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ABSTRACT: Zn-incorporated InoO3 (IZO) thin-film transistors (TFTs) show high
field-effect mobility (ure ~40 cm®> V™! s™') when the IZO channel is amorphous,
whereas a lower ure (~10 cm? V! s71) is observed with polycrystalline channel. The
reasons behind this difference in ure remain unclear despite various studies on IZO
TFTs. Here, we perform electric field thermopower modulation analysis on amorphous

and polycrystalline IZO TFTs to measure the change in effective thickness.



For amorphous channel, the effective thickness was zero when the effective gate voltage
(Ve—Vum, Vg gate voltage, Vin: threshold voltage) was zero. Furthermore, it gradually
increased with VgV up to 1.6 nm, reflecting that conduction band bending occurred.
By contrast, polycrystalline channel showed an initial effective thickness of 5 nm (=
film thickness of IZO) and sharply decreased to ~1.7 nm. In amorphous channels,
electron transport followed field effect theory, while factors like grain boundaries

limited transport in polycrystalline channels.

1. Introduction

Transparent oxide semiconductor (TOS)-based thin-film transistors (TFTs) are widely
used as a backplane of present liquid crystal displays and organic light-emitting diode
displays, particularly for large-area TV applications. This is because of their higher
field-effect mobility (ure) of approximately 10 cm? V™! s™!, which is one or two orders
of magnitude higher than that of previously used amorphous Si TFTs (ure ~0.5 cm? V!
s Y4, Currently, InGaZnO4-TFTs (ure ~10 cm? V' s71)!*Y are used as the TOS for the
display applications. To realize larger area displays with a high definition of 8 K and
high-frequency operation of 240 Hz, TOS-based TFTs that exhibit a higher ure (> 50

cm? V! s7!) are crucial 1%

Among the numerous reports on TOS-TFTs, polycrystalline (large grain size ~several
micrometers) InoO3-TFTs are considered a promising candidate because of their high
ure of approximately 100 cm? V™! s71.!1 12 However, In,03-TFTs exhibit poor reliability
owing to gas absorption at the In,Os3 channel surface and grain boundaries.'? Currently,

there are two strategies to address the drawback. The first is using a passivation layer,



and we have previously demonstrated the effectiveness of Y20; passivation.'®) The
second is stabilizing the amorphous phase by incorporating an appropriate concentration
of Zn.!» Although there are homologous phases of In,03(ZnO),, (m > 3, integer) in the
In-Zn-O system (IZO, hereafter), the crystallization temperature is relatively high

(>500 °C) and therefore the amorphous phase is stabilized.

There have been numerous reports on IZO-TFTs!>2%. Most recently, we reported that
the amorphous phase is stabilized when the Zn concentration in the IZO films is
between 0.25 and 0.68. In addition, the amorphous IZO-TFTs exhibited a higher urg
(ure ~40 cm? V™! s71) than that of polycrystalline IZO-TFTs.!¥ However, the origin of
the difference in ure between amorphous and polycrystalline channels is not sufficiently
understood. In this study, we focused on electric-field thermopower modulation
analyses of the effective channel thickness of IZO-TFTs with amorphous and
polycrystalline channels. Unlike carrier mobility, which reflects the quality of a material
(polycrystalline or amorphous) as well as carrier concentration, thermopower solely
reflects the volume carrier concentration of a material when the band structure has a
simple parabolic shape. By comparing the volume carrier concentration (73p)
dependence of the thermopower (S—n3p) of the bulk material and the sheet carrier
concentration (n2p) dependence of S (S—n2p) of the TFT, we can extract the effective
channel thickness (fef) of the TFT; If § of =100 pV K ! is obtained when n3p = 1 x 10"’
cm > and n2p = 5 x 10'2 cm 3, then fefr = nan/n3p is calculated to be 5 x 1077 cm (= 5
nm). Using the “Electric field thermopower modulation analysis” method, we have
clarified the effective channel thickness of BaSnO3-TFTs, SnO»-TFTs, and AlGaN/GaN

HEMTs.2%3%



In this study, we performed electric field thermopower modulation analysis on
amorphous and polycrystalline IZO TFTs to measure the change in effective thickness
with gate voltage (V) application. In the case of the amorphous IZO channel, the
effective thickness was zero when the effective gate voltage (Vg—Vin, Vin: threshold
voltage) was zero, and it gradually increased with increasing V=V up to 1.6 nm,
reflecting that conduction band bending occurred. By contrast, in the case of the
polycrystalline IZO channel, the effective thickness was 5 nm without applying a gate
voltage and sharply decreased to approximately 1.7 nm. The electron transport in the
amorphous channel is controlled according to the field effect theory, whereas that in the

polycrystalline channel is limited by other factors such as grain boundaries.

