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Abstract—In this work, the evaluation of intrinsic elec-
tron mobility (1) in oxide semiconductor transistors is
investigated by different methods. Indium oxide (In2O3)
transistors with maximum field-effective mobility (1re max)
of 97.8 cm 2/Vs were fabricated, where the impact of contact
resistance on u g was excluded. The ufrg, effective mobility
(reff) and temperature-dependent Hall mobility (uxpay) of
InoO3 transistors are compared. It is found that the devia-
tion of uge from p is caused by the dependence of x on gate
voltages, because of the impact of percolation conduction
and surface roughness scattering mechanisms. ues and
1 Hay align with the global average definition of intrinsic u,
while pge characterizes its differential response to gate
modulation. Therefore, e and upay are more suitable to
represent the intrinsic p. This work provides a theoretical
guideline on the accurate evaluation and further improve-
ment of the mobility of oxide semiconductor transistors.

Index Terms— Oxide semiconductors, mobility, scatter-
ing mechanism.

I. INTRODUCTION

XIDE semiconductor transistors have been widely

adopted in display technologies and are considered as the
promising candidate for monolithic 3D applications, benefiting
from their low leakage current, high mobility, steep subthresh-
old swing and low thermal budget [1], [2]. Indium-rich oxide
semiconductors by atomic layer deposition (ALD), such as
indium oxide (InpO3) [3], [4], indium tin oxide (ITO). [4],
indium tungsten oxide (IWO) [5], indium zinc oxide (IZO) [6],
indium gallium zinc oxide (IGZO) [7], [8], etc., have been
reported achieving high mobility. However, in literature, field-
effect mobility (upg) is commonly used to represent the
intrinsic mobility (), which is often overestimated. In many
cases, this overestimation is a result of artifacts arising from
non-ideal contacts, as reported in [9] and [10].
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Fig. 1. (a) Schematic diagram of an InoO3 transistor with 10 nm HfO»
as insulator and Tg, of 4.1 nm. (b) Fabrication process flow of the
bottom-gate InoOg transistor.

For the high mobility oxide semiconductor transistors with
good ohmic contact, the upg may still be overestimated. The
uEpE is typically extracted from the transconductance (gy) of
transfer curves, where wpg first increases to its maximum value
(MFE_max) and then rapidly decreases with gate-to-source volt-
age (Vgs), which is far less than the effective mobility (piefr).
Therefore, the usage of upg to evaluate the p of oxide
semiconductor transistors may not be reliable. However, the
physical origin of the deviation has been ignored and has not
been understood.

In this work, InpO3 transistors with high upg are fabri-
cated. Ohmic contacts are formed at source/drain (S/D) with
post-deposition annealing process, so that the influence of
S/D contacts on mobility evaluation can be excluded. urg,
et and Hall mobility (upa)) measurements are performed.
It is found ppg in oxide semiconductor transistors deviates
from p because of the Vgg-dependence of i, leading to the
overestimation at low Vgg and underestimation at high Vgs.
Therefore, pefr and pyga are more suitable to evaluate the
intrinsic . Moreover, the dependence of i on Vgg is found to
likely originates from the percolation conduction and surface
roughness scattering mechanisms.

Il. EXPERIMENTS

Fig. 1(a) shows the schematic diagram of a back-gate In,O3
transistor in this work. The device fabrication process is
summarized in Fig. I(b). 80 nm W gate was deposited by
magnetron sputtering. 10 nm HfO; insulator was grown by
ALD at 200 °C. In;O3 channel was grown by ALD at 225 °C.
Post-deposition annealing was carried out in O, at 400 °C
for 20 s. 40 nm Ni S/D electrodes were deposited by thermal
evaporation. The thickness of InpO3 (T¢h) was determined by
atomic force microscopy (AFM). Electrical characterization
was done at room temperature in vacuum under ~5 Pa. [-V
and C-V were completed by Keysight BI500 and E4980,
respectively. Hall bar devices were fabricated together with
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Fig. 2. (a) Transfer curves and (b) extracted urg at Vpg of 0.1 V of

InoO3 transistors with T¢p of 4.1 nm and different L. (c)-(e) L-dependent
LFEE max> 9S and V1y of InoOg transistors. Each data point represents
the average of 3 different devices.

transistors to evaluate pp,y and sheet carrier density (ngheet)
with channel length (L) of 200 um and channel width (W)
of 60 um. The Hall measurement was carried out in a physical
property measurement system (PPMS) (DynaCool-14T).

