ
it

EVE>

oo ©)

+ Nitp X exp <
where Djip and Djp denote the acceptor-like and donor-like
interface trap densities, respectively. They are also shown in the
inset of Fig. 2.

In this section, a technique for combining the multifrequency
C-V spectroscopy [10], the G-R current I;_p spectroscopy
modified from [15] with the improved DeAOTS from [17] is
proposed for the extraction and the identification of Dj;(E), as
well as g4 (F) and/or gp(FE) from electrical characteristics of
a-IGZO TFTs. To the best of our knowledge, our result is the
first demonstration of extracting the subband-gap DOS over a
full subband-gap energy range from electrical characteristics of
AOS TFTs in a single frame.

A. Multifrequency C-V Spectroscopy for Extracting ga(E)

The extraction of g4(F) is based on the previously re-
ported multifrequency C-V spectroscopy [10]. Figs. 3(a)—(d)
shows a g 4 (F)-extraction procedure initiated by measuring the
frequency-dependent C-V curves at three different frequencies
(f = f1. fo, and f3), as shown in Fig. 3(e). The frequency-
dependent C'-V" curves were measured by using HP 4284 LC R
meter at room temperature under dark conditions.

As already introduced in [10], just a key procedure is summa-
rized in this subsection. The multifrequency C-V" spectroscopy
is based on a postulation that the measured C-V" characteristic
appears to be frequency dependent due to the frequency disper-
sion originated from the equivalent RC' network in Fig. 3(c).
Here, Cox, Croc, Rroc, and Crrgg are the gate dielectric
capacitance, the capacitance due to the Vg-responsive local-
ized charges trapped in g4(F) [Qroc], the equivalent resis-
tance reflecting the retardation of Vi g-responsive Qr,oc (i.e.,
dispersions of capture-emission process of electrons), and the
capacitance due to Vg-responsive free-electron charge in the
conduction band (E > E¢) [Qrreg] (see the C-V responsive
range denoted in Fig. 2), respectively. Here, it is assumed that
all of Crrer, CLoc, and Rpoc are independent of f but
depends on Vg (Cox is independent of both f and Viz5).

With incorporating the measured Rg (Vg s) value in Fig. 3(f)
into Fig. 3(b) and (c), the frequency-independent Co—Vigs
characteristic [Cq p1(Ves)] was obtained, as shown in
Fig. 3(g), by applying the model in Fig. 3(d) to Cq r1(Vas).
Furthermore, not only Cg ri(Vas) but also Crrer(Vas)
and CrLoc(Ves) can be found, as shown in the inset of
Fig. 3(g). Noticeably, it is found that the crossover of dominant
capacitance (from CLoc to Crrgg) is very clearly observed
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value, as shown in the inset. (g) Frequency-independent C'; 1 —V(gs characteristic obtained by using the multifrequency C-V spectroscopy. (Inset) Extracted
Croc and Cprgg. (h) (symbol) Finally extracted g 4 (F) and (line) its mathematical model that is composed of two exponential energy distributions [gTa (F)

and gpa (E)].

around Vigg =945 V [corresponding to the electron
quasi-Fermi level (Eg,) = Ec — 0.06 eV at the interface] that
we can disentangle Q1,oc and Qrrgr by using Croc(Ves)
and Crrigr(Ves) even when Egy, is located in gra (E).

The CrLoc(Ves) then provides information on DOS, and
it can be extracted by using Zy = Z4, Zcu = Zigzo, and
Rroc(f1) = Rroc(f2) = Rroc(fs). In this paper, f; =
2 kHz, fo = 100 kHz, and f3 = 1 MHz were used as three fre-
quencies, as shown in Fig. 3(e). Finally, g4 (E) was extracted,
as shown in the symbol of Fig. 3(h), which is obtained from
Croc(Vgs) [inset of Fig. 3(g)] combined with (4) and (5) as
follows:

B B - ACroc
9a(E) =ga(Vas) = galds) = 2 x W x L x Tiazo

[Croc(Vast) — Croc(Vasz))]

- q2 X W x L x TIGZO (4)
e camv

o= [ (1-Cenlos gy, )
VFB oxX

As aforementioned in (1), the line in Fig. 3(h) shows that
the extracted g4 (F) [symbols in Fig. 3(h)] fits very well to