2. Experimental methods

2.1 Fabrication of IZO-TFTs.'"Y We fabricated IZO-TFTs (bottom-gate and top-contact
type) on indium tin oxide (ITO)-coated alkaline-free glass substrates (EAGLE XG®,
Corning®). First, a 100-nm-thick amorphous (a-) Al,O3 gate insulator was deposited on
the substrate by atomic layer deposition. The dielectric permittivity (¢r) and capacitance
(Cy) of the a-ALOs films were 8 and 70 nF cm 2, respectively. Subsequently, 5-nm-thick
1ZO films were deposited using pulsed laser deposition (PLD) at room temperature
from a ceramic IZO target with various Zn concentrations. The Zn concentrations
[atomic ratio presented as Zn/(Zn + In), hereafter] of the resultant IZO films, as
measured using inductively coupled plasma mass spectrometry (ICP-MS), were 0.09,
0.25, 0.41, 0.68, and 0.86. The oxygen pressure and laser fluence were maintained at 3

Pa and approximately 1.5 J cm 2 pulse ™!, respectively. The IZO films were then



annealed in ambient air at 300 °C for 1 h. After annealing, ITO source/drain electrodes
were deposited using PLD. Subsequently, a thick Y>03 film of approximately 50 nm
was deposited by PLD. This film served as a passivation layer. Finally, the [ZO TFTs
were annealed at 300 °C in ambient air for 0.5 h. The IZO, ITO, and Y,03 films were
deposited using a stencil mask. The channel length (L) and width (W) were 200 um and
400 pm, respectively. The details of the TFT fabrication are described in a previous

study.!'¥

2.2 Structure analyses and electron transport properties measurements of the IZO
films

The X-ray diffraction (XRD) patterns of the resulting films were measured using X-ray
reflectivity (XRR, ATX-G, Rigaku Co.) (Supplementary Fig. S1). The incident angle
of the X-rays was fixed at 0.5° while 26 scanning was performed. The carrier
concentration (n), and Hall mobility (unan) of the IZO thin films were measured by a DC
four-probe method with a van der Pauw electrode configuration (Supplementary Fig.
S2). Thermopower (S) was measured using a conventional steady-state method at 25 °C

with laboratory-made equipment (Supplementary Fig. S2).

2.3 Electric Field Thermopower Modulation Analyses. The transfer characteristics of
the IZO TFTs were measured using a semiconductor device analyzer (B1500A, Agilent
Technologies) at room temperature in the dark (Supplementary Table 1, Figs. S3 and
S4). Electric-field thermopower modulation analyses of the IZO TFTs were conducted
at room temperature in air, as shown schematically in Fig. 1. For the § measurements,

two Peltier devices were placed beneath the IZO TFT to create a temperature difference



(AT) between the source and drain electrodes. Two thermocouples (K-type, 150 um in
diameter, SHINNETSU Co.) were mechanically attached at both edges of the channel to
monitor the temperature difference. The thermoelectromotive force (AV) and AT values
were measured simultaneously at room temperature. The S-values were derived from
the slope of the AV—AT plots. Details of the thermopower modulation analyses have

been published in previous studies.?-3?

