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Abstract—A technique for extracting the acceptorlike density
of states (DOS) of n-channel amorphous GaInZnO (a-GIZO)
thin-film transistors based on the combination of subbandgap optical charge pumping and C–V characteristics is proposed. While
the energy level is scanned by the photon energy and the gate
voltage sweep, its density is extracted from the optical response
of C–V characteristics. The extracted DOS shows the superposition of the exponential tail states and the Gaussian deep states
(NTA = 2 × 1018 eV−1 · cm−3 , NDA = 4 × 1015 eV−1 · cm−3 ,
kTTA = 0.085 eV, kTDA = 0.5 eV, EO = 1 eV). The TCAD
simulation results incorporated by the extracted DOS show good
agreements with the measured transfer and output characteristics of a-GIZO thin-film transistors with a single set of processcontrolled parameters.
Index Terms—Amorphous, density of states (DOS), GaInZnO
(GIZO), optical response, TCAD, thin-film transistors.

I. I NTRODUCTION

M

ULTICOMPONENT amorphous oxide semiconductorbased thin-film transistors (TFTs) (i.e., GaInZnO
(GIZO), InZnO, and GaZnO) have been under active research
and development because of their room temperature (RT) fabrication process, low cost, higher mobility than those of covalent
semiconductor TFTs, and compatibility with transparent and
rollable electronics applications. Because the electrical characteristics of GIZO TFTs are mainly dependent on both the
electron concentration (n) and the density of states (DOS:
g(E)) of the GIZO active layer, the extraction of n and g(E)
is very important in the modeling and characterization of their
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Fig. 1. Schematic diagram of the fabricated a-GIZO TFT which has an
inverted staggered bottom gate structure.

devices and circuits. While n is known to be determined by
process conditions, i.e., oxygen vacancies [1], [2] and radio
frequency (RF) power in sputtering [3], and has experimentally
been extracted by many groups [2]–[5] (from, e.g., Hall measurement or electrical characteristics), the extraction of g(E)
has rarely been investigated or recently studied only by the
numerical simulation-based fitting [6], [7].
In this letter, the extraction method of g(E) of n-channel
GIZO TFTs (acceptorlike DOS) by combining subbandgap
optical charge pumping and capacitance–voltage (C–V ) characteristics is proposed. In addition, TCAD simulation results
incorporated by extracted acceptorlike DOS are compared with
the measured characteristics.
II. D EVICE F ABRICATION
A schematic cross section of integrated GIZO TFTs with
the most commonly used staggered bottom gate structure for
active-matrix liquid crystal displays is shown in Fig. 1. On a
thermally grown SiO2 /Si substrate, the first sputtered deposition at RT and patterning of a molybdenum (Mo) gate are
followed by PECVD deposition of a 100-nm-thick SiO2 at
300 ◦ C (gate insulator thickness TGI = 100 nm). A 70-nmthick active layer (Ga2 O3 : In2 O3 : ZnO = 2:2:1 at %) is then
sputtered by the RF magnetron sputtering at RT in a mixed
atmosphere of Ar/O2 (100:1 at sccm) and wet-etched with
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Fig. 2. Illustrative concept of the extraction of a-GIZO DOS [g(E)] based on
an optical charge pumping technique. The difference of CGIZO between VGS1
and VGS2 is converted into the g(E) in the range of (EF − Ei ) modulated
by VGS1 ∼ VGS2 . The range of energy level can be controlled by both Eph
and VGS . The inset shows the relationship between VGS and the energy level
in g(E).

diluted HF (GIZO active layer thickness TGIZO = 70 nm). For
the source/drain (S/D) pattern, a 200-nm-thick layer of Mo is
sputtered at RT and then patterned by dry etching. After N2 O
plasma treatment on the channel surface of the GIZO active
layer, a SiO2 passivation layer is continuously deposited at
150 ◦ C by PECVD without a vacuum break. Finally, all the
samples were annealed for 1 h in the furnace at 250 ◦ C. The
channel length (L), the channel width (W ), and the length of
the overlap region between the gate and S/D (Lov ) are designed
to be 50, 200, and 10 μm, respectively. It was confirmed that the
fabricated GIZO layer has an amorphous phase (a-GIZO) by
XRD view (not shown here) and showed the n-type amorphous
oxide semiconductor property [1].
III. E XPERIMENTAL R ESULTS AND D ISCUSSION
In order to extract the distribution of DOS g(E), the optical
capacitance–voltage (C–V ) response between the gate and
S/D electrodes in the a-GIZO TFT is employed utilizing the
difference of measured capacitance between the dark (Cdark )
and photon-illuminated states (Cphoto ) as a function of the gate
voltage (VGS ). Fig. 2 shows the concept of the proposed optical
charge pumping technique. The optical source is guided to the
Cascade Microtech’s Optical Probe Head through a multimode
fiber with a diameter = 50 μm. Optical fiber is placed over the
a-GIZO active layer of the device under characterization. An
optical source with a subbandgap photon energy (λ = 654 nm,
Eph = 1.90 eV < Eg,GIZO ≈ 3.2 eV, and maximum optical
power Popt = 50 mW) is employed to pump trapped electrons

Fig. 3. (a) Optical power (Popt ) dependence of C–V measurement in
a-GIZO TFT. The g(E) extraction was performed at Popt = 50 mW.
(b) Consequently extracted g(E) and its characteristic equation. (Symbol:
g(E) as extracted by the proposed method. Line: g(E) incorporated into
TCAD model).