TABLE 1
EXTRACTED PARAMETERS BY USING THE PROCEDURE IN FIG. 7
Parameter Value Unit Parameter Value Unit
Nc 1x1018  [em?] kTrp 0.10 [eV]
Ny 45x102  [em? Nia  2.38x10'2 [emZev!
UBand 9.15 [cm?/V-s] KTia 0.19 [eV]
Nta 1x1018  [em3eVy Nip  2.25x10'0 [emZev]
KTra 0.03 [eV] kTip 0.10 [eV]
Npa 1x107  [emBeV] n? 2.92x10*  [em]
kTpa 0.19 [eV] o Ix107%  [em?]
Noy 1x10'0  [em3ev] Vi 1.636x107  [cm/s]
KToy 0.1 [eV] WIL 200/100  [um]
Eov 29 [eV] Ticzo 50 [nm]
Nmp  4.5x10%"  [em?ev] Tox 258 [nm]

the mathematical form of (1). Their characteristic parameters
are obtained to be Npa = 1 x 10'® [eV~lem™], Npy = 1 x
1017 [eV~tem ™3], kTra = 0.03 [eV], and kTpa = 0.19 [eV],
as summarized in Table 1.
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B. G-R Current Spectroscopy for Extracting grp(E)

It should be noted that almost all of the gpp(E) states in
n-channel AOS TFTs would be filled with electrons under most
practical operation conditions since Eyy, is quite close to E¢
even under a thermal equilibrium. It means that g (E) states
are electrically neutral, and therefore, a change in grp(FE)
would not affect dc I-V characteristics. As expected, the
transfer curve calculated by using DeAOTS is independent of
the change in grp(FE), as shown in Fig. 4. Therefore, g1p (E)
cannot be extracted by means of fitting the calculated /-V char-
acteristics with the measured ones. It means that a new char-
acterization technique is required for extracting grp(F) from
TFT electrical characteristics. From this viewpoint, we have
noted that gp(E) and g4 (F) can work as thermal G-R centers
[N:(E})] in the Shockley—Read-Hall (SRH) G-R model and
proposed the G-R current spectroscopy with its details of the
physical model in [15].

In this subsection, compared with [15], the I¢_r(Vg, Vp)
model is improved in order to include the G-R via interface
traps. The details are as follows. Under the assumption that
capture cross sections for electrons and holes are the same
(0, = 0, = 0 [cm?]), the electron density n in the conduction
band (E > E¢), the hole density p in the valence band (E <
Ey ), the electron density n’ at a single trap energy level Ey, the
hole density p’ at F;, and the internal drain voltage V/, can be
expressed as

1o (B a0
oo (e B Vbl —asw))

p =Ny exp ( Prp = EvaJr q¢(x)>
=Ny exp (- Er - E}:; qcﬁ(fﬂ)) 7
e (22 E) o
» = Ny exp ( 2 k_TEV) 9)
Vh =Vb — Vschottky [V] (10)

with Ep = the Fermi energy level under thermal equilibrium,
Er, = the hole quasi-Fermi level, N¢ = the effective DOS
in CBM, Ny = the effective DOS in VBM, Vp = the applied
drain voltage, and Vscnottiy = the voltage drop resulting from
the Schottky contact resistance between the AOS thin-film
and the drain electrode, respectively. Then, the SRH G-R rate
in the TFT active film via a single level Ey, i.e., Rsgu1(E:), is
described as follows:

(pn — nf) B B
Rsnin (Be) =ovaNu(By) =2 57 fem ™) (1)
EA4AE
Ni(Er) = (94(E)+gp(E)) dE [em™]  (12)
B
n? = No Ny exp ( E]jT“) (13)
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with N;(E;) = the trap density per unit volume at FE = Fj,
vy, = the thermal velocity, n; = the intrinsic carrier density,
and FE, . = the effective band-gap energy of the AOS
material. Also, the total SRH G-R rate in the AOS thin-film
bulk (Rsrmi_Tor) through multiple levels distributed over
Ey < Ey < E¢ can be obtained by integrating Rsrmi (E})
over the band gap and can be written as

Rer_tor = / Rerut (E)S(E)dE: [s'em™)  (14)
Ey

with O(E;) = the delta function of FE;. We note that
Rsgrui_rtor is a function of z, ¢(z), and Vi, and the re-
lationship between ¢(z) and Vg is exactly given by (5) in
Section III-A. Therefore, the G-R current density via DOS in
the AOS thin-film bulk (Jsgp1) can be obtained by integrating
Rsrui_tor along the channel depth direction over z = 0 ~
Triazo as follows:

Ticzo

JsrH1 = @ X Rsrui_tordz [A-cm 2], (15)

0

In addition, since the interface trap density Dj(F) located
between the AOS thin-film and the gate oxide would also act
as G-R centers, i.e., Nj;(F;), in the same way as N;(E;), the
SRH G-R rate at the surface of the channel should be taken into
account. Therefore, the G-R current density due to D;(E), i.e.,
Jsru2, is included in the calculation of I;_ g (Vi, Vp) by using

n(w = O)p(z = 0) — n?