3. Results and discussion

We analyzed the effective channel thickness of the IZO TFTs with various Zn
concentrations (Zn = 0.09, 0.25, 0.41, 0.68, and 0.86). The Zn concentration of 0.09 and
0.86 were polycrystalline, and those of 0.25, 0.41, and 0.68 were amorphous (Figure
S1). The amorphous IZO-TFTs exhibited a higher urr of approximately 40 cm? V! 57!
than that of polycrystalline IZO-TFTs (ure ~10 cm? V! s7). The detailed 1ZO film
properties and transistor characteristics of the IZO-TFTs are shown in Supplementary
Table S1 and Figures S2, S3 and S4. As illustrated in Fig. 1(a), a channel of the [ZO
TFT was placed in the gap between the two Peltier devices. The AT was monitored
using two K-type thermocouples (T.C.) located at both edges of the [ZO channel. A
constant gate voltage (V) was then applied to generate a conducting channel.
Subsequently, AT was introduced using two Peltier devices. Simultaneously, we
measured the thermoelectromotive force (AV) and AT, and calculated the thermopower
(S) from the slope of AV/AT relationship. As schematically shown in Fig. 1(b), for an n-
type channel, if V(1) < V(2), generally, observable |S| at low V(1) is larger than that at

high V(2).



Figure 2(a) shows typical AT—AV plots for the IZO (Zn = 0.25) TFT upon V;
applications at room temperature. The S values are negative, reflecting that the channel
is an n-type semiconductor. When Vy—Vi is +10 V, the S'is =80 uV K!, and when
VeV is +20 V, S'is =56 pV K!, indicating that the volume carrier concentration (13p)
of the channel increased with increasing V. Figure 2(b) shows the change in S for the
IZO-TFTs as a function of sheet carrier concentration (n2p) that is calculated from
Ci(Ve—Vm)-e ! where Ci is the capacitance per unit area (70 nF cm 2 for a-A1,O3). Note
that the slope of —S vs. log n2p plot for the amorphous channel (Zn = 0.25, 0.41, and

0.68) is milder than that for the polycrystalline channel (Zn = 0.09 and 0.86).

The S values of the IZO films were measured separately (Figure SS). We calculated the
density of states effective mass (m*) of the IZO films, except for the Zn concentration
of 0.86, and realized that m* was between 0.1 mo and 0.2 mo. As S reflects the energy
derivative of the density of states at the Fermi energy (Er), the observable S of a
semiconductor with a nonparabolic tail state is smaller than that of the parabolic density
of states. Therefore, at 0.86 Zn, the tail state near the conduction-band minimum

resulted in lower S values.

Then, we extracted the effective channel thickness (n2p/n3p) of the IZO TFTs from the
comparison between —S vs. log n2p plot and —S vs. log n3p plot, and plotted them as a
function of Ve—Vu (Fig. 3). The n2p/n3p for the amorphous channels (Zn = 0.25, 0.41,
and 0.68) was zero when Vy—V was zero, and it gradually increased with increasing
VeV In contrast, the nop/nsp for the polycrystalline channels (Zn = 0.09 and 0.86)

was large in the region of a small Vg—Vi. As VgV increased, the nap/n3p converged to



approximately 1.7 nm, a value similar to that of the amorphous channels. These results
suggest that the effective channel thickness of the amorphous channel was controlled by

the gate voltage, whereas other factors dominated that of the polycrystalline channel.

We discuss the differences between 1Z0O TFTs with amorphous and polycrystalline
channels. In the case of the amorphous channel, EF is located below the conduction
band minimum (CBM) when the gate electric field is not applied [Fig. 4(a)]. When a
positive gate electric field is applied, band bending of the CBM occurs, and a two-
dimensional electron gas is formed at the heterointerface between the IZO and a-Al>O3
gate insulator. Therefore, the carrier accumulation mechanism of the amorphous channel
can be explained by the standard field-effect theory [Fig. 4(b)].*> However, in the case
of the polycrystalline channel, a thick conducting channel of approximately 5 nm (=
film thickness of [ZO) is spontaneously formed when the gate electric field is not
applied [Fig. 4(c)]. This can be attributed to the Er of polycrystalline IZO located above
the CBM. The potential barrier induced by the double Schottky barrier in channel limits
mobility when EF is low, even though V; = +20 V [Fig. 4(d)]. These observations
suggest that electron transport in the amorphous 1ZO channel is controlled according to
the standard field-effect theory of nondegenerate semiconductors. In contrast, other

factors, such as grain boundaries, limit that in the polycrystalline IZO channel.