I1l. RESULTS AND DISCUSSION
Fig. 2(a) presents the transfer curves of InpO3 transistors
with different L. The drain current (Ip) in linear region
(Vps < Vgs-VTH) can be written as [11]

W w Vbs
Ip=—p0,Vps = —uCox | Vos — Vru — Vbs
L L 2
(1)

where Q, is the mobile carrier density, Cox is the gate
capacitance, Vty is the threshold voltage, and Vpg is the
drain-to-source voltage. The wpg is defined using g, [11]

_ L ( dlp ) _ gmL
WCoxVps \0Vgs WCoxVps

However, the definition of upg deviates from the physical
definition of w, which is u = o/qne, where o is the
conductivity, q is the electron charge and n. is the carrier
density. The p calculated from pw = o/qne is consistent
with the basic definition of intrinsic u, which describes
the ‘“average mobility” of carriers at conduction band.
Eqn. (2) is only achieved by assuming p is constant, that is,
W = UpE = do/qone. upg of devices in Fig. 2(a) is extracted
as shown in Fig. 2(b). upg increases to UFg max and then
rapidly drops. Transistors with different L have similar upg,
suggesting that good ohmic contacts are formed at S/D. There-
fore, the peak in upg-Vgs characteristics is unrelated with
contact resistance. The extracted (FE_max, SS and Vry scaling
metrics are plotted in Fig. 2(c)-2(e). The devices exhibit a high
on/off ratio > 1010, a high Urg max of 97.8 cm?/Vs, a SS
of ~90 mV/decade, and a Vg of ~-1 V. The contact resis-
tance (Rc) is extracted by the transfer length method (TLM),
which is much lower than total resistance (Ryy) at Vgs from
—2 V to 3 V. It suggests that an excellent ohmic contact
is formed and the Rc will not have an obviously impact on the
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Fig. 3. (a) Output curves of an InyOg transistor with T¢y of 4.1 nm.
The inset is the gq versus Vgg characteristics. (b) Cgc and the cor-
responding Qn versus Vgg characteristics. The frequency varies from
1 kHz to 100 kHz. (c) peff Of IN2Og3 transistors with different L. The Cgg
is acquired at 1 kHz. (d) Comparison between experimental ugpg and
that calculated from pgg.
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Fig. 4. (a) Transfer curves, ue and (c) experimental upg and that
calculated from pgg of InoOg transistors with different Ty,

transfer characteristics. It is also confirmed that upg extracted
in linear region does not change with Vpg, so the laterally
field will not affect upg for In,O3 transistors with L > 1 pum.
WUefr 1s typically defined by [11]
L 0dlp Lgy
M = =

YT WQ,0Vps  WQa

where gq is the drain conductance. The definition of st
conforms to the physical definition of intrinsic w. The Qp
is typically acquired from the integral of gate-to-channel

capacitance (Cgc) by C-V measurements, where Q, can be
written as [11]

3)

Vs
On =/ CgcdVas 4)
—00
It is more reliable than to calculate Q using Cox(Vgs-VTH),
because it avoids the uncertainty around Vty. Fig. 3(a) shows
the output curves of InpOs3 transistors with Vgg from —1.5 V
to 3 V and Vps from 0 mV to 110 mV. The devices are in
linear region due to the relatively small Vpg. The gq extracted
from output curves is plotted in the inset of Fig. 3(a). Fig. 3(b)
shows the Cgc and the corresponding Q; of In,O3 transistors
with S/D electrodes grounded. The frequency dispersion of
Cgc is likely due to electron generation and recombination
from the subgap defect states [12]. Cgc measured at low
frequency is adopted to extract the puegr. Fig. 3(c) shows the
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Fig. 5. (a) pHay and (b) ngheet Versus Vgg characteristics from 4 K
to 300 K of an In,Og3 device with T}, of 4.1 nm. (c) Comparison between
the experimental ppg in Hall bar and that calculated from g using
eqn. (6) at 4 K ~ 300 K. (d) Numerical fitting of wpg) verus ngheet char-
acteristics at 300 K by percolation and high field scattering mechanisms.
(e) Temperature-dependent fpercolation @Nd rhighfield from 4 K to 300 K.