Rsriz(Er) = ovim Nig(Ey) n@=0)+plz =0+ +p

x [s"tem™?] (16)
E+AE
Nig(Et) = / D (E) dE [em™7] a7
Ey

JSRHZ =q X / RSRHQ(Et)(S(Et)dEt [A . Cmiz]. (18)
Ey

Consequently, the total G-R current density Jg_ g and the
total I;_ R can be calculated as

Ja-r(Va, Vp)

Ie-r(Ve,Vb)

= Jsrm1 + Jsru2 [A/cm?] (19)

=Jo_rx W x L[A]. (20)

As shown in the calculated Nrp and/or ktrp dependence
of I_g in Fig. 4(c) and (f), the height of the I¢_r(V, V)
peak with its detailed features is very sensitive to the change in
grp(F). Meanwhile, the calculated gov (E) dependences are
shown in Fig. 5. It is found that the change in Ny results in the
parallel shift of the I¢_r(Vis, Vp) and Ips(Vas, Vps) curves
clearly without any change in SS [see Figs. 5(a)—(d)], while
Ips(Vas, Vps) is insignificantly modulated by the change
in kToyv and Egv [see Figs. 5(e)—(i)]. From Figs. 4 and 5,
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it is found that Ips(Vas, Vps) depends not on grp(F) [as  changed for including the D;;(F) effect as follows:
aforementioned in Fig. 4(b)] but also on g4(E) and gov(E).

Therefore, grp(E) and gov (E) can be extracted by adjusting Vg = Vg + ¢4
parameters (such as Ntp, krrp, Nov, kTov, and Eoy)
through numerical iterations until both Ips(Vas, Vps) and

Y=Yo

+ Qloc(fl; - 0) + eree(x - O) + Qit (.’t = O)

I¢-r(V, Vp) calculated by (24) and (20) agree well with the Cox y=Yo
measured ones. = ViB + dslyy,

€ x B r=0)+Qi(r=0
C. Extraction of DOS Over a Full Subband-Gap TG0 1620 (C ) o ) (21)
Energy Range o y=vo

The Ips(Vas, Vps) characteristics were calculated by the  with Q;t(z = 0) = the trapped charges at the interface. The
improved DeAOTS. Compared with [17], (11) in [17] was 1-D field solver in [17] was also modified according to (21).
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Fig. 7. Procedure of extracting DOS and Dj; parameters over the full
subband-gap energy range.

Based on the improved DeAOTS, the D4 and Dyp de-
pendences of Ips(Vas, Vps) and Ig_g(Ve, Vp) curves are
calculated, as shown in Fig. 6. It is clearly found that Djia (E)
mainly affects the falling tail of I_r(Ve, Vp) and SS of the
Ips(Vas, Vps) curve, while Diyp(E) affects the height of
I¢-r(Vg, Vp). From the modified DeAOTS-based calculation
results in Figs. 4-6, it is found that /;_ g and Ipg characteris-
tics depend on both g(E) and Di(F). In detail, all of g4 (FE),
gov (E), gTD (E), Diea (E), and DitD(E) affect I¢_rand Ipg
in a unique and different way from each other. Therefore, we
can extract all of gov(E), grp(E), and D (F) as unique so-
lutions by adjusting them through numerical iterations until the
calculated I_r(Ve, Vp) and Ips(Ves, Vps) characteristics
are consistent with the measured ones over a wide range of Vi g
and Vpg.

A procedure to extract g(E) and D;,(E) over a full subband-
gap range is shown in Fig. 7. In terms of this procedure, some
parts are similar to Fig. 5 in [17]. A clear difference from [17]

is that all of grp(E), gov(E), and Dy (FE) are considered
by introducing I;_ g and combining it with /pg in obtaining
the self-consistent solutions. First of all, the fundamental input
parameters including N¢, Ny, ppand (the conduction band
mobility), and g4 (F) are adopted with various geometrical
parameters [e.g., W, L, Tigzo, and Tox; see Fig. 7(a)]. In
this step, Nc and jipanq Were chosen to be 1 x 10'® [cm™3]
(by using the carrier density from the Hall measurement) and
9.15 [cm?/V - s] (from the maximum value of measured /irg),
respectively. Both are in the range consistent with previous
works [14], [17], [25], [27], [28]. Also, Ny was chosen to be
4.5 x 10*! [em~3] by using the relationship of Nya/Ntp =
N¢ /Ny . Starting from all physical parameters, Vip (flatband
voltage) and Erp (defined as the energy separation between E ¢
and Er at Vg = Vpp) are calculated by using [see Fig. 7(b)]