4. Conclusions
We performed electric field thermopower modulation analyses on amorphous and
polycrystalline [ZO TFTs to measure the change in effective thickness with the V,

application. In the case of an amorphous IZO channel, the effective thickness was zero



when the effective gate voltage (Vy—Vin) was zero. Moreover, the effective thickness
gradually increased with increasing Vy—Vm up to 1.6 nm, reflecting that conduction band
bending occurred. By contrast, in the case of polycrystalline IZO channel, the effective
thickness was 5 nm (= film thickness of IZO) without gate voltage, and sharply
decreased to approximately 1.7 nm with increasing Vg—Vi. This phenomenon suggests
that electron transport in the amorphous channel is controlled according to the normal
field effect theory of nondegenerate semiconductors. In contrast, that in the
polycrystalline IZO channel is highly limited by other factors, such as potential barriers

provided by grain boundaries.
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Alkali-free glass substrate
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12O channel (2)

a-Al,03

1ZO channel (1)

-Al,0
Vg(1) a-AlV3

Thermoelectromotive force, AV

Temperature difference, AT

Figure 1. Schematic electric-field thermopower modulation method of the In-Zn-O
TFTs. (a) Schematic illustration of the measurement setup. Bottom-gate top-contact
TFTs were fabricated using 5-nm-thick In-Zn-O channel layers on alkali-free glass
substrates. The channel length (L) is 200 um and the channel width () is 400 pm. A
100-nm-thick amorphous (a-) ALO3 (&: = 8, C; = 70 nF cm 2) was used as the gate
insulator. ITO films were used as the source, drain, and gate electrodes. The In-Zn-O
channel surface was passivated using a polycrystalline Y>3 layer to stabilize the
electron transport properties of the In-Zn-O layer when gating. The channel was placed
on the gap between two Peltier devices, one hot and the other cold, to introduce a
temperature difference (AT). The AT was monitored using two K-type thermocouples
(T.C.) located at both edges of the In-Zn-O channel. The thermoelectromotive force
(AV) was measured when AT was introduced to the channel. (b) Schematic relationship
between AT and AV of a TFT based on n-type semiconductor like In-Zn-O channel.
From the slope of the AV/AT relationship, the thermopower (S) can be calculated. For
an n-type channel, if V(1) < Vg(2), generally, observable |S| at low V(1) is larger than
that at high Vy(2).
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Figure 2. Thermopower of the IZO-TFTs. (a) AT-AV plots for the IZO (Zn = 0.25) -
TFT upon V; applications at room temperature. The S values are negative, reflecting the
channel is an n-type semiconductor. When Ve—Va is +10 V, Sis =80 uV K™, and when
Ve—Vin is 420V, S'is =56 uV K!, indicating that the volume carrier concentration of the
channel increases with increasing V. (b) Change in S for the [IZO-TFTs as a function of
sheet carrier concentration (n2p) that is calculated from Ci(Vy—Vin). Note that the slope
of =S vs. log nop plot for the amorphous channel (Zn = 0.25, 0.41, and 0.68) is milder
than that for the polycrystalline channel (Zn = 0.09 and 0.86).
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Figure 3. Change in the effective channel thickness (n2p/n3p) of the IZO-TFTs as a
function of Vg—Vwm. The nop/n3p for the amorphous channels (Zn = 0.25, 0.41, and 0.68)
is zero when Vy,— Vi is zero and gradually increases with increasing Ve—Vin. In contrast,
the n2p/n3p for the polycrystalline channels (Zn = 0.09 and 0.86) is large in the region of
a small Vg—Vm. As Ve—Vin increases, the nop/nsp converges to approximately 1.7 nm, a

value similar to that of the amorphous channels.
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Figure 4. Schematic operation mechanism of the IZO-TFTs with amorphous
channel and polycrystalline channel. In the case of the amorphous channel, (a) the Er
locates below the conduction band minimum (CBM) when the gate electric field is not
applied (Vg — V). (b) When a positive gate electric field is applied, band bending of the
CBM occurs, and a two-dimensional electron gas is formed at the heterointerface
between IZO and AlbOs. Thus, the carrier accumulation mechanism of the amorphous
channel is explained as the standard field effect theory. In the case of the polycrystalline
channel, (c) a thick conducting channel of approximately 5 nm (= film thickness of
1ZO) is spontaneously formed when the gate electric field is not applied. Thus, the Er
locates above the CBM, and (d) gate electric field application might enhance the
mobility. Since there are many grain boundaries in the channel, potential barriers, i.e.,

double Schottky barrier, limit mobility when the EF is low.
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