Wefe Of InpO3 transistors with different L. The maximum pegr
is ~65 cm?/Vs, which is smaller than IFE_max. The decrease
of uegr under high Vgs is also smaller than that of upg. The
reason for the difference between pupg and uefr is because the
dependence of u on Vgg is ignored when calculating wpg in
eqn. (2), where

al WCy,V, ad V
e wlVes—vrn —-22)) &
Vs 2

aVes L
By combining eqn. (2) and (5), the wgg can be written as
o Vbs
=—\Vgs— Vg — — 6
UFE 3VGS( ¢s — Vru > +u (6)

In general, wpg is close to u because du/dVgs can be
ignored, such as in the case of silicon. However, in oxide
semiconductor transistors, the existence of du/0Vgs will cause
a large error when evaluating © by g, which might be caused
by percolation or other scattering mechanism.

According to the definition of pegr in eqn. (3), there is
no derivative to Vgs, so it is closer to w. If perr is used
as u in eqn. (6), the corresponding ppg can be calculated.
Fig. 3(d) compares the experimental pupg and that calculated
from eqn. (6) with puefr as p in transistors with different L.
The experimental upg and that calculated with pegr as w
match well for all devices, which further confirms that the
overestimation of UFE max 1S caused by the dependence of
u on Vgs. The transfer curves, e, experimental upg and

that calculated from e of InpOs transistor with different
Tch are plotted in Figs. 4(a) and (b), respectively. For In;O3
transistors with different Ty, the experimental upg and that
calculated from peg match well, which further confirms that
Hetf Tepresents the intrinsic p more accurately.

Hall effect measurement is a widely adopted approach to
measure the ppay and ngpeer. Figs. S(a) and (b) present the
UHall and ngheer at temperatures from 4 K to 300 K. ppan
exhibits the similar relation with Vgs as fefs. Mpg is also
extracted from the Hall bar, where the impact of Rc can be
avoided using a 4-point approach, so that it is more accurate
than that in a transistor. Fig. 5(c) gives the experimental upg
and that calculated according to eqn. (6) with pupay as w
at 4 K ~ 300 K, which match better than that calculated
with pefr as . The Wpg_max corresponds to peak do/dn
values during new conductive channel formation, confirming
its origin as a fundamental physical feature of carrier transport
in oxide semiconductor. It also confirms that iy, can better
represents the pu of InpOs3 transistors than g, because Hall
measurements directly measure the ngpee; SO that it can avoid
the error caused by frequency dispersion in C-V.

To furtherly investigate the dependence of u on Vgs,
Fig. 5(d) depicts ppan verus ngpeer Characteristics of InpO3
transistors at 300 K. Note that nghee; increases linearly with
Vgs, suggesting the fast decrease of wpg at high Vgg is not
because of the overestimation of free carrier density by Cox,
also indicating a low trap density at high Vgs. At low carrier
density (Ngheet < 2 X 1013 /em?), UHall increases with nNgheet,
which is likely caused by percolation mechanism [13] and
trap-limited conduction [14]. At high carrier density ngheer >
2 x 103 /em?, WHan decreases with ngheer because of the
high field scattering due to surface roughness or phonon,
as described by whighfield = ho (Nsheet/Npo) ~Mefield, where
h0> Do and Thighfield are fitting parameters. In Fig. 5(d), pnan
verus Ngpeer Characteristics at 300 K is fitted by percolation
conduction and high field scattering according to Matthiessen’s

. -1 - = —1 o .
rule, ie., Myan = I’Lpercolation + I‘Lhighﬁeld' The mOblhty lim-

) —TIpercolation
s

ited by percolation is fpercolation = Hp0 (nsheet/npO
where [tpo, Npo, and Ipercolation are fitting parameters [13]. It is
found that the percolation conduction and high field scattering
can match well with the experimental results. The pyay verus
Ngheet Characteristics from 4 K to 300 K are also fitted (data
not shown), and the corresponding rpercolation @nd Thighfield are
plotted in Fig. 5(€). Tpercolation decreases at high temperature,
consistent with the thermal activation characteristics of the
percolation conduction [13], [15]. For high field scattering,
when rhighfield i equal to 0.3, it corresponds to phonon scat-
tering, while when r is 2, it corresponds to surface roughness
scattering [16]. The fitted rnignfiela of ~1.2 hardly changes with
temperature. Therefore, surface roughness scattering is likely
to be the dominant high field scattering mechanism.

IV. CONCLUSION

In conclusion, the overestimation of © by (pg_max in oxide
semiconductor is well explained by the dependence of u on
Vs, due to the percolation conduction and surface roughness
scattering related mechanisms. It is proposed that per and
ILHall can better represent ; compared with wpg. The reported
urE and its engineering methods in literature may need to be
revisited.
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