VEB = dMo — P1070 — %

Een _Q
= o - - = o 22
(Xm0 — X1G20) . O (22)
Ec
[ an(®)1 - 1B e
Eyv
Ec
- /gA(E)f(E)dE - nfree(EF) =0 (23
Ev
with ¢y, = the work function of the gate material (Mo),

o16z0 = the work function of the a-IGZO layer, xno = the
electron affinity of the Mo gate, x1azo = the electron affinity
of the a-IGZO layer,  Q.x = the effective charge density per
unit area in the gate dielectric, and f(E) = the FermiDirac
distribution function. Then, self-consistent solution pairs of
¢p (back-surface potential ¢(z = Tiaz0)), ¢s (front-surface
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Fig. 9. ¢(F) and D;;(FE) extracted by the procedure in Fig. 7. (a) g(E) of a-IGZO thin-film bulk and (b) D;, between the gate dielectric and a-IGZO thin-film.

potential ¢(x = 0)), and Vg are obtained through the 1-D
field solver with (21) [see Fig. 7(c)]. Then, calculations of
Ips(Vas,Vps) and Ig_gr(Ve,Vp) are completed by using
(20) and (24) [see Fig. 7(d)] and compared with the measured
Ips(Vas,Vps) and Ig-r(Ve,Vp) characteristics [see
Fig. 7(e) and (g)]. Here, the detailed procedure of deriving (24)
is given in [17], and some differences including (21) and (24)
will be explained more in detail in another work, i.e.,

Vs+Vp ¢

nrree (¢, Ven(y))

Vs  ¢s

dxr

x d¢ (—d¢> dVen(y)

Vs+Vp ¢s
B nrree (¢, Vou(y))
=({dHUBand 5
L FErczo (6, Ven(y))

Vs ¢B

x d¢p dVen(y).

Ips = qHUBand f

(24)

Then, grp(E), gov(F), and Dj (E) parameters are adjusted
by numerical iterations, until the calculated Ips(Vas, Vps)
and Ig_r(Ve,Vp) characteristics agree well with the mea-
sured ones [see Figs. 7(e)—(h)]. When this matching is accom-
plished with the proposed parameter-extraction methodology,

all parameters (Ntp, krrp, Nov, kTov, Fov, Nita, kTita,
Nitp, and kTi;p) can be extracted as a unique solution [see
Fig. 7(1)] with numerical iteration under the conditions of
specific error factor, significant digit, and proper range. Here,
it should be reminded that g4 (F) is not a fitting parameter
because it was already known by the multifrequency C-V spec-
troscopy in Section III-A. Table I summarizes geometrical and
DOS model parameters, which are extracted by the proposed
procedure in Fig. 7.

A quantitative self-consistency with experimental data is
automatically guaranteed in the proposed DOS-extracting
procedure. As expected, the calculated Ips(Vias, Vps) and
Ic-r(Ve, Vp) values agree very well with the measured ones
in Figs. 8(a)—(d). Finally, extracted ¢g(E) and D;(F) values
over a full subband-gap energy range are shown in Fig. 9.

Our results verify that all of the extracted parameter set,
the implemented Ips(Vas, Vps) and Ig-g(Ve, Vp) models,
and the parameter-extracting methodology can successfully
reproduce the measured electrical characteristics even for the
subthreshold region, as well as for Vs > V. Furthermore,
the proposed method can be a main step triggering the process
optimization, the device characterization, and the modeling for
a systematic design and implementation of AOS TFT circuits
and applications because all of N¢, pBand> 94(E), gp(E),
gov (E), and D (F) are process-controlled parameters.
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IV. CONCLUSION

We have presented a method for completely extracting DOS
and D;;(F) over the full subband-gap energy range from the
measured electrical characteristics of a-IGZO TFTs under a
single framework. The combination of the multifrequency C-V'
spectroscopy and the G-R current spectroscopy has been pro-
posed and demonstrated with the modified DeAOTS model.

As process-controlled parameters, our result on separately
extractable acceptor-like and donor-like DOS is noticeable for a
systematic design of AOS TFTs because the former determines
their dc characteristics and the latter does their instabilities in
Vr under practical operation conditions. Our approach can be
used to optimize the fabrication process of thin-film materials
with high mobility and stability for mass-production-level AOS
TFTs, which will be innovatively used in the near future.

Based on the same theoretical model and DOS-extraction
methodology, the negative-bias illumination-stress-induced Vp
instability of a-IGZO TFTs is quantitatively analyzed in Part II
of this paper [29].
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