in localized states g(E) from the energy level below the Fermi
level EF to the a-GIZO conduction band minimum EC by the
specific Eph while excluding the band-to-band electron-hole
pair generation in the a-GIZO layer.
By modeling Cdark and Cphoto as
1
1
1
=
[F−1 ]
+
Cdark (VGS ) Cox CB (VGS )

(1)

1
1
1
=
[F−1 ]
+
Cphoto (VGS ) Cox CB (VGS )+CGIZO (VGS )

(2)

CGIZO can be extracted as a function of VGS from
CGIZO (VGS ) =

ΔQ
ΔVgs

qΔN
ΔVgs

= Cox
=

Cphoto
Cdark
−
Cox −Cphoto Cox −Cdark


[F]

(3)

with Cox as the gate oxide insulator capacitance, CB as the
capacitance due to VGS -responsive localized trapped charge in
a-GIZO active layer under dark state, CGIZO as the capacitance
due to photoresponsive charges (ΔQ) and/or electrons (ΔN )
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Fig. 4. (a) Measured transfer characteristics and (b) output characteristics of a-GIZO TFT. The model based on extracted g(E) agrees very well with measured
characteristics over the wide range of VGS and VDS (with the fixed process-controlled parameters).

at a fixed VGS , and ΔVgs as the small signal voltage in C–V
measurement. Since Cox can be calculated, CGIZO can be also
extracted from (3). As a result of the conversion of ΔN to the
photoresponsive electron density Δn[cm−3 ] with
EF
ΔN (VGS ) = πr × TGIZO
2

g(E)dE

(4)

EC (VGS )−Eph

=
ΔCGIZO

=

CGIZO (VGS2 ) − CGIZO (VGS1 )
πr2 × TGIZO

q
=

 


2
E − EC
EO − E
g(E) = NTA × exp
+ NDA exp −
kTTA
kTDA

qΔn
ΔVGS
(EF −Ei )(VGS2 )
(EF −Ei )(VGS1 )

ΔVGS

g(E)dE
[F · cm−3 ]

(5)

g(E) is extracted by using
g(E) =

over Popt > 41 mW. Fig. 3(b) shows the extracted g(E) as a
superposition of the exponential tail states and the Gaussian
deep states, as is the case in a-Si:H TFT’s [8]. In the C–V
curve under Popt = 50 mW for VGS = −5 V and 1.4 V (the
value of 1.4 V was consistent with the linearly extrapolated
threshold voltage VT ) are matched to Ei (midgap) and EC ,
respectively, assuming that φs is a function proportional to VGS .
Consequently extracted g(E) is modeled as


ΔCGIZO
,
q2

(EF −Ei )(VGS1 ) < E < (EF −Ei )(VGS2 ) [eV−1 ·cm−3 ] (6)
where r(= 25 μm), EF (VGS ), and ΔVGS (= 303 mV) are the
radius of the optical fiber used in the photon-illumination, the
quasi-Fermi level as a function of VGS , and the resolution of
swept VGS in the C–V measurement, respectively. As seen in
(4)–(6), we note that the photoresponsive energy range of g(E)
is modulated by both the surface potential (φs ) through VGS
and Eph . The g(E) is assumed to uniformly be distributed
along the a-GIZO depth direction, and this is valid as far as
the energy band bending is not so steep over the region. In
terms of matching the energy level, two transition points in the
C–V curve are assumed to correspond to Ei (midgap) and EC ,
respectively, as shown in the inset of Fig. 2.
In order to confirm a comprehensible charge pumping by
the optical source, Popt -dependent C–V responses are investigated. As shown in Fig. 3(a), the optical response of the C–V
characteristics saturates at the optical excitation with Popt ∼
41 mW. This reflects that the total trapped charges in the
corresponding energy levels are sufficiently excited by photons

with extracted model parameters as NTA = 2 × 1018 eV−1 ·
cm−3 , NDA = 4 × 1015 eV−1 · cm−3 , kTTA = 0.085 eV,
kTDA = 0.5 eV, and EO = 1 eV. In Fig. 4, measured output and transfer characteristics of a-GIZO TFTs are compared with the model obtained from a TCAD simulation
[9] incorporating the extracted g(E). The model reproduces
measured characteristics very well for a wide range of VGS
and VDS by considering the consistent process-controlled parameters including the effective DOS in the conduction and
valence bands NC = NV = 1019 cm−3 , n = 3.98 × 1016 cm−3 ,
φB (Schottky barrier height) = 2.7 eV, and μFE (fieldeffect mobility) = 10 cm2 /V · s (note that a single parameter
set, not fitting parameters, is used with various VGS /VDS ).
IV. C ONCLUSION
A subbandgap optical charge pumping-based extraction technique combining the C–V characteristics for the DOS g(E)
in a-GIZO TFTs is proposed and verified by comparing the
measured characteristics with TCAD simulation results incorporating the extracted g(E). Although an improvement of the
proposed model is necessary for better description of nonuniform potential profile along the depth direction, nonlinear relationship between VGS and φs , and a possible asymmetric
donorlike states, our results show that the proposed model is
very useful for the device design and modeling of a-GIZO
TFTs as a representative of multicomponent amorphous oxide
semiconductor TFTs.
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